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ABSTRACT 

 

Iron is the most abundant transition metal found in living systems and plays a 

crucial role in DNA biosynthesis. To accommodate higher replication rates, cancer cells 

require higher amounts of iron compared to non-neoplastic counterparts. This higher 

demand for iron renders cancer cells susceptible to iron deprivation, and exposure to iron 

chelators leads to growth arrest and cell death. Iron chelation strategies employing a wide 

variety of iron-binding scaffolds are currently under investigation for use in cancer 

treatment. Although these chelation approaches are effective against several cancer cell 

types, their use is limited due to toxicity ascribed to indiscriminate metal sequestration and 

induction of oxidative stress. Prochelation strategies in which the chelating unit remains 

inactive until triggered by a disease-specific event are expected to increase the specificity 

of chelation-based therapeutics.  

Chapter 1 provides an overview of chelation and prochelation based therapies as 

well as disulfide-based approaches in the design of prodrugs. In Chapter 2, the reduction 

activation mechanism of disulfide-masked thiosemicarbazone prochelators is described. 

Whereas disulfide-masked prochelators do not bind iron, reduction of the disulfide bond 

upon cellular uptake produces active chelators that readily bind intracellular iron. These 

systems are not active extracellularly; rather, they target the intracellular labile iron pool.  

We found that the antiproliferative activity of these disulfide-masked prochelators is 

dependent on the intracellular redox environment, with enhanced toxicity in more reducing 

conditions. The iron complexes resulting from exposure of cultured cells to the chelation 

systems were detected intracellularly by electron paramagnetic resonance in intact frozen 
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cells. The compounds in our first series do not engage in intracellular redox chemistry and 

do not cause oxidative stress.  

In Chapter 3, the synthesis and characterization of a larger series of disulfide-

masked prochelators featuring several classes of tridentate ligands is described. We 

investigated the iron-binding efficacy of the corresponding chelators, their ability to induce 

oxidative stress and their cell-cycle effects. We found that these prochelator systems, 

regardless of the identity of the donor set of atoms, do not result in the intracellular 

generation of oxidative stress. We also found that treatment of cultured cancer cells with 

prochelators results in cell-cycle arrest at G1/0 in non-synchronized cells and G2/M in G2-

synchronized cells. In addition, we found that all classes of prochelators exhibit 

antiproliferative effects likely through induction of apoptosis. In Chapter 4, the syntheses 

and biological evaluations of disulfide-masked prochelators that feature carbohydrate 

targeting units are described. The sugar conjugates present increased aqueous solubility, 

compete as effectively as D-glucose for transporter-mediated cellular uptake, and are 6 to 

11-fold more selective towards colorectal cancer compared to an aglycone that does not 

contain a targeting unit. The design of more potent prochelator systems, as well as the 

design of systems with improved selectivity and aqueous solubility are discussed in 

Chapter 5. 
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CHAPTER 1: PROCHELATION STRATEGIES IN METAL-

BINDING THERAPEUTICS 
 

Chelation-based therapies emerged with the industrial revolution as a means to alleviate 

heavy metal toxicity (i.e., arsenic, lead and mercury) arising from chemical warfare agents, 

industrial plants, and arsenic-based treatments.1 Since then, various chelating agents were 

developed to mitigate metal toxicity from contaminant metals as well as endogenous metals 

that can accumulate due to diseases associated with dysregulation of metals.2 The 

development of clinically relevant chelators involves consideration of the nature of the 

metal (e.g., its speciation in the biological environment), its affinity for the proposed ligand 

as compared to its biological coordination environment, and the fate of the resulting metal 

complex.1-2 With these considerations in mind, chelation therapy can be a powerful tool to 

respond to biological metal overload and effects thereof. However, chelating agents can 

also be associated with severe side effects primarily due to strong chelators that are not 

selective. Introduction of these types of chelators to complex biological environments can 

affect the homeostasis of many biologically-important metals and affect the activity of 

metal-containing biomolecules. In the last decade, prochelation approaches have emerged 

in the area of chelation-based therapeutics to overcome side effects associated with lack of 

selectivity of chelating agents. Prochelators (or proligands) are agents containing a 

masking unit, which is removed after the action of a specific, disease-related stimulus.2-3 

Herein, chelation therapy as related to various disease states as well as current prochelation 

approaches and the premise for their activation is discussed. 
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1.1 Classical chelating agents for heavy metals 

 

The principles of coordination chemistry and ligand-metal interaction have been 

employed for treatment of metal overload conditions since the 18th century and have 

inspired the use of chelation in other medical conditions. The initial aim of chelators was 

in removal of toxic heavy metals, mainly lead, arsenic, mercury, gold and antimony, all 

which are relatively soft or borderline metals in hard-soft acid-base (HSAB) theory. In 

keeping with HSAB premises, initial chelators contained soft donor atoms such as 

thiolates. This section will briefly cover some of the earliest molecules developed as metal 

chelators 

British Anti-Lewisite (BAL; dimercaprol) 

The use of metal-chelating therapeutics began as early the 1900’s with the aim to 

reduce toxicity that resulted from heavy-metal accumulation from arsenic and antimony-

based drugs that treated parasitic conditions.1 Later that century, chelation therapy was 

used to treat lead, antimony, arsenic and mercury. One of the earliest examples of these 

chelators is British Anti-Lewisite (BAL; dimercaprol, Figure 1.1), which was developed in 

Oxford in the 1940’s and is still used today in the treatment of arsenic, lead, gold, and 

mercury poisoning.4 BAL was developed by a group at Oxford University as a means to 

combat the chemical warfare agent Lewisite, (2-chlorovinyldichloroarsine) an agent that 

was developed too late to be used in the first world war.4 Researchers at Oxford suspected 

that compounds containing thiol (-SH) groups would protect against arsenic toxicity since 

previous studies demonstrated arsenic’s affinity for thiol donors. However, a successful 

antidote to arsenic poisoning was not uncovered until dithiol compounds were tested. By 

1947, more than thirty articles discussing the therapeutic properties of BAL (including 
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clinical trials) were published, and BAL became the drug of choice for arsenic, antimony, 

gold and mercury intoxication.4 However, a host of side-effects were observed with BAL 

treatment, which led to the development of more hydrophilic and less toxic BAL analogues 

such as D,L-2,3-dimercapto-1-propanesulfonic acid (DMPS) and meso-2,3-

dimercaptosuccinic acid (DMSA), (Figure 1.1); compounds which are still used for 

treatment of acute metal poisoning.1-2 

 

Figure 1.1 Structures of British Anti-Lewisite and its analogues 

BAL: British Anti-Lewisite; DMSA: meso-2,3-dimercaptosuccinic acid; DMPS: D,L-2,3-dimercapto-1-

propanesulfonic acid 

 

Polyamino carboxylic acid chelators: EDTA and DTPA 

After World War II, lead poisoning became a wide-spread problem amongst Navy 

laborers due to their use of lead-containing paints on naval ships. The rise of incidents of 

lead poisoning resulted in the use of ethylenediaminetetraceticacid (EDTA, Figure 1.2) as 

a therapeutic agent against lead intoxication. EDTA was clinically used in the 1950’s to 

relieve exposure to lead, and was initially introduced as its sodium salt. However, 

administration of the sodium salt of EDTA resulted in urinary excretion of calcium leading 

to calcium deficiency. To overcome this side-effect EDTA was instead introduced in vivo 

as the mono-calcium salt. Because of the high formation constant of the Pb-EDTA 

complex, CaNa2EDTA in vivo led to the formation and excretion of Pb-EDTA.5 
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EDTA was also investigated in removal of radionuclides,2 but removal and 

decorporation of transuranic elements with chelators eventually used the EDTA analogue 

DTPA (Figure 1.2) as it was more efficient than EDTA.6 The non-carboxylated amino 

analogue triethylenetetramine (TETA, Figure 1.2) was used to treat copper overload in 

Wilson’s Disease (WD) patients (vide infra) who developed intolerance to D-

penicillamine, another chelator used in copper overload disease.6 

 

 

Figure 1.2: Structures of EDTA and its analogues 

EDTA: ethylenediaminetetracetic acid; DTPA: diethylenetriaminepentaacetic acid; TETA: 

Triethylenetetraamine 

 

1.2 Chelation therapy for transition metals 

 

The development of drug treatments for accidental heavy-metal exposure has become 

less common in the last several decades due to low commercial priority as incidents of 

chronic and severe metal intoxications are much rarer than in the first half of the 20th 

century.6 The focus in recent decades has been on development of chelators that target 

overload of essential metals occurring as a result of metal misregulation diseases and/ 

therapies that lead to metal accumulation.  
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Wilson’s Disease 

Wilson’s disease (WD) is a rare (1/30,000 to 1/100,000 births) autosomal recessive 

disease that results from a variety of mutations which lead to defective copper distribution 

and detoxification and eventually copper accumulation. This disease was first named by 

Samuel Alexander Kinnier Wilson in 1912, but the link between copper overload and the 

disease was not discovered until the 1940s. The first treatment used for WD was BAL (vide 

supra), the same agent used in arsenic overload treatment. However, because BAL resulted 

in several side-effects, D-Penicillamine (D-Pen, Figure 1.3) was first used in 1956 and 

remains in use today as a treatment for WD. D-Pen, however, can result in irreversible 

neurological deterioration as well as immunological side-effects. Triethylenetetramine 

(TETA, Figure 1.2) was introduced in 1982 to overcome D-Pen related side effects. TETA 

remains the recommended chelator for treating WD patients with D-Pen intolerance.7 

Alzheimer’s Disease  

Alois Alzheimer described Alzheimer’s Disease (AD) more than a century ago as 

“a peculiar disease of the cerebral cortex.” AD is an age-related, neurodegenerative disease 

affecting more than 24 million people world-wide.1 Two primary metals are implicated in 

the pathology of AD, namely zinc and copper.1 Although copper is not universally elevated 

in the brains of AD patients, it appears to accumulate in the amyloid beta (Aβ) plaques at 

levels that are two orders of magnitude higher than the normal brain extracellular levels. 

In addition, the copper levels in blood serum samples of AD patients are elevated.  Zinc 

also appears to colocalize with dense Aβ plaques, and iron has also been implicated in Aβ 

plaques formation and aggregation. Aβ plaques form from the amyloid precursor protein 

(APP) which is a ubiquitous transmembrane protein with unknown biological function. 
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APP has specific and saturable binding sites for zinc and copper with dissociation constants 

in the nanomolar range.8 Redox activity of iron and copper bound Aβ peptides is implicated 

in Aβ toxicity, and introduction of chelators that halt redox cycling of the metal centers is 

one of the focuses in developing therapies for AD.1 

D-Penicillamine (D-pen, Figure 1.3), one of the original copper chelators used in 

treatment of WD (vide supra) has been used in AD plaque solubilization studies ex vivo 

and demonstrated to enhance solubilization of Aβ.9 TETA (Figure 1.2) which was also 

used as a WD treatment, was tested in transgenic mouse models of AD, but had no 

significant effect on Aβ deposition as it is too hydrophilic to cross the Blood-Brain Barrier 

(BBB). N-Acetyl cysteine (NAC, Figure 1.3) is a small thiol-containing molecule that is 

an antioxidant capable of chelating copper. NAC and its more lipophilic analogue N-

acetylcysteine amide (NACA, Figure 1.3) are capable of preventing protein oxidation and 

protecting rat neurons from Aβ toxicity in vitro.10 Other chelators such as desferrioxamine 

(DFO) and deferiprone (DFT), which are primarily used to treat iron overload (vide infra) 

have also been studies in the context of AD. DFO can protect neurons from metal-mediated 

synthetic Aβ oxidative stress11 and was used in an inconclusive clinical study to halt 

progression of AD-related dementia.12 

 

Figure 1.3: Chelators used in AD treatment studies 
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Iron chelation in iron-overload diseases and cancer  

The redox cycling capability of iron makes it an essential part of metalloproteins 

involved in energy generation, DNA synthesis, oxygen transport and many others. 

However, the ability of iron to participate in and catalyze “Fenton-like” reactions that 

produce harmful reactive species also requires that its biological availability be tightly 

regulated.  The oxidative damage resulting from mishandling of iron leads to damage of 

protein, tissue and organs, states which are evident in iron-overload conditions such as β-

thalassemia 13 and Friedreich’s ataxia (FA).14 

β-Thalassemia is a condition arising from mutations affecting the β-globin strand 

of hemoglobin which results in lack of effective hemoglobin synthesis and manifests itself 

as anemia.13 Treatment of β-thalassemia requires repeated blood transfusions to overcome 

anemia, but results in iron overload.13 FA on the other hand arises due to misregulation and 

accumulation of mitochondrial iron. In FA, iron-overload damages the central nervous 

system and results in loss of motor skills and can lead to paralysis or death.  

Unlike β-thalassemia and FA, cancer is not itself an iron overload disease. Rather, 

cancer cells have a higher requirement for iron than normal cells due to their rapid 

proliferation rates; therefor the iron handling mechanism in cancer are altered compared to 

those in normal cells (vide infra, section 2.1.2). This higher requirement for iron is thus an 

avenue by which therapies can target cancer, and iron chelators deprive these rapidly 

dividing cells from nutrients (and eventually enzymes) required for DNA synthesis and 

proliferation. 

The first clinical use of iron chelators was in the context of treatment of iron 

overload diseases. Siderophores, which are microbially-synthesized small molecule iron 



32 

 

scavengers, represent selective compounds for clinical use. Desferrioxamine (DFO, Figure 

1.4) is a hexadentate siderophore commonly used in treatment of iron overload.15 DFO 

forms a 1:1 complex with iron, and stabilizes the Fe(III) complex, preventing its redox 

cycling and thereby preventing generation of ROS. In the context of cancer, DFO first 

demonstrated antiproliferative effects in neuroblastoma and leukemia cell lines in 1988, an 

effect that was reversed by addition of iron.16 A clinical study of DFO in nine 

neuroblastoma patients shows that seven of the nine patients experienced a response 

without significant side effects.17 Despite the promising outcomes of these studies, the 

hydrophilicity of this ligand severely limits its membrane permeability and efficacy. 

Efforts are currently in place to make DFO analogues that are more lipid-membrane 

permeant, but none have been reported to be more effective than DFO.18 

Desferrithiocin, (DFT, Figure 1.4) like DFO, belongs to the siderophore class of 

iron chelators. This ligand is among the first orally active iron chelators used in iron 

overload, three times more effective than DFO.19 The primary drawback for use of DFT in 

iron overload is the redox activity of its iron complex, which leads to severe nephrotoxicity 

in vivo.20 Regardless, the oral efficacy of DFT rendered it as a very useful scaffold in the 

design of orally active iron chelators and many investigations have been carried out 

regarding structure/activity relationships in DFT analogues.18 In the context of cancer 

therapy, DFT was shown to be a better antiproliferative agent than DFO in cancer cells 

with better selectivity towards cancer than normal cells.21 

In 1982 ferriprox (deferiprone, CP20, Figure 1.4) became the first orally 

bioavailable synthetic iron chelator.15 Deferiprone is a bidentate chelator that binds iron in 

a 3:1 ligand/Fe stoichiometry. Although deferiprone has a lower binding affinity to iron 
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than DFO, its efficacy overall is better than that of DFO due to its lipophilicity and oral 

administration as well as lower manufacturing costs.15 However, several side effects are 

associated with deferiprone treatment, including gastrointestinal discomfort, joint pain, and 

most importantly agranulocytosis.15 To overcome the shortcomings of deferiprone, many 

of its analogues have been synthesized and studied, some of which are used for purposes 

other than iron overload or cancer treatments (vide infra, on page 36).  

Deferasirox (ICL670A, DFX, Exjade®, Figure 1.4) is a synthetic iron chelator 

clinically approved for the treatment of iron overload conditions. DFX -sold under the 

brand name Exjade®- gained FDA approval in 2005 and is used for the treatment of iron 

overload conditions.15 DFX is tridentate and forms a 2:1 ligand/ Fe complex with binding 

affinity towards iron that is higher than that of deferiprone but lower than that for DFO. In 

addition to its effective use against iron overload, DFX has shown promising 

antiproliferative effects in vitro stemming from iron deprivation, ROS generation, and 

modulation of polyamine metabolism.22  

 

Thiosemicarbazones are a class of tridentate chelators that have been studied 

extensively for their anti-bacterial, anti-malarial and antiviral activities.23 In the past 

several decades (since 1950s), thiosemicarbazones and their related analogues 

thiohydrazones and hydrazones have been studied for use as anti-cancer therapeutics.23 In 

fact, thiosemicarbazones are the first class of chelators to be extensively studied for use in 

cancer therapy in vitro and in clinical trials.23 The anti-proliferative effects of 

thiosemicarbazones have been largely attributed to inhibition of ribonucleotide reductase 

(RNR) an enzyme that is critical for DNA synthesis.23  
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Figure 1.4: Iron chelators used in iron overload and cancer 

 

An extensive library of thiosemicarbazone, thiohydrazones and hydrazones have 

been studied for their antineoplastic effects in vitro and in animal models (reviewed by Yu 

et al, 2009).23 The most advanced of these analogues, Triapine® (3AP, Figure 1.5) has 

been investigated in over 20 phase I and II clinical trials.24 Although Triapine was 

promising in phase I trials, phase II trials were terminated due to limited efficacy of 

treatment primarily caused by redox cycling of the formed iron complex.23, 25 More 

recently, another class of thiosemicarbazone analogues (the 2-dipyridylketone 

thiosemicarbazones, DpT Figure 1.5) have been synthesized and studied for their 

antineoplastic effects.26 The most successful of those analogues di-2-pyridylketone 4-

cyclohexyl-4-methyl-3-thiosemicarbazone (DpC Figure 1.5) showed remarkable activity 

in vitro and in vivo though oral and intravenous administration.27-28 In addition, unlike 
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previous thiosemicarbazones, this series can overcome multidrug resistance to 

chemotherapeutics,29 and DpC shows reduced methemoglobinemia, which was one of the 

main side effects observed with Triapine®.30 DpC is entering clinical trials in 2016.31 

 

 

Figure 1.5: Thiosemicarbazones and related analogues 

 

1.3 Prochelation approaches 

 

Due to the numerous side effects of metal chelators, recent years have seen a 

growing interest in the development of therapeutics that are efficiently directed to and 

activated at the desired site of disease (or metal overload) without affecting normal cells 

and their components. The investigated prodrugs (or prochelators) minimize off-target 

toxicity through inclusion of a structural motif that renders the chelator inactive until 

activated by conditions specific to the targeted disease state(s). In this section, the current 
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and most well-studied prochelation approaches and strategies (recently reviewed by Oliveri 

and Vecchio)3 will be discussed. 

1.3.1 Enzyme-activated prochelators 

One way to target specific disease states is to take advantage of the overexpression 

of enzymes associated with the particular disease. Orvig and co-workers reported 

multifunctional prochelators for potential treatment of AD by incorporation of a glucose-

masking moieties (and other sugars) on the scaffold of chelators. This masking moiety 

works on multiple levels by 1) taking advantage of the glucose transport system in the brain 

and allowing the drugs to cross the blood-brain barrier (BBB) 2) provide a masking unit 

for site-specific activation of the prochelator and 3) removal of toxic metals from the 

central nervous system without affecting metal stores in normal tissue.32 

O-Glycosylation of chelators have included tetrahydrosalen, hydroxypyridinones 

(e.g. deferiprone, vide supra) and 2-(2-hydroxyphenyl)benzoxazole chelating moieties 

(Figure 1.6, reviewed in 2012 by Rodriguez-Rodriguez et al.32). In all cases, one of the 

chelating atoms of the scaffold is linked to a sugar moiety which requires the action of a 

glycoside hydrolase enzyme to release the metal-binding chelator. Orvig and co-workers 

have demonstrated that glucosidase (an enzyme that cleaves glycopolymers to individual 

monomer sugars) converts the prochelators to their active metal-binding units in vitro.33-34 

In addition, the prochelators showed that copper and zinc-mediated Aβ aggregation was 

significantly reduced with the addition of the non-glycosylated ligands.33-34 The uptake and 

accumulation of these types of ligands in the brain was assessed using a 125I radioiodinated 

glycosyl conjugate in vivo.33 The compound showed BBB permeability similar to thiourea, 
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but not as high as caffeine or ethanol.33 Overall, these types of prochelators are considered 

very promising treatments for AD.32 

 

Figure 1.6: Prochelators studied for use in AD therapy 

 

O-Glycosylation in prochelation approaches was also utilized in the design and 

study of potential cancer therapeutics. Vecchio and coworkers used 8-hydroxyquinoline 

(HQ) chelating units and protected the phenolic chelating oxygen with a glucose moiety 

(Figure 1.6).35 These prochelators take advantage of the cancer cells’ overexpression of β-

glucosidases, a class of enzymes which activate the glycoconjugate prochelators and 

releases the metal-binding aglycones. The antiproliferative activity of the glucose-masked 

prochelator is diminished when a β-glucosidase inhibitor is used, highlighting the 

importance of the enzyme for activation of the prodrug.36 In addition, the activity of the 
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prodrugs is highly dependent on the sugar structure and its affinity for the enzyme, further 

showcasing the specificity of the prochelation strategy.37 

Youdim and coworker used prochelation approaches to design AD and PD 

therapeutics that release HQ chelating moiety upon action of acetylcholinesterase 

(AChE).38 These multi-functional prodrugs contain two moieties known to be effective in 

reducing Aβ aggregation in AD: a chelating HQ scaffold and a Rivastigmine moiety that 

inhibits AChE (Figure 1.6) . As anti-AChE drugs are the most successful class of drugs at 

alleviating AD symptoms, combining inhibitors of AChE and chelators targets AD on two 

levels while the masking unit also allows for site-directed activation. These prodrugs have 

limited metal affinity until their activation by AChE and release of the chelators results in 

suppression of oxidative stress and modulation of beta-amyloid aggregation.39 In addition, 

these prodrugs exhibit much lower toxicity compared to their parent chelators, validating 

the prochelation approach as a way to limit toxicity associated with indiscriminate metal 

sequestration.39-40 

1.3.2 Activation via oxidative stress 

In AD and other metal-overload related diseases, a major factor in the observed 

toxicity is the oxidative stress generated by redox-active metals. Chelators can alleviate 

these effects by binding metals and preventing them from redox cycling. Franz and 

coworkers cleverly took advantage of the elevated levels of ROS at metal-overload sites to 

develop prochelators that are activated by oxidative stress. In these systems aryl boronic 

acids and their esters mask donor atoms on known chelating moieties. Besides being 

relatively stable and non-toxic, the aryl boronic acids and esters are known to deboronate 
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via oxidation of the carbon-carbon bond upon nucleophilic attack by H2O2 which 

eventually results in generation of the phenol and borate ester or boric acid (Figure 1.7).  

The most well-studied of these derivatives are based on salicylaldehyde 

isonicotinoyl hydrazone (SIH), a member of the aroylhydrazone class of chelators with 

known iron scavenging ability.41 The first prochelator synthesized and studied was the 

boronic ester derivative which, in the presence of hydrogen peroxide, is readily converted 

to the active chelator SIH (Figure 1.7)  The boronic acid derivative was synthesized shortly 

after by a different group 42 and behaves in a similar manner as the boronic ester derivative. 

The boronic ester-SIH prochelator protects retinal pigment epithelium cells from ROS-

induced damage better than SIH. This effect is in part due to its superior stability compared 

to SIH, lower toxicity, and higher anti-oxidant capability.3, 41 

 

 

Figure 1.7: Boronic acid and ester masked SIH-based prochelators activated by hydrogen peroxide 
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The second generation of the boronic-ester masked prochelators activated by H2O2 

are based on the SIH derivative N’-[1-(2-hydroxyphenyl)ethyliden]isonicotinohydrazide 

(HAPI, Figure 1.8) and are masked using an identical strategy to that used in the first 

generation compounds.43 In this case, BHAPI (Figure 1.8) is a weaker chelator than HAPI 

and rapidly releases HAPI upon exposure to H2O2. Furthermore, HAPI alone reduces iron 

content in retinal pigment epithelial cells, while the prochelator BHAPI does not.43 Both 

BHAPI and HAPI-BPD are able to protect cardiac cells against H2O2  mediated oxidative 

damage, and unlike the parent chelator (HAPI) the prochelators are non-toxic towards 

cardiac cells.43 

 

Figure 1.8: Hydrogen peroxide activated prochelators based on SIH analogue HAPI 

 

The design of prochelators that protect against iron-mediated oxidative stress and 

H2O2 generation was also investigated in the case of copper. In this case, the chelator unit 

is based on HQ, with the masking group consisting of a pinanediol boronic ester. In the 

presence of hydrogen peroxide, the chelator HQ is released along with the pinanediol and 

boronic acid.44 This prochelator was designed for potential use in AD therapy as hydrogen 

peroxide (and ROS) have been implicated to play AD neurotoxicity. As such, the authors 
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demonstrated that the prochelator prevents metal-induced Aβ aggregation in the presence 

(and not absence) of H2O2.
3, 44 Another prochelator designed for copper chelation under 

oxidative-stress conditions also harbors the ability to generate a fluorescent compound 

upon its activation. This cunningly designed compound contains an HQ binding unit as 

well as a cis-cinnamate protecting group. In the presence of hydrogen peroxide, the boronic 

ester group of BCQ (Figure 1.9) is oxidized, thereby releasing a phenolic intermediate that 

that undergoes an intramolecular cyclization/elimination step releasing HQ and the 

fluorophore umbelliferone (Umb, Figure 1.9).3, 45 

 

Figure 1.9: Multifunctional hydrogen peroxide-activated prochelator with fluorescent reporting unit 
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1.3.3 Disulfide reduction/activation of prodrugs and prochelators 

Disulfide bonds are reversible redox sensitive and dynamic covalent bonds that play 

several important roles in biological systems. In proteins, folding and stabilization of 

tertiary and quaternary structures is vastly directed by the formation of disulfide bonds 

between thiols of cysteine sidechains.46  Present in small molecules and peptides, disulfides 

are involved in the regulation of the redox environment of the cell and thus play a role in 

redox-regulated signaling processes.47-48 For example, the glutathione redox couple 

(reduced glutathione GSH and oxidized glutathione GSSG), along with the cysteine redox 

couple (Cys/CySS) allow for differing redox potentials in different environments of 

intracellular and extracellular space, which lead to differing functions and redox forms of 

proteins and other molecules.49-50 Besides low molecular weight species, proteins such as 

thioredoxin-1 (TRX-1) and protein disulfide isomerase (PDI) also regulate and maintain 

redox potentials in various environments. The variation in concentrations and activities of 

these redox regulators contribute to the differences between the redox environments in the 

various compartments of the cell 49 and in assorted types of cells and tissues.51-53  

It is generally accepted that extracellular redox environment is more oxidizing than 

the intracellular one and the redox environment of tumor cells is more reducing than in the 

corresponding non-malignant tissue.51, 54-55 These two ideas have led to an increasing use 

of disulfide bonds in drug delivery systems in which the disulfide bond remains inert until 

reaching the reducing environment of the intracellular space, where reduction leads to 

release of cargo or the drug molecule.56 The most widely used strategy uses disulfide bonds 

as linkers between the drug molecule and a targeting moiety such as an antibody.49 Others 

include disulfide containing hydrogels, nanoparticles, micelles, liposomes, and gene-
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delivery polyplexes.57-60 Another area of study is in the use of disulfide bonds as linkers 

between drug molecules and a small molecule targeting moiety such as folic acid, glucose 

etc.57 Interestingly, there are only few reported examples of small-molecule drugs that 

contain disulfide bonds that undergo reduction/activation and several examples of the most 

relevant of these will be discussed herein.  

Disulfide-linked nitrosoureas  

N-Nitrosoureas have been studied as anti-cancer therapeutics for decades.61 Their 

mechanism of action involves decomposition into reactive species capable of 

carbamoylation of proteins and alkylation/crosslinking of DNA.61 The most studied of 

these compounds are 2-chloroethylnitrosoureas, which have been used clinically for 

treatment of various malignancies. Disulfide linked di-nitrosoureas, specifically isomers of 

N,N'-bis[N-(2-chloroethyl)-N-nitrosocarbamoyl]cystamine (CNCC, Figure 1.10) were 

first synthesized and studied as molecules  preferentially activated in hypoxic/reducing 

tumor environments by Lown and coworkers in 1980.62 Early studies indicated that the 

mechanism for the decomposition of the chloroethylnitrosoureas and the resulting 

decomposition products are dependent on the exact isomer as well as the buffer 

conditions.62 Notably, the addition of a thiol reducing agent such as dithiothreitol (DTT) 

enhanced the DNA cross-linking activity of two of the three isomers.62 Subsequent studies 

showed that the observed effects of the S and C isomer (inhibition of DNA synthesis) is 

actually due to metabolites derived from the decomposition of the compound following 

reduction of the disulfide bond.63 These isomers also showed promising antitumor activity 

in experimental tumor models and grafted tumors.64-65 However, more extensive studies 

showed that the disulfide-bridged dinitrosoureas undergo decomposition in plasma leading 
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to the active metabolites.63, 66-67 The reduction of the disulfide bond in the plasma, followed 

by oxidation/methylation of the thiol gives water-soluble metabolites which are more 

effective than the parent CCNC compound 66 This plasma metabolism essentially renders 

that reduction/activation strategy irrelevant.  In fact, although CCNC has undergone 

clinical trials in France, the more active water-soluble metabolites -generated by reduction 

of the disulfide bond, followed by oxidation/methylation of the thiol- are preferred.61  

 

Figure 1.10: Structures of the isomers of N’,N’-bis[N(2-chloroethyl)-N-carbamoyl]cystamine (CNCC) 

 

 E2072 [(3-2-mercaptoethyl)biphenyl-2,3-dicarboxylic acid] 

In 2012, Stoermer and coworkers reported a series of thiol-containing glutamate 

carboxypeptidase II (GCPII) inhibitors containing a 3-(mercaptomethyl) benzoic acid or 2-

(2-mercaptoethyl) benzoic acid scaffold.68  The most potent and selective of these 

inhibitors, later dubbed E2072, 3-(2-mercaptoethyl)-biphenyl-2,3′-dicarboxylic acid 

(Figure 1.11), was found to be the most metabolically stable and selective of related 

compounds.68 These studies included the metabolism, distribution, and pharmacokinetics 
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of E2072 in vitro  and in vivo.68 The authors demonstrated that the administration of the 

free thiol E2072 resulted in unusually long half-life (105±40 h) in rats, an effect which they 

concluded is due to formation of homodisulfides (detected) and possible hetero-disulfides. 

In fact, administration of E2072 homodisulfide in rats resulted in the formation of the free 

thiol, and both species were detectible in plasma up to 7 days after administration. 

Regardless of which species was administered, both species were observed in a manner 

that suggested that the thiol species is not merely a contaminant of the dosing solution.68 

The authors suggest that the well-known reactivity of thiol-containing drugs in vivo (to 

produce metabolites consisting of homo and mixed disulfides), serves to prolong the half-

life of the drug by providing a source for the circulation of the free thiol.  

 

Figure 1.11: Structure of E2072, 3-(2-mercaptoethyl)-biphenyl-2,3′-dicarboxylic acid 

 

Tavocept 

Platinum-based anticancer therapeutics are known to cause severe toxicity (nephro- 

and neurotoxicities) which occur, at least in part, through interaction of the platinum center 

with sulfur containing biomolecules.69 For instance, platinum drugs can interact with 

methionine residues on plasma proteins such as Human Serum Albumin (HSA), and 

intracellularly with thiols such as GSH, cysteine residues on proteins, and other sulfur 

containing peptides and amino acids. The GSH complex of platinum drugs such as 
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cisplatin, once taken up by the kidneys, undergoes a series of enzymatic reactions resulting 

in a nephrotoxic metabolite. This undesired metabolism of platinum based drugs, in 

addition to causing nephrotoxicity, is also associated with drugs resistance, GSH depletion, 

and a host of other effects.70 Chemoprotectants that are administered along with platinum 

drugs  are used to prevent or reverse the effects of platinum-sulfur conjugates.69 Many such 

chemoprotectants are sulfur containing compounds able to coordinate to the platinum 

center themselves and thereby reverse binding of platinum to endogenous sulfur 

compounds. These chemoprotectants are also hypothesized to work by reacting with and 

deactivating the reactive Pt-S conjugates.69 Mesna (2-mercapto-ethane sulphonate) was 

investigated for use in such a capacity; however, it was determined that this compound 

reacts directly with platinum drugs in the bloodstream rendering them inactive. To 

overcome this incompatibility of Mesna with platinum treatments, the disulfide form of 

this compound Tavocept (aka BNP7787, Dimesna, 2,2’-dithio-bis-ethane sulphonate 

sodium) was investigated. This disulfide species is inert to reaction of platinum compounds 

in the blood and is only activated upon intracellular reduction of the disulfide bond 

producing the thiol (mesna) which can in turn bind the platinum center.  In Phase I clinical 

and pharmacokinetic studies, Tavocept showed little interference with the 

pharmacokinetics of cisplatin71 and was shown to have little effect on the anticancer 

activity of cisplatin and carboplatin in vitro and in vivo.72 Unfortunately, in a three-year 

clinical trial of Tavocept in patients with advanced non-small-cell lung carcinoma, the drug 

did not significantly prevent or reduce the severity of chemotherapy-induced neuropathy, 

as announced in a press release by BioNumerik Pharmaceuticals, Inc. and ASKA 

Pharmaceutical Co. (Tokyo, Japan).  
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Figure 1.12: Structure of Tavocept: BNP7787, dimesna, 2,2’-dithio-bis-ethane sulphonate sodium 

 

Paclitaxel-containing prodrugs 

Paclitaxel (PTX) is a natural product mitotic inhibitor discovered in the late 1960’s 

and marketed as the cancer chemotherapeutic Taxol. Paclitaxel and other taxoids (such as 

the semi-synthetic analog docetaxel) are among the most effective anticancer drugs in 

clinical use.73-75 One of the downfalls of paclitaxel is its aqueous insolubility. Attempts at 

improving the aqueous solubility of this drug included synthesis and study of 

unsymmetrical disulfide prodrugs via a 2,2-dimethyl-4-mercaptobutyric acid (Figure 1.13).  

Such conjugates included thioglucose and glutathione and the ACE (Angiotensin-

converting-enzyme) inhibitor captopril.76 In 2002, Vrudhula and coworkers at Bristol-

Myers Squibb (which also commercialized Taxol for cancer therapy) demonstrated that 

this disulfide linker, in a reducing (and hypoxic) environment would undergo self-

immolative cyclization to release the bioactive PTX as shown in the scheme below 

(Compound 1, Figure 1.13).76 The authors showed that under reducing conditions with 

dithiothreitol (DTT) the conjugates a and b ( Figure 1.13) release PTX  with half-lives 

ranging from 4 min to 1 h.  

Cytotoxicity assays in vitro on L2987 lung cancer cell line indicated that the 

prodrugs were significantly (30- to 650-fold) less cytotoxic than PTX, with the captopril 

conjugate being least toxic at an IC50 value of 130 µM (compared to 0.2 µM of free PTX). 

The toxicity increased drastically (matching that of free PTX) when L2987 lung cancer 
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cells were treated with the prodrugs along with DTT. This data clearly indicates that these 

compounds serve as true prodrugs that require reduction activation. The authors also tested 

these compounds in vivo on athymic nude mice that had subcutaneous L2987 human lung 

adenocarcinoma xenografts. Surprisingly, the captopril conjugate was the only one that 

proved to be more effective than the parent PTX. This compounds was tolerated up to a 

dose (maximal tolerated dose; MTD) of 125 mg/Kg with only 10-20% weight loss 

(compare to PTX with MTD 30 mg/Kg) and this prodrug cured 60% of tumors at this dose 

while PTX did not suppress the tumors to the same extent at the MTD, rendering this 

prodrug superior to the parent compound.76  

 

Figure 1.13: Disulfide prodrugs of Taxol  

 

Using a similar strategy for improving aqueous solubility and selectivity of 

paclitaxel by conjugating the drug to a self-immolative linker, Gund et al. designed and 

investigated a series of taxol prodrugs. Unlike the earlier molecules, these prodrugs feature 
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the incorporation of a bio-labile carbonate linkage between the disulfide-containing linker 

and the drug (Figure 1.13 b).77 These prodrugs are 6-140 times more water-soluble than 

parent taxol and have better antiproliferative activity in vitro. Some of the prodrugs in the 

series also showed better selectivity in a wide panel of cancer cell lines and had relatively 

low toxicity in the normal cell line tested. In addition, the prodrugs showed improved 

bioavailability in mice compared to parent taxol.77 

 

Disulfide prodrugs of albitiazolium (T3/SAR97276) 

Albitiazolium is an antimalarial drug initially developed as a part of a series of 

compounds incorporating two cationic thiazolium heads at the ends of a long lipophilic 

chain in order to overcome chemoresistance to traditional anti-malarial therapies.78-79 

Although albitiazolium is currently undergoing Phase II clinical trials for malaria 

treatment, its poor oral bioavailability (caused by  limited absorption from the gut due to 

the di-cationic charge) was envisaged to limit its therapeutic potential in areas of the world 

where medical systems are not readily in place. As such, Caldaralli and coworkers designed 

several disulfide lipophilic prodrugs of albitiazolium to enhance oral bioavailability.80 The 

authors cleverly trapped the sulfur in the thiazolium ring with a disulfide bond  following 

a ring opening reaction which has been previously used with vitamin B1 and led to the 

development of its orally bioavailable prodrug.81  

The disulfide prodrugs (Figure 1.14) displayed potent in-vitro antimalarial 

activity.80 In vivo, oral administration of these compounds showed improved efficacy and 

bioavailability compared to the parent compound.80, 82  
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Figure 1.14: Albitiazolium and its disulfide prodrugs 

 

Prodrugs of NSAID’s 

Nonsteroidal anti-inflammatory drugs (NSAIDs) like naproxen are suggested to 

combat and delay the onset of AD.83 The neuroprotective mechanisms of NSAIDs is 

thought to be through inhibition of cyclooxygenases (COX), a mechanism which may also 

decrease the risk for PD development.84-85 The development of NSAIDs that target the 

central nervous system requires that the compounds penetrate the blood-brain barrier 

(BBB), which blocks the passive diffusion of polar molecules. To this end, Fan et al. have 

designed and developed a disulfide-containing analogue of naproxen in which the negative 

charge resulting from deprotonation of carboxylic acid moiety at physiological pH is 

attached to an ester group linked by a disulfide bond to glucose (Figure 1.15).86 The glucose 

moiety is put in place in order to facilitate uptake of the drug by GLUT receptors at the 

BBB, and disulfide bond cleavage releases naproxen upon uptake. The authors found that 

prodrugs were stable in blood plasma and decomposed to give naproxen in brain 

homogenate. In vivo, injection of the prodrugs in mice resulted in 4 to 6-fold increase of 

naproxen in the brain compared to injection with naproxen.86 



51 

 

 

Figure 1.15: Prodrugs of naproxen 

Another group used a similar strategy for development of brain-targeted NSAIDs 

with a “lock-in” functionality by conjugation of ibuprofen to L-ascorbic acid via a disulfide 

linker. As L-ascorbic acid is also taken up by the GLUT transporters, this strategy was 

anticipated to enhance brain delivery of the drug. The series of prodrugs contain two 

ibuprofen units which are released upon disulfide bond reduction (followed by hydrolysis) 

along with ascorbic acid (Figure 1.16). Similar to the naproxen analogues, the prodrugs 

were stable in blood plasma but underwent reduction and ibuprofen release in brain 

homogenate. In vivo and pharmacokinetic studies showed that the prodrugs had excellent 

BBB permeability compared to naked ibuprofen making it a potential candidate for brain-

targeted NSAID delivery.87 
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Figure 1.16: Prodrugs of ibuprofen 

 

Disulfides in metal-binding prodrugs 

Despite the vast utility of disulfides as molecular switches, there are few examples 

of their use in metal prochelators. Mintz and Delangle have designed and studied disulfide-

containing prochelators for copper removal from the liver, a site where copper 

accumulation occurs in diseases like WD. To target the liver, the authors incorporated N-

acetylgalactosamine moieties on the scaffold of the prochelators. This is a well-known 

strategy for targeting hepatocytes as their cell surface uniquely expresses the 

asialoglycoprotein receptor (ASGP-R) which recognizes galactose (Gal) and N-

acetylgalactosamine (GalNAc) residues.88 

The tripodal disulfide-containing tripeptide can be reduced by intracellular thiols 

like GSH, resulting in three thiolate moieties which readily coordinate Cu(I) with high 

affinity (Figure 1.17). The authors showed that while the prochelator does not bind Cu(I), 
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introduction of glutathione resulted in >90% copper binding. The prochelators also 

displayed efficient uptake by hepatocytes while no uptake was observable in cells that lack 

the ASGP-R receptor.88 

 

 

Figure 1.17: Tripodal disulfide-masked Cu(I) prochelator 

 

 

In another study, the authors used the same principals in the design of a cyclic 10-

residue peptide containing a single disulfide bond at one of the faces of the peptide and 

Gal-NAc at the other face of the peptide. The disulfide bond functions as the prochelation 

moiety while the GalNAc functionality acts to target ASGP-R receptors on hepatocytes. 

While the disulfide prochelator does not interact with copper, reduction of the disulfide 
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results in a high-affinity copper chelator that is selective for Cu(I) with respect to Zn(II). 

In addition, the prochelator is readily taken up by hepatic cells and results in a decrease of 

intracellular copper levels.89 

Prochelation approaches are clearly a relevant strategy to target disease states where 

metal sequestration halts progression of the disease or relieves its symptoms. Of the 

mentioned strategies, utilization of disulfides gives a marked advantage in preventing 

extracellular metal binding. In these systems, chelation by the thiolate cannot occur until 

the disulfide bond is reduced, which can readily occur in the intracellular space. In the 

following work, we utilize a disulfide masking strategy on well-established chelating units 

to achieve intracellular metal chelators (Figure 1.18). We chose to introduce the disulfide 

mask on the well-established thiosemicarbazone chelating scaffold, a scaffold known to 

bind iron with high affinity and result in halting of cancer cell proliferation. The disulfides 

themselves are weak metal-binding motifs, and do not engage in effective metal binding. 

In addition, disulfide bonds readily undergo reduction intracellularly due to the high 

concentrations of glutathione (GSH) a thiol-containing tripeptide. Disulfides also offer the 

added potential of being reduced to a greater extent in the more reducing tumor-cell 

environment (vide infra). In this dissertation, we aim to achieve the following: 

1) Investigate the intracellular reduction of disulfide-masked thiosemicarbazone 

prochelators (Chapter 2). 

2) Explore the structure/activity relationships of disulfide-containing prochelator 

scaffolds and their antiproliferative mechanism (Chapter 3). 

3)  Explore glycoconjugation as a mechanism for enhancing aqueous solubility and 

selectivity towards malignancy (Chapter 4). 
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Finally, these aims will be followed by possible future experiments and strategies to 

improve the efficacy of disulfide-masked prochelators (Chapter 5). 

 

 

Figure 1.18: Disulfide-masking prochelation approach 
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CHAPTER 2: INTRACELLULAR 

REDUCTION/ACTIVATION OF DISULFIDE-MASKED 

THIOSEMICARBAZONE IRON PROCHELATORS 
 

Publications statement: Portions of this work were published in Metallomics in 2014 

and figures from this publication are reused with permission in this chapter.90 

Akam, E. A.; Chang, T. M.; Astashkin, A. V.; Tomat, E. Intracellular reduction/activation 

of a disulfide switch in thiosemicarbazone iron chelator. Metallomics 2014, 6, 1905-1912 

 

2.1 Introduction 

 

Iron is the most abundant transition metal in mammalian systems and a key player in 

numerous metabolic processes. As a redox active metal, it can cycle between ferrous (Fe2+) 

and ferric (Fe3+) oxidation states, which makes it an essential part of metalloproteins that 

are involved in redox processes. The redox-cycling capability of iron, along with its 

participation in Fenton reactions, where catalytic traces of iron produce highly reactive 

hydroxyl radicals and subsequently other reactive oxygen and nitrogen species (ROS and 

RNS), also require that its biological availability be tightly regulated. The Fenton reaction 

is described by the following equation: 

𝐹𝑒2+ +  𝐻2𝑂2 →  𝐹𝑒3+ + 𝐻𝑂− + 𝐻𝑂 ∙ 

The reactive hydroxyl radical can further react with oxygen, producing superoxide 

(O2
-), which can reduce ferric iron back to ferrous iron: 

𝐹𝑒3+ +  𝑂2
− →  𝐹𝑒2+ + 𝑂2 

The sum of these two reactions is referred to as the Haber-Weiss reaction/cycle: 

𝑂2
− +  𝐻2𝑂2 →  𝑂2 + 𝐻𝑂− + 𝐻𝑂 ∙ 



57 

 

Mammalian systems have evolved several systems for regulation of iron, from 

mechanisms responsible to iron efflux to iron import regulators responsible for iron uptake 

and storage. 

2.1.1  Iron regulation in mammalian systems 

Dietary iron is absorbed from the small intestine after ingestion where it is first 

reduced to Fe(II) by ferrireducatses (such as duodenal cytochrome B, DCYTB) and taken 

up by the divalent metal transporter 1 (DMT1). Within the enterocyte, Fe(II) can be 

oxidized and then stored in ferritin (the cytosolic iron storage protein) or transported 

outside the cell into the plasma by ferroportin (FPN-1). Iron in the plasma is then loaded 

onto transferrin (iron transport protein, Tf) following an oxidation to Fe(III). Bound to 

transferrin, ferric iron can circulate in an inactive (non-redox cycling) form in the plasma, 

where it can be taken up by cells through the transferrin receptor (TfR1). Once holo-

transferrin (diferric transferrin, Fe-Tf) binds the cell-surface transferrin receptor, the 

complex is endocytosed where iron is released into the endosome through acidification. 

Fe(III) freed from Tf then undergoes a reduction and is transported outside the endosome 

by DMT1. The uptake of iron by DMT1 is regulated at the mRNA level in part by the 

cytosolic iron-regulatory proteins (IRP1 and IRP2), which respond to the iron-responsive 

element (IRE),91 a highly conserved 28-nucleotide sequence present in the untranslated 

range of mRNAs encoding proteins involved in iron regulation.92 The IRE-containing 

mRNAs regulate TfR1, ferritin and FPN1 as well as other proteins involved in iron 

shuttling, and their expression is regulated based on intracellular iron levels.92    

Once iron enters cells, it can be stored in ferritin or can become part of the 

intracellular labile iron pool (LIP) or iron-chelatable pool. This is a poorly defined region 
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of the cell that contains low molecular weight ligands and other biomolecules that loosely 

bind iron. Iron from LIP can be placed in circulation via FPN1, a protein which is regulated 

by IRP/IRE as well as the iron regulatory hormone hepcidin.92 These complex mechanisms 

for iron regulation depend on absorption of iron from the gut, recycling of iron from 

degraded erythrocytes, and iron storage.93-94  

2.1.2  Reprogramming of the iron-handling mechanisms in cancer  

The aforementioned iron regulators are some of the mechanisms put in place by 

organisms to limit extraneous/labile iron. Iron regulation in cancer cells differs on multiple 

levels than in normal cell counterparts. This is part due to the involvement of iron in 

proliferation; particularly, iron is present at the active site of the R2 subunit of 

ribonucleotide reductase (RNR), an enzyme that catalyzes the rate-limiting step of DNA 

synthesis and is also overexpressed in cancer.18, 95 Because cancer cells divide at a faster 

rate than normal cells, their demand for iron is correspondingly higher. This higher 

requirement for iron by cancer is demonstrated by the upregulation of proteins and 

molecules responsible for iron uptake and the downregulation of those responsible for iron 

efflux.96 For instance, the transferrin receptor is one of the most well-known and earliest 

identified iron regulator and is shown to be overexpressed in neoplastic cells compared to 

their normal counterparts.97-99 In fact, the concentration of iron in the LIP is strongly 

correlated with the expression of the transferrin receptor.100-101 Another protein involved 

in iron uptake, lipocalin-2 (LCN2) has recently gained attention due to its overexpression 

in serval cancer types.94 LCN2 binds siderophores, which are small molecule iron 

scavengers. This is thought to be an alternate way by which cancer cells acquire iron.94 
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The higher demand for iron and its utilization to aid in the rapid proliferation of 

cancer cells is also evident by the overexpression of ribonucleotide reductase.102-103 In 

clinical observations, RR expression correlates well with the potential for cancer 

aggression and invasion.104-105 In addition, the expression of the iron storage protein ferritin 

is downregulated in many cancer types.94 This observation, along with the higher uptake 

of iron by cancer cells is hypothesized to lead to an increase in the available iron pools in 

cancer, which can then be used in iron-requiring proteins such as RR.94 

In addition to upregulation of iron uptake mechanisms, cancer cells increase the 

amount of available iron by downregulating iron efflux mechanism. For instance, the 

ferroportin-hepcidin iron-regulation mechanism contribute to regulation of intracellular 

iron levels by exporting iron. Ferroportin in known as the iron efflux pump and is regulated 

by hepcidin.94  In cultured breast cancer cells, ferroportin expression was decreased and 

correlated with an increase in intracellular iron levels and an increased growth of breast 

tumor xenografts.106 

The high demand for iron by cancer cells renders iron chelation a viable approach 

in targeting cancer. In addition, the availability of a range of iron chelators (some of which 

are clinically approved for the treatment of iron overload diseases) led to several 

investigations of iron chelation in cancer therapy.94 Many chelators have been investigated 

in this capacity (vide supra, most recently reviewed by Corce et al., 2016.)94, 107 One such 

scaffold is that of thiosemicarbazones, which are one class of iron chelators that have been 

the most thoroughly investigated in treatment of cancer (vide infra, Chapter 3).23 Herein, 

we discuss efforts in the design of disulfide-masked thiosemicarbazone prochelators and 

investigation of their intracellular reduction and activation. 
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2.1.3  Disulfide-masked thiosemicarbazone prochelators for cancer treatment 

In order to improve the cancer selectivity of thiosemicarbazones, we designed and 

studied a small series of disulfide-masked thiosemicarbazone prochelators which require a 

reduction activation step ( 

Scheme 2.1).108 The disulfide bond in the thiosemicarbazone scaffold serves as a 

mask for one of the sulfur chelating atoms in the S,N,S donor set. The disulfide prochelator 

does not interact with iron until it is activated by reduction.  Once the disulfide bond is 

reduced, the resulting thiol promptly binds ferrous iron in a 2:1 ligand/metal stoichiometry. 

In the presence of trace oxygen, the iron complex is readily oxidized forming the low-spin 

Fe(III) complex ( 

Scheme 2.1).  

 

Scheme 2.1:Reduction of a disulfide switch for the activation of an antiproliferative thiosemicarbazone 

chelator 

 

The advantage of this prochelating system is that the activation of the disulfide 

switch is feasible in the intracellular environment, which is primarily governed by the 

glutathione redox couple (GSH/GSSG).52 The intracellular glutathione concentrations ( 5-

11 mM) are orders of magnitude greater than those in the extracellular space and blood 

plasma (< 5 µM).52, 55 In addition, malignant tissue contains higher levels of glutathione 
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than neighboring normal tissue,51, 54 and is therefore generally considered to harbor a more 

reducing environment than normal tissue. The disulfide masking strategy is then utilized 

in order to a) prevent indiscriminant metal chelation from off-target sites (i.e., normal tissue 

and blood plasma and b) allow for a mechanism of preferential activation and iron 

sequestration in malignant cells.108 

The antiproliferative effects of these disulfide-masked prochelators were examined 

in two cancer cell lines SK-N-MC (neuroepithelioma), and MDA-MB-231 (breast 

adenocarcinoma) as well as the normal cell line MRC-5 (normal lung fibroblasts). All three 

analogues within the initial series (Scheme 2.2) reduced proliferation of the cancer cell 

lines 4-6-fold more effectively than in the normal cell line. In addition, (TC1-S)2 was 

approximately 4-fold less toxic in the normal cell line than DFO, a well-studied iron 

chelator with known antiproliferative activity.108 

In the present study, we aimed to investigate the intracellular fate of the 

prochelators and their intracellular activation prior to iron sequestration. We also 

investigated the ability of the formed complexes to redox cycle and induce oxidative stress 

as a potential contributing factor to the toxicity of the compounds.  

 

 

Scheme 2.2: Initial series of thiosemicarbazone prochelators investigated by Tomat et al.108 
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2.2 Reduction/activation of (TC1-S)2 

2.2.1 Reduction of disulfide mask 

In the design strategy of prochelating systems, where the aim is to ultimately 

enhance the selectivity of the drug, the prochelator undergoes a triggering event that results 

in the active metal-binding ligand. In the case of the disulfide-masked thiosemicarbazones, 

this activation event is a reduction of the disulfide bond resulting in the free thiol that is 

then capable of sequestering metal ions. Disulfides are particularly attractive units in  

prodrug approaches due to their stability in the bloodstream and cleavage in the 

intracellular environment where glutathione (GSH) is present at millimolar 

concentrations.57 Additionally, as reviewed in Chapter 1, disulfide bond linkages are 

effectively used in cancer-targeting therapeutics (vide supra)59, 109-110 due to the higher 

levels of GSH in cancer tissue than surrounding normal tissue.55 The disulfide masking 

strategy for our prochelators acts to preclude the prochelator from binding extracellular 

metal ions, and lead to activation in the more reducing environment of cancer cells. As 

GSH is the most abundant intracellular thiol-containing reducing agent, reduction of the 

disulfide-masked thiosemicarbazone prochelator (TC1-S)2 was anticipated to undergo 

GSH-mediated reduction resulting in the active chelator TC1-SH (Scheme 2.3). 

 

Scheme 2.3:Reduction of the disulfide prochelator (TC1-S)2 by glutathione 

 

(TC1-S)2 glutathione reduced (GSH) glutathione oxidized (GSSG) TC1-SH 
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The reduction of (TC1-S)2 to TC1-SH in vitro by GSH can be monitored 

spectrophotometrically in aqueous buffer. To simulate biologically-relevant conditions, we 

maintained the prodrug (TC1-S)2
 at micromolar concentrations while keeping GSH/GSSG 

concentrations in the millimolar range. In a buffered (50 mM PIPES, pH 7.40) and 

degassed aqueous solution of glutathione (11.0 mM) the prochelator (TC1-S)2
 (9 μM, blue 

trace) is quantitatively reduced and converted to the thiol TC1-SH (red trace) within two 

hours (Figure 2.1) and is stable in solution for over 6 hours (data not shown).  

 

Figure 2.1: UV-visible absorption spectra of the in vitro reduction (TC1-S)2 by GSH to form TC1-SH 

UV-visible absorption spectra for the reduction of disulfide prochelator (TC1-S)2 in buffered aqueous 

solutions (50 mM PIPES, pH 7.40) at 25 C by glutathione.  Spectra were collected at 5-minute intervals 

for two hours where (C1-S)2 (blue trace, 9.0 mM) is converted to TC1-SH (red trace) by GSH (11.0 mM).  

 

Since (TC1-S)2 and its analogues have limited aqueous solubility, estimating the 

reduction half-potential in aqueous conditions via cyclic voltammetry is not feasible. 

Instead, using spectrophotometric techniques, we determined the extent of reduction of 

(TC1-S)2 to TC1-SH in a series of glutathione-based redox buffers containing varying 
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ratios of GSH and GSSG. The half-cell potentials of the ten redox buffer solutions were 

calculated using the Nerst equation (and the half-cell potential for GSSG at pH 7.4) and 

were selected to include a values encompassing those found in proliferating cancer cells (-

240 mV vs. SHE) to those associated with necrotic cells (-180 mV).52 Using the spectral 

differences between (TC1-S)2 and TC1-SH (Figure 2.1), and equations 1-3, the estimated 

equilibrium percent of TC1-SH  is plotted vs. the solution potential (vs. SHE) to give a 

sigmoidal curve (Figure 2.2).  

 

[(TC1-S)2] = [(TC1-S)2]0 (Aobs Amin)/(Amax Amin)       Eq. 1 

[TC1-SH] = 2{[(TC1-S)2]0 - [(TC1-S)2}                            Eq. 2 

%[TC1-SH] = 100  0.5  [TC1-SH]/[(TC1-S)2]0          Eq. 3 

 

Using this method, we determined that in the biologically relevant window (i.e., -

200 to -250 mV)52 where cells are viable and proliferating, the fraction of reduced chelator 

is greater than 90%. In this simplified model of a biological system, where total glutathione 

concentrations are in the millimolar range and the prochelator is at the micromolar levels, 

the chelator is found predominantly in its active reduced form, which is capable of 

scavenging iron. 
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Figure 2.2: The extent of reduction of (TC1-S)2 [RSSR] to the thiol TC1-SH [RSH] after equilibration in 

GSH/GSSG redox buffer solutions at different half-cell potentials 

Data are plotted as percent of RSH generated compared to total species (RSH + RSSR) vs. the calculated 

half-cell potential of the solution (Ehc, bottom axis) corresponding to given [GSH]/[GSSG] ratios (top axis). 

The total glutathione concentration ([GSH] + [GSSG]) was maintained at 11–13 mM, whereas initial 

[(TC1-S)2]0 was 12.5 µM. Samples were allowed to equilibrate for 2 h in air-free redox buffers before 

analysis by UV-vis absorption spectroscopy. Each point is an average from three different samples plotted 

as the average of the three samples ± the standard deviation between the values. 

 

2.2.2 Effect of modulation of intracellular redox environment on the toxicity 

of the prochelator (TC1-S)2 

Although the intracellular redox environment cannot be controlled to the extent that 

it is in vitro,111 intracellular glutathione concentrations can be modulated using appropriate 

reagents. Buthionine sulfoximine (BSO) and N-acetyl cysteine (NAC) are known for their 

ability to alter the redox potential of cells by modification of the amount of glutathione.52, 

112-113 Specifically, BSO is an inhibitor of γ-glutamylcysteine synthetase which is necessary 
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for glutathione biosynthesis. Introduction of this compound to growth media diminishes 

the amount of available intracellular GSH. In contrast, NAC is a precursor for GSH 

biosynthesis, and its cellular uptake results in an increase in the amount of available 

GSH.114 Since the iron chelation ability of (TC1-S)2 depends on reduction of the disulfide 

bond, modulation of GSH levels in cells would reveal GSH concentration dependence of 

the efficacy of this prochelator. For comparison, we used deferoxamine (DFO) as a 

standard iron chelator with known antiproliferative effects that does not require GSH for 

activation.  

To avoid extracellular reduction of (TC1-S)2 by NAC, which could result in 

extracellular binding of iron, we initially performed this experiment by pretreating cultured 

cells with varying concentrations of NAC (4 h preincubation), followed treatment with 

(TC1-S)2 for 44 hours and preforming a standard MTT assay to assess cytotoxicity. 
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Figure 2.3: The effect of NAC supplementation on the toxicity of DFO and (TC1-S)2 in MDA-MB-231 

cells 

Cells were treated with NAC (0, 0.5, 1.0, 5.0, and 8.0 mM) for four hours then treated with DFO (grey bars, 

10 μM) or (TC1-S)2 (blue bars, 10 μM) for 48 hours. The percent of viable cells were determined using 

standard MTT assay and values are expressed as a percent of untreated cells (vehicle only, DMSO, 100% 

viable, not shown) averaged over three experiments ± standard deviation.  

 

In the breast cancer cell line MDA-MB-231, there is no observed effect on the 

toxicity of these chelators with varying amounts of NAC (Figure 2.3). This can be 

rationalized as occurring for one of the following reasons: If the GSH concentration is 

sufficiently high (10 mM regime), the drug may exist completely in its reduced form, and 

further increase in GSH concentration will not to lead to an enhanced toxicity. Assuming 

that this situation is the case, an identical experiment was conducted with a non-malignant 

cell line, MRC5. Our rationale for this stems from the assessment of GSH levels in 

cancerous and normal tissue, which showed elevated levels of GSH in the former as 

compared to the latter.51, 54 
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Figure 2.4: The effect of NAC supplementation on the toxicity of DFO and (TC1-S)2 in MRC5 normal cells 

Cells were treated with NAC (0, 0.5, 1.0, 5.0, and 8.0 mM) for four hours then treated with DFO (grey bars, 

10 µM) or (TC1-S)2 (blue bars, 10 µM) for 48 hours. The percent of viable cells were determined using 

standard MTT assay and values are expressed as a percent of untreated cells (vehicle only, DMSO, 100% 

viable, not shown) averaged over three experiments ± standard deviation. Statistical analysis completed in 

comparison to cells treated with the drug alone with no NAC supplementation and p < 0.05 is indicated by 

*. 

 

Indeed, pretreating MRC5 normal cells with NAC at various concentrations leads 

to a significant increase in toxicity of (TC1-S)2 at 5.0 or 8.0 mM NAC, while the DFO-

induced toxicity was not significantly affected over all tested concentrations of NAC 

(Figure 2.4) and NAC alone has no effect on viability of cells (data not shown). The data 

above (and the fact that (TC1-S)2 is less toxic in MRC5 normal cells than in MDA-MB-

231 cancer cells) suggests that the selectivity of this prochelator is at least in part due to 

higher concentration of GSH in the malignant cell line compared to that in the normal cell 

line.  The above experiments are consistent with such hypothesis as the preincubation with 

0

20

40

60

80

100

120

0 0.5 1 5 8

CCL-171

DFO
(TC1-S)

2

%
 V

ia
b
le

 C
e
lls

[NAC], mM

* * 
* * 



69 

 

NAC increased the toxicity of the disulfide (TC1-S)2 in the normal cell line but not in the 

cancer cell line. To validate this, we attempted to quantify the amount of GSH 115 in the 

two cancer cell types. However, due to the unknown size and morphology differences 

between the cell lines, the data could not be directly compared.  

We also considered the possibility that the 4 h preincubation with NAC may be 

insufficient to significantly alter the GSH concentration for the duration of the 48-h 

incubation period that follows. A co-incubation experiment was conducted by pre-

treatment of MDA-MB-231 cells with various NAC concentrations for 4 h, followed by 

treatment with (TC1-S)2 without removal of NAC-containing media.  In the breast cancer 

cell line MDA-MB-231, the co-treatment of cells with NAC results in a significant 

enhancement of the toxicity (TC1-S)2 at 1, 5 and 8 mM initial NAC concentrations, while 

the DFO toxicity is not significantly affected over all indicated concentrations of NAC 

(Figure 2.5).  
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Figure 2.5: Effect of NAC supplementation and coincubation on the toxicity of DFO and (TC1-S)2 in 

MDA-MB-231 breast adenocarcinoma cells 

MDA-MB-231 were co-treated with NAC at 0, 0.5, 1.0, 5.0, and 8.0 mM for four hours then treated with 

DFO (grey bars, 10 μM) or (TC1-S)2 (blue bars, 10 μM) for 48 hours. Values are expressed as a percent of 

cells treated with control media (DMSO) averaged over three experiments ± standard deviation. Statistical 

analysis completed in comparison to cells treated with the drug (DFO or Disulfide) but no NAC and p < 

0.05 is indicated by * and ** indicates p < 0.01. N/A indicates no significance. 

 

As an increase in the concentration of available thiol resulted in enhanced toxicity 

for (TC1-S)2, we sought to confirm GSH-mediated toxicity of this prochelator by instead 

decreasing intracellular levels of glutathione using buthionine sulfoximine (BSO). 

Preincubation of MDA-MB-231 breast cancer cells with varying concentrations of BSO 
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similar effect was observed for MRC5 normal cells and, in fact, BSO alone proved to be 

toxic to MRC5 cells at 300 μM (Figure 2.7)  

 

Figure 2.6: The effect of BSO supplementation and coincubation on the toxicity of DFO and (TC1-S)2 in 

MDA-MB-231 breast adenocarcinoma cells 

MDA-MB-231 were pretreated with BSO at 0, 0.01, 0.05, 0.1, and 0.3 mM for 19 hours then treated with 

DFO (grey bars, 10 μM) or (TC1-S)2 (blue bars, 10 μM) for 48 hours. Values are expressed as a percent of 

cells treated with control media (DMSO) averaged over three experiments ± standard deviation. Statistical 

analysis completed in comparison to cells treated with the drug (DFO or Disulfide) but not BSO and * 

indicates p < 0.05.  
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Figure 2.7: The effect of BSO supplementation and coincubation on the toxicity of DFO and (TC1-S)2 in 

MRC5 normal lung fibroblasts 

MRC5 cells were pretreated with BSO at 0, 0.01, 0.05, 0.1, and 0.3 mM for 19 hours then treated with DFO 

(grey bars, 10 μM) or (TC1-S)2 (blue bars, 10 μM) or left untreated (BSO alone, indicated concentrations, 

white bars) for 48 hours. Values are expressed as a percent of cells treated with control media (DMSO) 

averaged over three experiments ± standard deviation. Statistical analysis completed in comparison to cells 

treated with the drug (DFO or Disulfide) but not BSO or in the case of BSO treatment along comparison 

was to untreated cells. Statistical significance indicated with * where p < 0.05.  

 

In the case of co-treatment with BSO, it is difficult to decipher possible multiple 

effects. Depletion of GSH by BSO reduces the cells’ capability of dealing with ROS and 

may act synergistically such that the effect of GSH depletion coupled with deprivation of 

iron leads to an overall amplified toxicity greater than either effect alone. The fact that the 

toxicity of DFO is unchanged, however, warrants further investigation.  
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2.2.3 Intracellular metal sequestration  

The assessment of the reduction of the disulfide (TC1-S)2 followed by iron 

chelation intracellularly was examined using the fluorescent probe calcein-AM 

(acetoxymethyl) as described by Epsztejn et al.116 Calcein-AM undergoes cleavage of the 

acetoxymethyl groups by cellular esterases upon entering cells thereby trapping the 

resulting hydrophilic calcein intracellularly. Calcein itself is a fluorescein-based dye and is 

highly fluorescent. Its fluorescence, however, is quenched once bound to paramagnetic 

ions like iron or (far less abundant) copper.116 The introduction of a high-affinity chelator 

to calcein-loaded cells results in a time-dependent increase in fluorescence as calcein 

becomes liberated from the paramagnetic ion quenching its fluorescence (Scheme 2.4) 

Evaluating the extent of the recovery of the fluorescence can give a measure of the iron 

chelating ability of a ligand.  

 

Scheme 2.4: The restoration of fluorescence of metal-bound calcein with metal chelators 

 

Disulfide prochelator (TC1-S)2 does not bind iron in aqueous media, whereas thiol 

TC1-SH readily binds Fe(II) resulting in a low spin Fe(III) complex with a binding 

stoichiometry of 2:1 ligand: metal.108 In this experiment, the recovery of the fluorescence 

of calcein-AM in suspended Jurkat (T-cell leukemia) cells can only occur if the prochelator 

is first activated by reduction in order to bind iron.  Since the reduction occurs readily in a 

solution of GSH (Figure 1.10, vide supra), it was expected that calcein fluorescence will 

be restored once iron is chelated by TC1-SH which results from (TC1-S)2 reduction. 
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The concentration and time-dependent increase in calcein fluorescence upon 

addition of (TC1-S)2 in suspended a solution of calcein-loaded Jurkat cells is observable 

by time-based fluorescence spectroscopy (Figure 2.8). Addition of 50 µM of high-affinity 

iron chelator SIH at 12 min restores maximal florescence.  As the disulfide prochelator 

cannot abstract iron from calcein, the results in Figure 2.8 indicate that the introduced 

disulfide is undergoing a reduction followed by abstraction of iron from calcein. The rise 

in the fluorescence signal within ~20 s of prochelator addition suggests that a portion of 

the added disulfide readily enters the cell and undergoes the reduction followed by iron 

coordination.  

 

 

Figure 2.8: Restoration of the fluorescence of calcein-Fe complex by addition of the (TC1-S)2 and SIH in 

calcein-AM loaded Jurkat cells  

Jurkat (T1B-152) acute T cell leukemia in solution of phenol red-free EMEM. Fluorescence at 517 nm 

(excitation 488 nm) monitored initially for 300 seconds.  The stock solution of (TC1-S)2 in DMSO is then 

added to the indicated final concentration followed by addition of SIH to 50 μM at 12 minutes. DMSO 

concentration was kept constant in all solutions (1% v/v) and labels indicate time of addition of the 

indicated compound at the indicated concentration. The fluorescence is plotted as the difference from the 

initial values before any addition of compounds. 
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The effect of exposure of Jurkat cells to (TC1-S)2 was also investigated by 

continuous-wave electron paramagnetic resonance (CW EPR) spectroscopy. In the g ~ 2 

region of the 30 K EPR spectrum of untreated cells, a prominent and characteristic doublet 

signal for the tyrosyl radical (Tyr•) within the β2 subunit of ribonucleotide reductase (RNR) 

has been reported for several leukemia cell lines.117-119 This signal is observable in a sample 

of Jurkat cells treated with vehicle (DMSO) only (Figure 2.9, trace 1). The amplitude of 

this signal correlates to enzyme activity and is reduced following incubation of cells with 

iron chelators.117, 119-121 Notably, the inhibition of DNA synthesis is under investigation as 

a component of the mechanism of action of antiproliferative iron chelators.23, 122 

 

Figure 2.9: The CW EPR spectra of intact Jurkat cells  

EPR spectra of intact Jurkat cells: 1) untreated cells, 2) after treatment with 50 μM DFO for 3 hours, and 3) 

after treatment with 50 μM (TC1-S)2 for 1 hour. Experimental conditions: microwave frequency, 9.338 

GHz; microwave power, 2 mW; magnetic field modulation amplitude, 0.5 mT; temperature, 30 K. 
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Exposure of Jurkat cells to DFO (50 μM, 3 h), a clinically approved iron chelator, 

led to a significant reduction of the tyrosyl radical signal (Figure 2.9, trace 2). Treatment 

with (TC1-S)2 at 50 μM (1 h or 3 h) resulted in similar decrease of the Tyr• signal and the 

appearance of a signal characteristic of a low-spin Fe(III) center at g value of 2.01 (Figure 

2.11, trace 3), which is attributed to the [(TC1-S)2FeIII]+ complex. This assignment is in 

agreement with previously reported magnetic susceptibility measurements for [(TC1-

S)2FeIII]+ which indicated an S = ½ ground state.108 This is also confirmed by the 

observation of a similar signal from the synthetic complex [(TC1-S)2FeIII][BF4] in DMSO 

with turning values at g = 2.135, 2.110, and 2.006 (Figure 2.10).  

 

Figure 2.10:EPR spectrum of the synthetic complex [(TC1-S)2FeIII][BF4] in DMSO. 

 Experimental conditions: microwave frequency, 9.339 GHz; microwave power, 20 W; magnetic field 

modulation amplitude, 0.2 mT; temperature, 6 K. 
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Further confirmation for formation of low-spin [(TC1-S)2FeIII]+  stems from the fact 

that no EPR lines attributable to new high-spin ferric centers were observed in whole-cell 

samples treated with (TC1-S)2. In contrast, incubation with DFO gave rise to the EPR 

signal at g ~ 4.3 characteristic of high-spin Fe(III) species (Figure 2.11) as previously 

reported.117 

 

 

Figure 2.11: The g ~ 4 region of the EPR spectra of intact Jurkat cells treated with DFO, (TC1-S)2, or 

vehicle only. 

Black, untreated cells; red, after treatment with 50 μM DFO for 3 hours; green, after treatment with 50 μM 

(TC1-S)2 for 1 hour. Experimental conditions: microwave frequency, 9.338 GHz; microwave power, 20 

mW; magnetic field modulation amplitude, 0.5 mT; temperature, 10 K 

 

The signal due to low-molecular-weight high-spin Fe(III) complexes in all samples 

are equivalent with the exception of DFO. Double integrals of these signals (data not 

shown) indicate that the signal in the DFO-treated sample is three times larger than those 
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of the control and all other samples. This observation is consistent with the well-

documented formation of a high-spin Fe(III) complex of DFO.117, 123-124 

The above experiments employing two different spectroscopic techniques (calcein 

fluorescence and whole-cell EPR) in Jurkat cells confirm the activation of the prochelator 

(TC1-S)2 to form an active iron chelator intracellularly which is then capable of binding 

iron resulting in the formation of a low-spin Fe(III) complex. Because the disulfide does 

not itself coordinate iron ions, and its uptake by cells leads to intracellular iron 

sequestration, this compound behaves as a true prochelator. We also observed that (TC1-

S)2 behaves similarly to other iron chelators in that one of its intracellular effects is the 

reduced activity of RNR. 

2.2.4 Investigation of oxidative stress 

Metal complexes of some thiosemicarbazones such as Dp44mT and Triapine have 

been implicated in their observed toxicity.125-127 It was therefore important to probe 

whether or not metal complexes (namely Fe and Cu) of TC1-SH can participate in redox 

cycling and thus generation of ROS.  To investigate the possible ROS generation capability 

of metal complexes of TC1-SH in vitro, we conducted a benzoate hydroxylation assay 

using previously described methods.128-129 In this assay, benzoic acid in the presence of 

hydrogen peroxide and a metal catalyst is hydroxylated to form fluorescent salicylate 

products. As a positive control for the iron complex investigations, we used the iron 

complex of EDTA, whereas the DFO-iron complex was used as the negative control 

because DFO is known to prevent redox cycling of iron.  In the copper studies, aqueous 

copper (II) is used as the positive control, and the EDTA complex of copper is used as the 

negative control as it does not participate in the hydroxylation of benzoic acid.128-130 We 
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also chose to use DFO for comparison because the redox activity of its Fe and Cu 

complexes has been previously studied.131-134 Using this assay, we determined that the iron 

complex of TC1-SH does not participate in hydroxylation of benzoic acid, similarly to that 

of DFO (Figure 2.12). In fact, upon increasing concentrations of TC1-SH, the fluorescence 

of hydroxylated products becomes significantly lower than the negative control (Fe-DFO). 

This lack of generation of hydroxylated products of benzoic acid is in agreement with the 

previously reported electrochemical data which showed that the low-spin Fe(III) complex 

of TC1-SH shows an irreversible reduction by cyclic voltammetry.108  

  

 

Figure 2.12: Fluorescence of hydroxylated benzoic acid generated from H2O2 in the presence of Fe(II) and 

various concentrations of EDTA, DFO and TC1-SH. 

All solutions were made in 10 mM phosphate buffer (pH 7.40) containing 30 μM Fe(II). For iron 

investigations, aqueous Fe(II) is used as the control and Fe(II)-EDTA complex is used as positive control. 

Horizontal axis indicated concentration of ligand added to solutions. Solutions were incubated for 3 hours 

following addition of H2O2. Measurements (em. 290 nm, ex. 410 nm) are evaluated as an average of 

triplicate set of experiments and values are represented as average ± standard deviation. 
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As for the copper complex, the detected fluorescence indicates that the chelator 

TC1-SH at 60 µM is more active than the positive control as a catalyst for benzoate 

hydroxylation under the described conditions (Figure 2.13). When compared to the copper 

complex of DFO, which has been implicated in possible ROS  generation  leading to DNA 

and protein damage,132, 134 it appears that the possible complex of TC1-SH is not as 

effective as DFO in this assay. 

 

 

Figure 2.13: Fluorescence of hydroxylated benzoic acid generated from H2O2 in the presence of Cu(II) and 

various concentrations of EDTA, DFO and TC1-SH. 

Solutions were made in 10 mM phosphate buffer (pH 7.40) containing 30 μM Cu(II). For copper 

investigations, Cu(II)-EDTA complex is used as negative control, and aqueous Cu(II) is used as positive 

control. Horizontal axis indicated concentration of ligand added to solutions. Solutions were incubated for 

3 hours following addition of H2O2. Measurements (em. 290 nm, ex. 410 nm) are evaluated as an average 

of triplicate set of experiments and values are represented as average ± standard deviation.  

 

To investigate the possibility of a copper complex involved in oxidative stress, we 

have attempted to study and isolate the Cu(II) and Cu(I) complexes of TC1-SH. However, 
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UV-Vis spectroscopic studies (Figure 2.14) indicated that the copper binding behavior of 

TC1-SH in organic or aqueous solvent with either Cu(II) or Cu(I) was complicated by the 

putative formation of more than one species as well as the appearance of insoluble products 

both under aerobic and oxygen-free conditions. In addition, the spectral features of the 

resulting species diminished with time, indicating decomposition of the putative complex. 

MALDI mass spectrometry data of these solutions showed a peak corresponding to the 1:1 

Cu(II): [TC1-S]- complex as well as several other unidentifiable peaks. Attempted 

recrystallization of the formed products did not lead to the isolation of compounds suitable 

for characterization. We have thus ruled out the possibility of formation of a stable copper 

complex involved in oxidative stress.  

 

Figure 2.14: UV-Vis spectral changes upon addition of Cu(I) or Cu(II) to an aqueous solution of TC1-SH  

UV-Vis spectral changes upon addition of Cu(I) (a) or Cu(II) (b) to a solution of TC1-SH in PIPES buffer 

(10 mM, pH 7.4) in an equimolar ratio. a) TC1-SH spectral features (blue trace) change upon addition of 

equimolar amount of Cu(I) under deaerated conditions (green trace). Upon exposure to air, spectra feature 

decay, and precipitation of an unidentifiable compound occurs. b) TC1-SH spectral features (blue trace) 

change upon addition of equimolar amount of Cu(I) under deaerated conditions (green trace). These 

features are lost with time. 

 

In an effort to investigate the generation of ROS in cells, we have studied the 
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product. Dihydrodichlorofluorescein diacetate (DCFH2-DA) is a fluorogenic probe used in 

intracellular assays to assess the generation of reactive oxygen species. 

 

Scheme 2.5 DCFH2 as a fluorogenic probe for oxidative stress 

 

Upon entering the cell, the acetate groups are cleaved thereby trapping fluorogenic 

probe intracellularly as an anionic species. The probe is then oxidized by several ROS or 

RNS species to give a fluorescent product (Scheme 2.5) and the intensity of the 

fluorescence is a measure of oxidative stress.135 In this experiment, we assayed the effect 

of the disulfide prochelator (TC1-S)2, the premade iron(III) complex [(TC1-S)2FeIII]+, and 

the thiol TC1-SH in MDA-MB-231 cells. We used DFO as a control (forming an iron 

complex that does not induce oxidative stress) and H2O2 as a positive control to confirm 

the activity of the probe.136 Similar to the results of the benzoic acid hydroxylation assay 

(Figure 2.12), addition of disulfide prochelator (TC1-S)2 or the thiol TC1-SH did not elicit 

significant turn-on response of the fluorescent probe relative to the positive control. In 

addition, no generation of ROS was detected for cells treated with the pre-formed and 

isolated iron complex [(TC1-S)2Fe][BF4].   
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Figure 2.15: The intracellular redox activity of the prochelator (TC1-S)2, the chelator TC1-SH and its 

Fe(III) complex [(TC1-S)2FeIII]+, and DFO (as known control) as probed by DCFH2-DA assay. 

MDA-MB-231 breast cell carcinoma cells were treated with 10 μM DCFH2-DA as described then treated 

with the indicated compounds as specified. The fluorescence at 528 nm (excitation 485 nm) was measured 

after 6 hours of treatment. Fluorescence is plotted as folds of the control (DMSO) fluorescence and is 

presented as the average ± standard deviation of a triplicate set of experiments. 

 

Consistent with these results is the fact that the Fe(III) species [(TC1-S)2Fe][BF4] 

showed limited cytotoxicity in MDA-MB231 and SK-N-MC human cells, with IC50 values 

greater than 30 μM in MTT viability assays in both cell lines (Table 2.1). 

Compound IC50 (μM), 48 h 

 SK-N-MC MDA-MB-231 

(TC1-S)2
108 6.81 ± 0.17 4.59 ± 0.06 

TC1-SH108 5.19 ± 0.17 15.01 ± 0.05 

[(TC1-S)2Fe]+ 42.07 ± 0.14 30.63 ± 0.05 

Table 2.1: The antiproliferative effects of (TC1-S)2, TC1-SH and the iron complex [(TC1-S)2Fe]+ in two 

cancer cell lines 
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2.3 Conclusions  

 

We investigated the reduction activation of (TC1-S)2, a prochelator designed by 

introduction of a disulfide-masking bond in the donor set of a thiosemicarbazone moiety. 

We found that the prochelator’s activation mechanism by reduction is functioning 

intracellularly. The in-vitro reduction of (TC1-S)2 by glutathione in redox buffers shows 

that the reduction occurs at half-cell potentials that are accessible intracellularly. The 

antiproliferative effects of (TC1-S)2 depend on intracellular conditions and 

supplementation with NAC (leading to increase in intracellular thiol concentrations) leads 

to an increase response of (TC1-S)2. These findings support the reduction/activation 

mechanism.  

Once the prochelator is reduced, the chelator TC1-SH readily binds iron and 

stabilized the low-spin Fe(III) complex [Fe(TC1-S)2]
+. Using whole-cell EPR, we verified 

the intracellular formation of this species. In addition, fluorescence assays employing 

calcein and Jurkat cells suggest that (TC1-S)2 is promptly reduced upon cellular uptake and 

the resulting chelator is capable of scavenging iron (or other paramagnetic metal ions) 

bound to calcein. Furthermore, using whole-cell EPR experiments, we observed that (TC1-

S)2 chelation system leads to a decrease in the signal amplitude for the tyrosyl radical of 

RNR, which correlates with loss of activity of this essential enzyme for DNA biosynthesis. 

Finally, using fluorescence-based assays in vitro and in live cells, we found that this system 

and the iron complex generated do not result in generation of ROS. This is further 

demonstrated by the low toxicity of the iron complex relative to the parent prochelator.   

Taken together, the results of the experiments described in this study indicate that 

the observed antiproliferative effect of the prochelator (TC1-S)2 is a result of its 
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intracellular reduction, forming TC1-SH, an iron chelator which readily scavenges iron. 

Depriving the cells from iron results in downstream effects that lead to reduced activity of 

RNR. As the formed iron complex is not redox active and does not induce oxidative stress 

(as observed by the assays employed in this study) the observed cytotoxicity is a result of 

iron deprivation and not ROS generation. 

Synthetic modifications on the thiosemicarbazone scaffold that increase the 

solubility and selectivity of the prochelators, as well as investigations of other cellular 

effects are the subject of studies in Chapters 3 and 4.  

   

2.4 Materials and Methods 

2.4.1  Materials and instruments 

RSSR, RSH, [(RS)2Fe][BF4] and salicylaldehyde isonicotinoyl hydrazone (SIH) 

were prepared as previously reported.  Desferrioxamine mesylate salt (Aldrich) and human 

holo-transferrin (Aldrich) were obtained commercially and used as received. Stock 

solutions of Calcein-AM (AnaSpec) and DCFH2-DA (Invitrogen) were prepared in 

DMSO, aliquoted in single-use doses and stored at −20 °C. All other chemicals were 

purchased from common commercial sources and used without further purification. 

UV-visible absorption spectra were obtained on an Agilent 8453 

spectrophotometer. Fluorescence measurements were conducted on a Thermo Spectronic 

Aminco Bowman Series 2 Luminescence Spectrometer. Absorption and fluorescence 

assays in 96-well plates were recorded on a BioTek SynergyTM 2 microplate reader at the 

indicated wavelengths. The continuous-wave (CW) EPR experiments were carried out at 
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the University of Arizona EPR Facility on a X-band EPR spectrometer Elexsys E500 

(Bruker) equipped with the ESR900 flow cryostat (Oxford instruments). 

Reduction in GSH/GSSG buffer. 

 All buffered aqueous solutions (50 mM PIPES, pH 7.4) were degassed with four 

freeze-pump-thaw cycles. Reduced (GSH) and oxidized (GSSG) glutathione were added 

to give the desired half-cell potentials 52 while maintaining the total glutathione 

concentration in the 11-13 mM range. (TC1-S)2 was added in DMSO stock solutions to a 

final concentration of 9-10 μM, and the redox buffer solutions were allowed to equilibrate 

for 2 h. Concentrations of (TC1-S)2 and TC1-SH at equilibrium were determined from 

absorbance at 342 nm using the following equations, which assume that (TC1-S)2 and TC1-

SH were the only absorbing species in solution. 

[(TC1-S)2] = [(TC1-S)2]0 (Aobs−Amin)/ (Amax−Amin) (1) 

[TC1-SH] = 2 [(TC1-S)2]0 − [(TC1-S)2]  (2), 

where [(TC1-S)2]0 is the initial concentration of disulfide, Aobs is the observed 

absorbance for the solution after equilibration, Amax is the initial absorption of disulfide 

only, and Amin refers to the absorbance of the solution after all the disulfide has been 

converted to the thiol. 

 

Benzoate hydroxylation.  

Stock solutions of ligands were prepared in methanol (for TC1-SH) or ultrapure 

water (for DFO and EDTA). Ligand stock solutions were added to test solutions prepared 

in 10 mM phosphate buffer (pH 7.40) and containing benzoate. The amount of methanol 

(0.46% v/v) was maintained the same in all test solutions. Following addition of FeSO4, 
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the hydroxylation reaction was initiated by addition of 30% H2O2. The final volume of 

each test solution was 3.000 mL, containing 1.0 mM benzoate, 30 μM Fe(II), 1 mM H2O2 

and varying concentrations of ligands as indicated. Test solutions were incubated for 3 h 

at room temperature and then fluorescence emission was measured at 410 nm (ex. 290 nm).  

Cell culture and cell-based assays 

MDA-MB-231 (ATCC® HTB-26™) breast adenocarcinoma cells and SK-N-MC 

(ATCC® HTB-10™) neuroepithelioma cells were cultured under a 5% CO2 humidified 

atmosphere at 37 °C in Eagle’s Minimal Essential Medium (EMEM) supplemented with 

10% fetal bovine serum (FBS), glutamine (2 mM), sodium pyruvate (1 mM), sodium 

bicarbonate (1.5 g/L), penicillin (100 units/mL), streptomycin (100 µg/mL) and 1.25 µM 

(1 mg/10 mL) human holo-transferrin (Aldrich) prior to use. Jurkat T lymphocytes 

(ATCC® T1B-152™) were cultured in suspension at 37 °C under a 5% CO2 humidified 

atmosphere in RPMI 1640 medium supplemented with 10% FBS, penicillin (5 mg/ml) and 

streptomycin (1 mg/ml), and maintained at a density lower than 2.0 × 106 cells/mL. 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) viability assays were 

conducted by standard methods as previously described.108 

 

Effect of NAC and BSO supplementation.  

MDA-MB-231 cells were seeded in 96-well plates (8 x 104 cells/well) and allowed 

to incubate for 18 h. Stock solutions of N-acetyl cysteine (NAC) or Buthionine Sulfoximine 

(BSO) were freshly prepared in growth media, added and allowed to incubate for additional 

4 h (total of 24 h before treatment).   Stock solutions of (TC1-S)2 (in DMSO) and DFO (in 

PBS buffer) were freshly prepared and diluted with growth media such that the amount of 
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DMSO was 0.01% v/v per well.   The final concentrations (10 or 20 µM) for the test 

compounds in each well were chosen similar to their IC50 values (MTT, 48 h).108 Cells 

were incubated in the presence of the test compounds for 48 h, either including or excluding 

the NAC containing media, then washed with phosphate-buffered saline (PBS) and then 

viability was assessed by MTT addition using standard methods. All experiments were 

performed in triplicate. 

 

 Effect of (TC1-S)2 on calcein fluorescence emission.  

Jurkat cells (1.0 × 106 cells/mL) were centrifuged, washed with warm PBS, 

resuspended in PBS containing 0.15 μM calcein-AM and incubated for 30 min. The cells 

were then centrifuged and washed to remove extracellular calcein-AM, diluted in basic 

medium (free of Phenol Red) to 8.0 × 105 cell/mL and incubated for 10 min. Fluorescence 

measurements (ex. 488 nm, em. 517 nm) were conducted on cell suspensions (3.0 mL) in 

quartz cuvettes under magnetic stirring. Readings were recorded every 20 s for a total 

period of 1500 s. Test compounds were added in DMSO solutions and the final 

concentration of DMSO (after two additions) was maintained at 1% v/v. Control addition 

of DMSO only did not change the emission intensity of the sample.   

 

Whole-cell EPR measurements.  

Jurkat cells (1.8 × 106 cells/mL) were treated with the test compounds and 

incubated for 1 h or 3 h as indicated. The suspension (90 mL) was then centrifuged (1000 

rpm, 10 min), and the cells were resuspended in PBS and pelleted (1000 rpm, 10 min). 

After removal of the supernatant, the pellet was suspended in 200 μL HEPES buffer (50 
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mM, pH 6.9, 10% glycerol), transferred to an EPR tube and spun down (1000 rpm, 10 min). 

The pellet was frozen in cold methanol (−40°C) and then kept in liquid nitrogen. The total 

time between first centrifugation and freezing was less than 20 min.  

 

Detection of oxidative reactivity with DCFH2-DA.  

MDA-MB-231 cells were seeded in clear-bottomed, black-sided 96-well plates (1.0 

× 104 cells/well) and allowed to incubate overnight. The growth medium was then removed 

and the adherent cells were incubated in warm PBS containing 10 μM DCFH2-DA for 10 

min. After removal of the probe solution, the cells were washed with PBS (×2) and then 

incubated in growth media (100 μL, without Phenol Red) containing the test compounds 

for 30 min before recording fluorescence emission (ex. 485 nm, em. 528 nm).  
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CHAPTER 3: A SERIES OF DISULFIDE-MASKED IRON 

PROCHELATORS WITH ANTIPROLIFERATIVE ACTIVITY  
 

3.1 Introduction: Common chelator scaffolds studied for use in cancer therapy  

 

Iron plays a crucial role in mammalian cell proliferation and metabolism. It is well 

established that cancer cells require a higher amount of iron compared to their normal 

counterparts in order to sustain their rapid proliferation rates. This link between iron and 

cancer has sparked a growing interest in the design and study of iron chelators for the 

treatment of cancer. Several iron chelators have been studied for decades in treatment of 

iron overload (Chapter 1, section 1.2) and later in the treatment of cancer. The scaffolds of 

chelators studied in this context vary substantially; from hydroxamate siderophores (e.g. 

DFO) to thiosemicarbazones (e.g. Triapine). Iron chelation drugs originally (or primarily) 

used for treatment of iron overload diseases (DFO, deferiprone, Exjade and their 

analogues) are discussed in Chapter 1. In this section, the most widely studied tridentate 

iron-chelating scaffolds (in terms of structure/activity) as well as their potential for use in 

cancer therapy, are briefly reviewed.  

3.1.1 Aroylhydrazones 

Pyridoxal isonicotinoyl hydrazone (PIH, Figure 3.1), is the parent compound of the 

important class of aroylhydrazones.137 PIH binds both ferric and ferrous iron, with a higher 

affinity for Fe(III).137 PIH proved to be a more effective iron chelator than several others 

including DFO.138 PIH was initially investigated for use in iron overload disease, and its 

mild antiproliferative affects were demonstrated years later by Richardson et al.139 

Although PIH was better than DFO at preventing iron uptake from transferrin in vitro, and 
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better at mobilizing iron from mitochondria (thereby confirming its ability to pass the 

plasma membrane into the mitochondrion), DFO is actually a better antiproliferative 

agent.139 The remarkable iron mobilization ability of PIH led to search of an analogue of 

PIH with better antiproliferative activity.139-141 

 

 

Figure 3.1: Most successful analogues in the early series of aroylhydrazones 

 

The analogues of PIH are classified into three different series based on the aromatic 

aldehydes used in a Schiff-base condensation with a hydrazide to form the ligand. The 

series in this class of ligands are: the 100 series in which pyridoxal is used, the 200 series 

in which a salicylaldehyde is used and the 300 series in which 2-hydroxy-1-napthaldehyde 

is used (Figure 3.2). The three series encompass over 45 compounds. In the 100 series, 

compounds were effective at mobilizing iron from mitochondria, but had limited toxicity 

in cell culture and thus deemed suitable for treatment of iron overload but not cancer.23 The 

compounds in the 200 were less effective at mobilizing iron than the 100 series, but showed 

adequate antiproliferative activity presumably due to enhanced lipophilicity.23 In the 300 

series, one compound 311 (also known as NIH, Figure 3.1) demonstrated the greatest 

potential for use in cancer therapy. NIH demonstrated high antiproliferative activity in a 

range of cancer cell lines including leukemia, breast, bladder, head and neck as well as a 

range of others.142 



92 

 

 

Figure 3.2: Chemical structure of aroylhydrazone analogues for PIH 

The search for high affinity iron chelators in the aroylhydrazone class lead to 

several other series, including the 2-pyridylcarboxaldehyde isonicotinoyl hydrazone 

(PCIH) class, and the di-2-pyridylketone isonicotinoyl hydrazone (PKIH) class (Figure 

3.1).23 Of these, the PKIH series proved to be more successful. Ligands in this series were 

better antiproliferative agents and more specific inhibitors of RNR than other 

aroylhydrazone analogues.143 Interestingly, the iron complexes formed from ligands in this 

series were redox-active and exerted antiproliferative activity equal to that of the ligand 

alone.144   

3.1.2 Thiosemicarbazones 

The earlies investigations of thiosemicarbazones was in their use in the treatment 

of iron overload conditions.145 However, thiosemicarbazones have been established as 

antiproliferative agents since the late 1960s.146-147 The link between their inhibition of 

RNR, and subsequently DNA synthesis and proliferation was also established in the late 

1960s.148 After the success of aroylhydrazones as iron-chelating antiproliferative agents, 

many groups focused their efforts on the design and synthesis of thiosemicarbazones as 

iron-sequestering anti-neoplastic agents.23, 27 This section will discuss highlights of the 

successes of thiosemicarbazones over the last half-century.23 
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Thiosemicarbazones are tridentate ligands with high affinity for iron although they 

can bind Cu(II), Zn(II) and others metals. The affinity to the metal ion, as well as the 

affinity for Fe(II) vs Fe(III) depends on the nature of the donor set, which consists of either 

O, N, S and N, N, S in the more studied compounds. The oldest generations of 

thiosemicarbazones iron chelators were studied for iron overload diseases and included 5-

hydroxypyridine-2-carboxaldehyde thiosemicarbazones (HPCT), pyrazinecarboxaldehyde 

thiosemicarbazones (PCT), and sodium pyrazinecarboxaldehyde dithiocarbazonate (SPD) 

(Figure 3.3).145 These chelators were able to reduce liver, spleen and transferrin iron levels 

in iron overload mouse models and in clinical trials.149 HPCT was the first 

thiosemicarbazone studied clinically for its pharmacological effects and toxicity.149 

Interestingly, after administration of HPCT in cancer patients, a characteristic green color 

was observed in their urine resulting from excretion of the Fe(II)-HPCT complex. HPCT 

had no antineoplastic effect in patients with solid tumors, but decreases in blast counts were 

observed in patients with acute leukemia. Toxicity associated with administration of HPCT 

included mild myelosuppression and hemolysis, which limited the usefulness of this 

compound as an antineoplastic agent.23, 149 

 

Figure 3.3: Structures of first-generation thiosemicarbazones 

 

One of the most successful (and therefore, most studied) thiosemicarbazone is 

Triapine® (3-aminopyridine-2-carboxaldehyde thiosemicarbazone, Figure 1.5) also 
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known as 3-AP. Because of the early recognition of thiosemicarbazones as potent inhibitors 

of RNR, major efforts were taken to synthesize and screen thiosemicarbazones with RNR 

inhibitory activity. This lead to discovery of 3-AP, and later its entry into clinical trials. 3-

AP was more effective at inhibiting RNR in leukemia cells than hydroxyurea (a clinically 

used RNR inhibitor) and was even effective against hydroxyurea-resistant cell lines.150 

Interestingly, the RNR inhibition of 3-AP is due to the redox cycling of the iron complex 

itself rather than downstream effects of iron removal.151 In fact, the iron complex of 3-AP 

was itself a more potent inhibitor of RNR than the free ligand.122 144 

The results of phase I and phase II clinical trials using 3-AP were published in 2003 

and 2008 and showed some concerning results.152-153 Grade 4 leukopenia (reduction of 

white blood cells) was observed in 13 of 14 patients 152 along with hypoxia in three patients 

and methemoglobinemia in four patients.153 

The next generation of thiosemicarbazones investigated for cancer therapy were the 

di-2-pyridyl (DpT) thiosemicarbazones. The most successful of these compounds to date 

is Dp44mT (Figure 1.5), which exhibited antiproliferative effect in melanoma and breast 

cancer cells while it was ineffective against normal lung fibroblast cells.154 Studies have 

shown that the iron-chelating ability of the DpT series is essential for the observed 

antiproliferative effects.154 In addition to iron chelation, ligands in the DpT series also 

cause oxidative stress, which enhances their antiproliferative ability.154 127 Also of note is 

the ability of Dp44mT to overcome multidrug resistance of tumors, a problem that is 

becoming more prominent clinically.26 155 In-vivo investigations on this compound using 

aggressive lung carcinoma xenografts in mice showed that Dp44mT resulted in a 47% 

decrease in tumor mass compared to control mice. Although Triapine at the same dose was 
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more effective as it reduced tumor mass by 90%, Triapine exhibited toxicity effects 

(reduced animal weight, low hemoglobin levels, leukocytes and erythrocytes) which were 

not observed in animals treated with Dp44mT.154 Further in-vivo studies at an optimal dose 

of Dp44mT showed reduced growth of melanoma xenografts to only 8% of that observed 

in control animals. However, these studies also revealed that Dp44mT induced cardiac 

fibrosis, an effect that is observed for clinically approved chemotherapeutic agent 

doxorubicin.155 26 

The di-2-pyridylketone 4-cyclohexyl-3-thiosemicarbazone (DpC, Figure 3.4 ) class 

of thiosemicarbazone chelators were developed next to overcome some of the side effects 

observed with Dp44mT. The current lead compound in this series is di-2-pyridylketone-4-

cyclohexyl-4-methyl-3-thiosemicarbazone (DpC, Figure 3.4) which was shown to be more 

effective and cause less side effects in-vitro and in-vivo.27 28 One big advantage of DpC is 

that it can be administered intravenously and orally without causing toxicity (unlike 

Dp44mT).156 In in-vivo studies using pancreatic cancer xenografts in mice, DpC was better 

than the standard pancreatic cancer treatment gemcitabine at lowering tumor mass.157 In 

fact, DpC completely inhibited pancreatic tumor growth and, unlike Dp44mT, caused no 

incidence of cardiac fibrosis.27 

Like Dp44mT, DpC was effective at suppressing proliferation of drug-resistant 

cancer cell lines.158 In addition, unlike Triapine 159  and Dp44mT, DpC did not cause 

oxidation of hemoglobin in intact erythrocytes and did not increase the formation of 

methemoglobin in in vivo experiments.158 In pharmacokinetic studies, DpC underwent less 

decomposition (and thus had a longer plasma half-life and longer exposure) than 
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Dp44mT.160  The excellent pharmacological and selective antiproliferative effects of DpC 

resulted in its study in human clinical trials starting this year (2016).31 

 

Figure 3.4: Structures of thiosemicarbazone analogues of the DpT and DpC classes 

Thiosemicarbazones are clearly potential candidates for use as antineoplastic 

agents. Over the decades, studies on thiosemicarbazones have resulted in fortuitous 

discovery of potent antiproliferative agents. With careful structure-activity investigations, 

several thiosemicarbazone analogues have now undergone (or approved to begin) clinical 

trials. In this study, we examine a series of disulfide-masked prochelators of the 

thiosemicarbazone, aroylhydrazones, and semicarbazones class. In-vitro, we assessed their 

iron chelation abilities and their ability to generate redox active iron complexes. In cell 

culture studies, we investigated the prochelators’ antiproliferative and cell cycle effects, as 

well as induction of apoptosis. 

 

3.2 Comparative study of disulfide-based prochelators 

3.2.1 Synthesis 

The prochelators described in this work fall into three metal-binding scaffold 

classes: the thiosemicarbazones, the aroyl hydrazones and the semicarbazones (Figure 3.5). 

Both thiosemicarbazones and aroylhydrazones have been thoroughly investigated in the 

context of iron-binding cancer therapeutics.23 Unlike previously investigated scaffolds, the 
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prochelators presented herein are precluded from metal binding due to the presence of the 

disulfide bond which masks one of the sulfur chelating atoms and has low metal-binding 

affinity.108 Upon cellular uptake of the prodrugs, the disulfide undergoes intracellular 

reduction/activation 90 resulting in chelators that contain an S,N,S donor set (in the case of 

the thiosemicarbazones) or an S,N,O donor set (in the case of the aroylhydrazones and 

semicarbazones). 

The prochelators were synthesized via a Schiff-base condensation between a 

symmetric aromatic disulfide containing an aldehyde or ketone functionality and a 

thiosemicarbazide, semicarbazide, or aroyhydrazide (Scheme 3.1).  

 

Scheme 3.1: Synthesis of disulfide-masked prochelators 

 

Although the starting materials are soluble in refluxing alkyl alcohols (methanol, 

ethanol, isopropanol), the disulfide prochelators are generally insoluble. This solubility 

difference between the starting materials and product is particularly advantageous in this 

synthesis as the condensation reactions (Scheme 1.1) result in formation of the product as 

a precipitate at quantitative yields and high purity. 
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Figure 3.5: Structures of the compounds investigated in this work 

 

Thiol chelators are synthesized in quantitative yields via reduction of the 

prochelators ( Figure 3.5) using 1,4-dithiothrietol (DTT)in dimethylformamide (DMF) 

(Scheme 3.2) and the product is precipitated from nanopure water or dichloromethane. 

Thiosemicarbazone class 

Semicarbazone class Aroyl Hydrazone class 
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Scheme 3.2: Synthesis of thiol-containing chelators 

 

In our preliminary investigations, we found that several of the analogues had 

limited solubility and/or toxicity and have thus excluded them from further studies. For 

instance, we found that (TC12-S)2 and (SC1-S)2 had limited solubility in DMSO, which 

prevented testing in cell culture. We also found that while (TC14-S)2 showed improved 

aqueous solubility, it had limited toxicity in cancer cell culture, similar to (SC3-S)2 and 

(TC10-S)2. In addition, we found that (TC11-S)2 undergoes significant decomposition 

when introduced to aqueous media, and (AH2-S)2 interacts with iron even as the disulfide-

masked prochelator (likely through the pyridine nitrogen). Thus, we chose to conduct 

further studies on a subset of the compounds synthesized, mainly (TC1-S)2, (TC4-S)2, 

(TC5-S)2, (TC6-S)2, (TC7-S)2, (TC9-S)2, (SC2-S)2 and (AH1-S)2 as representative 

examples of each class of prochelators bearing the various substitutions.  

 

3.2.2 Iron-binding efficacy  

Thiosemicarbazones and aroyl hydrazones are known to be high-affinity iron 

chelators.23 The assessment of iron binding efficacy of chelators is typically determined 

from iron binding isotherms generated by monitoring formation of the complex by UV-Vis 
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spectroscopy as a function of concentration of iron. In the case of our thiol-containing 

chelators (Figure 3.6B) titration experiments are complicated by several factors. First, the 

thiol chelators are susceptible to air oxidation, generating the respective parent prochelators 

which do not bind iron. In addition, the disulfides are less soluble than the thiol chelators 

in aqueous solution, and can precipitate out of solution once formed. Another complication 

is that the chelators bind Fe(II), and the resulting ferrous complex is readily oxidized to 

form the low spin ferric complex. Absorption traces upon addition of Fe(II) to thiols in 

deaerated aqueous solutions lacked isosbestic behavior, indicating multiple observable 

processes (data not shown). These various complications limited quantitative assessment 

of iron binding efficacy of our thiol-bearing chelators using traditional methods. To 

qualitatively assess the iron binding ability of the thiol chelators, we performed a 

fluorescence-based assay using calcein as previously reported.161 Calcein is a fluorescein 

based dye whose fluorescence is reduced upon interaction with paramagnetic metal ions 

like iron (Figure 3.6A).116 In this experiment, calcein is stirred with ten-fold excess of iron, 

which reduces calcein fluorescence by 80%. Iron chelators are then added to this Fe-calcein 

solution, which results in the sequestration of iron, thereby liberating calcein and restoring 

its fluorescence. In this case, we used SIH for comparison as it is a well-studied, high-

affinity iron chelator and values for other chelators are plotted as a percent of SIH 

restoration.  

We found that the chelators bearing an S, N, O donor set of atoms, i.e., AH1-SH 

and SC1-SH, restored the fluorescence to its maximal values, identical to SIH while the 

other chelators ranged in efficacy with fluorescence restored to 62-73% of the value for 

SIH, with TC9-SH being the weakest at 55% restoration (Figure 3.6). This effect could 
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actually be due to oxidation of the thiol chelators as this assay was performed under 

ambient conditions. Although we did not observe precipitation of the disulfide 

prochelators, we know from previous studies that under aerated conditions, the thiol 

chelators are readily oxidized to form the disulfides within 2-3 hours. However, as iron 

binding is immediate, we expect that iron binding precedes oxidation, and may not be a 

major factor. In all cases, the thiosemicarbazone chelators were less effective than SIH at 

restoring calcein fluorescence. 

 

 

Figure 3.6: Assessment of iron binding efficacy of chelators using calcein fluorescence assay: 

A) The fluorescence of calcein (CA) is quenched upon its interaction with paramagnetic iron. Addition of 

iron chelators liberate calcein from iron thereby restoring its fluorescence. B) Structure of chelators used in 

this study. C) Calcein (20 nM) was incubated with ferric ammonium citrate (200 nM) in HEPES buffer (40 

mM with 150 mM NaCl at pH 7.2) for 45 minutes until calcein fluorescence was quenched by 80%. 

Chelators (5 µM) were then added and values for fluorescence of calcein (λex= 488 nm, λem=528 nm) were 

plotted as percent of the fluorescence of the solution containing SIH. Values are plotted as an average of a 

triplicate set ± standard deviation between values. 
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3.2.3 Redox activity 

Metal chelators can often result in generation of redox active species upon binding 

metal ions as a result of Fenton and Fenton-type reactions (see section 2.1). Several iron 

chelators designed for use in cancer therapy have been reported to induce toxicity through 

formation of redox active complexes that can result in intracellular oxidative stress.23 In 

such cases, the chelators are often more toxic than their non-redox active analogues as they 

exploit the sensitivity of cancer cells to oxidative stress.23  

We investigated the possibility for formation of redox active iron complexes and 

subsequent induction of intracellular oxidative stress. To test these effects in vitro, we 

utilized the ascorbate oxidation assay as previously reported.161 In this assay, chelators are 

introduced to an aqueous solution of iron and excess ascorbic acid and the formation of 

redox-active iron centers results in oxidation of ascorbic acid via reduction of the Fe(III) 

center to Fe(II). This process is monitored spectrophotometrically as the oxidized ascorbate 

has no absorption bands in the visible region. EDTA and SIH were used as controls because 

the Fe-EDTA complex readily redox cycles and results in consumption of ascorbate, 

whereas the Fe-SIH complex is unreactive and does not result in consumption of 

ascorbate.125, 144 

To confirm concentration dependent effects, chelators were added to the Fe-

containing aqueous solutions in 0.1, 1 or 3 iron binding equivalents (IBE). The IBE is used 

instead of ligand equivalents due to the different binding rations of the multidentate 

ligands. For example, EDTA is hexadentate and binds iron in a 1:1 ligand/metal binding 

ratio while SIH is tridentate and forms a 2:1 ligand/metal ratio. In this assay, we used three 

IBE’s, where at 0.1 IBE only partial formation of the iron complexes occurs, at an IBE of 
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1, iron is completely bound by the chelators, and at an IBE of 3, there is an excess of the 

chelating species.  

For EDTA, we observe a concentration-dependent decrease of ascorbate that 

reaches a minimum at IBE of 1 (Figure 3.7, black bars). For SIH (the negative control) we 

observe a slight increase in ascorbate with increasing concentrations of SIH, indicative of 

elimination of aqueous, iron-mediated oxidation of ascorbate (Figure 3.7, red bars). For the 

thiol-bearing series of chelators, we do not observe significant decreases of the 

concentration of ascorbate at any of the tested concentrations (Figure 3.7). This indicates 

that the resulting iron complexes are not capable of redox cycling of the Fe(II)/Fe(III) metal 

centers in the presence of ascorbate in neutral aqueous solutions.  

 

Figure 3.7: Effect of chelators on iron-mediated oxidation of ascorbic acid in aqueous solution 

 Chelators at 0.1, 1 or 3 iron binding equivalents (IBE) were introduced to a solution of ascorbic acid (100 

µM) in citrate buffer (1mM, pH 7.40) with Fe(II) (10 µM). The solutions were incubated for two hours, and 

absorbance (265 nm) was measured to determine the relative amount of remaining ascorbate and 

background corrected for absorbance of the chelators or their iron complexes. Values are plotted relative to 

control that does not contain iron, with each value being the average of a triplicate set of experiments ± the 

standard deviations between values. 
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To further rule out redox cycling as a mechanism of antiproliferative action, we 

tested the ability of the disulfide prochelators to induce oxidative stress intracellularly 

using 2’,7’-dichlorodihydrofluorescein-diacetate (DCFH2-DA) as a fluorogenic probe. 

DCFH2-DA is a non-fluorescent species that becomes hydrolyzed and trapped 

intracellularly upon action of intracellular esterases. The resulting compound can be 

oxidized by intracellular reactive oxygen (ROS) or reactive nitrogen (RNS) species to 

produce the fluorescent dichlorofluorescein (Scheme 2.4). The intensity of the 

fluorescence of the oxidized product is indicative of the level of oxidative stress. 

Hydrogen peroxide (used as the positive control in this assay) does not react directly with 

the fluorogenic probe; rather it is decomposed intracellularly to produce ROS/RNS which 

then oxidize DCFH2 and produces the fluorescent species.135 We found that treatment of 

MDA-MB-231 breast adenocarcinoma cells with our prochelators (50 µM, 2 hours) 

resulted in suppression of inherent ROS (similar to SIH) as evidenced by the reduction in 

the fluorescence signal for DCF (compared to the untreated control) except for the 

compounds (TC7-S)2 and (TC9-S)2 which were statistically identical to the untreated 

control ( 

Figure 3.8). As the positive control (H2O2) showed a signal that is an order of 

magnitude higher than that of the untreated control,136 we conclude that at the tested 

concentrations and treatment time, our prochelators do not result in induction of oxidative 

stress as measured by DCFH2-DA.  
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Figure 3.8: Assessment of intracellular induction of ROS by prodrugs in MDA-MB-231 cells using 2’,7’-

dichlorodihydrofluorescein-diacetate (DCFH2-DA) 

MDA-MB-231 cells were plated in 6-well plates (0.2 million cells per well) and allowed to adhere 

overnight. Cells were then treated with the indicated compounds (50 µM) for 2 hours. Media was removed 

and cells were washed with PBS then treated with DCFH2-DA (30 µM) in PBS for 30 minutes. Cells were 

washed with PBS then detached and centrifuged, then suspended in PBS and analyzed by flow cytometry. 

Hydrogen peroxide is used as a positive control and SIH as a negative control.  Values are presented as the 

geometric mean value from the flow cytometry histogram and plotted as the average of a triplicate set of 

experiments ± the standard deviations between values. Statistical significance ** p<0.05, *** p<0.01. 

 

3.2.4 Effect of compounds on cell cycle progression 

It is well established that iron chelators result in reduction of activity of 

ribonucleotide reductase (RNR), an enzyme that is critical for DNA synthesis.117, 119-121 

Accordingly, iron chelation results in cell cycle arrest at G1/S interface,16, 103 because cells 

can no longer synthesize DNA and progress in the cell cycle.124 We sought to investigate 

the effects of our prochelator systems on cell cycle in MDA-MB-231 cells and we used 
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SIH for comparison as it is a well-studied high affinity iron chelator with established 

antiproliferative activity.162 We tested a subset of compounds in MDA-MB-231 cells at 10 

and 50 µM after 12-hour incubations. At 10 µM, SIH resulted in arrest at G1/S, with 

accumulation of G0/1 compared to the untreated control (Figure 3.9). At this concentration, 

the effects of (TC1-S)2 and (AH1-S)2 were similar to that of SIH, where G1 accumulation 

is statistically significant compared to that of the control (Figure 3.9). In the case of (AH1-

S)2 and SIH, accumulation of G1 is accompanied by statistically significant depletion of 

cells in S phase. For (TC1-S)2 and (TC7-S)2, S phase percentage is statistically identical to 

that of the control while for (TC4-S)2 there is an increase in S phase (Figure 3.9) The S 

phase accumulation of (TC4-S)2 is surprising as that is not typically observed for iron 

chelators. At 50 µM, the trend across compounds becomes more similar where G1/0 

accumulation is significant for all compounds and S depletion is statistically significant in 

all cases except for (TC7-S)2, (Figure 3.9). These data suggest that all compounds tested 

are capable of inducing cell cycle arrest at the G0/1/S boundary with both (TC1-S)2 and 

(TC4-S)2 being as potent as SIH (at 50 µM), followed by (AH1-S)2 and (TC7-S)2 being 

least potent in the series. 
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Figure 3.9: Effect of compounds on cell cycle of MDA-MB-231 cells 

 MDA-MB-231 cells were plated in 6-well plates (0.2 million cells per well) and allowed to adhere 

overnight. Cells were then treated with the indicated compounds at the indicated concentrations (10 or 50 

µM) for 12 hours. Cells were harvested and fixed with 70% ethanol and stored at 20 ºC overnight. Cells 

were pelleted and treated with RNAse and propidium iodide (0.5 mg/mL and 40 µg/mL respectively, 30 

minutes) and analyzed by flow cytometry. Histograms were fitted using ModFit program and values are 

plotted as the average of a triplicate set of experiments ± the standard deviations between values. Statistical 

analysis of values is compared to the control with * indicating p< 0.05 and ** indicating p< 0.01 

 

Numerous reports have shown that thiosemicarbazones can act as mitotic 

inhibitors, which is manifested in cell cycle analysis as accumulation of cells at G2/M.163-

164 We investigated this possibility by synchronizing MDA-MB-231 cells using 
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nocodazole, a mitotic inhibitor.165-166 Nocodazole is a small molecule reversible inhibitor 

of microtubule polymerization. Because microtubules make up the spindles needed during 

cell division, treatment of cells with inhibitors like nocodazole results in G2/M 

accumulation as cells cannot exit G2 until sister chromatids are separated.167 We 

investigated the effects of the prochelators (TC1-S)2 and (TC4-S)2 (50 µM, 10 h) with or 

without pretreatment with nocodazole and used SIH for comparison. We found that, 

similarly as observed for the 12 hour incubations (Figure 3.9), all three compounds resulted 

in G0/1 accumulation compared to the untreated control (Figure 3.10). In the case of samples 

pretreated with nocodazole, we compared the cell cycle effects to cells that were allowed 

to recover from nocodazole treatment; i.e. cells were treated with nocodazole (0.6 µM, 12 

h), but that were incubated with vehicle only in the subsequent 10 hours. Nocodazole 

treatment alone resulted in complete G2/M arrest, and allowing the cells to recover releases 

the cells from G2/M where they follow normal cell cycle-phase distribution (Figure 3.10, 

Nocodazole and recovered columns respectively). Treating synchronized MDA-MB-231 

cells with SIH, (TC1-S)2 or (TC4-S)2 resulted in cell cycle distributions that were different 

than those for the recovered control cells. Unlike treatment of non-synchronized cells, 

treatment with all three drugs resulted in lower percentages of cells at G0/1 that is 

statistically significant compared to the recovered control. Treating synchronized cells with 

the prochelators (TC1-S)2 and (TC4-S)2 resulted in a larger percentage of cells at the G2/M 

compared to the recovered control. For SIH, the percentage of cells at G2/M is statistically 

identical to that for the recovered control. The fact that cells were synchronized at G2 then 

treated with compounds, and that recovered cells show a normal distribution across the 

phases of cell cycle after being released, suggests that the results observed after treatment 
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with the prochelators may be due to a secondary effect on cell cycle. The larger G2/M 

percentage after treatment of synchronized cells with prochelators indicates that these 

prochelators may also affect cell cycle by arresting at G2; an effect that is greater in the 

case of (TC1-S)2 than (TC4-S)2. These effects have been observed for many 

thiosemicarbazones and are in line with the fact that some thiosemicarbazones are 

topoisomerase II inhibitors.163-164  

 

Figure 3.10: Effect of compounds on cell cycle of MDA-MB-231 cells after G2/M synchronization 

 MDA-MB-231 cells were plated in 6-well plates (0.2 million cells per well) and allowed to adhere 

overnight. Cells were then treated with the indicated compounds alone (50 µM, 12 h) or after pre-treatment 

with nocodazole (0.6 µM, 10 h). For recovered cells, nocodazole-containing media is removed and cells are 

incubated with vehicle (DMSO)-containing media for 12 h. Cells were harvested and fixed with 70% 

ethanol and stored at 20 ºC overnight. Cells were pelleted and treated with RNAse and propidium iodide 

(0.5 mg/mL and 40 µg/mL respectively, 30 minutes) and analyzed by flow cytometry. Histograms were 

fitted using ModFit program and values are plotted as the average of a triplicate set of experiments ± the 

standard deviations between values. Statistical analysis of values is compared to the untreated control in the 

case of treatment with drugs only and to the recovered control in the case of pre-treatment with nocodazole. 

* indicates p< 0.05 and ** indicates p< 0.01 
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3.2.1 Effect of iron supplementation 

The effects of prochelators on G2/M synchronized MDA-MB-231 cell indicated a 

possible secondary effect of prochelators that is unrelated to their iron binding. The 

expected primary mode of action of these prochelators is through iron deprivation, as we 

have shown previously that the resulting iron complexes are non-toxic and we found no 

indication of oxidative stress using common investigational probes.90 In addition, the 

prochelators tested in this work also show no redox cycling behavior as examined in-vitro 

with ascorbate oxidation assay and intracellularly with DCFH2-DA fluorogenic redox-

sensitive probe (on page 102). We examined whether iron chelation is the primary 

antiproliferative mechanism by “rescuing” the cells with the addition of an iron source. In 

these experiments, we treated MDA-MB-231 cells with prochelators alone (20 µM) or with 

increasing concentrations of iron (Figure 3.11) for 72 hours and assessed viability using 

Neutral Red Uptake (NRU) assay and used SIH for comparison. For SIH, supplementing 

the media with ferric ammonium citrate completely reversed the observed antiproliferative 

activity in a concentration-dependent manner. For the prochelators (TC1-S)2, (TC4-S)2 and 

(AH1-S)2, no effect was observed upon supplementation with iron. The lack of response 

upon addition of an iron source in the case of our prochelators may be an indication that a 

secondary antiproliferative mechanism (one not caused by iron deprivation) is taking place. 

However, it is also possible that the iron supplementation is not actually increasing the 

intracellular concentrations of iron. Therefore, in the case of SIH, binding occurs in the 

growth media, thereby inactivating SIH, while the prochelators, which do not bind iron 

remain unaffected.  These results warrant further investigation into the mechanism of the 

prochelators’ antiproliferative action. 
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Figure 3.11: Effect of iron supplementation on drug efficacy  

 MDA-MB-231 cells were seeded in 96-well plates (700 cells per well) and allowed to adhere overnight. 

Cells were then treated with media containing DMSO alone (control), prodrugs (20 µM), or a combination 

of prochelators (20 µM) and indicated concentrations of iron. Cells were then incubated for 72 hours and 

viability was assessed by Neutral Red Uptake assay. Extent of viability is plotted as percent of untreated 

control and no effect was observed for supplementation with iron alone at the highest concentration (100 

µM, data not shown). Statistical significance is indicated with * where p<0.05 and ** where p< 0.01. 

 

3.2.2 Assessment of cytotoxicity 

We assessed the antiproliferative activity of the selected compounds on a panel of 

human cell lines after 72-hour incubations with the prodrugs. We used three cancer cell 

lines: breast adenocarcinomas MCF-7 (ATCC® HTB-22™) and MDA-MB-231 (ATCC® 

HTB-26™) as well as colorectal adenocarcinoma cell line Caco-2 (ATCC® HTB-37™). 

To evaluate the selectivity of compounds towards malignancy, we also determined their 

antiproliferative effects in the normal lung fibroblast cell line MRC-5 (ATCC® CCL-

171™). 
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We first assessed the antiproliferative activity of the prochelators using standard 

MTT assay, a colorimetric assay. In this assay, cell viability is determined by the extent of 

reduction of a yellow tetrazolium dye 3-(4, 5-dimethylthiazolyl-2)-2, 5-

diphenyltetrazolium bromide, MTT) to a purple formazan by metabolically active cells. 

The absorbance of the formazan in solution is directly proportional to the metabolic activity 

(and hence viability) of the cells. In the case of the MTT assay, we observed marked 

differences in the dose-response curves after treatment of MDA-MB-231 cells with the 

disulfide analogue (TC4-S)2 compared to that of the parent analogue (TC1-S)2 (Figure 

3.12a). From the dose-response curve, it appears that in the case of (TC4-S)2, 50% of the 

population is non-viable at < 1 µM treatment, while for (TC1-S)2 the IC50 value is ~5 µM.  

 

Figure 3.12: Dose/response curves for antiproliferative activity of (TC1-S)2 and (TC4-S)2 in MDA-MB-231 

cells after 72 h incubation. a) Concentration of compounds range from 1-100 µM b) Concentration of 

compounds ranges from 1 nM to 200 µM. Cell viability was assessed by MTT assay and values are plotted 

compared to an untreated control (100%, not shown) with error bars represented as the standard deviation 

between six values. 

However, as is, the data for (TC4-S)2 (and other para-substituted analogues e.g. 

(TC5-S)2, (TC6-S)2, (TC7-S)2) in all the cell lines tested did not fit a logarithmic curve 

equation because the concentrations vs. cell survival did not follow the logarithmic 
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behavior usually observed in this type of assay. Attempts to improve the shape of the curve 

by treating at lower concentrations of compound did not result in normal logarithmic 

behavior (Figure 3.12b). Although the cell count (formazan dye absorbance value from 

MTT assay) at the lowest concentration of the prodrugs were much lower than the untreated 

control (at 100%), they remained at the same value of cell survival across a range of 

concentrations (i.e. 0.05 µM- 5 µM, Figure 3.12b) then began dropping again at higher 

concentrations. This is unlike the behavior observed for the other analogues (e.g. for TC1-

S)2, Figure 3.12b) which followed normal logarithmic behavior under the same conditions.  

We hypothesized that treatment with the para-substituted analogues even at 

nanomolar doses may be affecting cellular metabolism which would in turn affect the 

conversion of the MTT dye to the purple formazan viability indicator. We tested this 

hypothesis by assessing cellular viability using trypan blue exclusion assay. Trypan blue is 

a cell-impermeable dye that selectively stains dead or dying cells and does not depend on 

the metabolic activity of the cell. Using this dye and a cell counter, we assessed the viability 

of MDA-MB-231 cells after 72 h treatment with either (TC1-S)2 or (TC4-S)2. In this case, 

we found that treatment with either (TC1-S)2 and (TC4-S)2 gave normal logarithmic dose-

response curves with the IC50 values falling in the 1-10 µM range (Figure 3.13). 
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Figure 3.13: Dose/response curves for antiproliferative activity of (TC1-S)2 and (TC4-S)2 in MDA-MB-231 

cells after 72 h incubation. Cell viability was assessed by Trypan blue exclusion assay and values are 

plotted compared to an untreated control (100%, not shown) with error bars represented as the standard 

deviation between three values. 

 

The results from the Trypan blue exclusion assay prompted us to re-evaluate the 

toxicity of the para-substituted analogues using an assay that, unlike the MTT assay, does 

not require active cellular metabolism of viable cells. Although the trypan blue assay fits 

this criterion, it is not a high-throughput assay. Instead, we assessed the viability of the 

para-substituted prochelators using Neutral Red Uptake (NRU) assay. Neutral red is a cell 

permeable dye that accumulates in the lysosomes of intact cells and thus does not depend 

on metabolic activity of cells. The absorbance of the red dye is proportional to the extent 

of its uptake by cells and hence proportional to the cell count.168 

The antiproliferative activity of the thiosemicarbazone and hyrdazone-based 

disulfide-masked prochelators in cancer cell lines fall within a narrow range with IC50 

values mostly ranging from 3-30 µM with only a couple of exceptions (Table 2). 
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Consistently, we observed that the semicarbazone (SC2-S)2 presented the highest IC50 

values across almost all cancer cell lines, rendering this class of prochelators essentially 

non-toxic in this panel. This is in line with previous studies that demonstrate that 

semicarbazones bind iron with lower affinity and are have lower antiproliferative activity 

than their thiosemicarbazone analogues.169-170  

 

 IC50 (µM, 72 h) 

 MDA-MB-231 Caco-2 MCF-7 SK-N-MC MRC5 

(TC1-S)2
a 4.4±0.7 - 12.3±0.8 3.1±0.5 30 ± 5 

(TC4-S)2
 b 14.4 ± 0.7 12 ± 1 26 ± 4 - 16 ± 1 

(TC5-S)2
 b 11 ±5 40 ± 2 60 ± 4 14.8 ± 0.9 3 ± 1 

(TC6-S)2
 b 29 ± 2 10 ± 1 10 ± 2 6.1 ± 0.6 > 100 

(TC7-S)2
 b - 22.8 ± 0.4 21 ± 5 5.9 ± 1.6 1.0 ± 0.2 

(TC9-S)2
 a 17 ±3 37 ± 3 37 ± 1 - > 300 

(AH1-S)2
 a 6.7 ±0.5 - 4.6 ± 0.9 - 20 ± 8 

(SC2-S)2
 a 45 ±4 69 ± 3 53 ± 1 - 91 ± 3 

(TE1)2-S >>200 - - - - 

EC1-OH >200 - - - - 

Table 2.2: IC50 values for disulfide prochelator series in the cancer cell lines MDA-MB-231, Caco-2, MCF-

7 and SK-N-MC and the normal cell line MRC5. a) Values were determined using standard MTT assay. b) 

Values were determined using Neutral Red Uptake assay 

The narrow range of IC50 values observed for these compounds is in line with the 

fact that the iron complexes resulting from these compounds do not redox cycle and the 

prochelation system does not engage in induction of oxidative stress. The intracellular 

concentration of chelatable iron/ labile iron is in the micromolar range. This limited amount 

of iron is what determines the toxicity of the compounds unless there is a secondary (and 

catalytic) mechanism by which the compounds can halt proliferation. 
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For this study, we also assessed the antiproliferative activity of two control 

compounds, (TE1-)2S and EC1-OH (Figure 3.14). (TE1-)2S is a thioether containing all 

components of the prochelator (TC1-S)2 except the disulfide bond and thus cannot undergo 

reduction/activation.  EC1-OH is a chelator that bonds Fe(II) in a 2:1 ligand/Fe(II) binding 

ratio but the free ligand is negatively charged at physiological pH and therefore cannot 

easily cross the cellular membrane. For both these compounds, we observed no decrease 

of cellular viability across all the concentrations tested (up to 200 µM). The fact the (TE1-

)2S contains all components of (TC1-S)2 except the disulfide bond and remains completely 

inactive is very promising evidence for the importance of the reduction/activation strategy. 

 

Figure 3.14: Structures of control compounds (TE1-)2S and EC1-OH along with the dose-response curves 

in MDA-MB-231 cells. Cell viability was assessed using MTT assay after 72 h incubations with 

compounds. 

The cell cycle data indicated that at 50 µM (AH1-S)2 and (TC1-S)2 results in more 

G0/1/ accumulation compared to (TC4-S)2 or (TC7-S)2, with (TC7-S)2 being the least 

potent. In line with these results, in MDA-MB-231 cells, the IC50 value for (TC1-S)2 and 

(AH1-S)2 are the lowest in the series, followed by (of the compounds tested in cell cycle) 

(TC4-S)2 and lastly (TC7-S)2. Of all the prochelators, (TC1-S)2 is the most potent, with 
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IC50 values lowest in the malignant cell lines. Of note is the remarkable selectivity of the 

less potent prochelator (TC9-S)2, with IC50 values ranging from 17-37 µM in the cancer 

cell lines but an IC50 value greater than 300 µM in the normal cell line. Also of note is 

that lack of selectivity observed in the para-substituted analogues TC4 to TC7 disulfides, 

which are in some cases more toxic to the normal cell line.  

 

3.2.3 Assessment of apoptosis using Annexin V and PI 

Apoptosis is an important form of programmed cell death and many reports 

implicate apoptosis as the pathway of iron chelator-induced cytotoxicity.103 We 

investigated this model of cell death as a possible pathway for the antiproliferative activity 

of our prochelators using a fluorescent analogue of Annexin V and propidium iodide. 

During apoptosis, phosphatidylserine residues are externalized/flipped and Annexin V can 

bind selectively to these residues on the cell surface. A fluorescein isothiocyanate 

conjugate of Annexin V (FTIC-AnnV) can be used in conjunction with flow cytometry to 

quantify this apoptotic marker. Propidium iodide (PI) is a cell-impermeable dye and can 

cross the cellular membrane only when it is perforated during later apoptosis. We assessed 

the extent of apoptosis caused by our prochelators in Jurkat T-cell leukemia cell line after 

treatment with our prochelators for 48 hours (Figure 3.15). We used paclitaxel (taxol) as a 

positive control as it is a potent antineoplastic agent that induces apoptosis.171 In all cases, 

the 48-hour treatments resulted in a decrease in viable cells compared to the control with 

taxol being most potent, followed by (AH-S)2 and (TC4-S)2 being least potent. We also 

observed that none of the treatments results in significant populations that were either 

positive for PI only or AnnV only. However, treatment of Jurkat cells with prochelators, 
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SIH or taxol resulted in a significant population that stained positive for both AnnV and PI 

(commonly referred to as late apoptosis) compared to the untreated control. It is likely that 

at 48 hours, cells have progressed past the apoptotic stage (AnnV+) into late apoptosis 

(AnnV+ and PI+). This hypothesis is particularly possible since treatment with taxol; an 

agent that is known to induce apoptosis, does not result in a significant AnnV+PI- 

population within our experimental conditions. Another possibility is that the prochelators 

tested act on cells to induce necrosis, which would also account for the AnnV+/PI+ 

population. However, this type of cell death, to the best of our knowledge, has not been 

reported for iron chelators. In fact, iron chelators are known to suppress Fe-mediated 

necrosis that results from Fenton reactions and ROS generation.172 As such, this data 

suggests that of the prochelators tested, (AH1-S)2 is the most potent, followed by (TC1-S)2 

and (TC4-S)2 being the least effective in the series. This is somewhat in line with the IC50 

values obtained for these compounds, where in all the cancer cell lines (TC1-S)2 and (AH1-

S)2 are more potent than (TC4-S)2 (Table 2). However, the IC50 values do not reflect the 

fact that (AH1-S)2 seems to be as effective as taxol (a compound with nanomolar IC50 

values) at inducing apoptosis. This data warrants investigation of the IC50 values of these 

compounds in the same cell line (Jurkat cells) in order to assess their consistency with the 

apoptosis data. 
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Figure 3.15: Investigation of apoptotic cell death caused by prochelators 

 Jurkat cells were placed in fresh media containing either taxol (20 nM), or iron pro/chelators (20 µM) or 

vehicle only (DMSO, control) and incubated for 48 hours. Cells were pelleted and washed then treated with 

FTIC-Annexin V and propidium iodide and analyzed by flow cytometry. Values are plotted as the average 

of a triplicate set of experiments ± the standard deviations between values. Statistical differences 

(compared to the control) are indicated with * for p<0.05 and ** for p<0.01. 

 

Although these data are promising indicators for differences between (TC1-S)2 and 

(TC4-S)2, one of the major problem with this assay is that a significant portion of the 

population (i.e. flow cytometry events) lies outside the analyzable/gated population (i.e. 

small particles, fragments of cells, debris, Figure 3.16). The large amount of debris (30% 

of events in the case of (AH1-S)2 treatment) could be an indication that at these 

concentrations and treatment times significant damage to the cells occurs which results in 

cellular fragments that are essentially unknown and unanalyzable by flow cytometry.  
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This is also partially supported by the fact that in the apoptosis assay, all non-viable 

cells (cells that are neither PI nor AnnV positive) are positive in PI. Since propidium iodide 

in not cell-membrane permeable, cells stained with PI likely have damaged membranes 

that allow uptake and intercalation of PI.  

 

Figure 3.16: Debris generated by various treatments as assessed by flow cytometry. 

 

MDA-MB-231 cells were treated as described (Figure 7) and assessed by flow cytometry. Left: 

representative dot plots of side-scatter vs. forward scatter. Solid line represents the gated (analyzed) 

population. Right: A bar graph of the percent of events collected that lie outside the gated population 

(debris) as a percent of the total collected events. 

 

3.3 Conclusions: Reduction-activated prochelators as antiproliferative agents 

 

In this work, a series of disulfide-masked prochelators were synthesized and 

investigated as antiproliferative agents. The prochelators include compounds from the 

thiosemicarbazone, aroylhydrazones and semicarbazone classes of iron chelators. In vitro, 

we found that the chelators with S,N,S donor set showed similar iron binding efficacy as 

they liberated Fe-bound calcein and restored its fluorescence to the same extent. The S,N,O 

bearing chelators showed better iron-binding efficacy, similar to SIH. None of the 
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prochelator/chelator systems were capable of induction of oxidative stress despite the 

differences in donor set of atoms. This is evidenced by in-vitro evaluation using ascorbate 

oxidation assay and in cell culture using DCFH2 as an ROS-sensitive fluorogenic probe.  

We investigated the effects of our prochelators on cell cycle progression and found 

that, similar to other anti-proliferative iron chelators, our compounds resulted in G0/1 cell 

cycle arrest. We also found that when cells were synchronized at G2/M, the prochelators 

we tested resulted in an increased percentage of cells at G2/M compared to a recovered 

control. This is a strong indication that the prochelators possess a secondary 

antiproliferative mechanism. Indeed, this is corroborated in proliferation assays where we 

attempted to reverse the antiproliferative activity of prochelators by supplementing 

cultured cells with a source of soluble iron. In contrast to SIH, whose activity was 

completely blocked with iron supplementation, we found that supplementation with iron 

does not reverse the cytotoxicity observed for the prochelators.  

We assessed the cytotoxicity of prochelators in a panel of cell lines using MTT and 

NRU assays. We used NRU assay in cases where we found non-logarithmic behavior 

manifested after conducting the MTT assay. We found that the para-substituted analogues 

TC4 through TC7 disulfides resulted in decreased conversion of the MTT dye to the purple 

end-point indicator even at nanomolar concentrations. The effect manifested without 

actually affecting the cellular viability, as we confirmed using trypan blue-exclusion assay. 

For these compounds, we determined the IC50 values in a panel of cell lines with NRU 

while MTT was used with compounds that did not show abnormal behavior. In line with 

cell cycle results, we found that (TC1-S)2 and (AH1-S)2 were most potent as 

antiproliferative agents, with IC50 values ranging from 4 µM- 12 µM in the malignant cell 
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lines. These potent analogues also showed great selectivity as they were 2-10 folds less 

toxic to the normal cell line MRC5. The para-substituted prochelators showed limited 

selectivity, and were in some cases more toxic to the normal cell line. The reduction 

activation of prochelators is crucial for their antiproliferative action, as the thioether 

compound (TE1-)2S, which bears all components of the most active thiosemicarbazone 

prochelator (TC1-S)2 except the disulfide bond, showed no antiproliferative activity even 

at 200 µM. The antiproliferative mechanism of these prochelators is likely to be through 

an apoptotic pathway, which we determined using AnnV/PI as probes of apoptotic markers. 

Although we did not observe cells that were positive for only AnnV, which would indicate 

cells undergoing apoptosis, most of the population stained positive for both AnnV and PI. 

This is a strong indication of later apoptosis as treatment with taxol (the positive control) 

showed similar results. Taken together, these data present a series of disulfide-containing 

masked prochelators that are iron binding, non-redox active antiproliferative agents that 

interfere with cell cycle progression and induce apoptosis.  

One of the major challenges with the disulfide-masked prochelators is their limited 

aqueous solubility. Aqueous solubility can be enhanced by attachment of water-soluble 

moieties such as sugars, which can also enhance the selectivity of anticancer drugs. The 

glycoconjugation of disulfide-masked prochelators is the subject of Chapter 4, with other 

strategies discussed in Chapter 5.  
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3.3.1 Materials and instruments 

All reagents were purchased from common commercial sources and used without 

further purification. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT), neutral red, and propidium iodide PI were purchased from VWR, FITC-Annexin 

V was purchased from Fisher Scientific and used per manufacturer’s instructions. Thin 

layer chromatography (TLC) was conducted on Silica Gel 60 F254 X plates. NMR spectra 

were recorded on Bruker AVIII 400 MHz and Bruker DRX-500 MHz NMR spectrometers. 

Chemical shifts are reported in parts per million (ppm, δ) with residual solvent peaks and/or 

TMS peak set as reference. Proton coupling patterns are described as singlet (s), doublet 

(d), triplet (t), quartet (q), multiplet (m), and broad (br). High-resolution mass spectra 

(HRMS) were recorded on Bruker 9.4 T Apex-Qh hybrid Fourier transfer ion-cyclotron 

resonance (FT-ICR) spectrometer in the Mass Spectrometry Facility at the University of 

Arizona Department of Chemistry and Biochemistry.  

UV-visible absorption spectra were obtained on an Agilent 8453 

spectrophotometer. Fluorescence measurements were conducted on a Thermo Spectronic 

Aminco Bowman Series 2 Luminescence Spectrometer. Absorption and fluorescence 

assays in 96-well plates were recorded on a BioTek SynergyTM 2 microplate reader at the 

indicated wavelengths. Flow cytometric analysis was performed at the University of 

Arizona Cytometry Core Facility (Arizona Cancer Center/Arizona Research Laboratories) 

using a FACSCanto II flow cytometer (BDBiosciences, San Jose, CA) equipped with an 

air-cooled 15-mW argon ion laser tuned to 488 nm. The emission fluorescence of 2-NBDG 

and AlexaFluor® 488 were detected and recorded through a 530/30 and bandpass filter in 

the FL1 channel. List mode data files consisting of 10,000 events gated on FSC (forward 
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scatter) vs SSC (side scatter) were acquired and analyzed using CellQuest PRO software 

(BD Biosciences, San Jose, CA). Appropriate electronic compensation was adjusted by 

acquiring cell populations stained with each dye/fluorophore individually, as well as an 

unstained control. 

 

3.3.2 Biological investigations 

Cytotoxicity assays 

 MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) viability 

assays were conducted by standard methods19 with slight modifications.  Cells were seeded 

at 4000 cells per well for Caco-2 and MCF-7, at 10,000 cells per well for CCD18-co and 

MRC-5 or at 700 cells per well for MDA-MB-231 and allowed to attach for 24 h.  Test 

compounds dissolved in DMSO were diluted in EMEM to the specified concentration (with 

final DMSO concentration limited to 0.1%).  Cells were incubated in the presence of the 

test compounds for 72 h, then the MTT solution (4 mg/mL, 10 μL) was added to each well 

and incubated for 4 h. Following media removal, DMSO (100 μL) was added to each well 

to dissolve the purple formazan crystals and the plates were incubated for an additional 30 

minutes. Absorption at 560 nm was recorded and data were analyzed using logarithmic fits 

(Origin®) to obtain IC50 values. For Neutral Red Uptake assay, seeding and treatment were 

conducted identical to that in the case of MTT assay. Media were then removed, and neutral 

red containing media (0.4 mg/mL, 100 µL per well) was added and cells were incubated 

for 4 hours. Media was then removed, and cells were washed with warm PBS (twice, 100 

µL per well) then solubilizing solution (49% ethanol, 50% DI water and 1% acetic acid, 

100 µL per well) was added. Absorption at 560 nm was recorded and data were analyzed 
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using logarithmic fits (Origin®) to obtain IC50 values. Each experiment was conducted in 

triplicate, and values are given as averages plus/minus standard deviation 

 

Cell cycle analysis  

MDA-MB-231 cells were seeded at 0.2 million cells per well (in EMEM 

supplemented with 0.1 mg/mL human holo-transferrin) in 6-well plates and allowed to 

adhere overnight. Media were removed and solutions containing test compounds were 

added (final DMSO concentration 0.1%) and cells were incubated for the specified time. 

Media were then collected, cells washed with PBS (1mL) and then detached by addition of 

0.25% trypsin-EDTA (0.4 mL) followed by 3-minute incubation. Trypsin was neutralized 

by addition of EMEM (1 mL) and cell suspension was centrifuged at 1.25g for 15 minutes. 

Media were discarded and cells were fixed by addition of ice cold 70% ethanol (2 mL) and 

cells were stored in -20 ˚C freezer overnight (and no longer than one week). Cells were 

spun at 2000 rpm for 20 minutes, and the resulting pellet was suspended in PBS (0.3 mL) 

and treated with RNAse and propidium iodide (0.5 mg/mL and 40 µg/mL respectively, 30 

minutes), placed on ice and analyzed by flow cytometry within one hour.  

For synchronization study, media was removed from adhered cells and media 

containing nocodazole (0.6 µM) was added and cells were incubated for 10 hours.  

 

Apoptosis assay 

Jurkat cells were grown to 1.5 million cells per milliliter, then centrifuged and 

suspended in fresh RPMI medium at 0.5 million cells per milliliter. Cells were then treated 

with either test compounds dissolved in DMSO or DMSO alone in the case of control 
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samples (final DMSO concentration 0.1%). Cells were incubated for the specified time and 

then aliquots (total of 1 million cells) were centrifuged and the pellets were suspended in 

binding buffer (10 mM HEPES with 150 mM NaCl, 5 mM KCl, 1 mM MgCl2, and 1.8 mM 

CaCl2, pH 7.4) containing 1µg/mL FITC-Annexin V (0.3 mL) and solutions were 

incubated in the dark at room temperature for 10 minutes. Propidium iodide was added 

prior to analysis at a final concentration of 1µg/mL.  

 

3.3.3 Synthesis 

Synthesis of thiosemicarbazides  

Thiosemicarbazides were synthesized via reported literature procedures starting 

from the corresponding aniline. In a typical procedure, the aniline (1 equiv.) was dissolved 

in chloroform (to a final concentration of 5.5 mM) and a solution of thiophosgene in 

chloroform (1.2 equiv., 260 mM final concentration) was added dropwise. Reaction 

progress was monitored by TLC and after reaction completion the solution is washed with 

water then brine. The solvent was removed by rotary evaporation and the resulting residue 

was dried under vacuum. The resulting isothiocyanate is dissolved in ethanol (to a 

concentration of 185 mM) and added to a stirring solution of hydrazine hydrate in ethanol 

(372 mM, 2 equiv.). The reaction progress is monitored by TLC and the product is isolated 

by partial removal of ethanol via rotary evaporation and collecting the resulting precipitate. 

The resulting thiosemicarbazide precipitate is washed with ethanol and dried under 

vacuum. Additional purification was conducted by recrystallization of the solid from 

ethanol if necessary.  

Synthesis of aroyl hydrazides:  
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Hydrazides were synthesized via literature procedures from corresponding 

aromatic carboxylic acids. Briefly, the methyl ester was synthesized by Fischer 

esterification catalyzed by sulfuric acid. The resulting aromatic acetic ester is subjected to 

hydrazine hydrate and product is collected via filtration. 

 

Synthesis of thiol chelators: 

 Chelators were synthesized from the corresponding prochelators as previously 

described.108 Briefly, disulfide prochelators (1 mmol) were dissolved in dry and degassed 

dimethylformamide (16 mL) along with dithiothreitol (2.5 mmol) and stirred under argon 

atmosphere. The reaction was monitored by TLC and upon completion, DMF was removed 

by rotary evaporation with the addition of toluene (5 times, 3 mL) until <1 mL of DMF 

remained. The product was precipitated by addition of nanopure water (5 mL) and the 

resulting product was collected by filtration. The product was washed multiple times with 

nanopure water then dried under vacuum.  

 

Synthesis of disulfide prochelators: 

(TC1-S)2, (TC2-S)2 and (TC3-S)2 were synthesized according to reported 

procedures.108 

The other prochelators were synthesized via a Schiff-base condensation of the 

thiosemicarbazide, semicarbazide, or hydrazide with the corresponding 2,2’-dithiodibenzyl 

dicarbonyl.  
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(TC4-S)2: 2,2-’dithiobenzyldialdehyde (500 mg, 1.8 mmol) was combined with 4-(4-

methoxyphenyl)-3-thiosemicarbazide (863 mg, 4.27 mmol) in ethanol (20 mL) and brought 

to reflux to dissolve starting materials. Reaction progress was monitored by TLC, and the 

precipitated product was collected via filtration, washed with ethanol (3X 6 mL) and dried 

under vacuum (1.2 g, 95%). 1H NMR (500 MHz, DMSO-d6) δ 11.92 (s, 1H), 9.95 (s, 1H), 

8.66 (s, 1H), 8.27 (dd, J = 5.9, 3.5 Hz, 1H), 7.69 – 7.54 (m, 1H), 7.48 – 7.30 (m, 4H), 6.93 

(d, J = 8.9 Hz, 2H), 3.76 (s, 3H). 13C NMR (126 MHz, DMSO) δ 176.68, 157.41, 140.46, 

135.37, 134.53, 132.27, 131.49, 130.84, 129.06, 128.68, 127.61, 113.83, 55.75. 

 

(TC5-S)2: 2,2’-dithiobenzyldialdehyde (108 mg, 0.39 mmol) was combined with 4-(para-

trifluoromethyl-phenyl) thiosemicarbazide (200 mg, 0.87 mmol) in ethanol (2 mL) and 

brought to reflux to dissolve starting materials. Reaction progress was monitored by TLC, 

and the precipitated product is collected by filtration and washed with ethanol (3X 6 mL) 

and dried under vacuum (230 mg, 83%). 1H NMR (400 MHz, DMSO-d6) δ 12.16 (s, 1H), 

10.25 (s, 1H), 8.69 (s, 1H), 8.35 – 8.19 (m, 1H), 7.91 (d, J = 8.3 Hz, 2H), 7.72 (d, J = 8.4 

Hz, 2H), 7.63 – 7.57 (m, 1H), 7.47 – 7.37 (m, 2H). 13C NMR (126 MHz, DMSO) δ 176.15, 

143.12, 141.48, 135.65, 131.84, 131.12, 128.73, 125.74, 125.72, 125.69, 125.66, 125.55, 

125.47. 

 

(TC6-S)2: 2,2’-dithiobenzyldialdehyde (43.3 mg, 0.157 mmol) was combined with 4-

(para-methyl-phenyl) thiosemicarbazide (60.0 mg, 0.331 mmol) in ethanol (2 mL) and 

brought to reflux to dissolve starting materials. Reaction progress was monitored by TLC, 

and the precipitated product is collected by filtration and washed with ethanol (3X 6 mL) 
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and dried under vacuum (90 mg, 96%). 1H NMR (400 MHz, DMSO-d6) δ 11.95 (s, 1H), 

9.97 (s, 1H), 8.66 (s, 1H), 8.35 – 8.17 (m, 1H), 7.68 – 7.55 (m, 1H), 7.49 – 7.42 (m, 2H), 

7.42 – 7.36 (m, 2H), 7.20 – 7.13 (m, 2H), 2.30 (s, 3H). 13C NMR (101 MHz, DMSO) δ 

175.84, 140.16, 136.32, 134.89, 134.50, 133.91, 130.78, 130.39, 128.62, 128.51, 128.38, 

125.23, 20.57. 

 

(TC7-S)2: 2,2’-dithiobenzyldialdehyde (250 mg, 0.91 mmol) was combined with 4-(para-

chloro-phenyl) thiosemicarbazide (400 mg, 1.98 mmol) in ethanol (4 mL) and brought to 

reflux to dissolve starting materials. Reaction progress was monitored by TLC, and the 

precipitated product is collected by filtration and washed with ethanol (3X 6 mL) and dried 

under vacuum (540 mg, 92%). 1H NMR (400 MHz, DMSO-d6) δ 12.05 (s, 1H), 10.10 (s, 

1H), 8.68 (s, 1H), 8.40 – 8.13 (m, 1H), 7.61 (dd, J = 18.3, 6.4 Hz, 3H), 7.41 (dd, J = 8.8, 

5.3 Hz, 4H). 13C NMR (101 MHz, DMSO) δ 176.37, 141.04, 138.39, 135.57, 134.53, 

131.82, 131.00, 129.79, 129.17, 128.62, 128.50, 127.56. 

 

(TC8-S)2: (TC15-S)2 (103 mg, 0.123 mmol) was suspended in dichloromethane (5 mL) 

and trifluoroacetic acid (300 µL) was added and reaction mixture was allowed to stir for 2 

hours. Reaction progress was monitored by TLC and after completion, the dichloromethane 

layer was washed with saturated sodium bicarbonate, and the solvent was removed by 

rotary evaporation. The resulting residue was dissolved in acetone and the product was 

precipitated by addition of water. The resulting precipitate was collected by filtration and 

washed with water then dried under vacuum (56 mg, 72% yield). 1H NMR (499 MHz, 
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DMSO-d6) δ 11.80 (s, 1H), 9.76 (s, 1H), 8.64 (s, 1H), 8.24 (t, J = 4.8 Hz, 1H), 7.57 (d, J = 

7.3 Hz, 1H), 7.43 – 7.34 (m, 3H), 7.17 – 7.05 (m, 3H), 6.59 – 6.53 (m, 2H), 5.06 (s, 2H).  

 

(TC9-S)2: 1'-(disulfanediylbis(2,1-phenylene)) diethanone (synthesized according to 

literature procedures) 108, 173 (150 mg, 0.49 mmol) was suspended in ethanolic HCl (4 mL 

,0.12 mM) and was heated to reflux for 30 minutes to dissolve the starting material. 4-

phenyl thiosemicarbazide (150 mg, 0.86 mmol) was then added to the reaction flask as a 

solid and the solution was allowed to reflux for 3 hours.  The resulting precipitate was 

isolated by vacuum filtration and washed with water then dried under vacuum (152 mg, 

77% yield). 1H NMR (600 MHz, DMSO-d6) δ 11.04 (s, 1H), 10.02 (s, 1H), 7.81 (dd, J = 

8.0, 1.2 Hz, 1H), 7.69 (ddd, J = 8.5, 5.7, 1.3 Hz, 3H), 7.38 (dtd, J = 39.1, 7.4, 1.4 Hz, 2H), 

7.26 (dd, J = 8.5, 7.3 Hz, 2H), 7.14 – 7.09 (m, 1H), 2.47 (s, 3H).13C NMR (126 MHz, 

DMSO) δ 175.94, 148.90, 138.59, 136.95, 134.89, 129.71, 129.32, 128.24, 126.55, 126.31, 

124.87, 123.20, 16.63.LRMS m/z [M+H]+ calculated for C30H28N6S4 600.12583; found, 

600. 

(TC10-S)2: 1'-(disulfanediylbis(2,1-phenylene)) diethanone (synthesized according to 

literature procedures) 108, 173 (150 mg, 0.49 mmol) was suspended in ethanolic HCl (7.5 

mL ,0.12 mM) and was heated to reflux for 30 minutes to dissolve the starting material. 

Thiosemicarbazide (180 mg, 2 mmol) was then added to the reaction flask as a solid and 

the solution was allowed to reflux for 3 hours.  The resulting precipitate was isolated by 

vacuum filtration and washed with water then dried under vacuum (210 mg, 95% yield).1H 

NMR (499 MHz, DMSO-d6) δ 10.60 (s, 1H), 8.41 (s, 1H), 7.83 – 7.13 (m, 5H), 2.38 (s, 

3H).13C NMR (126 MHz, DMSO-d6) δ 179.08, 148.42, 137.11, 134.85, 129.49, 129.12, 
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126.44, 126.35, 16.54. LRMS m/z [M+H]+ calculated for C18H20N6S4, 448.06323; found, 

448  

 

(TC11-S)2: 2,2’-dithiobenzyldialdehyde (117 mg, 0.438 mmol) was combined with 4-

(para-nitro-phenyl) thiosemicarbazide (200 mg, 0.942 mmol) in ethanol (5 mL) and 

brought to reflux to dissolve starting materials. Reaction progress was monitored by TLC, 

and the precipitated yellow product was collected by filtration and washed with ethanol 

(3X 6 mL) and dried under vacuum (227 mg, 80%). 1H NMR (400 MHz, DMSO-d6) δ 

12.30 (s, 1H), 10.40 (s, 1H), 8.71 (s, 1H), 8.25 (dd, J = 8.5, 6.2 Hz, 3H), 8.18 – 7.97 (m, 

2H), 7.61 (d, J = 4.1 Hz, 1H), 7.54 – 7.38 (m, 2H). 13C NMR (101 MHz, DMSO) δ 175.77, 

145.69, 143.93, 141.97, 135.81, 134.36, 131.93, 131.23, 129.22, 128.78, 124.54, 124.29. 

 

(TC12-S)2: 2,2’-dithiobenzyldialdehyde (64 mg, 0.24 mmol) was combined with 4-(2,4-

dimethyl-phenyl) thiosemicarbazide (100 mg, 0.51 mmol) in ethanol (6 mL) and brought 

to reflux to dissolve starting materials. Reaction progress was monitored by TLC, and the 

precipitated grey product was collected by filtration and washed with ethanol (3X 6 mL) 

and dried under vacuum (107 mg, 73%).1H NMR (400 MHz, DMSO-d6) δ 11.92 (s, 1H), 

9.80 (s, 1H), 8.67 (s, 1H), 8.35 – 8.16 (m, 1H), 7.70 – 7.52 (m, 1H), 7.47 – 7.33 (m, 2H), 

7.19 (d, J = 8.0 Hz, 1H), 7.11 – 6.94 (m, 2H), 2.31 (s, 3H), 2.20 (s, 3H). 13C NMR (101 

MHz, DMSO) δ 177.37, 140.29, 136.28, 135.71, 135.31, 135.23, 134.50, 131.30, 131.11, 

130.78, 129.00, 128.76, 128.68, 126.93, 21.08, 18.19.69, 143.93, 141.97, 135.81, 134.36, 

131.93, 131.23, 129.22, 128.78, 124.54, 124.29. 
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(TC13-S)2: 2,2’-dithiobenzyldialdehyde (137 mg, 0.492 mmol) was dissolved in ethanol 

(10 mL) and added to a solution of 4-(sodium para-sulfonic-phenyl) thiosemicarbazide 

(299 mg, 1.08 mmol) in water (0.30 mL) and brought to reflux. Reaction progress was 

monitored by TLC, and the precipitated off-white product was collected by filtration and 

washed with ethanol (3X 6 mL) and dried under vacuum (302 mg, 77%). 1H NMR (400 

MHz, DMSO-d6) δ 12.07 (s, 1H), 10.10 (s, 1H), 8.69 (s, 1H), 8.35 – 8.11 (m, 1H), 7.71 – 

7.51 (m, 5H), 7.51 – 7.28 (m, 2H). 13C NMR (101 MHz, DMSO) δ 176.29, 141.06, 138.82, 

135.57, 134.52, 131.81, 131.42, 131.00, 129.17, 128.62, 127.86, 118.02, 40.63, 40.42, 

40.21, 40.00, 39.79, 39.58, 39.38. 

 

(TC14-S)2: 2,2’-dithiobenzyldialdehyde (137 mg, 0.49 mmol) was dissolved in ethanol 

(10 mL) and added to a solution of 4-(sodium para-sulfonic-phenyl) thiosemicarbazide 

(299 mg, 1.1 mmol) in water (0.30 mL) and brought to reflux. Reaction progress was 

monitored by TLC, and the precipitated off-white product was collected by filtration and 

washed with ethanol (3X 6 mL) and dried under vacuum (302 mg, 77%).1H NMR (499 

MHz, DMSO-d6) δ 12.03 (s, 1H), 10.12 (s, 1H), 8.71 (s, 1H), 8.32 (d, J = 7.2 Hz, 1H), 7.68 

– 7.48 (m, 5H), 7.41 (dd, J = 6.5, 3.0 Hz, 2H).13C NMR (126 MHz, DMSO) δ 176.33, 

145.71, 140.73, 139.40, 135.49, 4.58, 131.77, 130.93, 129.19, 128.56, 125.92, 124.95. 

 

(TC15-S)2: 2,2’-dithiobenzyldialdehyde (100 mg, 0.36 mmol) was combined with 4-(para-

Boc-amino-phenyl) thiosemicarbazide (266 mg, 0.80 mmol) in ethanol (5 mL) and brought 

to reflux to dissolve starting materials. Reaction progress was monitored by TLC, and the 

precipitated product is collected by filtration and washed with ethanol (3X 6 mL) and dried 
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under vacuum (290 mg, 96%). 1H NMR (499 MHz, DMSO-d6) δ 11.92 (s, 1H), 9.97 (s, 

1H), 9.36 (s, 1H), 8.67 (s, 1H), 8.28 (dd, J = 5.8, 3.6 Hz, 1H), 7.60 – 7.54 (m, 1H), 7.45 – 

7.38 (m, 6H), 1.49 (s, 9H), 13C NMR (126 MHz, DMSO) δ 176.51, 153.25, 140.43, 137.45, 

135.35, 134.55, 133.57, 130.85, 129.09, 128.61, 126.60, 118.23, 110.02, 79.50, 28.65. 

 

(SC1-S)2: 2,2’-dithiobenzyldialdehyde (267 mg, 0.97 mmol) was combined with 

semicarbazide hydrochloride (325 mg, 2.92 mmol) in ethanol (2 mL) and brought to reflux 

to dissolve starting materials. Reaction progress was monitored by TLC, and the 

precipitated off-white product was collected by filtration and washed with ethanol (3X 4 

mL) and dried under vacuum (322 mg, 98%).1H NMR (499 MHz, DMSO-d6) δ 10.48 (s, 

1H), 8.29 (d, J = 0.7 Hz, 1H), 8.01 – 7.89 (m, 1H), 7.65 – 7.51 (m, 1H), 7.40 – 7.28 (m, 

2H), 6.47 (s, 2H), 13C NMR13C NMR (126 MHz, DMSO) δ 156.86, 137.62, 134.24, 

129.91, 129.55, 128.60, 128.33. 

 

(SC2-S)2: 1'-(disulfanediylbis(2,1-phenylene)) diethanone (100 mg, 0.33 mmol) was 

combined with semicarbazide hydrochloride (110 mg, 0.99 mmol) in ethanol (2 mL) and 

brought to reflux to dissolve starting materials. Reaction progress was monitored by TLC, 

and the precipitated off-white product was collected by filtration and washed with ethanol 

(3X 4 mL) and dried under vacuum (20 mg, 15%). 1H NMR (499 MHz, DMSO-d6) δ 9.65 

(s, 1H), 7.65 (dd, J = 8.0, 1.4 Hz, 1H), 7.56 (dd, J = 7.7, 1.6 Hz, 1H), 7.32 (dtd, J = 23.7, 

7.4, 1.5 Hz, 2H), 6.40 (s, 2H), 2.28 (s, 3H). 
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(AH1-S)2: 2,2’-dithiobenzyldialdehyde (235 mg, 0.856 mmol) was combined with 

benzhydrazide (256 mg, 1.88 mmol) in ethanol (5 mL) and brought to reflux to dissolve 

starting materials. Reaction progress was monitored by TLC, and the precipitated white 

product was collected by filtration and washed with ethanol (3x6 mL) and dried under 

vacuum (333 mg, 76%). 1H NMR (499 MHz, DMSO-d6) δ 12.06 (s, 1H), 8.91 (s, 1H), 7.95 

(d, J = 7.6 Hz, 2H), 7.91 – 7.86 (m, 1H), 7.64 (dd, J = 27.7, 7.4 Hz, 2H), 7.55 (t, J = 7.5 

Hz, 2H), 7.42 (dt, J = 7.1, 3.9 Hz, 2H). 13C NMR (126 MHz, DMSO) δ 163.49, 145.90, 

135.74, 134.02, 133.66, 132.35, 130.88, 129.86, 128.97, 128.78, 128.45, 128.14, 110.01. 

 

(AH2-S)2: 2,2’-dithiobenzyldialdehyde (200 mg, 0.729 mmol) was combined with 

isonicotinic hydrazide (220 mg, 1.6 mmol) in ethanol (3 mL) and brought to reflux to 

dissolve starting materials. Reaction progress was monitored by TLC, and the precipitated 

white product was collected by filtration and washed with ethanol (3x6 mL) and dried 

under vacuum (317 mg, 85%).1H NMR (400 MHz, DMSO-d6) δ 12.26 (s, 1H), 8.91 (s, 

1H), 8.81 (d, J = 5.3 Hz, 2H), 7.95 – 7.80 (m, 3H), 7.73 – 7.61 (m, 1H), 7.43 (pd, J = 7.3, 

1.6 Hz, 2H). 13C NMR (101 MHz, DMSO) δ 162.00, 150.83, 147.17, 140.70, 135.94, 

133.81, 131.18, 130.12, 129.01, 128.59, 122.01. 
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CHAPTER 4: TARGETING THE IRON METABOLISM OF 

COLON CANCER VIA GLYCOCONJUGATION OF DISULFIDE-

MASKED THIOSEMICARBAZONE PROCHELATORS 
 

Publications statement: Portions of this work were published in Bioconjugate 

Chemistry in 2016 and figures from this publication are reused with permission in this 

chapter.174 

Akam, E. A. and Tomat, E. Targeting iron in colon cancer via glycoconjugation of 

thiosemicarbazone prochelators. Bioconjug. Chem. 2016, 8, 1807-1812. 

 

4.1 Iron, glucose transport and colon cancer 

 

Colorectal cancer is the third most commonly diagnosed cancer worldwide (third in 

males and second in females) and the fourth most fatal type of cancer.175 In the United 

States, it is estimated that 134,490 cases of colorectal cancer will be diagnosed in 2016, 

with 49,190 cases being fatal.176 Incidence of colorectal cancer varies geographically, 

connected to diets high in red and processed meats prevalent in the Americas, Europe, and 

Australia.177 Increasingly, evidence suggests that high dietary iron is associated with 

increased risk of colorectal cancer.178 In rat models of colorectal carcinogenesis, iron 

supplementation led to increase in tumor growth and incidence whereas treatment with 

phytic acid (i.e., a major component of dietary fiber which is known to bind iron and reduce 

its bioavailability)179 reversed  the effects of iron supplementation.180 More recent studies 

in animal models showed that luminal iron depletion leads to suppression of murine 

intestinal tumorigenesis.181-182 In addition, the presence of colon polyps in human patients 

is directly linked to increased serum iron levels.183  
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At a molecular level, altered iron regulation in colorectal cancer is characterized by 

changes in expression levels of various iron regulators,184 with an increased expression of 

iron import proteins and downregulation of iron efflux mechanisms. This dysregulation of 

iron homeostasis is linked to the increased iron content in human colorectal tumors.185 The 

strong association between iron and colorectal cancer is therefore under investigation in 

several research laboratories.178, 183-184, 186 

The higher demand for iron in cancer cells is indeed a general characteristic of 

malignancy and a promising target for cancer therapy.93-94 The use of iron chelators that 

are clinically approved for the treatment of iron overload (e.g., DFO) in cancer 

chemotherapy yielded promising results,187 and motivated further investigations on the use 

of iron chelators as anticancer agents.188 We recently developed a prochelation approach 

utilizing the inherently reducing environment of the intracellular space,55 a strategy used 

in drug delivery systems.57 Specifically, we chose a thiosemicarbazone metal-binding 

scaffold with an S, N, S donor set and, in the disulfide prochelator unit, one of the sulfur 

chelating atoms was masked by a disulfide bond.108 Reduction in the intracellular milieu 

results in the generation of a thiolate, which readily scavenges iron resulting in the 

intracellular formation of a low-spin Fe(III) complex.90 Herein, we describe a new 

prochelator design in which the disulfide switch of reduction/activation is employed also 

as a linker to a carbohydrate moiety in order to (i) enhance the aqueous solubility of the 

compounds, and (ii) introduce a targeting unit that takes advantage of the Warburg effect.  

Considered one of the hallmarks of cancer,189 the increased uptake of glucose and the 

higher rates of aerobic glycolysis by cancer cells compared to non-malignant tissue were 

first observed in 1927 by Otto Warburg.190-191 This phenomenon is also reflected in an 
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increased level of glycolytic enzymes192 and increased expression of the glucose 

transporters (of which  GLUT1  is the most consistently and ubiquitously overexpressed) 

in human cancer types.193 High levels of these proteins in tumor biopsy samples are 

indicative of poor prognosis,194 and GLUT1 overexpression in colorectal carcinogenesis is 

correlated with higher incidence of lymph node metastasis.195 In patients with colorectal 

carcinomas, high levels of GLUT1 assessed by immunostaining were correlated to 2.3-

times poorer prognosis when compared to patients with low GLUT1 staining.196 Similar 

findings were recently reported regarding the gene expression of several effectors of 

aerobic glycolysis (including hexokinase-1, GLUT-1 and lactate dehydrogenase-A) in 

primary tumor and normal mucosa tissue samples from patients with colorectal cancer. In 

particular, the levels of expression of the investigated genes were significantly higher in 

primary tumor tissue compared to normal mucosa, and a high glycotic profile was 

significantly associated with poor prognosis.197 Multiple clinical studies therefore support 

the targeting of aerobic glycolysis pathways for the design of colorectal cancer 

therapeutics.  
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Figure 4.1: Examples of glucose-containing compounds in medicinal and biochemical applications. 

a) 2-deoxy-2-(18F)fluoro-D-glucose, a radiolabeled glucose analogue used clinically for PET imaging and 

cancer diagnosis; b) NHI-Glc-2, a glucose conjugate of lactate dehydrogenase inhibitor NHI; c) 2-amino-2-

deoxyglucose-conjugated Adriamycin; d) 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose, 

a fluorescent probe for the study of glucose uptake in cultured cells. 

 

In order to exploit the Warburg effect for cancer therapy, several efforts have been 

focused on targeting and inhibiting GLUT1 and other effectors of glycolysis (e.g., HIF-1, 

HK2, GP1/AMF).198-199 Furthermore, glycoconjugation, i.e., the linking of a drug to a 

glucose moiety, is emerging as a therapeutic avenue.200 Similarly to folate drug 

conjugates,201 glycoconjugates are employed to enhance the selectivity of cancer 

therapeutics and diagnostics.200 Examples include taxoid conjugates, alkylating agents, 

protein inhibitors, radiosensitizers, and the clinically used 18F-labeled PET imaging agent 

18F -FDG (Figure 4.1).200 Sugar conjugation to metal-chelating scaffolds has also been 
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previously explored for biomedical applications related to neurodegeneration. For instance, 

enzymatically activated glycoconjugates of tetrahydrosalens 202 and 3-hydroxy-4-

pyridinones 33-34, 203 were investigated as prodrugs in the context of Alzheimer’s disease, 

and sugar-based quinolone35 and cyclam204 chelators were employed to target metal-

induced oxidative stress and protein aggregation associated to neurodegeneration. In 

addition, several sugar conjugates of N,N-bis(quinolinoyl)aminovaleric acid were 

developed for Re(I) chelation in biomedical imaging applications,205 and glycoconjugation 

of diethylenetriaminepentaacetic acid was used to enhance cellular permeability.206 

 

Scheme 4.1: Uptake and activation of glycoconjugates of disulfide-masked prochelators 

 

Motivated by the strong association between iron and colorectal cancer and by the 

opportunity for selectivity offered by glycoconjugation in this type of cancer, we pursued 

the synthesis and biological evaluation of sugar conjugates to deliver an iron chelator to 

colon cancer cells. In the designed constructs, the prochelator scaffolds feature a disulfide 

masking moiety, which also links the metal-binding thiosemicarbazone unit to the hexose 
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targeting group. Upon cellular uptake via glucose transporters, the disulfide bond is 

reduced in the glutathione-rich intracellular milieu thereby activating the compound to the 

chelator form, which readily binds iron (Scheme 4.1).  

 

4.2 Synthesis and chemical evaluation of glycoconjugate prochelators 

 

Glycoconjugation at various positions of hexose scaffolds has been reported for 

several biologically active compounds.200 Examples of anti-cancer glycoconjugates with 

substitutions at C6 and C2 have been reported and the resulting compounds enter cells via 

a GLUT1 dependent mechanism.200 For the conjugation to the TC4 binding unit, we chose 

position 2, via an amide bond to 2-glucosamine, and position 6, via an ester linkage to 

glucose. TC4-SH is an analog of previously reported chelator TC1-SH (featuring a phenyl 

group in place of a 4-methoxyphenyl group).108  and one of the thiosemicarbazones under 

investigation in our laboratory.  

For the synthesis of the glucosamine conjugate GA2TC4 (Scheme 4.2), the key 

compound 2 was prepared by an amide linkage of glucosamine to 3(2-

pyridyldithio)propionic acid 1 using dicyclohexyl carbodiimide (DCC) as a coupling 

reagent in the presence of pyridine as adapted from literature procedures.207 Pyridyl 

disulfide 1 was synthesized using published procedures and was chosen as a versatile and 

commonly used reagent in coupling and disulfide exchange reactions.58, 208-210 The 

thiosemicarbazone unit was introduced in the last step of the synthetic sequence because 

thiol TC4-SH reacts with coupling reagents such as DCC , EDC, DIC, and HATU. 

Compound 2 is then used in excess in the presence of thiol TC4-SH resulting in GA2TC4. 

Although compound 2 is synthesized mainly in one anomeric form of glucosamine (as 
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determined by NMR experiments in DMSO-d6 solutions), the disulfide exchange step 

leading to in GA2TC4 requires gentle heating, which causes isomerization.  The relative 

ratio of anomers in the resulting mixture ranges from 3:1 to 10:1 and depends on extent 

and duration of heating and exposure to water. These effects have been previously reported 

for the synthesis of fluorescent bioconjugate 2-NBDG (vide infra).211 

 

Scheme 4.2: Synthesis of glucosamine linked prochelator 

The synthesis of the conjugates presenting an ester linkage to carbon 6 on the 

hexose scaffold required trimethylsilyl (TMS) protection of all the hydroxyl positions of 

the sugar86 followed by selective deprotection of the primary hydroxyl at position 6 

(Scheme 4.3).212 Linker 1 was then used in the presence of DCC resulting in the per-O-

TMS protected glucose and mannose compounds which are then be linked to the chelator 

unit via a disulfide exchange reaction, and purified by column chromatography. We 

observed that the TMS groups of the resulting compounds are very labile and sensitive to 

deprotection even in solvents such as CDCl3. Deprotection using HCl following 
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purification resulted in the glucose ester-linked conjugate G6TC4 and the mannose analog 

M6TC4 (Scheme 4.3).  

 

Scheme 4.3: Synthesis of mannose and glucose ester linked prochelator 

 

An aglycone that retains the general structure of the glycoconjugates but lacks the 

sugar targeting moiety was prepared as a control compound (Scheme 4.4). Specifically, the 

sugar motif was replaced with a methyl group, thus protecting the carboxylate and 

maintaining a scaffold that would be neutral at biological pH. Fisher esterification of 1 and 

a disulfide exchange reaction similar to those conducted for the other conjugates resulted 

in the desired compound ATC4. 
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Scheme 4.4: Synthesis of aglycone prochelator 

Glycoconjugation is an established method to impart increased aqueous solubility 

to hydrophobic scaffolds. For instance, water solubility relative to the parent compound 

increases seven-fold in the case of glucose-aspirin,213 five-fold in the case of glucose-

warfarin,214 20-31 times in the case of glucose-nucleoside conjugates,215 and 

glycoconjugates are as high as 150 times more soluble in the case of oxaliplatin.216 To 

investigate the effect of the sugar motif on the aqueous solubility of the disulfide-masked 

thiosemicarbazone prochelators, we conducted a solubility study using UV-Visible 

absorption spectroscopy. By first determining the molar extinction coefficient of each 

compound in aqueous buffer, we were able to obtain the concentration of each compound 

in a saturated solution.  The symmetric prochelator (TC4-S)2 proved to be poorly soluble 

in aqueous buffer, with precipitation occurring at concentrations < 5 µM. In contrast, the 

sugar analogues display moderate solubility in buffered aqueous solutions at pH 7.40. 

Estimated concentrations at saturation are 15-30 times larger than that for the parent 

disulfide (Table 4.1).  
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Compound Concentration at saturation  

 µM mg/mL 

(TC4-S)2 < 5 <3 

GA2TC4 53±2 31±1 

G6TC4 36±5 21±3 

M6TC4 25±1 14±1 

ATC4 11±1 4.7±0.5 

 

Table 4.1: maximal aqueous solubility of disulfide prochelators 

Solubility determination of TC4 analogues. The measured concentration of a buffer solution (5.0 mM 

TRIS, pH 7.40) saturated with the indicated compound as measured by UV-Vis absorption spectroscopy 

after centrifugation and removal of any precipitate. All measurements were made in triplicate and values 

are plotted as the average of the triplicate set ± standard deviation between values. 

The disulfide compounds behave as prodrugs or prochelators where in their 

disulfide form, the compounds do not interact with iron. Upon reduction of the disulfide 

bond, the chelator TC4-SH is released which can readily bind iron. We investigated this 

behavior spectrophotometrically in TRIS buffer (5.0 mM, pH 7.40) that was deaerated 

using three freeze-pump thaw cycles in order to maintain the solubility of ferrous iron in 

solution. We found that addition of iron (up to 3 equivalents) to aqueous solutions of 

prochelators resulted in minimal changes in the spectral signature of the disulfide 

prochelators (Figure 4.2). From this, we conclude that the disulfides themselves (as 

previously reported108) do not interact with iron. 
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Figure 4.2: UV-Visible absorption changes before (blue traces) and after (red traces) addition of three 

equivalents of Fe(BF4)2 (30 M), to solutions of prochelators (10 M) in air-free TRIS buffer (5.0 mM, pH 

7.40 

4.3 Biological evaluation of glycoconjugate prochelators 

 

The biological activity of the new glycoconjugate prochelators was evaluated on 

the colorectal adenocarcinoma cell line Caco-2 (ATCC® HTB-37™). Caco-2 cells are often 

used as in-vitro models for colon adenocarcinoma and detailed genomic portraits reveal 

that the genetic profile of nonpolarized Caco-2 cells closely resembles patterns observed 

in human colon cancer in vivo.217 Furthermore Caco-2 cells are especially relevant to the 

study of glycoconjugates because they express high levels of GLUT1 protein and RNA218-

219 and are commonly used for the study of glucose transport.220-221  

Glycoconjugation offers an advantageous increase in cancer specificity only if the 

conjugate remains a substrate for glucose transporter proteins and thus exploits their 

overexpression in cancer cells as compared to normal cells. In particular, when 

glycoconjugates are substrates for GLUT1, studies have correlated their toxicity to 
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abundance of GLUT1 on the cell surface.222  We investigated the cellular uptake of our 

prochelators through a competition experiment with 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-

4-yl)amino)-2-deoxyglucose (2-NBDG), a fluorescent substrate of GLUT1 (Figure 4.1).211 

In these experiments, the introduction in the cell growth media of a competitor for GLUT1 

results in a decreased uptake of the fluorescent substrate, which is in turn detected as a 

lower intracellular fluorescence emission by flow cytometry. The data (Figure 4.3) are 

expressed as the percent emission difference compared to control cells treated with 2-

NBDG alone, therefore a more negative difference indicated more aggressive competition 

for GLUT1 by the tested glycoconjugate.  Phloretin was used as a positive control as this 

inhibitor of GLUT1 blocks uptake of substrates by the receptor.223-224 In addition, α-D 

glucose, namely the primary substrate for GLUT1, was included as a non-inhibitory 

positive control for this competition experiment. Both phloretin and glucose suppress the 

uptake of 2-NBDG very effectively, with >20% difference in fluorescence compared to the 

control. The aglycone ATC4, which has no glucose targeting unit, does not compete for 

GLUT1-mediated uptake and hence displays a fluorescence value that is, within error, 

identical to that of the control.  Interestingly, GA2TC4, the glucosamine conjugate of TC4, 

also displays no competition with 2-NBDG as indicated by fluorescence values that are 

statistically identical to those for the untreated control. In contrast, the ester conjugates 

G6TC4 and M6TC4 display aggressive competitiveness with 2-NBDG for uptake by its 

receptor. The competition for GLUT-1 by the mannosyl conjugate M6TC4 is unsurprising 

as D-mannose is a C2 epimer of D glucose and is a substrate for GLUT-1 with 13-fold 

lower affinity than D-glucose.225 The reduction of 2-NBDG fluorescence from co-

treatment of Caco-2 cells with either G6TC4 or M6TC4 (at 50 µM) is comparable to that 
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resulting from co-treatment with 10 mM α D-glucose. The differences observed in this 

experiment between the glycoconjugates indicates that the position of substitution and type 

of linkage to glucose affect the affinity for GLUT-1, with the ester linkages being more 

effective for GLUT-1 competition in these constructs.  

 

 

Figure 4.3: Assessment of uptake of glycoconjugates via glucose transporters using 2-NBDG fluorescent 

GLUT1 substrate as competitor in Caco-2 cells. 

 Transporter-mediated uptake of the tested compounds results in decreased intracellular fluorescence (as 

measured by flow cytometry) compared to that of cells treated with 2-NBDG (100 µM) and vehicle alone. 

Glucose (10 mM) and pretreatment with GLUT1 inhibitor phloretin (100 µM, 30 min) were employed in 

positive control experiments. Values shown are averages of a triplicate set of experiments ± standard 

deviation. Statistical analysis: ** p <0.01, *** p <0.001 as compared to the control. 

 

Investigations of antiproliferative activity of the glycoconjugate prochelators were 

conducted in Caco-2 cells and also in the normal colon cell line CCD18-co (ATCC® CRL-

1459™) in order to evaluate the therapeutic indexes of the compounds. Because differences 

in expression levels of glucose transporters are key to the selectivity of glycoconjugates 

for cancer cells,200 we evaluated the amount of cell surface GLUT1 on these two cell lines. 
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Using antibody staining with rabbit anti-GLUT1 as the primary antibody and goat anti-

rabbit Alexa Fluor 488 as the secondary antibody, we assessed the relative amounts of cell 

surface GLUT1 in Caco-2 and CCD18-co cells.   We found that Caco-2 cells express 1.7 

times the amount of cell-surface GLUT1 compared to CCD18-co cells (Figure 4.4). This 

observation is in line with values obtained for GLUT1 expression quantified by RT-PCR 

in the normal cell lines HUV-EC-C (human umbilical cord endothelial cells) and CHO-K1 

(Chinese hamster ovary cells) compared to nine cancer cell lines (NC1-H838, Hep3-B, 

A498, MES-SA, HCT116, NPC-TW01, and MKN45) from various origins. In particular, 

cancer cell lines showed 2-4-fold increases in expression of overall GLUT1 (which 

includes the surface-only GLUT1 determined by our measurements).226  

 

Figure 4.4: Relative amounts of cell-surface GLUT1 in human colon adenocarcinoma Caco-2 cells and 

normal colon fibroblast CCD-18co cells. 

Average fluorescence values (a) and flow cytometry histograms (b) following staining of cell-surface 

GLUT1 with an AlexaFluor 488 conjugated antibody. Each value is calculated from triplicate samples with 

error bars representing the standard deviation between the median values obtained. Values are statistically 

significantly different (p <0.01). 

 

We assessed the cytotoxicity of the disulfide prochelators using standard MTT 

assays after 72-hour incubations (Table 4.2). The calculated therapeutic index is defined as 

the toxicity of a compound in the normal cell line (CCD18-co) relative to that in the 
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malignant one (Caco-2).227-228 In all cases, the prochelator conjugates are more toxic 

(lowest IC50 values) in the malignant Caco-2 cells than in the normal CCD18-co cells. 

Notably, the IC50 values for all the prochelators tested in Caco-2 are remarkably lower than 

that for DFO (a clinically approved high-affinity iron chelator), which was reported to be 

greater than 200 µM in Caco-2 cells after 72 hours.229 

 

 IC50 (µM, 72 h) 

 Caco-2 CCD18-co Therapeutic Index 

GA2TC4 2.6 ± 0.4 23 ± 3 9 ± 2 

G6TC4 7 ± 1 76 ± 1 11 ± 2 

M6TC4 10.1 ± 0.7 62 ± 5 6 ± 1 

ATC4 8.1 ± 0.3 27 ± 6 3 ± 1 

Table 4.2: Antiproliferative activity of TC4 conjugates in Caco-2 and CCD18-co cell lines and the 

associated therapeutic index 

IC50 values are obtained from standard MTT assay after 72 h exposure to the tested compounds. Values are 

the average of a triplicate set plus/minus standard deviation. The therapeutic index is calculated by dividing 

the IC50 value of the compound in the normal cell line by the IC50 value of the compound in the malignant 

cell line. 

 

The aglycone prochelator ATC4 presents the lowest therapeutic index in this data 

set. This observation is consistent with an increased glucose uptake in cancer cells owing 

to the Warburg effect, and also with the relative expression levels of glucose transporter 

GLUT1 determined experimentally for the cell cultures under investigation (Figure 4.4). 

Of the three glycoconjugate prototypes, the mannose-bearing construct M6TC4 is both the 

least toxic and least selective. Notably, M6TC4 competed successfully with 2-NBDG for 

transporter-mediated uptake at the 50 μM concentration level (Figure 4.3) therefore the 

observed toxicity parameters could reflect lower affinity and/or overall uptake for the 
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mannose unit relative to the glucose unit in this type of conjugates. In contrast, glucosamine 

conjugate GA2TC4, which did not compete for uptake with 2-NBDG in the assay 

conditions (Figure 4.3), showed better toxicity and selectivity relative to the aglycone, 

perhaps indicating uptake by a different collection of transporters compared to 2-NBDG 

(and different affinities thereof). These data highlight the inherent difficulty in comparing 

the overall effect of multiple interactions between small molecules and a series of 

membrane transporters, which are expressed at varied levels on cell surfaces and present 

different affinities for different compounds.193 For instance, GLUT2 is less ubiquitously 

abundant than GLUT1 but has a higher binding affinity for glucose230  and may play a 

major role in glucose transport  in Caco-2 cells.220 Finally, the glucose conjugate G6TC4, 

which is connected to the prochelator through an ester linkage at the C6 position and 

competes strongly with 2-NBDG for uptake, maintains a toxicity similar to the aglycone 

in Caco-2 cells but is significantly less toxic to normal CCD18-co cells. Overall, both 

glucose conjugates GA2TC4 and G6TC4 displayed an improved therapeutic index (three-

fold or higher) in this comparative study of colorectal cell lines.  

4.4 Conclusions: Glycoconjugation enhances solubility and selectivity of 

disulfide-masked prochelators 

 

We report the first examples of redox-activated thiosemicarbazone prochelators 

linked to sugar targeting moieties via a disulfide linker. The disulfide containing 

prochelator unit is attached to the carbohydrate moiety via a propionic acid linker bound 

by an amide bond at the C2 position of the sugar (in the case of the glucosamine conjugate 

GA2TC4) or an ester bond at the C6 position of the sugar (in the case of the glucose and 

mannose conjugates G6TC4 and M6TC4. An aglycone (ATC4) which contains the 
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prochelation unit but lacks the carbohydrate was also synthesized as a control compound. 

Highlighting the considerable advantage of glycoconjugation is that the sugar conjugates 

are 15-30 times more soluble than the homodisulfide prochelator (TC4-S)2 in aqueous 

buffer. In the colon cancer cell line Caco-2 (which overexpresses GLUT1), we found that 

the aglycone ATC4 shows no competition with 2-NBDG for uptake by the glucose 

transporter. In contrast, the ester linked glucosyl and mannosyl conjugates (G6TC4 and 

M6TC4, respectively) showed the best competition for the cell surface receptors as 

evidenced by the 2-NBDG competition assay.  

To better demonstrate the role of GLUT1, we assessed the cell-surface expression 

of GLUT1 in the cancer cell line Caco-2 and compared it to that of the normal colon cell 

line CCD18-co and found a 1.7-fold overexpression of GLUT1 in Caco-2. The abundance 

of cell surface GLUT1 correlates with the selectivity of the glycoconjugates, which are all 

6-11 times more toxic in Caco-2 than in CCD18-co compared to the aglycone ATC4 which 

is only 3-fold more toxic in the cancer cell line. The difference in selectivity between the 

aglycone ATC4 and the glucosamine conjugate GA2TC4 despite the fact that they show 

similar lack of competitiveness with 2-NBDG for GLUT1 suggests alternate uptake 

pathways for the ester linked G6TC4 and the amide linked GA2TC4. This is also 

supported by the difference in toxicity for the two compounds ATC4 and GA2TC4, with 

GA2TC4 being more toxic than the aglycone in Caco-2 cells.  Additional evidence for 

multiple uptake pathways are suggested by the toxicity of M6TC4 (a mannose conjugate) 

compared to that for G6TC4 (a glucose conjugate) both which exhibit strong competition 

with 2-NBDG for receptor uptake but display differing toxicities. Nonetheless, we cannot 

rule out other possible reasons for the differences in uptake mechanism and toxicity 
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profiles. Regardless, the enhanced selectivity of the glycoconjugates compared to the 

aglycone and the low IC50 values for these compounds in Caco-2 cells compared to DFO 

render these as promising compounds that can be used to target cells with enhanced iron 

and sugar metabolism, such as colon cancer cells.  

Other strategies for enhancing cytotoxicity, selectivity and aqueous solubility will 

be the subject of Chapter 5. 

 

4.5 Experimental  

 

4.5.1 Materials and Instruments 

 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG),211 

3-(2-pyridyldithio)propionic acid (1),231 4-(4-methoxyphenyl)-3-thiosemicarbazide, 232 

3,4,5,6-tetrakis((trimethylsilyl)oxy)glucopyranose and 3,4,5,6-

tetrakis((trimethylsilyl)oxy)mannopyranose 212 were prepared as previously reported. 

Human holotransferrin (Aldrich) was obtained commercially and used as received. 

AlexaFluor® 488 goat anti-rabbit IgG was purchased from Fisher and used and stored per 

manufacturer instructions. Rabbit polyclonal anti-GLUT1 antibody was purchased from 

VWR and used as specified.  

Thin layer chromatography (TLC) was conducted on Silica Gel 60 F254 X plates. 

NMR spectra were recorded on Bruker AVIII 400 MHz and Bruker DRX-500 MHz NMR 

spectrometers. Chemical shifts are reported in parts per million (ppm, δ) with residual 

solvent peaks and/or TMS peak set as reference. Proton coupling patterns are described as 

singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), and broad (br). High-resolution 
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mass spectra (HRMS) were recorded on Bruker 9.4 T Apex-Qh hybrid Fourier transfer ion-

cyclotron resonance (FT-ICR) spectrometer in the Mass Spectrometry Facility at the 

University of Arizona Department of Chemistry and Biochemistry. UV-visible absorption 

spectra were obtained on an Agilent 8453 spectrophotometer. Absorption assays in 96-well 

plates were recorded on a BioTek SynergyTM 2 microplate reader.  

Flow cytometric analysis was performed at the University of Arizona Cytometry 

Core Facility (Arizona Cancer Center/Arizona Research Laboratories) using a FACSCanto 

II flow cytometer (BDBiosciences, San Jose, CA) equipped with an air-cooled 15-mW 

argon ion laser tuned to 488 nm. The emission fluorescence of 2-NBDG and AlexaFluor® 

488 were detected and recorded through a 530/30 and band-pass filter in the FL1 channel. 

List mode data files consisting of 10,000 events gated on FSC (forward scatter) vs SSC 

(side scatter) were acquired and analyzed using CellQuest PRO software (BD Biosciences, 

San Jose, CA). Appropriate electronic compensation was adjusted by acquiring cell 

populations stained with each dye/fluorophore individually, as well as an unstained control. 

 

4.5.2 Synthetic Procedures 

 

Scheme 4.5: Synthetic scheme for the prochelator (TC4-S)2 and chelator TC4-SH 

 

Synthesis of (TC4-S)2: 2,2’dithiobenzyldialdehyde (500 mg, 1.8 mmol) was 

combined with 4-(4-methoxyphenyl)-3-thiosemicarbazide (863 mg, 4.27 mmol) in ethanol 



154 

 

(20 mL) and brought to reflux to dissolve starting materials. Reaction progress was 

monitored by TLC, and the precipitated product was collected via filtration, washed with 

ethanol (3X 6 mL) and dried under vacuum (1.2 g, 95%). 1H NMR (500 MHz, DMSO-d6) 

δ 11.92 (s, 1H), 9.95 (s, 1H), 8.66 (s, 1H), 8.27 (dd, J = 5.9, 3.5 Hz, 1H), 7.69 – 7.54 (m, 

1H), 7.48 – 7.30 (m, 4H), 6.93 (d, J = 8.9 Hz, 2H), 3.76 (s, 3H). 13C NMR (126 MHz, 

DMSO) δ 176.68, 157.41, 140.46, 135.37, 134.53, 132.27, 131.49, 130.84, 129.06, 128.68, 

127.61, 113.83, 55.75. 

Synthesis of TC4-SH: (TC4-S)2 (633 mg, 1.00 mmol) and dithiothreitol (370 mg, 

2.5 mmol) were dissolved in dry, degassed dimethylformamide (DMF, 16 mL) and allowed 

to stir for two hours under argon. Reaction progress was monitored by TLC, and solvent 

volume was reduced by rotary evaporation with multiple additions of toluene (5 X 16 mL) 

until ~1 mL DMF remained. Nanopure water (12 mL) was added and the precipitated 

product was collected via filtration, washed with nanopure water (3X 6 mL) and dried 

under vacuum (631 mg, quantitative). 1H NMR (499 MHz, DMSO-d6) δ 11.88 (s, 1H), 

9.90 (s, 1H), 8.46 (s, 1H), 8.10 (dd, J = 7.8, 1.6 Hz, 1H), 7.56 – 7.40 (m, 3H), 7.24 (dtd, J 

= 34.1, 7.4, 1.4 Hz, 2H), 7.04 – 6.91 (m, 2H), 5.75 – 5.57 (bs, 1H). 13C NMR (126 MHz, 

DMSO) δ 176.54, 157.35, 141.12, 133.43, 132.27, 131.68, 131.47, 130.44, 128.75, 127.43, 

125.82, 113.84, 55.75. 
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Scheme 4.6: Complete synthetic scheme for glycoconjugates and aglycone (R = trimethylsilyl). 

 

Synthesis of 2: Compound 1 (1.00 g, 4.64 mmol) was dissolved in pyridine (4 mL) 

along with N,N'-dicyclohexylcarbodiimide (DCC, 1.15 g, 5.57 mmol) and stirred for 15 

minutes. This solution was added slowly to a solution of D-glucosamine hydrochloride 

(3.01 g, 13.92 mmol) in aqueous NaOH (2.00 M, 2.30 mL). The reaction mixture was 

allowed to stir overnight then diluted with water (10 mL) to precipitate the urea product, 

which was removed by filtration. The resulting yellow solution was washed with diethyl 
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ether, then the volume of the aqueous fraction was reduced by rotary evaporation with 

minimal heating (below 40 oC). The product precipitated as a white solid, which was 

collected on a fritted filter, washed with water and dried under vacuum (0.77 g, 58% yield). 

1H NMR (500 MHz, DMSO-d6 , δ): 8.46 (ddd, J = 4.8, 1.9, 0.9 Hz, 1H), 7.87–7.82 (m, 

1H), 7.79 (tt, J = 7.0, 1.2 Hz, 2H), 7.24 (ddd, J = 7.3, 4.8, 1.2 Hz, 1H), 6.42 (dd, J = 4.6, 

1.2 Hz, 1H), 4.95– 4.86 (m, 2H), 4.61 (d, J = 5.5 Hz, 1H), 4.41 (dd, J = 6.4, 5.3 Hz, 1H), 

3.59 (dddd, J = 15.7, 7.2, 4.8, 2.4 Hz, 3H), 3.52–3.44 (m, 2H), 3.11 (ddd, J = 9.8, 8.6, 5.3 

Hz, 1H), 3.00 (t, J = 7.3 Hz, 2H), 2.55 (td, J = 7.2, 2.1 Hz, 2H). 13C NMR (126 MHz, 

DMSO-d6) δ 170.39, 159.72, 150.00, 138.35, 121.58, 119.57, 91.01, 72.53, 71.57, 70.90, 

61.57, 54.87, 35.11, 34.77. HRMS–ESI (m/z): [M+Na]+  calcd, 399.0655; found, 

399.0654. 

 

Synthesis of GA2TC4:  A solution of 2 (300 mg, 1.08 mmol) in degassed DMSO 

(5 mL) was heated to 40 oC and a solution of TC4-SH (103 mg, 0.36 mmol) in degassed 

DMSO (2 mL) was added dropwise over 15 minutes. The solution was allowed to stir for 

30 minutes and water (50 mL) was added to precipitate the product. The mixture was 

centrifuged to separate the precipitate, which was resuspended in water (20 mL) and 

collected on a fritted filter, washed with water and dried under vacuum (118 mg, 59% 

yield). 1H NMR (500 MHz, DMSO-d6) δ 11.94 (s, 1H), 9.95 (d, J = 2.5 Hz, 1H), 8.66 (d, 

J = 3.8 Hz, 1H), 8.34–8.18 (m, 1H), 7.91–7.72 (m, 2H), 7.63–7.17 (m, 5H), 6.94 (dd, J = 

7.7, 5.4 Hz, 2H), 6.58–6.37 (m, 1H), 5.02 – 4.77 (m, 2H), 4.60 (d, J = 5.6 Hz, 1H), 4.41 (s, 

1H), 3.77 (d, J = 2.8 Hz, 3H), 3.64–3.55 (m, 2H), 3.53–3.40 (m, 2H), 3.16–3.04 (m, 1H), 

2.95 (t, J = 7.3 Hz, 2H), 2.51–2.49 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 176.23, 
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170.40, 140.82, 139.37, 136.62, 133.54, 130.89, 130.11, 128.85, 128.66, 128.18, 125.78, 

125.68, 91.01, 72.54, 71.58, 70.91, 61.58, 54.87, 35.24, 34.36. HRMS–ESI (m/z): [M+Na]+ 

calcd, 605.1169; found, 605.1164.  

 

Synthesis of 3: 3,4,5,6-tetrakis((trimethylsilyl)oxy)glucopyranose (1.74 g, 3.70 

mmol), 1 (875 mg, 4.07 mmol), DCC (876 mg, 4.25 mmol) and dimethylaminopyridine 

(DMAP, 32.6 mg, 0.259 mmol) were combined in dry dichloromethane (12 mL) and 

allowed to stir under argon for 1.5 h. The reaction mixture was diluted with 

dichloromethane (40 mL) and filtered through a Celite plug to remove the urea side 

product. The resulting solution was concentrated under vacuum and loaded onto a silica 

column. Flash chromatography using a hexanes/ethyl acetate gradient (5-25% ethylacetate) 

resulted in precursor 3 as a clear oil (1.60 g, 63% yield). 1H NMR (499 MHz, CDCl3) δ 

8.47 (d, J = 4.8, Hz, 1H), 7.74–7.56 (m, 2H), 7.09 (ddd, J = 7.2, 4.8, 1.2 Hz, 1H), 5.00 (d, 

J = 3.0 Hz, 1H), 4.38 (dd, J = 11.8, 2.2 Hz, 1H), 4.05 (dd, J = 11.8, 5.5 Hz, 1H), 3.90 (ddd, 

J = 9.8, 5.5, 2.3 Hz, 1H), 3.78 (t, J = 8.8 Hz, 1H), 3.48–3.29 (m, 2H), 3.04 (t, J = 7.3 Hz, 

2H), 2.88–2.70 (m, 2H), 0.15 (s, 9H), 0.15 (s, 9H), 0.14 (s, 9H), 0.13 (s, 9H). 13C NMR 

(126 MHz, CDCl3) δ 171.39, 159.70, 149.66, 137.06, 120.74, 119.70, 93.87, 73.89, 73.75, 

72.38, 69.85, 64.23, 33.75, 33.18, 1.24, 0.97, 0.45, 0.18, 0.15. HRMS–ESI (m/z): [M+Na]+ 

calcd, 688.2076; found, 688.2064.  

 

Synthesis of G6TC4: Compound 3 (1.84 g, 2.69 mmol) was dissolved in 

dichloromethane (15 mL). TC4-SH (284 mg, 0.890 mmol) was dissolved in degassed 

dimethyl sulfoxide (5 mL) and added dropwise to the flask containing 3. The reaction 
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mixture was stirred for 1 h under argon, then the product was extracted using ethyl acetate 

(30 mL), and washed with water (3 x 15 mL) and brine (2 x 15 mL). The ethyl acetate layer 

was dried over sodium sulfate and evaporated under reduced pressure. The crude product 

was purified by flash chromatography using an ethyl acetate/hexanes gradient resulting in 

the TMS-protected product as a clear oil, which was susceptible to partial deprotection in 

NMR solvents. For full deprotection, the product was dissolved in chloroform (10 mL) and 

methanolic HCl (3 N, 25 µL) was added while stirring. The reaction progress was 

monitored by TLC and upon completion the solvent was removed by rotary evaporation. 

The resulting residue was dissolved in a minimal amount of methanol/acetone (5 mL), and 

the product was precipitated by addition of nanopure water (24 mL). The white precipitate 

was collected by centrifugation, washed with water (2 x 20 mL) and dried under vacuum 

resulting in an off-white sticky solid (254 mg, 49% yield). 1H NMR (500 MHz, DMSO-

d6) δ 11.95 (s, 1H), 9.96 (s, 1H), 8.67 (s, 1H), 8.36–7.71 (m, 2H), 7.48 (t, J = 7.7 Hz, 1H), 

7.45–7.36 (m, 3H), 6.98–6.90 (m, 2H), 6.69–6.27 (m, 1H), 5.09 (dd, J = 29.6, 5.6 Hz, 1H), 

4.98–4.71 (m, 2H), 4.57–4.26 (m, 2H), 4.01 (ddd, J = 15.8, 11.7, 6.5 Hz, 1H), 3.77 (s, 3H), 

3.46–3.35 (m, 2H, partially hidden under H2O peak), 3.16–3.10 (m, 1H), 3.08–3.00 (m, 

1H), 2.99–2.87 (m, 2H), 2.82–2.71 (m, 2H). 13C NMR (126 MHz, acetone-d6) δ 176.66, 

171.07, 157.47, 140.26, 136.52, 133.33, 131.93, 130.33, 130.31, 129.79, 128.66, 128.63, 

127.69, 126.05, 113.43, 94.49, 94.37, 74.24, 74.00, 71.80, 71.59, 71.32, 70.32, 67.92, 

67.61, 64.42, 64.38, 59.68, 54.86, 33.59, 33.56, 32.89, 32.84, 29.45, 29.30, 29.24, 29.15, 

29.09, 28.99, 28.84, 28.77, 28.68, 28.53, 19.97. HRMS–ESI (m/z): [M+Na]+ calcd, 

606.1009; found: 606.1005.  
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Synthesis of 4: 3,4,5,6-tetrakis((trimethylsilyl)oxy)mannopyranose (1.25 g, 2.70 

mmol), 1 (630 mg, 2.90 mmol), DCC (630 mg, 4.25 mmol) and DMAP (22.7 mg, 0.186 

mmol) were combined, purged with argon, and dissolved in dry dichloromethane (10 mL). 

The reaction mixture was allowed to stir for 1.5 h under argon, then diluted with 

dichloromethane (30 mL) and filtered through a Celite plug to remove the urea side 

product. The resulting solution was concentrated under reduced pressure and loaded onto 

a silica column. Flash chromatography using a hexanes/ethyl acetate gradient resulted in 

precursor 4 as a clear oil (1.01 g, 55% yield). 1H NMR (499 MHz, chloroform-d) δ 8.48 

(ddd, J = 4.9, 1.9, 1.0 Hz, 1H), 7.77–7.52 (m, 2H), 7.10 (ddd, J = 7.3, 4.8, 1.2 Hz, 1H), 4.92 

(d, J = 2.1 Hz, 1H), 4.40 (dd, J = 11.6, 2.0 Hz, 1H), 4.08 (dd, J = 11.6, 5.8 Hz, 1H), 3.89–

3.77 (m, 3H), 3.68–3.64 (m, 1H), 3.06 (t, J = 7.2 Hz, 2H), 2.81 (td, J = 7.2, 4.0 Hz, 2H), 

0.17 (s, 9H), 0.15 (s, 9H), 0.14 (bs, 18H). 13C NMR (126 MHz, CDCl3) δ 171.42, 149.69, 

137.01, 120.69, 119.65, 95.53, 75.03, 71.97, 71.73, 68.44, 64.45, 33.84, 33.29, 0.74, 0.63, 

0.33, -0.13. HRMS–ESI (m/z): [M+Na]+ calcd, 688.2076; found, 688.2063. 

 

Synthesis of M6TC4: Compound 4 (630 mg, 0.922 mmol, 3 equiv) was dissolved 

in dry dichloromethane (6 mL). TC4-SH (98 mg, 0.31 mmol) was dissolved in degassed 

dimethyl sulfoxide (2 mL) and added dropwise to the flask containing 4. The reaction was 

stirred for 1 h under argon, then the product was extracted using ethyl acetate (15 mL), and 

washed with water (3 x 10 mL) and brine (2 x 10 mL). The ethyl acetate layer was dried 

with sodium sulfate and then evaporated under reduced pressure. The crude product was 

purified by flash chromatography using an ethyl acetate/hexanes gradient (0-25% ethyl 

acetate in hexanes) resulting in the TMS-protected product as a clear oil. Deprotection was 
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carried out in chloroform (4 mL) and methanolic HCl (3 N, 25 µL). The reaction progress 

was monitored by TLC and upon completion the solvent was removed by rotary 

evaporation. The resulting residue was dissolved in a minimal amount of methanol/acetone 

(1-2 mL), and the product was precipitated by addition of nanopure water (13 mL). The 

white precipitate was collected by centrifugation, washed with water (2 x 10 mL) and dried 

under vacuum resulting in an off-white sticky solid (82 mg, 45% yield). 1H NMR (500 

MHz, DMSO-d6) δ 11.95 (s, 1H), 9.97 (s, 1H), 8.67 (s, 1H), 8.27 (dd, J = 7.8, 1.5 Hz, 1H), 

7.81 (dd, J = 8.0, 1.2 Hz, 1H), 7.53–7.46 (m, 1H), 7.45–7.37 (m, 3H), 6.94 (d, J = 9.0 Hz, 

2H), 6.43–6.19 (m, 1H), 4.98–4.83 (m, 2H), 4.68–4.51 (m, 2H), 4.33 (ddd, J = 13.6, 11.6, 

1.9 Hz, 1H), 4.11–3.94 (m, 1H), 3.77 (s, 3H), 3.71 (ddd, J = 9.3, 7.1, 2.2 Hz, 1H), 3.57–

3.50 (m, 2H), 3.41–3.35 (m, 1H), 3.30 (s, 1H), 3.01–2.92 (m, 2H), 2.74 (dd, J = 7.2, 6.2 

Hz, 2H). 13C NMR (126 MHz, acetone-d6) δ 176.66, 157.47, 140.26, 136.52, 133.33, 

131.93, 130.33, 130.31, 129.79, 128.66, 128.63, 127.69, 126.05, 113.43, 94.49, 94.37, 

74.24, 74.00, 71.80, 71.59, 71.32, 70.32, 67.92, 67.61, 64.42, 64.38, 54.86, 33.59, 32.89. 

HRMS–ESI (m/z): [M+Na]+ calcd, 606.1009; found, 606.1006.  

 

Synthesis of 5: Compound 1 (200 mg, 0.930 mmol) was dissolved in freshly 

distilled methanol (5 mL) along with concentrated sulfuric acid (100 µL). The solution was 

heated to reflux and stirred under argon for 1 h. The solvent was removed by rotary 

evaporation. The residue was dissolved in ethyl acetate (5 mL), washed with a saturated 

bicarbonate solution (2 x 5 mL) and dried over anhydrous sodium sulfate. Precursor 5 was 

obtained after rotary evaporation of the solvent as a yellow residue (209 mg, 98% yield). 

1H NMR (499 MHz, CDCl3, matches data for reported compound from different 
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procedure5): δ 8.49 (ddd, J = 4.8, 1.8, 1.0 Hz, 1H), 7.75–7.62 (m, 2H), 7.12 (ddd, J = 7.2, 

4.8, 1.3 Hz, 1H), 3.71 (s, 3H), 3.07 (t, J = 7.2 Hz, 2H), 2.79 (t, J = 7.2 Hz, 2H). 13C NMR 

(126 MHz, DMSO) δ 171.90, 159.72, 149.69, 137.01, 120.79, 119.76, 77.38, 77.13, 76.87, 

51.88, 33.63, 33.40. 

 

Synthesis of ATC4: Compound 5 (113 mg, 0.493 mmol) was dissolved in 

dichloromethane (2 mL). TC4-SH (78.4 mg, 0.246 mmol) was dissolved in degassed 

dimethyl sulfoxide (2 mL) and added dropwise to the flask containing 5. The reaction 

mixture was stirred for 1 h under argon. The product was then extracted using ethyl acetate 

(10 mL), and washed with water (3 x10 mL) and brine (2 x 10 mL). The ethyl acetate layer 

was dried over anhydrous sodium sulfate and the solvent was removed by rotary 

evaporation. The resulting solid was loaded onto a silica column, and flash chromatography 

using ethyl acetate/hexanes gradient (0-25 % ethyl acetate in hexanes) afforded the desired 

product as an off-white powder (40 mg, 38%). 1H NMR (499 MHz, DMSO-d6): δ 11.96 

(s, 1H), 9.97 (s, 1H), 8.68 (s, 1H), 8.28 (dd, J = 7.8, 1.6 Hz, 1H), 7.81 (dd, J = 8.0, 1.2 Hz, 

1H), 7.57 – 7.31 (m, 4H), 7.00 – 6.85 (m, 2H), 3.78 (d, J = 2.8 Hz, 3H), 3.60 (s, 3H), 2.98 

(t, J = 6.8 Hz, 2H), 2.76 (t, J = 6.7 Hz, 2H).13C NMR (126 MHz, DMSO-d6) δ 176.64, 

171.92, 157.39, 140.46, 136.36, 134.11, 132.27, 130.97, 130.80, 128.59, 128.53, 127.56, 

113.83, 55.75, 52.08, 40.54, 40.46, 40.37, 40.29, 40.20, 40.13, 40.04, 39.96, 39.87, 39.79, 

39.70, 39.54, 33.57, 33.15. HRMS–ESI (m/z): [M+Na]+ calcd, 458.0637; found: 458.0635.  

 

Solubility measurements. Stock solutions were prepared in DMSO and diluted in 

TRIS buffer (5.0 mM, pH 7.40). Buffer solutions containing identical amounts of DMSO 
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(0.3% v/v) were used to obtain blank spectra. Molar extinction coefficients were obtained 

by recording UV-Vis spectra of a range of concentrations of the compounds (0.1−40 µM, 

depending on solubility) and then plotting the average of three absorbance values for each 

concentration at a specified wavelength. For solubility measurements, saturated solutions 

were centrifuged for 20 minutes at 3,200 rpm to remove any precipitate and concentrations 

were determined by UV-Vis spectroscopy. Absorbance values were found to be close to 

the linearity range of absorbances for each compound therefore dilutions were not typically 

necessary.  Measurements were conducted in triplicate sets.  

 Prochelators’ interactions with Fe(II). Stock solutions of prochelators were 

prepared in DMSO and stock solution of Fe(BF4)2 was prepared (at ten-fold the 

concentration of prochelators) in TRIS (degassed by three freeze-pump-thaw cycles, 5.0 

mM, pH 7.40). Prochelators were diluted in degassed TRIS buffer (10 µM, 0.1% DMSO) 

and iron was added (1-2 µL increments, up to 12 µL) up to 3-fold excess Fe(II)) while 

monitoring UV-Vis absorption changes with time. In all cases, minimal changes were 

observed after addition of three equivalents of iron.  

4.5.3 Cell culture and cell-based assays   

Caco-2 (ATCC® HTB-37™) colorectal adenocarcinoma and CCD-18Co 

(ATCC® CRL-1459™) normal colon fibroblasts were cultured under a 5% CO2 

humidified atmosphere at 37 °C in Eagle’s Minimal Essential Medium (EMEM) 

supplemented with 10% fetal bovine serum (FBS), glutamine (2 mM), sodium pyruvate (1 

mM), sodium bicarbonate (1.5 g/L), penicillin (100 units/mL), streptomycin (100 µg/mL) 

and human holo-transferrin (1.25 µM (1 mg/10 mL) prior to use. Flow cytometric analysis 

was performed at the University of Arizona Cytometry Core Facility (Arizona Cancer 
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Center/Arizona Research Laboratories) using a FACSCanto II flow cytometer (BD 

Biosciences, San Jose, CA) equipped with an air-cooled 15-mW argon ion laser tuned to 

488 nm. List mode data files consisting of 10,000 events gated on FSC (forward scatter) 

vs SSC (side scatter) were acquired and analyzed using CellQuest PRO software (BD 

Biosciences, San Jose, CA). Appropriate electronic compensation was adjusted by 

acquiring cell populations stained with each dye/fluorophore individually, as well as an 

unstained control.  

 

Competition assay of transporter-mediated uptake. Caco-2 cells were plated at 

1×106 cells per well in 6-well plates and allowed to adhere for 36 hours. Growth media 

were then removed and cells were incubated for 12 hours in glucose-free EMEM. Cells 

were then treated with EMEM containing 1 g/L glucose (for unstained control), glucose 

containing EMEM with 2-NBDG (100µM) (for stained control) or a combination of 2-

NBDG (100µM) and test compounds (50 µM) for 40 minutes. As a positive control, after 

starvation cells were treated with 100 µM phloretin for 30 minutes, then treated with 

EMEM containing 100 µM 2-NBDG for 40 minutes.  Cells were washed with PBS (1 mL) 

and detached by addition of Trypsin-EDTA (400 µL) and incubation for 3 minutes at 37 

˚C. Following addition of EMEM (1 mL), the cell suspensions were centrifuged at 125 g 

for 10 minutes. The resulting pellets were suspended in PBS (0.5 mL) and transferred to a 

flow cytometry tube. Cells were stored on ice and analyzed by flow cytometry within 1 

hour. Data are obtained as the average of three sets of geometric means of the flow 

cytometry histogram, and plotted as the percent difference from the control plus/minus the 

standard deviation between three values. 
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Cell-surface expression of GLUT1. Cells were plated at 1×106 cells per well in 6-

well plates and allowed to adhere overnight. Cells were detached by addition of 0.25% 

Trypsin-EDTA (400 µL) and incubation for 3 minutes at 37 ˚C. Following addition of 

EMEM (1 mL), the cell suspensions were centrifuged at 125 g for 14 minutes. The resulting 

pellets were suspended in PBS (2 mL) containing bovine serum albumin (BSA, 1% w/v, to 

block non-specific binding of the antibody) then centrifuged at 125 g for another 14 

minutes. The resulting pellet was suspended in 1% BSA (500 µL) and cells were counted. 

Cells were then treated with the primary antibody (at concentration determined from an 

optimized titration) and incubated on ice for 45 minutes. The cells were centrifuged for ten 

minutes at 125 g and washed with 1% BSA in PBS (1 mL) in order to remove excess 

antibody. The pellets were then resuspended in 1% BSA in PBS (500 µL) and the secondary 

antibody was added and incubated for 30 minutes on ice in the dark. Cells were centrifuged 

after addition of 1% BSA in PBS (300 µL) for 10 minutes at 125 g. The resulting pellet 

was then suspended in 300 µL of 1% BSA in PBS (300 µL), stored on ice and analyzed by 

flow cytometry within 1 hour.  

 

Cytotoxicity assays. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) viability assays were conducted by standard methods with slight modifications. 

Briefly, cells were seeded at 4000 cells per well for Caco-2 and 10,000 cells per well for 

CCD18-co and allowed to attach for 24 h.  Test compounds dissolved in DMSO were 

diluted in EMEM to the specified concentration (with final DMSO concentration limited 

to 0.1%).  Cells were incubated in the presence of the test compounds for 72 h, then the 
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MTT solution (4 mg/mL, 10 μL) was added to each well and incubated for 4 h. Following 

media removal, DMSO (100 μL) was added to each well to dissolve the purple formazan 

crystals and the plates were incubated for an additional 30 minutes. Absorption at 560 nm 

was recorded and data were analyzed using logarithmic fits to obtain IC50 values. Each 

experiment was conducted in triplicate, and values are given as averages plus/minus 

standard deviation. 
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS: 

IMPROVING THE SOLUBILITY, TOXICITY, AND 

SELECTIVITY OF DISULFIDE-MASKED PROCHELATORS 

 

5.1 Structure/activity relationships in disulfide-masked prochelators 

 

Chapter 3 featured investigations of a series of disulfide-masked prochelators and 

their intracellular effects. One of the goals of the project discussed in Chapter 3 was to 

evaluate the structure/activity relationships of disulfide-masked prochelator scaffolds. The 

motivation for such an investigation was based on the premise that the toxicity of these 

disulfide-masked prochelators depends on their iron scavenging, which in turn depends on 

the extent of the reduction/activation, and on the reduction potential of disulfide bond. We 

thus hypothesized that modulating the reduction potential of the disulfide bond would 

result in a corresponding change in the observed cytotoxicity of the prodrug. This 

hypothesis was based on earlier work, where variations of the 4-position of the 

thiosemicarbazide resulted in a change in the cathodic peak potential for the disulfide and 

a corresponding modulation of the cytotoxicity in the initial series tested (Figure 5.1).108 In 

this case, the electron withdrawing phenyl substitution in (TC1-S)2 resulted in the most 

positive cathodic peak potential for disulfide reduction and corresponded to the lowest IC50 

value in the cell lines tested.108 

 

Figure 5.1:Initial series of thiosemicarbazone prochelators investigated by Tomat et al.108 
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To investigate this correlation, we synthesized a series of disulfide-masked 

prochelators which contain small variations in the scaffold such as para-substituted series 

shown in Figure 3.5. Of the compounds in that series (TC1-S)2, (TC5-S)2 and (TC6-S)2 can 

be directly compared to see the effect of introduction of an electron-withdrawing (CF3 in 

the case of (TC5-S)2) and electron donating (CH3 in the case of (TC6-S)2) substituents on 

reduction of the disulfide bond. 

 

Figure 5.2:Series of thiosemicarbazone prochelators with para-4-phenyl substitutions 

 

It became evident early in the investigation that small alterations in the prochelator 

scaffold does not affect the reduction behavior or cytotoxicity in a predictable manner. 

Evaluation of the cathodic peak potential of the disulfide reduction via cyclic voltammetry 

in dimethylformamide showed that the cathodic peak potential for (TC1-S)2 and (TC5-S)2 

varies by less than 0.06 V (Table 5.1). The difference between (TC1-S)2 and (TC6-S)2 is 

0.12 V, which is slightly larger. However, the cytotoxicity does not at all correlate with 

reduction potentials. The IC50 value was lowest for (TC6-S)2 in MDA-MB-231 breast 

cancer cells although this compound had the most negative cathodic peak potential for 

disulfide bond reduction. In SK-N-MC, (TC1-S)2 was five-fold more toxic than (TC5-S)2 

although the cathodic peak potentials for these compounds were essentially identical.  
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  IC50 (µM, 72 h) 

 V vs. Fc/Fc+ MDA-MB-231 SK-N-MC 

(TC1-S)2 -1.54 5.7 ± 0.6 3.1 ± 0.5 

(TC5-S)2 -1.48 14 ± 1 15 ± 1 

(TC6-S)2 -1.66 4.6 ± 0.8 6.1 ± 0.6 

Table 5.1:Cathodic peak potentials for the 2-electron disulfide bond reduction and the IC50 values in two 

cancer cell lines.  

Cyclic voltammetry was carried at room temperature under argon in N,N’-dimethyl formamide (DMF) 

containing 0.1 M tetra(n-butyl)ammonium hexafluorophosphate as supporting electrolyte employing glassy 

carbon working electrode, platinum wire auxiliary electrode and Ag/AgCl pseudo reference electrode. 

Sample concentrations were 1.0 mM and reported voltammograms are at scan rates of 100 mV/s.  Reported 

values and graphs are referenced to the ferrocene/ferrocenium couple at 0.00 V which were run before each 

set of samples. IC50 values were obtained by MTT assay after treatment with corresponding compounds for 

72 hours. Each value is an average from three experiments and is reported as average ± standard error. 

 

Clearly, the substitution of the terminal phenyl ring of the thiosemicarbazone 

scaffold does not affect the toxicity in a predictable manner. We hypothesized that this 

substitution was far removed from the disulfide bond itself and is not part of the conjugated 

π system of the disulfide bond., which would account for the limited effects observed in 

the case of compounds shown in Figure 5.2. To remedy this, we moved to instead vary the 

substitution at the iminic position of the disulfide scaffold, with two prochelators 

successfully synthesized (Figure 5.3).  
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Figure 5.3: Thiosemicarbazone prochelators with iminic substitutions and their non-substituted analogues 

 

Similar to methods used in the above study, we used electrochemical methods and 

cytotoxicity assessments to investigate the effects of iminic substitutions. We found that 

the cathodic peak potential for disulfide bond reduction was increased by 0.33-0.43 V for 

the methyl substituted analogues compared to the parent analogues ( Table 5.2). Indeed, 

the effect of this iminic substitution is also manifested in the observed cytotoxicity of 

compounds in SK-N-MC cell line after 48 h incubations. We found that the methyl 

substituted analogue (TC9-S)2 was 2-fold less toxic than the parent analogue (TC1-S)2 

while (TC10-S)2 was 7-fold less toxic than the non-substituted analogue (TC3-S)2 (Table 

5.2).  
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  IC50 (µM, 48 h) 

 V vs. Fc/Fc+ SK-N-MC 

(TC1-S)2 -1.54 6.8 ± 0.2 

(TC9-S)2 -1.97 15 ± 1 

(TC3-S)2 -1.71 8.9 ± 0.1 

(TC10-S)2 -2.04 65 ± 2 

Table 5.2: Cathodic peak potentials for the 2-electron disulfide bond reduction and the IC50 values in two 

cancer cell lines.  

Cyclic voltammetry was carried at room temperature under argon in N,N’-dimethyl formamide 

(DMF) containing 0.1 M tetra(n-butyl)ammonium hexafluorophosphate as supporting electrolyte 

employing glassy carbon working electrode, platinum wire auxiliary electrode and Ag/AgCl pseudo 

reference electrode. Sample concentrations were 1.0 mM and reported voltammograms are at scan rates of 

100 mV/s.  Reported values and graphs are referenced to the ferrocene/ferrocenium couple at 0.00 V which 

were run before each set of samples. IC50 values were obtained by MTT assay after treatment with 

corresponding compounds for 72 hours. Each value is an average from three experiments and is reported as 

average ± standard error. 

 

Clearly, iminic substitution results in larger changes in the cathodic peak potential 

for disulfide bond reduction as well as larger differences in the cytotoxicity (IC50 values). 

In this case, however, the methylation resulted in compounds that were less potent in cell 

culture, presumably due to the more negative cathodic peak potentials which would render 

the disulfide bonds more difficult to reduce. This is in line with the fact that a methyl 

substituent is electron donating, and would thus result in the 2-electron reduction being 

energetically less favorable.  

We attempted to introduce an electron-withdrawing substituent to the iminic 

position of the disulfide-masked prochelator scaffold. As discussed in Chapter 3, the 

disulfide-masked prochelators are synthesized via a Schiff-base condensation with 

thiosemicarbazides and a disulfide-containing dialdehyde or diketone. In the case of (TC9-

S)2 and (TC10-S)2, the disulfide-containing portion also contained a dimethylketone 
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portion. In a similar way, we also synthesized a diphenylketone analogue and a 

difluoromethylketone analogue (Figure 5.4, c and d respectively).  

 

Figure 5.4: Disulfide-containing portions used in prochelator syntheses 

Unfortunately, condensation reactions with thiosemicarbazides and either c or d 

(Figure 5.4) were unsuccessful. In the case of the trifluoromethyl analogue (compound c, 

Figure 5.4) condensation reactions under a wide-range of conditions resulted in 

decomposition of the starting material into products that we could not separate well-enough 

to identify. In the case of the phenyl ketone analogue ((compound d, Figure 5.4) it is very 

likely that the condensation occurs, however, the compound that is isolated at the end of 

the reaction is not the desired product (compound f, Scheme 5.1). 

 

Scheme 5.1: Attempted synthesis of phenyl ketamine analogues of disulfide-masked prochelators 
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The problems faced with the above syntheses seem to stem from several factors. 

The successful and high-yielding syntheses of previous disulfide prochelators depends on 

the fact that the resulting products are insoluble, and precipitate out of the reaction solution. 

As such, ideally, the solvent used in these reactions should dissolve the starting materials 

(at reflux temperatures), and provide enough energy for the condensation to occur without 

decomposing the starting materials or the products. In the case of the synthesis of the 

phenyl ketone analogues (compounds e, Scheme 5.1). the two starting materials had vastly 

different solubilities, where the thiosemicarbazides were soluble in hot/refluxing alcohols 

while compound d was only soluble in polar organic solvents such as dichloromethane. In 

such situations, a 10% DMF solution in toluene can be utilized to dissolve the materials. 

However, such reaction conditions did not result in formation of the desired product, 

presumably because the driving force of a precipitating product was compromised by the 

use of such solvent system (as DMF and DMSO generally dissolve the resulting disulfide 

prochelators).  

Regardless, the above data indicates that iminic substitution on the disulfide 

prochelator scaffold results in effective modulation of the reduction potential of the 

disulfide bond as well as analogous changes in the observed cytotoxicity of the compounds. 

This is an improvement over the terminal phenyl substitutions which had little effect on 

the assessed parameters. As such it is important to consider making variations on the 

prochelator scaffold that are closer to the disulfide bond itself and part of the aromatic 

system that includes the disulfide. 

One such possibility is using disulfide portions that contain substitutions on the 

aromatic ring itself. This would eliminate steric hindrance from bulky substituents that 
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might prevent the Schiff-base condensation necessary to produce the prochelator. There 

are several synthetically accessible compounds featuring such substitutions (Figure 5.5). 

For instance Hodgson reported the synthesis of the nitro substituted aromatic disulfide233 

while Brown reported that of the methylated compound234 and Aparoy and coworkers 

synthesized a trifluoromethylated analogue235 (compounds g, h and i respectively, Figure 

5.5) 

 

 

Figure 5.5: Alternative disulfides for synthesis of disulfide-masked prochelators. 

Condensation reactions using these substituted disulfides with thiosemicarbazides 

would result in prochelators that could be studied to determine the effect of aromatic 

substitutions on the scaffold.  

In addition to determining structure activity relationships, the mode of toxicity of 

prochelators is still unclear. In Chapter 3, apoptosis was explored as the possible pathway 

of cell death. In those experiments, cells were always observed to be in the “late apoptosis” 

stage after treatment with compounds (Figure 3.15), indicating plasma membrane damage. 

To determine whether or not this effect is indeed due to progression through apoptosis, a 

time-dependent evaluation of apoptosis is necessary. This, along with investigation of 

concentration-dependent effects would clarify if apoptosis is indeed the pathway of cell 

death. In fact, we have yet to determine if prochelators lead to cell death or simply cell 
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growth arrest. That is, in our antiproliferation studies, we have always assessed the number 

(or percent) of viable cells. A decrease in the number of viable cells (compared to an 

untreated control) could be simply due to a halting of division of cells rather than death of 

the cells. This is an important distinction particularly in the case of malignancy and 

development of therapeutics for malignancy.  

The question remaining is whether or not there is a secondary mechanism of cell 

death (unrelated to iron deprivation) caused by the prochelation system. We observed in 

Chapter 3 that disulfide-masked prochelators result in cell cycle arrest at G0/1 and at G2/M 

(Figure 3.9and Figure 3.10 respectively). G0/1 arrest is typical of iron chelators as they 

sequester iron and interfere with DNA synthesis. The G2/M arrest, however, is indicative 

of interference with mitosis. This should be explored as a possible secondary mechanism, 

particularly because some thiosemicarbazones and iron chelators have been observed to 

affect topoisomerases’ activity.163-164 Topoisomerases are enzymes that are necessary for 

many steps in the cell cycle, and inhibition of Topoisomerase II is known to manifest in 

cell cycle experiments as G2/M accumulation.163-164 It is in fact possible that the secondary 

mechanism of action is caused by the formation of the iron complex. Although the iron 

complexes formed as a result of prochelators’ activation do not redox cycle, the complexes 

themselves show slight antiproliferative effects. Thus, the observed secondary mechanism 

of action could be a result of the iron complex formation. We have yet to explore the effect 

of the purified iron complexes on cell cycle progression or induction of apoptosis, both 

which may be of value even as negative control if they have no effect.  

Exploration of the mechanism of action of these disulfide-masked prochelators is 

particularly important in the process of discovering more potent and selective prochelators. 
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A secondary mechanism of action would guide the design of future prochelators and 

optimize their toxicity and selectivity.  

5.2 Exploring alternative chelator scaffolds to enhance toxicity 

 

Two of the greatest challenges in the disulfide-masked prochelation approach are 

1) the limited aqueous solubility and 2) the limited range of IC50 values accessible towards 

cultured cells. The aqueous solubility can be addressed readily by attaching water-soluble 

moieties to the prochelator scaffold, as we have addressed in Chapter 4 by introducing 

sugar motifs to the scaffold of a prochelator174 (additional strategies are discussed in section 

5.3 below).  

The enhancement of toxicity, however, remains a bigger challenge. Iron chelators 

that result in sub-micromolar or nanomolar IC50 values typically also result in the 

intracellular formation of redox-active metal complexes that induce oxidative stress 

thereby presenting an additional mechanism of cytotoxicity. In our case, the stability of the 

formed iron complexes, and their inability to redox cycle, limits the toxicity that can be 

achieved. To address this problem, we can change the prochelator scaffold such that a redox 

active complex can be generated. For example, thiosemicarbazones that result in redox 

active iron complexes typically contain an N, N, S donor set of atoms, where one of the 

donating atoms is part of a pyridine scaffold like in the case of DpC or DpT (Figure 3.4). 

However, we cannot introduce this apparently crucial pyridine without changing our 

prochelator skeleton. Regardless, we can access scaffolds similar to DpC and DpT while 

maintaining a disulfide mask by placing the disulfide mask elsewhere in the prochelator 

scaffold. This can be achieved by replacing the thiosemicarbazides with imodazoline-2-

thione containing compounds (Scheme 5.2, 1) with subsequent conversions of the thione 
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moiety to the disulfide (Scheme 5.2, 2). In fact, compound 1 has been previously 

synthesized236 and others of the same class are presumably accessible. The oxidation of 

thioureas can be accomplished using trifluoromethylsulfonic anhydride (Triflic anhydride) 

237 which would result in the disulfide of the imodazoline-2-thione (Scheme 5.2, 2). 

 

Scheme 5.2 Synthesis of imidazoline-based disulfides 

Although no literature examples exist that assess the reduction of such compounds 

with thiols such as glutathione or dithiothreitol, literature precedence suggests that these 

dicationic compounds react with nucleophiles to generate thiols.238 Despite the scarcity of 

literature examples that include reduction of these dithiodicarbenium salts, there does not 

seem to be any reason why they could not undergo reduction to form the corresponding 

thiosemicarbazone chelator scaffold (Scheme 5.3, 5). 
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Scheme 5.3: Formation of an N,N,S chelator scaffold upon reduction/activation 

 

Another scaffold that may be of interest in that for desferrithiocin (DFT, Figure 

1.4). This siderophore chelator presents a very attractive scaffold because 1) it is amongst 

the first orally-active iron chelators 2) it is three times more effective than DFO at 

mobilizing iron despite its tridentate binding, and 3) the major drawback for its clinical use 

is the redox activity of its iron complex (see Chapter 1). As such, introducing a masking 

group to the scaffold of DFT would reduce its overall toxicity and may enhance its 

selectivity. One of the chelating moieties on the scaffold of DFT is an aromatic alcohol, 

which can theoretically be replaced by a thiol. Introducing a thiol on the scaffold would 

allow utilization of the disulfide masking strategy. This can be accomplished starting from 

2-cyano-3-chloropyridine, which can be thiolated using sodium thiomethoxide as 

previously reported 239 to produce compound 6 (Scheme 5.4). Protection of the thiol by 

triphenylmethyl group is accomplished by reaction of the thiol with 

triphenylmethylchloride in DMF as previously established for other thiolated substituted 

pyridines (Scheme 5.4, compound 7). The protection of the thiol may be necessary to 

prevent disulfide formation during the condensation reaction with (s)-α-methylcysteine (8, 

Scheme 5.4).) in the presence of base. Procedures for this condensation varies depending 

on the solubility of the starting material and some synthesis require an aqueous base240 
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while others use organic bases241 depending on solubility of the starting materials. 

Following a successful condensation reaction (compound 9, Scheme 5.4), deprotection of 

the thiol can be accomplished using triethylsilane with trifluoroacetic acid (10, Scheme 

5.4). The homodisulfide (11, Scheme 5.4) can then be accessed following an oxidation, 

either in air for several days or using an oxidizing agent such as pyridinium chlorochromate 

(PCC). No literature reports exist for reactions with PCC with all the functionalities present 

in compound. However, no examples suggest that any of the moieties in compound 10 

(with the exception of the thiol) are sensitive to PCC.   

 

 

Scheme 5.4: Synthesis of disulfide protected DFT analogue via thiol protection 

 

Increasing the toxicity disulfide prochelators is crucial for its eventual clinical use. Iron 

chelators that have recently undergone clinical trials typically have IC50 values in cell 

culture than are in the nanomolar range. Introducing a disulfide mask to scaffolds of 
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chelators that are known to result in redox-active complexes is likely to produce more 

potent prodrugs. Thus, this area of study is important for the progress of disulfide-masked 

prochelators as anticancer therapeutics.  

5.3 Alternatives to glycoconjugation for enhancement of aqueous solubility and 

selectivity of disulfide-masked prochelators 

 

In Chapter 4, we explored the effects of glycoconjugation of disulfide-masked 

prochelators. We found that glycoconjugation of disulfide-masked thiosemicarbazone 

prochelators provides a clear advantage in both enhancing solubility and selectivity. As the 

overexpression of glucose receptors is a hallmark of cancer, this provides a method for 

targeting malignancies other than colorectal cancer. In fact, the compounds synthesized in 

this work (GA2TC4, G6TC4, M6TC4 and ATC4) were also evaluated for their 

antiproliferative action in breast adenocarcinoma cell lines MDA-MB-231 and MCF-7 and 

the normal lung fibroblasts MRC5 (Table 5.3). Similar to the trend we observed in the case 

of the colorectal study, we found that the aglycone was the most toxic of all compounds in 

all the investigated cell lines. However, the therapeutic indices (not shown) did not give 

similar trends to those observed in the colon cancer study (Chapter 4).174 We speculate that 

in the case of the colorectal study, we compared malignant and normal tissue from similar 

origins, while in this case we are comparing breast and lung tissues, which could be very  

different in terms of glucose transporter expression. In future studies, we wish to examine 

a normal breast cell line for better comparison of cytotoxicity and therapeutic indices of 

glycoconjugates in breast cancer.  
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 IC50 (µM, 72 h)   
 MCF-7 MDA-MB-231 MRC-5 

GA2TC4 4.3 ± 0.3 6.0 ± 0.7 23.4 ± 1.6 

M6TC4 6.4 ± 0.4 5.5 ± 1.1 20 ± 1 

G6TC4 8.2 ± 0.6 8.1 ± 0.9 17.1 ± 0.8 

ATC4 2.6 ± 0.1 3.8 ± 0.1 8.1±0.3 

Table 5.3 Antiproliferative activity of TC4 conjugates in MDA-MB-231 and MCF-7 breast 

adenocarcinoma and MRC5 (normal lung fibroblasts) cell lines  

IC50 values are obtained from standard MTT assay after 72 h exposure to the tested compounds. Values are 

the average of a triplicate set plus/minus standard deviation.  

 

In addition to sugars, other targeting moieties can be attached to the disulfide-

bearing scaffold to enhance both solubility and selectivity. For instance, folate conjugation 

has been used extensively for selective and targeted delivery of chemotherapeutics.201 Folic 

acid is a vitamin necessary for DNA synthesis and its receptor, the folate receptor (FR), is 

overexpressed in many types of malignant tissue and largely absent in normal tissue.242 For 

this reason, numerous reports of small-molecule drug conjugates of folic acid have been 

reported.201, 243We have devised a synthetic route to access an iron prochelator bearing a 

folate moiety (FA-TC1, Scheme 5.5) The propionic acid linker (1, Scheme 4.2) that we 

employed in the sugar conjugates study, can be coupled to a previously-synthesized 

polyethylene glycol-linked-folic acid derivative (PFA, Scheme 5.5) 244-245 via the free 

amine, and subsequently conduct the disulfide exchange reaction with the thiol chelator to 

produce FA-TC1 (Scheme 5.5).  
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Scheme 5.5 Synthesis of a folate conjugate of disulfide-masked prochelators 

 

In addition to folic acid, other targeting units with high water solubility can be 

employed. For instance, cell-penetrating peptides (CPPs) have been investigated for 

enhancement of drug delivery.246 To date, there are more than 200 CPP sequences from 

various protein and viral origins.247 The function and targeting properties of CPPs varies 

depending on factors such as overall charge, lipophilicity, and size.247 Previous studies 

employing these peptides for targeted delivery have utilized a variety of cleavable and non-

cleavable linkers.247 In our case, employing the propionic acid linker 1 (Scheme 4.2), we 

can couple our thiol-containing chelators via a similar route to that employed in the case 

of folic acid conjugation to achieve a CCP-coupled prochelator (Scheme 5.6). 
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Scheme 5.6: Synthesis of a Cell-Penetrating Peptide conjugated prochelator 

 

Coupling of our prochelators to CPP’s would offer a would offer a way to greatly 

enhance the solubility of prochelators, as well as fine tune selectivity.  
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APPENDIX A. METAL COORDINATION OF SIRTUIN-

INHIBITOR SIRTINOL AND CORRESPONDING 

INTRACELLULAR EFFECTS 
 

Project summary 

 

Sirtuins are NAD+-dependent deacetylases involved in histone modification and 

gene regulation. Sirtuin proteins are avidly studied because of their involvement in aging, 

age related diseases and neurodegenerative disorders. Activators and inhibitors of sirtuins 

provide tools for understanding the roles of such proteins and their potential as therapeutic 

targets for various disease treatments. Sirtinol is among the first group of sirtuin inhibitors 

identified though phenotypic screening and has been used in studies pursuing sirtuins as 

possible therapeutic targets for cancer.  

Structurally, sirtinol contains several metal-binding units similar to those of well-

established chelators. We suspected that sirtinol could coordinate biologically relevant 

metals, a previously unrecognized component of its biological activity. We showed that 

sirtinol binds Fe(II/III) in a 1:1 stoichiometry and high spin Fe(III) complex is stabilized 

under aerobic conditions. We observed the formation of this complex intracellularly by 



184 

 

EPR spectroscopy in whole T-cell Leukemia cells. Using whole-cell EPR, we also 

determined that sirtinol treatment leads to a diminished signal of the tyrosyl radical of 

ribonucleotide reductase (RNR) which is observed for other iron chelators.248 

We later showed that sirtinol can also coordinate Zn(II) and Cu(II) in addition to 

Fe(II/III). Although the Zn(II) complex of sirtinol decomposes over time, we isolated the 

Cu(II) and Fe(III) complexes and tested them in cell culture. We found that the copper and 

iron complexes of sirtinol were more toxic towards cultured cancer cells than sirtinol alone. 

We also found that the iron complex resulted in generation of reactive oxygen species in 

cell culture (Supramol. Chem. 2015). These findings indicate that the biological activity 

profile of sirtinol is complex and metal chelation of this sirtuin inhibitor should be 

considered when using this compound in biological studies.248 

The two articles featuring this work are cited below: 

1) Gautam, R.; Akam, E. A.; Astashkin, A. V.; Loughrey, J. J.; Tomat, E. Sirtuin 

Inhibitor Sirtinol is an Intracellular Iron Chelator. Chem. Commun. 2015, 51, 

5104–5107. 

2) Akam, E. A.; Gautam, R.; Tomat, E. Metal Binding Effects of Sirtuin 

Inhibitor Sirtinol. Supramol. Chem. 2016, 28, 108–116.          
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APPENDIX B. INTRACELLULAR IRON CHELATION 

AFFECTS MACROPHAGE POLARIZATION 
 

Project summary 

Macrophages are cells of the immune system that take part in innate and adaptive 

immunity. Macrophages are generally categorized into two extreme phenotypes, M1 and 

M2 with a spectrum of macrophage subtypes that fall between the extremes. M1- 

polarization promotes inflammation 

and aids in fighting infections while 

M2- polarization of macrophages 

aids in wound-healing and repair. 

M2-like macrophages are particularly 

interesting in the context of cancer as 

tumor-associated macrophages 

(TAMs), a population of 

macrophages that can account for 

50% of tumor mass and aid in tumor 

progression, display the M2 phenotype.249  

In recent years, correlations between macrophage polarization and tissue-iron 

content lead to investigations of the role of macrophages in iron shuttling and cancer.249 

In this work, performed in collaboration with Goethe University in Frankfurt, we 

investigated the effects of intracellular iron chelation on macrophage polarization.250  Our 

collaborators examined the expression of iron regulated genes in primary human 
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macrophages polarized towards the M2 phenotype and found that these macrophages are 

iron-releasing and promote cancer cell growth. Treating these polarized macrophages 

with (TC3-S)2, a disulfide-masked prochelators in our series, results in the reversal of the 

macrophage phenotype. That is, treatment of M2-polarized macrophages with (TC3-S)2 

results in macrophages that are iron-sequestering and that do not promote cancer cell 

growth. This finding is significant as it suggests that intracellular iron chelators can affect 

the tumor microenvironment as well as the cancer cells themselves. These studied could 

aid in development of novel iron chelators that target TAMs as well as further 

understanding of the role of iron in TAM-aided tumor progression.  This work was 

published in PLoS ONE in 2016: 

Mertens C., Akam E. A., Rehwald C., Brune, B.; Tomat, E., and Jung, M. 

Intracellular Iron Chelation Modulates the Macrophage Iron Phenotype with 

Consequences on Tumor Progression. PLoS ONE. 2016, 11, doi: 

10.1371/journal.pone.0166164 
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APPENDIX C. QUENCHING OF FLUORESCENCE BY 

THIOAMIDE MOIETY 
 

The thioamide moiety is not an emissive chromophore but can quench fluorescence 

in a distance-dependent manner. This property and the small nature of the group make it 

ideal in studying protein dynamics as it can be used to replace the amide backbone of amino 

acids without significantly altering the structure of a protein.251 Petersson and coworkers 

demonstrated that the thioamide quencher is minimally perturbing of protein structure and 

can be incorporated into full-sized proteins along with a fluorophore.251-255 They have also 

determined that thioamides quench fluorescence by two distinctive methods: Forster 

resonance energy transfer (FRET) or photoinduced electron transfer (PET), and the type of 

quenching depends on the fluorophore.251 The FRET-based quenching occurs with UV 

emitters such as cyanophenylalanine and PET-based quenching occurs with fluorophores 

emitting in the visible region. PET-based quenching cannot be used for quantitative 

distance measurements, and the use FRET-based quenching is limited in the presence of 

tryptophan or tyrosine residues.  

The thiosemicarbazone moiety present in disulfide-masked prochelators 108 

contains the thioamide portion and we were interested in investigating the effect of this 

group on the emission properties of fluorophores. In particular, we envisioned the initial 

design of systems that would result in turn-on signal as a result of metal binding of the 

thiosemicarbazone scaffold. In such systems, the presence of a thiosemicarbazide would 

reduce the emission of the fluorophore due to the presence of the thioamide quenching unit. 
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The thiosemicarbazone chelators readily bind metals, and we imagined that this might 

restore the quenched emission of the fluorophore (Appendix C Figure 1). 

 

Appendix C Figure 1: Thiosemicarbazones result in quenching of the fluorescence of the probe. Upon 

metal binding of the probe, fluorescence is restored. 

 

For this preliminary study, we chose dichlorofluorescein (DCF), Rhodamine 6G 

(R6G) and calcein to study the extent of quenching of each by thiosemicarbazones. We 

also tested thiosemicarbazide and semicarbazide for comparison. 
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Appendix C Chart 1: Potential quencher molecules tested in this study 

 

Appendix C Figure  2 below shows the influence of the thiosemicarbazide (TSC), 

semicarbazide (SC) as well as the chelator TC3-SH on the fluorescence of 

dichlorofluorescein (DCF) (0.2 µM) in phosphate buffer. In this case, none of the added 

organic compounds had a drastic effect of DCF fluorescence, including addition of the 

thiosemicarbazone chelator TC3-SH. Addition of the iron(III) complex of TC3-SH resulted 

in significant quenching, which is expected due to the presence of paramagnetic iron center. 
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Appendix C Figure  2: Fluorescence of dichlorofluorescein upon addition of various compounds 

Measured fluorescence (ex 485 nm, em 528 nm) of dichlorofluorescein (0.2 µM) in phosphate buffer (100 

mM, pH 7.00) and with the addition of indicated compounds. Stock solutions of compounds were made in 

DMSO final concentration of DMSO was 6.6% v/v. 

 

The case for calcein (Appendix C Figure  3) was similar as that for DCF. Addition 

of TC3-SH did not result in quenching of fluorescence, while the iron complex resulted in 

almost complete quenching. It should be noted here that the fluorescence significantly 

increases upon addition of TC3-SH. This is likely due to formation of aggregates or 

colloidal particles, as TC3-SH is not very soluble in aqueous media. This hypothesis was, 

however, not confirmed, as this study was completed in a 96-well plate, and no precipitate 

was observed.  

For Rhodamine 6G (Appendix C Figure  3, green bars), we observed that neither 

thiosemicarbazide (TCS), nor semicarbazide (SC) at either 5 or 15 mM result in quenching 

of R6G fluorescence. Addition of TC3-SH shows a concentration-dependent reduction in 
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the fluorescence of R6G. Addition of the iron complex of TC3-SH also results in significant 

decrease of fluorescence f R6G. These results encouraged us to further examine the effects 

of thiosemicarbazides, semicarbazides and thiosemicarbazones on the fluorescence of 

R6G.  

 

 

Appendix C Figure  3: Fluorescence of Rhodamine 6G and calcein upon addition of various compounds  

Measured fluorescence (ex 485 nm, em 528 nm) of calcein and Rhodamine 6G (0.2 µM) in phosphate 

buffer (100 mM, pH 7.00) with and without the addition of indicated compounds. Stock solutions of 

compounds were made in DMSO final concentration of DMSO was 6.6% v/v. 

 

In a similar experiment, we verified the effects of the aforementioned organic 

compounds on the fluorescence of R6G, and compared their effects on 2-NBDG, a 

fluorescent glucose analogue that, unlike the fluorescein-based dyes, is based on 

nitrobenzoxadiazole. In this case, the fluorescent probes were used at a 25-fold higher 

concentration due to the lower fluorescence (5 µM compared to 0.2 µM in the previous 

study). We observed that semicarbazide does not affect the fluorescence of either R6G or 
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2-NBDG (Appendix C Figure  4). Thiosemicarbazide (TSC) resulted in a 20% and 30% 

decrease of fluorescence for R2G and 2-NBDG respectively when added at 100 µM. 

Quenching of fluorescence due to TC3-SH was in extent very similar to that caused by 

TSC for both fluorophores (Appendix C Figure  4).  

 

 

Appendix C Figure  4: Fluorescence of 2-NBDG and Rhodamine 6G upon addition of chelators and arsenic 

Measured fluorescence (ex 485 nm, em 528 nm) of Rhodamine 6G and 2-NBDG (5 µM) in phosphate 

buffer (100 mM, pH 7.00) with and without the addition of indicated compounds. Stock solutions of 

compounds were made in DMSO final concentration of DMSO was 50% v/v. 

 

We wished to examine the effects of quenchers under conditions similar to those 

reported in the literature 256, where concentrations of the probes are in the low micromolar 

range (0.2-2 µM) while the quenchers are at millimolar (>10 mM) concentrations. We were 

limited severely by the aqueous solubility of the thiosemicarbazone compounds, which 

under aqueous conditions saturate the solution at concentrations <100 µM. To remedy this, 
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we developed a series of compounds bearing a sulfonic acid moiety, which enhances 

aqueous solubility (Appendix C Chart 1Error! Reference source not found.). In these s

ets of experiments, we obtained the full fluorescence spectra of the described solutions 

instead of using a plate reader and 96-well plates, and confirmed the absence of any 

precipitation in all cases below.  

For calcein, as observed previously (Appendix C Figure  3) the sulfonyl 

thiosemicarbazide (STSC) resulted in decrease of fluorescence (40%, Appendix C Figure  

5) while the thiosemicarbazone TC14-SH did not quench the fluorescence of calcein. The 

fact that the thiosemicarbazone chelator TC14-SH did not affect the fluorescence of calcein 

rendered calcein a poor choice of fluorophore for our investigations. Thus, we turned out 

attention to other fluorophores for the remainder of the study. 

 

Appendix C Figure  5: Emission spectra of calcein with the addition of chelator 

Calcein (0.2 µM, ex 485 nm) in phosphate buffer (100 mM, pH 7.00) with and without the addition of 

indicated compounds. Stock solutions of compounds were made in DMSO final concentration of DMSO 

was 0.1 % v/v. 
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For dichlorofluorescein (DCF), addition of STSC (up to 15 mM) resulted in no 

observable decrease in the fluorescence. However, addition of TC14-SH at 15 mM resulted 

in a 40% quenching of DCF fluorescence (Appendix C Figure  6). The study we followed 

for these experiments256 did not examine the effect of thioacetamide (thioamide quencher) 

on DCF fluorescence, and we therefore cannot compare our results directly. However, the 

authors did report that thioacetamide quenches fluorescence of 5-carboxyfluorescein by 

40% when added at 50 mM 256 Although these two dyes are not directly comparable, we 

can state that TC14-SH can achieve approximately the same extent of quenching (40%) 

using one third of the concentration of quencher. Interestingly, addition of ZnII at 15 mM 

to a solution containing DCF and 15 mM TC14-SH results in partial restoration of the 

fluorescence from 40% to 73% (Appendix C Figure  6). The influence of TC14-OH was 

greater than that of TC14-SH, with a 60% reduction of fluorescence at 15 mM TC14-OH.   
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Appendix C Figure  6: Emission spectra of DCF with the edition of various chelators 

DCF (0.2 µM, ex 485 nm) in phosphate buffer (100 mM, pH 7.00) with and without the addition of 

indicated compounds. Stock solutions of compounds were made in DMSO final concentration of DMSO 

was 0.1 % v/v. 

In the case of Rhodamine 6G, we observed a 25% reduction of the fluorescence 

upon addition of the sulfonyl thiosemicarbazide (STSC) at 15 mM (75,000-fold excess), as 

shown in Appendix C Figure  7. The quenching of the fluorescence of Rhodamine 6G was 

much more significant upon addition of the thiol thiosemicarbazone chelator TC14-SH, 

with 84% reduction in signal at only 5 mM of TC14-SH. The fluorescence was almost 

completely quenched (reduced by 92%) at 15 mM.  The disulfide (TC14-S)2 at 15 mM is 

a less effective quencher and decreases the fluorescence to 84% (same as 5 mM of TC14-

SH). The quenching effect of TC14-SH is more significant than that reported for 

thioacetamide under the same conditions, which results in only a 10% decrease in 

fluorescence at 50 mM.256 Addition of ZnII (up to 3 equivalents) to a solution containing 

R6G and TC14-SH does not result is restoration of fluorescence. Addition of the chelator 

-0.01

0.04

0.09

0.14

0.19

0.24

0.29

0.34

0.39

500 520 540 560 580 600

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)

DCF

TC14-SH 5 mM

TC14-SH 10 mM

TC14-SH 15 mM

TC14-SH 15 mM + Zn

(TC14-S)2 15 mM

TC14-OH



196 

 

TC14-OH results in almost complete quenching of the fluorescence at 15 mM (98%) and 

seems most effective in the series.  

 

 

Appendix C Figure  7: Emission spectra of Rhodamine 6G with the addition of various chelators 

Rhodamine 6G (0.2 µM, ex 528 nm) in phosphate buffer (100 mM, pH 7.00) with and without the addition 

of indicated compounds. Stock solutions of compounds were made in DMSO final concentration of DMSO 

was 0.1 % v/v. 

 

Since we saw such promising results with Rhodamine 6G, and effective quenching 

at low concentrations of TC14-SH and TC14-OH, we repeated this study using lower 

concentrations of quenchers (10, 100 or 1000 µM instead of 10 and 15 mM) and a 10-fold 

higher concentration of R6G (2 µM).  As negative controls (compounds that do not cause 

significant quenching) we used Zn(II), sulfanillic acid (SA) and sulfanillic 

thiosemicarbazide (STSC). None of these compounds caused a significant decrease in 

fluorescence of R6G as shown in Appendix C Figure  8.  
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Appendix C Figure  8: Effect of addition of indicated compounds on the fluorescence of Rhodamine 6G. 

 Fluorescence values are recorded at 554 nm (excitation 528 nm) and normalized to that of R6G (2 µM). 

Solutions were prepared in phosphate buffer (100 mM, pH 7.00) and compounds were added at the 

indicated concentrations from stock solutions prepared in DMSO, where the final concentration of DMSO 

in all samples was 0.1 % v/v. 

 

In the case of the thiosemicarbazone quenchers (TC14-S)2, TC14-SH, TC14-OH 

and PTC14, the disulfide (TC14-S)2 proved to be the most effective quencher, reducing 

R6G fluorescence by 40% at only 10 µM. The decrease in fluorescence proved to be 

dependent on the concentration of (TC14-S)2, which completely quenches fluorescence 

(within error) at 1 mM (Appendix C Figure  9). This decrease is significantly improved 

over that for thioacetamide, which is reported to decrease fluorescence of R6G by only 

15% when added to solution at 50 mM concentration.256  
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Appendix C Figure  9: Effect of addition of indicated compounds on the fluorescence of Rhodamine 6G.  

Fluorescence values are recorded at 554 nm (excitation 528 nm) and normalized to that of R6G (2 µM). 

Solutions were prepared in phosphate buffer (100 mM, pH 7.00) and compounds were added at the 

indicated concentrations from stock solutions prepared in DMSO, where the final concentration of DMSO 

in all samples was 0.1 % v/v. 

 

At 10 µM, none of the chelators showed any significant effect (within error) on the 

fluorescence of R6G (Appendix C Figure  9). At 100 µM, TC14-SH was the only one of 

the three chelators that resulted in a significant decrease (by 20%) of fluorescence of R6G.  

The effect of the chelators is more evident at 1 mM concentrations, where TC14-SH 

reduced fluorescence by 80%, TC14-OH by 72% and PTC14 by 36% (Appendix C Figure  

9). These results indicate that of the three thiosemicarbazone chelators tested, TC14-SH is 

the most potent quencher of fluorescence of R6G. Although the corresponding disulfide 

(TC14-S)2 is the most effective as a quencher of all the compounds tested, this could be an 

effective concentration issue: because the disulfide contains two thiosemicarbazone 

moieties, its superior potency compared to TC14-SH could be an effect of increasing the 

number of quencher units per molecule. We have, however, not completed direct 
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comparisons to test this. Interestingly, addition of Zn(II) to solutions containing R6G and 

the above chelators (at 100 µM) did not result in restoration of fluorescence (Appendix C 

Figure  10), even at 10-fold excess of Zn(II). In fact, it appears that the Zn(II) complexes 

of these chelators are better quenchers of the fluorescence of R6G than the free chelators. 

This effect is not due to the presence of Zn(II) alone, as it does not significantly affect the 

fluorescence at any concentration tested (Appendix C Figure 10). 

 

 

 

Appendix C Figure  10: Effect of addition of Zn(II) at the indicated concentrations on the fluorescence of 

Rhodamine 6G in the presence of the indicated chelators at 100 µM.  

Fluorescence values are recorded at 554 nm (excitation 528 nm) and normalized to that of R6G (2 µM). 

Solutions were prepared in phosphate buffer (100 mM, pH 7.00) and compounds were added at the 

indicated concentrations from stock solutions prepared in DMSO, where the final concentration of DMSO 

in all samples was 0.2 % v/v. 

 

Conclusions and Future Directions: 

In this work, we present examples of thiosemicarbazone chelators that are capable 

of quenching fluorescence of compounds in the green range of the visible spectrum. We 
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initially used TC3-SH and its derivatives to investigate the quenching of DCF, R6G and 

calcein. With the use of a plate reader, we found that DCF and calcein were not greatly 

affected by addition of TC3-SH, while R6G was the most affected fluorophore. We were 

severely limited in this study by the solubility of the compounds we tested, and this may 

have likely affected the obtained results. Due to the lack of aqueous solubility of TC3-SH 

and its analogues, we were also unable to study these compounds at the concentrations 

studied in literature.256 To remedy this, we synthesized a series of sulfonyl-decorated 

analogues which were much more soluble in aqueous media. 

Of the fluorophores we tested, we found that the sulfonyl compounds affected the 

fluorescence of R6G to the greatest extent. For DCF, the greatest degree of quenching 

resulted from addition of TC14-OH (15 mM) reducing fluorescence by 60%. This effect is 

magnified in R6G, where TC14-OH and TC14-SH result in greater than 80% quenching at 

concentrations as low as 1 mM. The pyridyl thiosemicarbazone PTC14 proved to be a 

poorest quencher of R6G fluorescence with 70% reduction of emission at 554 nm. 

Nonetheless, all these compounds were much more potent at quenching fluorescence that 

the reported thioacetamide. We were not able to restore fluorescence in any of these cases 

by addition of metals (Fe(II), Zn(II)). In some cases, the apparent zinc complexes formed 

in situ resulted in an even greater decrease in the fluorescence of the fluorophore. 

We have not observed this effect in fluorophores emitting in the UV-region. It 

would be interesting to examine if both FRET and PET quenching is possible for 

thiosemicarbazone class of quenchers as it is for thioacetamide. It would also be interesting 

to test other UV-Vis emitting fluorophores to see the extent and range of quenching.  

Although addition of metals to the chelator quenchers does not restore fluorescence, we 
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could potentially use these chelators as turn-on fluorescent sensors to investigate enzyme 

kinetics, uptake kinetics of substrates, and intracellular distribution of substrates.  

Experimental: 

Materials and Instruments 

All fluorophores and starting materials used in synthesis were purchased from 

commercial sources and used as received.  NMR spectra were recorded on Bruker AVIII 

400 MHz and Bruker DRX-500 MHz NMR spectrometers. Chemical shifts are reported in 

parts per million (ppm, δ) with residual solvent peaks and/or TMS peak set as reference. 

Proton coupling patterns were described as singlet (s), doublet (d), triplet (t), quartet (q), 

multiplet (m), and broad (br). Fluorescence measurements were conducted on a Thermo 

Spectronic Aminco Bowman Series 2 Luminescence Spectrometer. Absorption and 

fluorescence assays in 96-well plates were recorded on a BioTek SynergyTM 2 microplate 

reader at the indicated wavelengths. 

Synthesis: 

(TC14-S)2 : The thiosemicarbazide was synthesized according to literature 

procedures.257 The prochelator was then synthesized by a condensation reaction as reported 

for other disulfide prochelators of the same type.108 Briefly, in a round-bottomed flask 1,1'-

(disulfanediylbis(2,1-phenylene))diethanone (137 mg, 0.49 mmol) was placed in absolute 

ethanol (10 mL) along with the corresponding thiosemicarbazide STSC (300 mg, 1.08 

mmol) dissolved in nanopure water (0.3 mL) and the reaction mixture was refluxed for 3 

hours. The resulting precipitate was isolated by vacuum filtration and washed with ethanol. 

The precipitate was dried under high vacuum (302 mg, 82% yield). 1H NMR (499 MHz, 

DMSO-d6) δ 12.03 (s, 1H), 10.12 (s, 1H), 8.71 (s, 1H), 8.31 (d, J = 7.0 Hz, 1H), 7.67 – 
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7.49 (m, 5H), 7.41 (dd, J = 6.5, 3.0 Hz, 2H). 

 

TC14-SH : The reduction of the prochelator to the thiol chelator was carried out 

according to literature procedures.108 (quantitative yield). 1H NMR (499 MHz, DMSO-d6) 

δ 11.88 (s, 1H), 9.89 (s, 1H), 8.45 (s, 1H), 8.09 (dd, J = 7.8, 1.6 Hz, 1H), 7.59 – 7.39 (m, 

3H), 7.23 (dtd, J = 34.6, 7.5, 1.4 Hz, 2H), 7.01 – 6.84 (m, 2H), 5.65 (s, 1H). 
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TC14-OH: Salicylaldehyde (125 mg, 1.03 mmoles) was dissolved in ethanol (2 

mL) and added to a solution of STSC (426 mg, 1.54 mmoles) in nanopure water (1 mL). 

The combined solutions were brought to reflux under argon and reaction progress was 

checked by TLC. After 30 min of reflux, the resulting precipitate was isolated, washed with 

ethanol and dried under vacuum (311 mg, 81.4% yield).  

PTC14: 2-pyridine carboxaldehyde (25.8 mg, 0.24 mmoles) was dissolved in 

ethanol (2 mL) and added to a solution of STSC (100 mg, 0.36 mmoles) in nanopure water 

(0.5 mL). The combined solutions were brought to reflux under argon and reaction progress 

was checked by TLC. After 1 hour of reflux, contents were removed from heat and stirred 

at room temperature for 2 hours. The resulting precipitate was isolated, washed with 

ethanol and dried under vacuum (75 mg, 88.4% yield). 1H NMR (499 MHz, DMSO-d6) δ 

12.05 (s, 1H), 10.28 (s, 1H), 8.59 (d, J = 4.1 Hz, 1H), 8.46 (d, J = 8.0 Hz, 1H), 8.20 (s, 1H), 

7.92 – 7.81 (m, 1H), 7.64 – 7.45 (m, 6H), 7.40 (ddd, J = 7.5, 4.9, 1.2 Hz, 1H). 
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APPENDIX D.  SYNTHESIS OF ARSENIC THIOLATES 

FOR STUDIES ON ARSENIC TOXICOLOGY AND 

SEQUESTRATION 
 

Arsenic is known to causes a variety of human cancers including skin, bladder and 

lung tumors. The World Health Organization’s (WHO) International Agency for Research 

on Cancer (IARC) classifies arsenic as a Group I carcinogen, a compound known/proven 

to cause cancer in humans. It is estimated that 160 million people worldwide are exposed 

to drinking water contaminated with arsenic at levels higher than 10 ppb, exceeding 

guidelines of the WHO. Contamination of drinking water occurs through leaching of 

arsenic from minerals as water soluble AsV and AsIII. Aqueous AsV is structurally similar 

to phosphate and enters cells through sodium/phosphate cotransporter type IIb.258 Aqueous 

AsIII is neutral in water as As(OH)3 and enters cells through passive diffusion.259  Once 

arsenic enters mammalian cells, it is methylated and resulting in di or mono methylated 

toxic forms with various oxidation states of arsenic as monomethylarsonic acid (MMAV), 

monomethylarsonous acid (MMAIII), dimethylarsinic acid (DMAV) and dimethylarsinous 

acid (DMAIII).260  

It is generally accepted that the pathway for methylation involves enzymatic 

reduction of pentavalent arsenic species followed by oxidative methylation.261 New 

evidence suggests that AsIII species undergo reductive methylation when bound to 

glutathione.261 Controversy surrounds the role of methylation in clearance and toxicity of 

arsenic. Methylation of arsenic species is generally regarded as a way to aid in 

detoxification process, but in vitro studies have shown that MMAIII and DMAIII are more 

potent toxins than inorganic AsIII.262-263 Additionally, new pathways of reduction of arsenic 

have been proposed to occur through formation of arsenic-glutathione (GSH) species 
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which are considered to be necessary for promoting arsenic methylation.260 However, 

glutathione and thiol-containing compounds were demonstrated to rescue cells from the 

toxic effects of arsenic264 and apoptosis induced by As2O3 was inversely proportional to 

intracellular GSH concentrations.265 These controversial effects clearly warrant further 

investigation in the toxicity profile of arsenic and its thiolates. 

The goal of this project is to synthesize As(III) thiolates and study their toxicology 

through a collaboration with the University of Arizona Environmental Health Sciences 

center. In addition, we wish to assess the ability of thiol-rich thiosemicarbazone chelators 

to bind and scavenge As(III) and its thiolate complexes in biologically-relevant setting. 

Based on Hard/Soft Lewis Acid/Base theory (HSAB, see Chapter 1) our thiosemicarbazone 

chelators would be ideal for binding arsenic. This would be an additional application of 

our versatile scaffolds. 
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Appendix Figure 1: As(III) compounds synthesized in this study 

 

Five analogues of AsIII with biologically relevant thiols- glutathione (GSH), 

cysteine (Cys) and N-acetyl cysteine (NAC)- were synthesized in this study using As2O3 

and methydiiodoarsine (MMAIII) as As(III) sources.  

 Synthesis of AsIII
 species bound to three thiolates can be readily achieved from 

As2O3, which under basic or acidic conditions hydrolyzes to form As(OH)3. This 

compound can be readily coordinated to thiols in water. Here, we used nanopure oxygen 

free water to complete coordination and avoid formation of disulfides. Syntheses of 

As(SR)3, (SR= thiolate) in literature procedures use sodium arsenite as a starting 

material.266 Here, we chose to use arsenic trioxide since it is the most stable species of AsIII 

and can be used as a precursor for other arsenic compounds. Using this procedure, the 
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triglutathione conjugate of arsenite (1) is isolated as a white solid in 48% yield. The 1H 

NMR spectrum of this compound is compared to GSH and GSSG in Appendix Figure 2 

below. The β CH2 protons of the cysteine residue of GSH at 2.98 ppm show the most drastic 

shift when coordinated to AsIII, with an expected downfield shift to 3.35 ppm as 

demonstrated in previous work.266 The spectrum of the resulting product does not contain 

any oxidized side product (GSSG) and a very small amount (<1%) of GSH. 

 

Appendix Figure 2:1H NMR spectra of AsIII(GS)3 in D2O compared to spectra of GSH and GSSG. 

 

Using a similar procedure, the tri-N-Acetylcysteine conjugate of arsenite (2) is 

prepared as a white solid in 76% yield. In this case, As2O3 is dissolved in aqueous solution 

of NaOH instead of HCl. The product is moderately soluble in organic solvents (methanol, 

ethanol) and precipitation of As(NAC)3 (2) requires dissolving the crude mixture in 
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methanol and precipitating the product from dichloromethane. The 1H NMR spectrum of 

this compound is compared to that of N-acetyl cysteine in Appendix Figure 3. The β-CH2 

protons of the cysteine residue of NAC at 2.87 ppm show the most drastic shift when 

coordinated to AsIII, with an expected downfield shift to 3.25 ppm. In contrast, the chemical 

shifts of the α-CH and that of the acetyl CH3 change only slightly upon coordination to 

AsIII (Appendix Figure 3). 

 

Appendix Figure 3: 1H NMR spectra of AsIII(NAC)3 in D2O compared to spectra of NAC in D2O 

The tri-cysteinyl conjugate of AsIII (As(Cys)3, 3) is prepared from addition of an 

aqueous solution of cysteine to a basic, aqueous solution of As2O3. Unlike the other tri-

coordinated AsIII
 products, As(Cys)3 precipitates readily from the basic aqueous solution in 

a 38% yield. Analysis of the compound by NMR required acidification of D2O to pD 1 

using DCl. The 1H NMR spectrum of this compound is compared to that cysteine and 
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cystine (oxidized cysteine) under the same conditions in. As is the case with 1 and 2 

(Appendix Figure 2 and Appendix Figure 3) the β CH2 protons of the cysteine residue of 

cysteine at 3.05 ppm show the most drastic shift when coordinated to AsIII, with an 

expected downfield shift to 3.35 ppm. The α-CH proton shows a slight shift from 4.20 ppm 

(free cysteine) to 4.31(AsIII complex). 

 

Appendix Figure 4: 1H NMR spectra of AsIII(Cys)3 in D2O at pD=1 compared to spectra of Cysteine and 

Cystine under the same conditions. 

The synthesis of the analogous monomethyl arsonate (MMAIII) compounds proved 

to be more difficult than that of the non-methylated analogues. Mono-methylated arsenic 

derivatives are commercially available with disodium methyl arsonate hexahydrate 

(MMAV disodium salt) being the most stable of the analogues. This compound has been 

used in previous work to synthesize the reduced and thiol coordinated products of 

MMAIII.266-268 Starting from MMAV requires use of excess thiol (GSH, cysteine) in order 
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to reduce the AsV center, followed by coordination of the third and fourth equivalence of 

thiol. The resulting product is then precipitated from the aqueous solution using ethanol. 

In our hands, a significant amount of the oxidized thiol also precipitates, and the resulting 

mixture is difficult to separate. We chose then to chemically reduce MMAV to MMAIII 

using SO2 gas and commence coordination beginning with the MMAIII species.  

Disodium methyl arsonate hexahydrate can be reduced to MMAIII oxide (CH3AsO) 

using SO2 gas (generated from sodium metabisulfite and dilute HCl) with reflux followed 

by extraction with hot toluene as previously reported in literature.269 In our hands, this 

procedure resulted in extremely poor yields (< 20%). Nevertheless, coordination of 

MMAIII oxide with GSH resulted in products with far fewer amounts of GSSG impurity. 

However, due to the poor yields for the synthesis of CH3AsO, we chose to pursue a more 

fruitful route by synthesizing methylarsonous diiodide as the MMAIII source. Following 

literature procedures,270 MMAIII diiodide (4) was synthesized similarly to MMAIII oxide, 

followed by addition of sodium iodide to precipitate the product as a yellow/orange oil that 

crystalized spontaneously upon cooling. Precipitating MMAIII diiodide resulted in greatly 

improved yields (>50%). This product was then used for the synthesis of thiolate bound 

MMAIII. 

Due to the sensitivity of MMAIII diiodide to oxidation, synthesis of CH3AsIII(SG)2 

(5) was carried out under air-free conditions and the solvent (nanopure water) was degassed 

using three freeze-pump-thaw cycles. Addition of two equivalents of GSH to an 

equivalence of MMAIII diiodide, followed by precipitation of the product by addition of 

ethanol yielded 5 in 19% yield. The 1H NMR spectrum of 5 compared to GSH and GSSG 

is shown in Appendix Figure 5. As with other products, the β-CH2 protons of the cysteine 
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residue of GSH at 2.86 ppm show the most drastic shift when coordinated to AsIII, with a 

downfield shift to a multiple at 3.15 ppm. Additionally, a singlet is observed at 1.62 ppm 

arising from the methyl directly bound to the arsenic center.  

 

 

Appendix Figure 5: 1H NMR spectra of CH3AsIII(GS)3 in D2O compared to spectra of GSH and GSSG 

under the same conditions. 

In a similar procedure to those above, the synthesis of CH3AsIII(Cys)2 (6) was 

carried out under air free conditions. Addition of two equivalents of cysteine to one 

equivalence of MMAIII diiodide resulted in the precipitation of 6 in 38% yield. Unlike the 

tri-cysteinyl product 3, the precipitation of the 6 occurred slowly over the period of 12 

hours. The 1H NMR spectrum of 6 compared to reduced and oxidized cysteine is shown in 

Appendix Figure 6. 
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Appendix Figure 6: 1H NMR spectra of CH3AsIII(Cys)3 in D2O compared to spectra of cysteine and cystine 

under the same conditions 

 

We attempted the synthesis of the N-acetylcysteine adduct of MMAIII
 using similar 

procedures to those described above. However, the NAC derivative of MMAIII proved to 

be very soluble in aqueous and organic solvents (methanol, ethanol, dichloromethane) and 

efforts to precipitate this compound were not successful thus far. Formation of the product 

can, however, be inferred due to appearance of resonances in the 1H NMR spectrum of the 

reaction mixture that do not match those for NAC.  

In this work, we successfully synthesized five arsenic-thiol conjugates using either 

aqueous As(OH)3 or diiodomethyl arsenite as As(III) sources. The synthesis of the tri-

thiolated As(III) compounds was fairly facile, achieved by combining As2O3 (dissolved in 

basic or acidic water) and three equivalents of the thiol. Purification is achieved by 

precipitation of the product from the aqueous solution by addition of methyl or ethyl 

alcohol. For the MMA conjugates, we found that starting with MMAV
 (from sodium methyl 
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arsonate hexahydrate) resulted in formation of disulfide side-products that were difficult to 

remove via conventional methods. The synthesis of MMAIII analogues was realized using 

diiodomethyl arsenite as a source of AsIII and addition of two equivalents of thiol. The 

desired products can also be achieved starting from MMAIII
 oxide. However, the synthesis 

of MMAIII
 oxide was achieved in poor yields, while MMAIII

 diiodide was more easily 

synthesized in higher yields. Purification of products using this synthetic method is 

completed using precipitation by addition of ethanol as described above. The N-acetyl 

cysteine (NAC) adduct of MMAIII proved to be very soluble in organic solvents (alcohols, 

dichloromethane etc.), and we have not been able to purify it by precipitation.  

This study offers new methods for synthesis and isolation of As(III) thiolates. There 

are several literature examples for in-situ synthesis of arsenic thiolates, but of the series 

investigated in this work, only the glutathione adducts have been isolated.266, 271 In future 

studies, these compounds will be used to study the pharmacological effects of As(III) and 

the importance of thiols in the toxicity of biological arsenic. In addition, we wish to study 

the ability of thiolated thiosemicarbazone chelators to bind and sequester the arsenic center 

from these compounds or in the presence or absence of other thiols. These investigations 

will be part of an upcoming study. 

Experimental: 

Materials and Instruments 

Disodium methyl arsonate hexahydrate (MMAV disodium salt, CAS 144-21-8) 

and As2O3 (CAS 1327-53-3) were purchased from Fisher and used without further 

purifications. All other materials were purchased from commercial sources and used as 

received.  NMR spectra were recorded on Bruker AVIII 400 MHz and Bruker DRX-500 
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MHz NMR spectrometers. Chemical shifts are reported in parts per million (ppm, δ) with 

residual solvent peaks and/or TMS peak set as reference. Proton coupling patterns were 

described as singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), and broad (br).  

 

Arsino-glutathione [AsIII(SG)3, 1] Arsenic trioxide (100 mg, 0.50 mmol) was 

dissolved in aqueous degassed 2M HCl (1 mL) and combined with a solution of 

glutathione (420 mg, 1.36 mmol) in degassed nanopure water (1mL). The reaction was 

allowed to stir for 18 hours under argon. The solution was filtered through a cotton plug 

to remove any undissolved material, then methanol (10 mL) was added to precipitate the 

product. The resulting white powder was filtered and washed with methanol (3x6 mL). 

The powder was then dried under high vacuum for 8 hours (216 mg, 48% yield) and 

analyzed by 1H NMR and 13C NMR. NMR analysis was conducted in D2O with 

Trimethylsilyl propionate (TSP) as an internal reference set to 0.00 ppm. 1H NMR (499 

MHz, D2O) δ 4.72 (dd, J = 7.8, 5.1 Hz, 1H), 3.92 (s, 2H), 3.81 (t, J = 6.3 Hz, 1H), 3.41 – 

3.36 (m, 1H), 3.24 (dd, J = 14.2, 7.9 Hz, 1H), 2.66 – 2.50 (m, 2H), 2.18 (q, J = 7.5 Hz, 

2H). 13C NMR (126 MHz, D2O) δ 174.80, 174.60, 173.88, 171.75, 54.66, 54.09, 42.45, 

33.24, 31.54, 26.24. 
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Arsenio-N-acetylcysteine [AsIII(NAC)3, 2] Arsenic trioxide (50 mg, 0.25 mmol) 

was dissolved in degassed aqueous 2M NaOH (0.3 mL) and combined with a solution of 

N-acetyl cysteine (NAC) (228 mg, 1.36 mmol) in degassed nanopure water (1 mL). The 

reaction was allowed to stir for 4 hours under argon. The solution was filtered through a 
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cotton plug to remove any undissolved material, and the solvent was removed by rotary 

evaporation. The resulting residue was dissolved in methanol (1mL), filtered through a 

cotton plug, and the product was precipitated by addition of dichloromethane (7 mL). The 

resulting white precipitates was washed with dichloromethane (3 x 5 mL) and dried 

overnight under vacuum resulting in a white powder (200 mg, 76% yield). NMR analysis 

was conducted in D2O with Trimethylsilyl propionate (TSP) as an internal reference set 

to 0.00 ppm. 1H NMR (499 MHz, D2O) δ 4.51 (dd, J = 7.0, 4.3 Hz, 1H), 3.33 – 3.25 (m, 

1H), 3.18 (ddd, J = 14.1, 7.1, 1.1 Hz, 1H), 1.98 (s, 3H). 13C NMR (126 MHz, D2O) δ 

174.45, 173.85, 54.83, 33.50, 22.06. 
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Arsino-tricysteine [AsIII(Cys)3, 3] Arsenic trioxide (50 mg, 0.25 mmol) was 

dissolved in degassed aqueous 2M NaOH (0.3 mL) and added slowly to a solution of 

cysteine (170 mg, 1.4 mmol) in degassed nanopure water (1 mL). Upon addition, a 

precipitate immediately began to form. The reaction was allowed to stir for 2 hours under 

argon. The precipitate was filtered and then washed with nanopure water and dried under 

vacuum (77 mg, 38% yield). This precipitate was insoluble in water or dimethyl 

sulfoxide.  To obtain an NMR spectrum of this precipitate, D2O was acidified to pD 1 

using a DCl solution, and the precipitate readily dissolved in this solution. To purify this 

solid, it was redissolved in water with the addition of acid, and then precipitated from 

methanol. NMR analysis shows a small amount of an impurity (10%) attributed to 
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cysteine or its sodium salt. 1H NMR (499 MHz, Deuterium Oxide) δ 4.30 (t, J = 5.1 Hz, 

1H), 3.36 (d, J = 4.7 Hz, 2H).  

 

Di(glutamylcysteinylglycinyl)methylthioarsinite [CH3AsIII(SG)2 , 5]: MMAIII 

iodide was synthesized from monomethyl arsenic acid disodium salt according to 

literature procedures and isolated as yellow crystalline needles.270 Methylarsonous 

diiodide (143 mg, 0.416 mmol) was combined as a solid with glutathione reduced (233 

mg, 0.758 mmol) and purged with argon gas. Nanopure water (deaerated by 3 freeze-

pump-thaw cycles, 1 mL) was added to the solids and the mixture was allowed to stir for 

12 hours. The solvent was removed under reduced pressure and dissolved in a minimal 

amount of nanopure water (~0.3 mL) and the product was precipitated by addition of 

ethanol (6 mL). The resulting white powder was filtered and washed with ethanol (3x6 

mL). The powder was then dried under high vacuum for 8 hours (50 mg, 19 % yield) and 

analyzed by 1H NMR and 13C NMR. NMR analysis was conducted in D2O with the 

residual water (HOD) peak set at 4.8 ppm. 1H NMR (499 MHz, Deuterium Oxide) δ 4.72 
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– 4.64 (m, 2H), 4.03 (d, J = 2.0 Hz, 4H), 3.96 – 3.88 (m, 2H), 3.32 (ddd, J = 19.1, 14.1, 

5.2 Hz, 2H), 3.19 (ddd, J = 28.4, 14.1, 7.9 Hz, 2H), 2.58 (qd, J = 7.5, 5.1 Hz, 4H), 2.26 – 

2.16 (m, 4H), 1.72 (s, 3H). 13C NMR (126 MHz, D2O) δ 174.50, 173.10, 173.01, 172.20, 

54.74 53.37, 41.32, 32.53, 31.21, 25.92, 14.88. 
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Di-(cysteinyl) methylthioarsinite [CH3AsIII(Cys)2, 6] Methylarsonous diiodide 

(173 mg, 0.5mmol) was combined as a solid with cysteine (110mg, 0.91 mmol) and 

purged with argon gas.  Nanopure water (deaerated by 3 freeze-pump-thaw cycles, 0.7 

mL) was added to the solids and the mixture was allowed to stir for 12 hours. The 

resulting white precipitate was filtered and washed with ethanol (3x3 mL) then dried 

under vacuum overnight (75 mg, 38 % yield). NMR analysis was conducted in D2O with 

the residual water (HOD) peak set at 4.7 ppm. 1H NMR (499 MHz, Deuterium Oxide) δ 

4.13 (td, J = 5.0, 2.2 Hz, 2H), 3.43 – 3.30 (m, 4H), 1.69 (s, 3H). 13C NMR (126 MHz, 

D2O) δ 171.34, 54.58, 31.52, 15.50. 
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APPENDIX E.  PERMISSIONS 

 
Some data-containing figures in this dissertation have also been included in 

publications. Reuse of these figures in this dissertation is in compliance with the rights 

granted by the journal or is completed after permission was granted by the journal. 

 

Taylor and Francis permissions: 

 

 ACS publications permissions: 
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From the Royal Society of Chemistry website: 
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APPENDIX F.  SPECTRAL CHARACTERIZATION OF 

COMPOUNDS 
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