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ABSTRACT 

Hypoxia-selective antitumor prodrugs utilize the unique feature of most tumors – 

hypoxia (low oxygen concentration), for therapeutic purpose and are widely studied in 

preclinical and clinical stages.   

Tirapazamine (TPZ, 3-amino-1,2,4-benzotriazine-1,4-di-N-oxide) is a hypoxia-

selective cytotoxin that has been examined in Phase II and III clinical trials. The 

mechanism of DNA strand cleavage by TPZ and its analogs is still unknown. We 

described two isotopic labeling studies followed by MS analysis to explain the DNA 

strand cleavage of TPZs. One is to use desamino TPZ (1,2,4-benzotriazine 1,4-di-N-

oxide) to provided evidence against the generation of benzotriazinyl radical 

intermediates. The other one is to use 18O-labeled TPZ and DMSO-diazonium salt 

derivatization to provide direct evidence for the generation of hydroxyl radical. 

At least two conditions are required for successful clinical application of hypoxia-

selective prodrugs: i. target tumors must be hypoxic and ii. appropriate enzymes involved 

in bioactivation of the drug must be expressed in the tissue. In this regard, it will be 

necessary to develop diagnostic probes to assess the expression of these enzymes.  Here 

we described tirapazamine analogs as pro-fluorescent substrates of enzymes that catalyze 

the bioreductive activation of hypoxia-selective prodrugs. That is, the reduced 

metabolites generated by one-electron enzymatic activation of these compounds under 

hypoxic condition are fluorescent, while the parent compounds are non-fluorescent.  Our 

results could facilitate the development of useful fluorescent probes in detecting one 

electron reductases involved in bioactivation of hypoxia-selective antitumor prodrugs. 
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Chapter 1. Introduction 

1.1 The occurrence of tumor hypoxia 

The fact that tumor tissues are hypoxic (low oxygen concentration) was early 

suggested by Mottram in 1936 and Thomlinson and Gray in 1955, based upon the 

observation that many tumor cells are far away from capillaries. 1,2 Tumors are hypoxic 

because they have poor vascularization, which means the development of new blood 

vessels cannot catch up with the rapid tumor growth. 

In 1990s, tumor cell hypoxia can be directly measured. 4 In normal oxygenated 

cells, the cellular O2 concentration is about 20 - 90 µM (2-9 % saturated with O2). The O2 

concentration is 1000 µM when water was saturated with pure O2 (100%), and 210 µM 

when water was saturated with air (21%). In contrast, the cellular O2 concentration is 0.2-

20 µM in hypoxic cells. 5 There are two types of hypoxia. One is termed as “chronic” or 

“diffusion limited” hypoxia, which occurs when the tumor cells are away from the blood 

vessels and deficient in oxygen diffusion. 6 Another type occurs when the blood vessels 

are temporarily or permanently shut down, thus is called “acute” or “perfusion limited” 

hypoxia. 7 

Hypoxia can occur in vascular disease, pulmonary disease and cancer. In addition, 

some normal human tissues are also hypoxic: cartilage, germinal epithelium of the testis, 

retinal tissue, bone marrow, and liver. 8,9 

 

1.2 The therapeutic importance of tumor hypoxia 

Hypoxia is of medical importance because it adds challenges to cancer therapy. 

Although hypoxia can induce apoptosis and is toxic for both tumors and normal tissues, 
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tumor cells can survive and grow in hypoxic conditions via up-regulations including 

hypoxia inducible factors (HIFs) regulation pathways. 8 It has been demonstrated that 

hypoxia in tumors correlates with the promotion to more malignant tumor phenotypes 10, 

increase in mutation rates 11, tumor invasion 12, development to a more metastatic 

phenotype of human cancers 13,14, and a poor clinical prognosis 15. In addition, hypoxia is 

associated with the resistance to radiotherapy and chemotherapy. Radiotherapy often 

requires oxygen as radiosensitizer to combine with radicals generated in cells to destroy 

target cells 16. Tumor cells in hypoxic areas were found to be 2 to 3 times more resistant 

to radiation treatment than tumors in normoxic regions 17. Similarly, hypoxia is correlated 

with chemoresistance for various reasons, including the decreased drug diffusion and 

delivery to hypoxic cells via blood flow 18, the altered pH gradient 19, and the 

upregulation of genes involved in drug resistance, including genes encoding p-

glycoprotein multidrug resistance protein 1 (MDR1) 20,21, etc. 

The characteristic occurrence of hypoxia in tumor tissues and its medical 

consequences highlights hypoxia as a high priority drug target, eliciting interest in the 

development of hypoxia-selective antitumor prodrugs to kill hypoxic tumor cells 9,22-24, as 

well as developing diagnostic probes for the detection of hypoxia and drug-related 

bioreductive enzymes 25-28. 

 

1.3. Hypoxia-selective antitumor prodrug 

Tumor hypoxia was often viewed as a therapeutic disadvantage. However, 

hypoxia-selective antitumor prodrugs (also called bioreductive prodrugs) was designed 

and developed to utilize hypoxia as a therapeutic gain. The most recent review literature 

was in 2011 by Wilson and Hay. 23 Therefore, comprehensive review of hypoxia-
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selective antitumor prodrugs was not necessary. Instead, some important aspects and 

examples of hypoxia-selective cytotoxins related to the work in this thesis was addressed. 

 

1.3.1. Quinones 

The idea of hypoxia-selective antitumor prodrugs was inspired by mitomycin C in 

1972. 29 Mitomycin C was found in 1960s as a bifunctional alkylating agent that can 

cause DNA crosslinks. 30,31 It is proposed that mitomycin C can be selectively reduced in 

hypoxic conditions by two steps of one-electron reduction, which the first step can be 

oxygen sensitive. However, it is proven that mitomycin C actually undergoes oxygen 

insensitive two-electron reduction, which outcompetes the oxygen sensitive one-electron 

reduction process. Some quinones that are good substrates of a one-electron reductase but 

poor substrates of two-electron reductase can act as hypoxia selective prodrugs. 32 

 

Scheme 1.1. The two-electron reduction of mitomycin C yields a bifunctional alkylating 

agent. 
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1.3.2. Nitroaryl compounds 

Nitroaryl compounds also have the potential to design hypoxia-selective antitumor 

prodrugs because they can undergo a series of one-electron enzymatic reductions under 

hypoxic conditions utilizing ubiquitously expressed reductive enzymes in cells 33. 

Nitroaryls can accept up to six electrons allowing this sequential reduction to produce the 

intermediate aromatic nitroso compounds, aromatic hydroxylamines, or the final reduced 

form, aromatic amines. (Scheme 1.2) This conversion increases the electron density of 

the molecule (Hammett σp value: -NO2, 0.78; -NO, 0.91; -NHOH, -0.34; -NH2, -0.66), by 

which the electron deficient nitro group is reduced to the electron rich functional groups 

such as hydroxylamino or amino group. 34 In addition, the oxygen sensitive step is the 

first reduction step, in which the nitro radical anion can be readily oxidized back to the 

parent nitro compound by O2 in aerobic condition. 35   

 

 

Scheme 1.2. The hypoxia-selective one-electron reduction of nitroaryl compounds. 

 

Among many nitroaryl compounds that have been tested extensively in pre-

clinical and clinical trials as hypoxia-selective antitumor prodrugs, most efforts were put 

on TH-302 and PR-104. TH-302 (also known as evofosfamide) is developed by 
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Threshold Pharmaceuticals. It is a 2-nitroimidazole mustard prodrug which can be 

selectively activated by NADPH:cytochrome P450 reductase under hypoxic conditions to 

unmask the cytotoxin isophosphoramide mustard (Br-IPM) (Scheme 1.3) 36-38. It has been 

tested both as alone and in combination with other chemotherapy drugs and the two 

Phase III trials failed in December 2015, due to the lack of efficacy 39-42. PR-104 is 

designed by University of Auckland and has been evaluated phase I and II clinical trials 

by Proacta, Inc. It is a 3,5-dinitrobenzamide mustard pre-prodrug which can be 

dephosphorylated in cells to generate the prodrug PR-104A, and further activated to 

better DNA alkylating agents PR-104H and PR-104M due to the increase of the electron 

density at the mustard nitrogen atom (Scheme 1.4) 43-47. 

 

 

 

Scheme 1.3. The hypoxia-selective activation of TH-302. 
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Scheme 1.4. The hypoxia-selective activation of PR-104. 

 

1.3.3. N-oxides 

Besides quinones and nitroaryls, aromatic and aliphatic N-oxides are also an 

important class of hypoxia-selective antitumor prodrugs. 24 Among them, tirapazamine 

(TPZ) is probably one of the best studied prodrug. Tirpazamine showed its potential 

clinical use in 1986 48 and has been tested in Phase III trials. 49-52 It selectively kills 

hypoxic tumor cells. In normal tissue, oxygen can oxidize the one-electron reduced 

radical anion back to its parent drug. And in hypoxic tissues, the radical anion has a 

longer lifetime to undergo further reduction so that radicals can be generated to damage 

cellular DNA (Scheme 1.5). 53-57 Although tirapazamine failed Phase III trials due to the 

lack of efficacy, its analog SN30000/CEN-209 (Scheme 1.6) with better pharmacokinetic 

properties is advancing toward the clinical trials. 58-60 
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Scheme 1.5. The hypoxia-selective activation of TPZ. 

 

 

 

Scheme 1.6. Chemical structure of SN30000/CEN-209. 

 

 

1.3.4. Metal complexes 

In addition, metal complexes have also been explored as hypoxia-selective 

prodrugs, which relies on the difference in stability in two different oxidation states of 

metal ions to release the active cytotoxins in hypoxia. As shown in Scheme 1.7, cobalt 

(III) can be selectively reduced to less ligand affinity state cobalt (II) and release the drug 

ligand. 61 But till now, none of them has been tested in clinical trials. 62-65 

 

Scheme 1.7. Co(III) complex as hypoxia-selective prodrugs (Scheme reproduced from 

Chen, Y.; et al. 24). 
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1.4. Probes for the detection of hypoxia and drug-related reductive 

enzymes 

Efforts have been devoted to the development of hypoxia selective antitumor 

prodrugs for more than 30 years, but there is no drug approved on market so far. At least 

two conditions are required for successful clinical application of hypoxia-selective 

prodrugs: i. target tumor must be hypoxic and ii. appropriate reductive enzymes involved 

in activation of the drug must be expressed in the target tissue. Therefore, along with 

drug development, diagnostic tools to detect the distribution of hypoxic regions in tumor 

tissue and/or to detect the bioreductive enzymes required for the activation of prodrugs 

were also developed, to match the drug to the patients. 25,66,67 

 

1.4.1. Reductase involved in bioactivation of hypoxia-selective prodrugs 

The reductases required for the transformation of hypoxia-selective prodrugs are 

ubiquitously expressed in human cells, and they are mostly one-electron reductases, such 

as NADPH:cytochrome P450 reductase (CYPOR) 68, xanthine oxidase (XO) 69, aldehyde 

oxidase 70, NADH-dependent cytochrome b5 reductase 3 (CYB5R3) 71, methionine 

synthase reductase (MTRR) 46, nitric oxide synthase (NOS) 72 and thioredoxin reductase 

73. Some of the drugs can be metabolized by two-electron reductases, (e.g. DT-diaphorase 

74), but they often can be metabolized in aerobic conditions, thus losing the hypoxia 

selectivity. 

 

 

 



9 

1.4.2. Approaches for the evaluation of tumor hypoxia 

Existing methods for the detection of tumor hypoxia includes invasive probe-

based methods, such as the Eppendorf oxygen electrode 75 and optical needle probe 

OxyLite 76, and image-based methods 25,66, including MRI (magnetic resonance imaging), 

PET (positron emission tomography), SPECT (single photon emission computed 

tomography), and fluorescent imaging, etc. 

Invasive probe-based methods were developed in the 1990s, but they suffer from 

some disadvantages because CT or ultrasound is often required to operate and the probes 

can invade and damage the tissues. 77 

Among imaging-based methods, PET imaging and SPECT imaging are widely 

used in preclinical and clinical applications with some well-known probes (Scheme 1.8), 

like the 2-nitroimidazole PET probes 18F-fluoromisonidazole (18F-FMISO) 78,79 and 2-(2-

nitro-1H-imidazol-1-yl)-N-(2,3,3,3-[18F]-pentafluoropropyl)-acetamide (18F-EF5) 80, as 

well as the SPECT probe [99mTc]-HL91 81,82.   

 

 

Scheme 1.8. Examples of PET and SPECT probes used in preclinical and clinical studies 

for the detection of hypoxia. 
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1.4.3. Fluorescent probes for the detection of hypoxia and drug-related 

bioreductive enzymes 

Compared to the techniques described above, fluorescent based probes have both 

advantages and disadvantages. The advantages include non-invasiveness, reduced cost, 

and no ionizing radiation exposure for the the patients. However, this technique is limited 

by the capability of visible light to penetrate tissues and the cell autofluorescence 

interference from biological molecules such as flavins and NADPH 83. Although this 

technique has not been applied in clinical studies in human, it still plays an important role 

in evaluating tumor hypoxia and bioreductive enzymes in biopsies level 27. The most 

recent review for bioreductive fluorescent probes to detect hypoxia and reductase was in 

2016, so there is no need for a comprehensive review, only important aspects were 

discussed below. 25 

As described in section 1.2, nitroaryls can be selectively reduced via one-electron 

reductase under hypoxic conditions. Therefore, two approaches can be used to develop 

fluorescent probes based on these bioreduction reactions to detect the presence of 

hypoxia and reductive enzymes. One involves in the alteration of fluorescence properties 

or retention of fluorescence via reduction, and another one relies on the release of a 

fluorescent reporter upon reduction. 

Numerous nitroaryl based fluorescent probes were developed for hypoxia and 

reductive enzymes both both in vitro and in vivo. Examples are shown in Scheme 1.9 and 

Scheme 1.10. 84-88 
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Scheme 1.9. Examples of nitroaryl probes based on the alteration of fluorescence 

properties. 

 

 

Scheme 1.10. Examples of nitroaryl probes based on the release of fluorescent reporters. 

 

Our group developed that non-fluorescent 6-nitroquinoline (6-NQ) can be 

converted into fluorescence molecules with reductive enzymes under hypoxic conditions. 

In NADPH/CYPOR enzyme system, an unexpected fluorescent helicene (Helicene 4, 

Scheme 1.11) was formed with emission wavelength at 445 nm, while fluorescent 6-

aminoquinoline (6-AQ, emission maximum at 530 nm) was generated under 

xanthine/xanthine oxidase enzyme system. 89,90 
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Scheme 1.11. The in vitro enzymatic metabolism of non-fluorescent 6-NQ yields 

fluorescent molecules. 

 

Notably, some nitroaryls are designed as near-infrared (NIR) fluorescent probes 

to efficiently penetrate into target tissues and distinguish from cell autofluorescence with 

the excitation and emission wavelengths in near-infrared (NIR) range (650-900 nm) 

(Scheme 1.12) 91,92. They are not “off-on” fluorescent probes, which means they are 

fluorescent in the nitro form, while conversion to amino form helps the retention of the 

probes in target cells due to the selective binding effect of 2-aminoimidazole. 79 

In addition to nitroaryl based fluorescent probes, there are also other structures 

involved in this field, e.g. the indolequinone based 93,94, naththalimide N-oxide based 95 

and the azo based fluorescent probes 96-101. Some other methods, such as transition metal 

phosphorescent probe PtCPK 102 and fluorescein-labeled avidin-biotin system on Fe3O4 

nanoparticles 103, were also developed as the probes to detect hypoxia and drug-related 

bioreductive enzymes.  
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Scheme 1.12. Near infrared fluorescent probes based on selective retention in cells. 
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Chapter 2: Mechanistic study of DNA strand cleavage by 1,2,4-

benzotriazine-1,4-di-N-oxide  

2.1. Introduction 

 1,2,4-benzotriazine-1,4-di-N-oxides are an important class of hypoxia-selective 

antitumor agents, which exploit the unique feature of most tumor cells.1 Tirapazamine 

(1a, 3-amino-1,2,4-benzotriazine-1,4-di-N-oxide, TPZ) is the lead compounds of this type 

that has been examined in Phase II and III clinical trials,2-6 and the new analog SN 

30000/CEN-209 (4, Scheme 2.1) is advancing toward clinical development.7,8 

 

Scheme 2.1. The structure of tirapazamine and SN 30000/CEN-209. 

  

The mechanism of DNA strand cleavage by TPZ has been studied extensively. 

Tirapazamine and its analogs can be reduced by ubiquitously expressed one-electron 

reductases to generate an oxygen-sensitive drug radical intermediate (2).9-12 In normoxic 

condition, 2 is readily oxidized back to its parent drug 1; while in hypoxic conditions, the 

life time of radical 2 is extended and it can be further reduced to generate a stable 

inactive mono-N-oxide 3, as well as a highly reactive radical that damage cellular DNA 

by abstraction of hydrogen atoms from the 2’-deoxyribose phosphate backbone.13-16 

However, the exact nature of DNA-damaging species in this bioreductively-

activated, hypoxia-selective metabolism is still unknown. There are two mechanisms 
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proposed in current literature to explain the DNA strand cleavage by tirapazamine and its 

analogs. First, evidence has been shown that the generation of hydroxyl radical (•OH) by 

N-OH homolysis of the radical intermediate 2 is account for the DNA damaging 

properties.15,17-21 Second, another mechanistic proposal involves the generation of a 

benzotriazinyl radical 5a by a dehydration step of the radical intermediate 2 (Scheme 

1).22-26 

 

Scheme 2.2. Bioreductively-activated, hypoxia-selective metabolism of tirapazamine and 

its analogs. 

 

Isotopic labeling experiments have the potential to distinguish between the above 

two proposed mechanisms. For tirapazamine analog 1,2,4-benzotriazine-1,4-di-N-oxide 

(1b), the dehydration mechanism would generate an aryl radical intermediate 5b while 

the N-OH homolysis mechanism produces •OH.27,28 If the hypoxic metabolism is 

provided with only a deuterium-atom donor source, it is expected to abstract D• and yield 

a deuterated drug metabolite 3c by the dehydration mechanism, whereas the N-OH 

homolysis mechanism will generate non-deuterated metabolite 3b. We considered 1b was 

a good model for mechanistic study because this compound displayed comparable 

hypoxia-selective cytotoxicity to that of tirapazamine. 15,29  

In this chapter, we performed DNA damaging assays of 1b and conducted the 

isotopic labeling studies utilizing biochemical assays and LC-MS/MS. We found that 1b 
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displays hypoxia-selective DNA-strand-cleaving properties analogous to the lead 

compound tirapazamine. The results of two complementary isotopic labeling studies 

provided evidence against the generation of drug radicals such as 5b following the 

hypoxic reduction of 1b with one-electron reductase, leaving •OH as the only viable 

alternative. 

Scheme 2.3. Isotopic labeling experiments to elucidate the mechanism of DNA strand 

cleavage by 1b. 
 

2.2. Bioreductively-activated, hypoxia-selective DNA strand cleavage by 

compound 1b 

We synthesized 1b by the treatment of 1a with t-butyl nitrite in DMF as well as 

the deuterated analog 1c in DMF-d7.
30 We prepared the mono-N-oxide metabolite 3b via 

the reaction on 3a.15  In addition, the second expected no-oxide metabolite 6 was 

prepared by treatment of 3b with sodium dithionite in ethanol-water.31  

A plasmid-based agarose gel electrophoresis assay was employed to measure the 

DNA strand cleavage by 1b. In this assay, an intact supercoiled plasmid substrate (form 

I) can be damaged to the nicked circular form II by oxidative DNA strand cleavage, 

which can be separated and visualized by staining with ethidium bromide.32-35 

Recombinant human NADPH:cytochrome P450 reductase was used to catalyze the one-
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electron reduction of 1b because this or a related enzyme is considers to be responsible 

for the intracellular activation of 1,2,4-benzotriazine 1,4-di-N-oxides.36-38 For reactions 

carried out under hypoxic conditions, molecular oxygen was removed from stock 

solutions by freeze-pump-thaw degassing with argon and each component of the assay 

was mixed and incubated in an inert atmosphere glove bag. Catalase, superoxide 

dismutase, and desferal were added to prevent potential background strand cleavage 

resulting from the conversion of adventitious molecular oxygen to reactive oxygen 

species.15 

We found that 1b caused substantial DNA strand cleavage with NADPH/ 

NADPH:cytochrome P450 reductase under hypoxic conditions. The DNA strand 

cleavage is comparable to that of 1a (Figure 2.1 and Figure 2.2). Control experiments 

showed that 1b alone, NADPH/Cytochrome P450 reductase system, 1b incubated with 

NADPH alone or the enzyme alone did not cause significant amount of DNA damage. In 

addition, we found that the DNA strand cleavage by the hypoxic metabolism of 1a and 

1b is higher in the presence of D2O/CD3OD than that in H2O/CH3OH (Figure 2.1 & 2.3 

and Figure 2.2 & 2.4). Of vital importance, the addition of 500 mM CH3OH or CD3OD 

significantly inhibit the DNA strand cleavage, which is consistent with the generation of 

radicals by bioreductively-activated, hypoxia-selective metabolism of 1a and 1b (Figure 

2.2 and Figure 2.4).39 Further controls showed that 1b incubated with 

NADPH/cytochrome P450 reductase in aerobic conditions did not cause DNA strand 

cleavage. The two major metabolites 3b and 7, were not responsible for the DNA strand 

cleavage in hypoxic metabolism of 1b, either alone or with NADPH/cytochrome P450 

reductase enzyme system in hypoxic condition. (Figure 2.5) 
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Figure 2.1. Cleavage of supercoiled plasmid DNA by TPZ (1a, 50-100 µM) in the 

presence of NADPH:cytochrome P450 reductase in phosphate-buffered H2O/CH3OH. On 

the agarose gel, supercoiled (form I), nicked (form II) and/or linear (form III) DNA are 

shown. All reactions contained DNA (33 ng/mL, pGL-2 Basic), sodium phosphate buffer 

(50 mM, pH 7.0), acetonitrile (3.3% v/v), catalase (100 µg/ mL), superoxide dismutase 

(10 µg/mL), and desferal (1 mM) and were incubated under anaerobic conditions at 25 °C 

for 4 h, followed by agarose gel electrophoretic analysis. lane 1, DNA only (S = 0.13 ± 

0.01); lane 2, DNA + catalase + desferol + SOD (S = 0.34 ± 0.02); lane 3, DNA + 

catalase + desferol + SOD + methanol (S = 0.33 ± 0.03); lane 4, DNA + catalase + 

desferal + SOD + cytochrome P450 reductase + NADPH (but no 1a) (S = 0.61 ± 0.04); 

lane 5, DNA + catalase + desferal + SOD + NADPH and 50 M 1a (no enzyme) (S = 

0.59 ± 0.05); lane 6, DNA + catalase + desferal + SOD + cytochrome P450 reductase + 

NADPH and 50 M 1a (S = 0.79 ± 0.05); lane 7, same as lane 6, except containing 

methanol (500 mM) (S = 0.59 ± 0.03); lane 8, DNA + catalase + desferal + SOD + 

cytochrome P450 reductase + NADPH and 100 M 1a (S = 0.76 ± 0.06); lane 9, same as 

lane 8, except containing methanol (500 mM) (S = 0.57 ± 0.02). The results are averaged 

by three gels. The value S represents the mean number of strand breaks per plasmid 

molecule and is calculated using the equation S = –ln fI, where fI is the fraction of 

plasmid present as form I. 
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Figure 2.2. Cleavage of supercoiled plasmid DNA by desamino TPZ (1b, 50-100 µM) in 

the presence of NADPH:cytochrome P450 reductase as an activating system in 

phosphate-buffered H2O/CH3OH. On the agarose gel, supercoiled (form I), nicked (form 

II) and/or linear (form III) DNA are shown. All reactions contained DNA (33 ng/mL, 

pGL-2 Basic), sodium phosphate buffer (50 mM, pH 7.0), acetonitrile (3.3% v/v), 

catalase (100 µg/ mL), superoxide dismutase (10 µg/mL), and desferal (1 mM) and were 

incubated under anaerobic conditions at 25 °C for 4 h, followed by agarose gel 

electrophoretic analysis. lane 1, DNA only (S = 0.09 ± 0.04); lane 2, DNA + catalase + 

desferol + SOD (S = 0.31 ± 0.01); lane 3, DNA + catalase + desferol + SOD + methanol 

(S = 0.38 ± 0.03); lane 4, DNA + catalase + desferal + SOD + cytochrome P450 

reductase + NADPH (but no 1b) (S = 0.44 ± 0.03); lane 5, DNA + catalase + desferal + 

SOD + NADPH and 50 M 1b (no enzyme) (S = 0.48 ± 0.04); lane 6, DNA + catalase + 

desferal + SOD + cytochrome P450 reductase + NADPH and 50 M 1b (S = 1.33 ± 

0.06); lane 7, same as lane 6, except containing methanol (500 mM) (S = 0.57 ± 0.03); 

lane 8, DNA + catalase + desferal + SOD + cytochrome P450 reductase + NADPH and 

100 M 1b (>99% strand cleavage, S > 4.61); lane 9, same as lane 8, except containing 

methanol (500 mM) (S = 0.64 ± 0.06). The results are averaged by three gels. The value 

S represents the mean number of strand breaks per plasmid molecule and is calculated 

using the equation S = –ln fI, where fI is the fraction of plasmid present as form I. 
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Figure 2.3. Cleavage of supercoiled plasmid DNA by TPZ (1a, 50-100 µM) in the 

presence of NADPH:cytochrome P450 reductase as an activating system phosphate-

buffered D2O/CD3OD. On the agarose gel, supercoiled (form I), nicked (form II) and/or 

linear (form III) DNA are shown. All reactions contained DNA (33 ng/mL, pGL-2 

Basic), sodium phosphate buffer (in D2O, 50 mM, pD 7.4), acetonitrile (3.3% v/v), 

catalase (100 µg/ mL), superoxide dismutase (10 µg/mL), and desferal (1 mM) and were 

incubated under anaerobic conditions at 25 °C for 4 h, followed by agarose gel 

electrophoretic analysis. lane 1, DNA only (S = 0.15 ± 0.03); lane 2, DNA + catalase + 

desferol + SOD (S = 0.45 ± 0.07); lane 3, DNA + catalase + desferol + SOD + methanol-

d4 (S = 0.46 ± 0.08); lane 4, DNA + catalase + desferal + SOD + cytochrome P450 

reductase + NADPH (but no 1a) (S = 0.48 ± 0.06); lane 5, DNA + catalase + desferal + 

SOD + NADPH and 50 M 1a (no enzyme) (S = 0.33 ± 0.09); lane 6, DNA + catalase + 

desferal + SOD + cytochrome P450 reductase + NADPH and 50 M 1a (S = 1.27 ± 

0.06); lane 7, same as lane 6, except containing methanol-d4 (500 mM) (S = 0.53 ± 0.01); 

lane 8, DNA + catalase + desferal + SOD + cytochrome P450 reductase + NADPH and 

100 M 1a (S = 1.46 ± 0.16); lane 9, same as lane 8, except containing methanol-d4 (500 

mM) (S = 0.44 ± 0.04). The results reflect the average of three experiments. The value S 

represents the mean number of strand breaks per plasmid molecule and is calculated 

using the equation S = –ln fI, where fI is the fraction of plasmid present as form I. 
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Figure 2.4. Gel and bar graph showing cleavage of supercoiled plasmid DNA by 

desamino TPZ (1b, 50-100 M) in the presence of the NADPH:cytochrome P450 

reductase enzyme system in phosphate-buffered D2O/CD3OD. Uncut, supercoiled (form 

I) and nicked (form II) and/or linear (form III) DNA are labeled on the gel image.  Unless 

otherwise mentioned, all reactions contained DNA (33 g/mL, pGL-2 Basic), sodium 

phosphate buffered-D2O (50 mM, employing the same buffer ratio as that used for 

preparation of a pH 7.0 buffer in H2O), acetonitrile (3.3% v/v), catalase (100 g/ mL), 

superoxide dismutase (10 g/mL), and desferal (1 mM) and were incubated under 

anaerobic conditions at 25 °C for 4 h, followed by agarose gel electrophoretic analysis. In 

reactions containing enzyme the concentration was (33 mU/mL) and in the reactions 

containing NADPH the concentration was 500 M.  Lane 1, DNA alone (S = 0.08 ± 

0.01); lane 2, DNA + catalase + desferal + SOD (S = 0.46 ± 0.02); lane 3, same as lane 2 

except with 500 mM methanol-d4 (S = 0.45 ± 0.01); lane 4, DNA + catalase + desferal + 

SOD + cytochrome P450 reductase + NADPH (but no 1b) (S = 0.39 ± 0.07); lane 5, 

DNA + catalase + desferal + SOD + NADPH and 50 M 1b (no enzyme) (S = 0.45 ± 

0.05); lane 6, DNA + catalase + desferal + SOD + cytochrome P450 reductase + NADPH 

and 50 M 1b (S = 2.33 ± 0.26); lane 7, same as lane 6, except containing methanol-d4 

(500 mM) (S = 0.61 ± 0.01); lane 8, DNA + catalase + desferal + SOD + cytochrome 

P450 reductase + NADPH and 100 M 1b (>99% strand cleavage, S > 4.61); lane 9, 

same as lane 8, except containing methanol-d4 (500 mM) (S = 0.99 ± 0.04). The results 

reflect the average of three experiments. The value S represents the mean number of 

strand breaks per plasmid molecule and is calculated using the equation S = –ln fI, where 

fI is the fraction of plasmid present as form I. 



37 

 

 
 

Figure 2.5. Control reactions relevant to DNA strand cleavage by 1b. Unless otherwise 

noted, all reactions contained DNA (33 g/mL, pGL-2 Basic), 1b (50 M), sodium 

phosphate buffer (in H2O, 50 mM, pH 7.0), acetonitrile (3.3% v/v), catalase (100 g/ 

mL), superoxide dismutase (10 g/mL), and desferal (1 mM) and were incubated under 

anaerobic conditions at 25 °C for 4 h, followed by analysis using agarose gel 

electrophoresis. In reactions containing enzyme, the concentration was (33 mU/mL) and 

in the reactions containing NADPH the concentration was 500 M. Lane 1, DNA only (S 

= 0.19 ± 0.07); lane 2, DNA + cytochrome P450 reductase + NADPH aerobic (S = 0.15 ± 

0.06); lane 3, DNA + cytochrome P450 reductase (S = 0.19 ± 0.02); lane 4, DNA + 1b 

alone (S = 0.18 ± 0.03); lane 5, DNA + 1b + cytochrome P450 reductase + NADPH 

aerobic (S = 0.18 ± 0.03); lane 6, DNA + 1b + cytochrome P450 reductase (S = 0.21 ± 

0.01); lane 7, DNA + 1b + NADPH aerobic (S = 0.28 ± 0.02); lane 8, DNA + 1c alone (S 

= 0.40 ± 0.05); lane 9, DNA + 1c + cytochrome P450 reductase + NADPH aerobic (S = 

0.33 ± 0.06); lane 10, DNA + 1a alone (S = 0.19 ± 0.01); lane 11, DNA + 1a + 

cytochrome P450 reductase + NADPH aerobic (S = 0.23 ± 0.08) ; lane 12, DNA + 3b 

alone (S = 0.10 ± 0.04); lane 13, DNA + 7 alone (S = 0.13 ± 0.05); lane 14, DNA + 3b + 

cytochrome P450 reductase + NADPH (S = 0.53 ± 0.07); lane 15, DNA + 6 + 

cytochrome P450 reductase + NADPH (S = 0.37 ± 0.02); lane 16, DNA + 3b + 6 + 

cytochrome P450 reductase + NADPH (S = 0.56 ± 0.06); lane 17, DNA + 1b + 6 + 

cytochrome P450 reductase + NADPH (S = 1.33 ± 0.06).  The results are the average of 

three or more experiments. The value S represents the mean number of strand breaks per 

plasmid molecule and is calculated using the equation S = –ln fI, where fI is the fraction 

of plasmid present as form I. 
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2.3. In vitro bioreductive metabolism of 1b 

We characterized the metabolites by LC-MS/MS generated from in vitro 

bioreductive metabolism of 1b under hypoxic conditions with NADPH/Cytochrome P450 

reductase in the presence of methanol/methanol-d4. As expected from the hypoxic 

metabolism of 1a, 1b was reduced into several metabolites. Combine with m/z by 

MS/MS analysis (Table 2.1), the 1,4-di-N-oxide 1b eluted at 6.5 min with the m/z of 

molecular ion 164. The major metabolite 3b was eluted at 18.8 min with [M + H]+ m/z = 

148, and the minor product 6 was eluted at 17.7 min with [M + H]+ m/z = 132. (Figure 

2.6) The minor peaks eluted at 14.6 min in methanol and 14.4 min in methanol-d4 were 

tentatively assigned to the structures 7a and 7b, based on their m/z of 178 and 180 by 

several possible pathways including addition of methanol-derived radical •CH2OH or 

•CD2OD followed by solvent exchange. (Figure 2.6 & 2.7)40 

 

Figure 2.6. Reverse-phase HPLC chromatogram (UV 240 nm) of the products generated 

by in vitro hypoxic metabolism of 1b in buffered H2O/CH3OH.  
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Figure 2.7. Reverse-phase HPLC chromatogram (UV 240 nm) of the products generated 

by in vitro hypoxic metabolism of 1b in buffered D2O/CD3OD. 

 

Table 2.1.  LC-MS/MS properties of the mixture generated by in vitro metabolism of 1b 

under hypoxic conditions in the presence of CH3OH. 

Metabolites Retention time [M+H]+ MS/MS fragments 

1b 6.5 164 147, 137, 119, 93, 92, 65 

6 17.7 132 105, 77 

3b 18.8 148 120, 93, 92, 65 

7a 14.6 178 160, 132, 120, 104, 93, 92, 77, 65 

 

The fragmentation patterns were tentatively assigned in Scheme 2.4 according to 

MS/MS analysis. For example, 7a can undergo a dehydration step to generate m/z = 160. 

The structure of m/z = 132 could be the mass of [6+H]+. The structure of m/z = 120 can 

be produced by a C-N bond dissociation followed by the loss of NO and protonation from 

3b, which was suggested by Yin, et al.21 The structure of m/z = 104 could be the loss of 

NH3 and protonation by m/z = 120. The structure of m/z = 93 and 92 could be the loss of 

•CH2 followed by protonation. And m/z = 77 and 65 was the mass fragmentation of a 

benzyl radical cation. In addition, the structures of m/z = 119 and 137 were also assigned. 



40 

 

Scheme 2.4. Tentative fragmentation patterns of the hypoxic metabolism of 1b. 

 

 

Figure 2.8. MS/MS spectra of the metabolite 7 generated (A) in the presence of methanol 

(7a) and (B) in the presence of methanol-d4 (7b). 
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2.4. In vitro bioreductive metabolism of 1b in phosphate-buffered D2O-

methanol-d4 

The experiments above set the foundation for the potential of isotopic labeling 

experiments to determine whether the benzotrizinyl radical 5b was generated during the 

hypoxic metabolism of 1b. On one hand, the DNA strand cleavage and hypoxic 

metabolism of 1b resembled that of 1a, which reasoned the expansion of the dehydration 

mechanism. On the other hand, DNA strand cleavage of 1b was inhibited with methanol 

and methanol-d4, which indicated that the DNA-damaging radical intermediate indeed 

react with methanol-d4. In the presence of methanol-d4, the metabolite would incorporate 

the deuterium from the solvent to generate the deuterated metabolite 3c if the mechanism 

is the release of the benzotrizinyl radical, while the non-deuterated metabolite 3b was 

expected if the mechanism involves the generation of •OH. 

Therefore, 1b was incubated in hypoxic conditions with NADPH/cytochrome 

P450 reductase enzyme systems in phosphate-buffered D2O with addition of 500 mM 

methanol-d4 and the proteins were removed by filtration through Amicon Microcon 

(YM3) filters, followed by LC-MS analysis of the mono-N-oxide metabolite (3). LC-MS 

analysis showed the isotopic cluster ratio for the molecular ion (m/z = 148:149:150) is 

100:8.2:0.6 in deuterium donor solvent D2O/CD3OD, which is corresponding to the 

natural abundance of 2H and 13C of the mono-N-oxide formula C7H5N3O (isotopic cluster 

ratio is 100:7.9:0.5 at m/z = 148:149:150) (Figure 2.9). This data strongly supported that 

no significant amount of deuterium was incorporated into the mono-N-oxide metabolite 

(3) during the hypoxic metabolism in D2O/CD3OD, which provided evidence against the 

generation of the benzotriazinyl radical 5b. 
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Figure 2.9. Hypoxic metabolism of 1b in phosphate-buffered D2O/CD3OD does not lead 

to incorporation of deuterium into the metabolite 3. LC-MS of the mono-N-oxide 

metabolite 3 generated by hypoxic metabolism of 1b. Panel A, isotope cluster for the 

[M+H]+ ion of 3 generated in phosphate-buffered H2O/CH3OH (relative peak intensities 

for m/z 148:149:150 = 100:7.9:0.5). Panel B, isotope cluster for the [M+H]+ ion of 3 

generated in phosphate-buffered D2O/CD3OD (relative peak intensities for m/z 

148:149:150 = 100:8.2:0.6). 

 

2.5. In vitro bioreductive metabolism of the deuterium-labeled analog 1c  

In addition, we synthesized the deuterium-labeled analog 1c by treatment of 1a 

with t-butyl nitrite in DMF-d7
30,41 and carried out the isotopic labeling experiments that 

are complementary to the experiments described above. Therefore, if the mechanism is 

involved in the generation of benzotriazinyl radical 5a, it would be expected to lose the 

deuterium and produce mono-N-oxide 3b during the hypoxic metabolism with protium 

donor source. 

Therefore, hypoxic metabolism of 1c with NADPH/cytochrome P450 reductase 

was performed and analyzed by LC-MS analysis. As illustrated in Figure 2.10, there is no 

significant loss of deuterium with the stable metabolite 3c as well as the parent compound 
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1c in the hypoxic metabolism. The fact that the deuterium of compound 1c and 3c does 

not “wash off” under our conditions can further validate the results that are against the 

generation of benzotriazinyl radical, ruling out the possibility that in the isotopic labeling 

experiments, deuterium was incorporated into the metabolite 3b but was totally washed 

off with the solvent prior to mass spectrometric analysis. 

 
Figure 2.10. MS of 1c and 3c present in the mixture generated by hypoxic metabolism of 

1c by NADPH:cytochrome P450 reductase in buffered H2O/CH3OH. (A) MS spectra of 

1c (relative peak intensities of m/z 165:166:167 = 100:8.0:1.5) and (B) MS spectra of the 

metabolite 3c (relative peak intensities of m/z 149:150:151 = 100:8.5:1.6). 

 

2.6. In vitro bioreductive metabolism of 1b in phosphate-buffered D2O-

methanol-d4 with removal all exchangeable protium sources. 

In the hypoxic metabolism assay of 1b, there is still trace amount of protium 

donor in phosphate-buffered D2O-CD3OD. For example, the enzyme cytochrome P450 

reductase was introduced in the assay in buffered H2O (0.5 µL of enzyme in 300 µL final 

volume), and the phosphate buffer as well as NADPH contains trace amount of protium 
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source. Therefore, due to the rapid solvent exchange between the hydroxyl proton and the 

solvent, it is expected that around 0.5% of CD3OH was presented in the solvent along 

with around 99.5% CD3OD. 

 

Figure 2.11. LC-MS of metabolites 6 and 3 generated by hypoxic metabolism of 1b by 

NADPH:cytochrome P450 reductase in “completely deuterated” D2O/CD3OD buffer 

described below. (A) MS spectra of 6 (relative peak intensities of m/z 132:133:134 = 

100:9.2:0.8) and (B) MS spectra of the metabolite 3b (relative peak intensities of m/z 

148:149:150 = 100:8.8:1.0). The ratio of M+H, M+H+1, and M+H+2 are very near to 

those expected to arise from natural isotope abundances in the molecular formulas 

C7H6N3 (100:8.8:0.3) and C7H6N3O (100:8.8:0.5). 

 

Now the question is whether that 0.5% of CD3OH would affect the interpretation 

of the isotopic labeling experiments above. We think this is unlikely due to several 

reasons. First, previous studies showed that hydrogen atom abstraction by reactive 

radicals (such as hydroxyl radical) from methyl group is significantly favorable than from 

the hydroxyl group due to bond enthalpy issues.42 Second, the kinetic isotope effect of the 

hydrogen abstraction by reactive radicals is modest, in the range of 2-5.43,44 Therefore, 

the trace amount of CD3OH would not affect the interpretation of the data. Finally, we 



45 

also performed a hypoxic metabolism of 1b with all exchangeable protium sources 

removed. In the assay, cytochrome P450 reductase enzyme in D2O was prepared by 

passing the enzyme buffer water solution through a Sephadex G-25 (Sigma-Aldrich) spin 

column that had been equilibrated in deuterated water. The phosphate buffer salts and 

NADPH were dissolved in D2O, lyophilized to remove residual exchangeable protium, 

and redissolved in D2O. Desferal was not included the assay mixture because it might 

bring exchangeable protium to the assay. The same metabolites were observed as in 

Figure 2.9, and LC-MS analysis showed no significant incorporation of deuterium in the 

mono-N-oxide 3 and the no-oxide 6 (Figure 2.11). 

 

2.7. Conclusions 

The results in this chapter showed that 1,2,4-benzotriazine-1,4-di-N-oxide (1b) is 

able to conduct bioreductively-activated, hypoxic-selective metabolism and cause DNA 

strand cleavage comparable to TPZ (1a). The two complementary isotopic labeling 

experiments provided evidence against the generation of benzotriazinyl radical in the 

hypoxic metabolism of 1b, leaving •OH the only viable alternative. We hope that 

improved mechanistic understandings of heterocyclic N-oxide drugs can aid in the design 

of second and third generation analogs toward cancer therapy. 

 

2.8. Experimental section 

Materials.  Materials were of the highest purity available and were obtained from 

the following sources: Cytochrome P450 reductase, NADPH, sodium phosphate, 

mannitol, DMSO, desferal, catalase, superoxide dismutase (SOD), tert-butyl nitrite, silica 



46 

gel (0.04-0.063 mm pore size) for column chromatography, and silica gel plates for thin 

layer chromatography from Sigma Chemical Co. (St. Louis, MO); agarose from Seakem; 

HPLC grade solvents (acetonitrile, methanol, ethanol, tert-butyl alcohol, ethyl acetate, 

hexane, and acetic acid) from Fischer (Pittsburgh, PA); ethidium bromide from Roche 

Molecular Biochemicals (Indianapolis, IN); deuterated NMR solvents (deuterium oxide, 

D 99.96%, methanol-d4, D 99.8%, N,N-dimethylformamide-d7, D 99.5%; acetone-d6, D 

99.8%) were from Cambridge Isotope Laboratories (Andover, MA). Compounds 1a and 

1b were prepared by routes described previously in the literature.2,30,31 Compound 3b was 

prepared via the same general procedure used for 1b and the spectral data of this product 

matched that published previously.2   

 

DNA cleavage assays. DNA strand cleavage reactions were carried out as 

described previously.45,46 Briefly, in normal hypoxic DNA cleaving assay, agents such as 

1a, 1b (25-150 µM) were incubated with supercoiled plasmid DNA (33 µg/mL, pGL-2 

Basic), NADPH (500 µM), cytochrome P450 reductase (33 mU/mL, where one unit is 

defined as the amount of enzyme required to cause the reduction of 1.0 μmole of 

cytochrome c by NADPH per minute at pH 7.4 at 37 °C), catalase (100 µg/mL), 

superoxide dismutase (10 µg/mL), sodium phosphate buffer (50 mM, pH 7.0), 

acetonitrile (0.5-3.3% v/v), and desferal (deferoxamine mesylate salt, 10 mM) under 

anaerobic conditions at 25 °C for 4 h. All components of the reactions except enzymes, 

NADPH, and DNA were degassed by three freeze-pump-thaw cycles. Enzymes, 

NADPH, and DNA were diluted with degassed water in an argon-filled glove bag to 

prepare stock solutions. Reactions were initiated by addition of cytochrome P450 
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reductase, wrapped in aluminum foil to prevent exposure to light, and incubated in an 

argon filled glove bag. Following incubation, the reactions were quenched by addition of 

4 μL of loading buffer containing bromophenol blue dye and were loaded onto a 0.9% 

agarose gel. The gel was electrophoresed for approximately 2 h at 83 V in 1×TAE buffer. 

The gel was then stained in a solution of aqueous ethidium bromide (0.5 μg/mL) for 15 

min, destained in fresh distilled water for 15 min, and the DNA in the gel visualized by 

UV-transillumination. The amount of DNA in each band was quantified using an Alpha 

Innotech IS-1000 digital imaging system. Buffers for the reactions performed in D2O 

were prepared using the same mixture of phosphate buffer salts used in the H2O 

experiments, as described by others.47,48  

 

Synthesis of 4-deutero-1,2,4-benzotriazine 1,4-dioxide (1c). In a 25 mL round 

bottom flask, tert-butyl nitrite (0.25 mL, 2.10 mmol) was added to DMF-d7 (2 mL) and 

heated to 65 ˚C. To this mixture, a solution of 1a (100 mg) in DMF-d7 (2 mL) and was 

added dropwise over the course of 15 min. The reaction was monitored by thin layer 

chromatography every 10 min until all starting material was consumed. The reaction 

mixture was then cooled to room temperature and the DMF-d7 was removed by high 

vacuum. Column chromatography on silica gel eluted with 1:1 ethyl acetate-hexane gave 

1c as a yellow solid (23 mg, 25%), Rf 0.60 (100% ethyl acetate): 1H NMR (DMSO, 500 

MHz,): δ 8.39 (d, J = 8.5 Hz, 1H), 8.36 (d, J = 8.5 Hz, 1H), 8.14 (ddd, J = 8.5, 7.5, 1.0 

Hz, 1H), 8.10 (ddd, J = 8.5, 7.5, 1.0 Hz, 1H). 13C-NMR (DMSO, 125.8 MHz): δ 142.2 (t, 

J = 33.3 Hz), 141.0, 136.0, 135.6, 133.3, 121.5, 119.4. HRMS (ES+, [M+H]) m/z calcd 

C7H5DN3O2 calcd mass 165.0523; actual mass 165.0515. 
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Synthesis of 1,2,4-benzotriazine (6). The benzotriazine 6 was prepared via a 

modification of the procedures described by Fuchs et al. and Mason and Tennant.31,49 To 

a solution of 3b (300 mg, 2.04 mmol) in 70% ethanol-water (40 mL) was added sodium 

dithionite (710 mg, 4.08 mmol). The resulting suspension was refluxed for 2 h, an 

additional aliquot of sodium dithionite (305 mg, 2.04 mmol) added, and the suspension 

refluxed for another 30 min, at which time all starting material was consumed (as judged 

by TLC). The solvent was removed by rotary evaporation and the resulting pale yellow 

residue purified by column chromatography on silica gel eluted with 30% ethyl acetate-

hexane to yield 6 as pale yellow solid (154 mg, 58%), Rf = 0.57 (30% ethyl 

acetate/hexane): 1H-NMR (DMSO, 500 MHz,): δ 10.13 (s, 1H), 8.61 (d, J = 8.5 Hz, 1H), 

8.18-8.24 (m, 2H), 8.10 (ddd, J = 8.5, 6.5, 1.5 Hz, 1H). 13C-NMR (DMSO, 125.8 MHz): 

δ 154.1, 148.1, 140.1, 136.8, 132.2, 129.5, 129.0. Spectral data matched that reported by 

Boyd et al.50  

 

LC-MS/MS analysis of mixtures generated by in vitro hypoxic metabolism of 

1b and 1c. In the isotope incorporation assay, all stock solutions were made in D2O 

except for 1b. Stock solution preparation used in the assay were prepared as follows: a 

stock solution of 1b (15mM) was prepared by dissolving 10mg of 1b in 4mL acetonitrile, 

a stock solution of sodium phosphate buffer (500 mM) was prepared by dissolving 

409mg Na2HPO4 and 254mg NaH2PO4 in 10mL D2O), a stock solution of 10mM desferal 

was prepared by dissolving 3mg desferal in 455μL D2O, a stock solution of NADPH (30 

mM) was prepared by dissolving 1mg fresh NADPH in 40μL D2O, the stock solution of 

cytochrome P450 reductase (120U/mL) was prepared by dissolving 3μL 260.4 U/mL 
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stock solution of enzyme in 3.5μL D2O, and a stock solution of CD3OD (15M) was 

prepared by dissolving 610μL CD3OD in 390μL D2O. 

All solutions except cytochrome P450 reductase were degassed by three cycles of 

freeze-pump-thaw cycles. For preparation of the assay, 1b (10 μL) was mixed with 

desferal (30 μL), sodium phosphate buffer in D2O (30 μL), NADPH (30 μL), 15M 

CD3OD (10 mL of the 15M CD3OD in D2O) and 209μL of D2O. Finally, the enzymatic 

reactions were initialed by the addition of 1μL 120U/mL cytochrome P450 reductase. 

The final volume of the assay mixture was 300μL.   

After 4 h of incubation under argon at 25 ˚C, the proteins in the assay were removed 

by centrifugation through Amicon Microcon (YM3) filters. The filtrate was analyzed by 

Beckman Coulter HPLC employing a C18 reverse phase Betabasic column (5 µm particle 

size, 150 Å pore size, 25 cm length, 4.6 mm i.d.) eluted with gradient starting from 5% B 

(0.1% trifluoacetic acid in acetonitrile) and 95% A (0.1% trifluoacetic acid in water) for 5 

min followed by linear increase to 11% B in another 24 min, then the gradient was 

increased linearly to 80% of B within in 6 min, and finally 80% of B was used to wash 

the column for 10 min. A flow rate of 1.0 mL/min was used and the products were 

monitored by their UV-absorbance at 240 nm. LC/ESI-MS experiments were carried out 

using an ion trap mass analyzer, on a LCQ FLEET instrument (Thermo Fisher Scientific).  

Positive ion electrospray was used as the means of ionization. The heated inlet capillary 

temperature was 375 °C and electrospray needle voltage was 5 kV. Nitrogen sheath gas 

was supplied at 45 psi and the LC/ESI-MS analysis was done in the positive ion mode.  

Relative collision energies of 35% were used when the ion trap mass spectrometry was 

operated in the MS/MS mode.  Parent ions were selected manually (164, 165, 148, 149, 
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132, 133, 178, 180) and subsequent tandem mass spectrometry was performed 

automatically by XCalibur software (Thermo Fisher Scientific). 
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1H NMR of 1c (DMSO, 500 MHz) 
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13C NMR of 1c (DMSO, 125.8 MHz) 
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1H NMR of 6 (DMSO, 500 MHz)  

 

 



54 

13C NMR of 6 (DMSO, 125.8 MHz)  
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Chapter 3. TPZ mono-N-oxides as the pro-fluorescent substrates 

for bioredcutive enzymes 

3.1. Introduction 

Hypoxia, which means low oxygen concentration, is one of the unique 

characteristics for most tumor cells. 1 Generally, tumor hypoxia is associated with poor 

prognosis and is viewed as a therapeutic disadvantage. 2 However, hypoxia-selective 

DNA-damaging agents can turn hypoxia into a therapeutic advantage. 3-6 These prodrugs 

can be activated by one-electron reductive enzymes such as NADPH:cytochrome P450 

reductase (CYPOR) and xanthine oxidase (XO) to generate oxygen-sensitive drug 

radicals. 7,8 In aerobic conditions, the oxygen-sensitive radicals can be readily oxidized 

back to the starting prodrug, while under hypoxic conditions, the lifetime of the radicals 

is significantly elongated and the radicals can undergo further reduction to generate cell-

killing reactive species. 9-13 

At least two conditions are required for successful use of hypoxia-selective 

prodrugs: i. the target tumor tissues must be hypoxic and ii. appropriate enzymes 

involved in bioactivation of the drug must be expressed in the tissue. In this regard, it will 

be necessary to develop diagnostic probes to assess the expression of these enzymes for 

the successful clinical applications of hypoxia-selective cytotoxins. 

Here we described the development of tirapazamine (1a) analogs as pro-

fluorescent substrates of enzymes that catalyze the bioreductive activation of hypoxia-

selective antitumor prodrugs. As described in the previous chapters, 1a and its analogs 

can undergo hypoxia-selective one-electron reduction to generate hydroxyl radical that 

damages cellular DNA. And it is important that the mono-N-oxide (3a) is the major 
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product in the hypoxia-selective enzymatic metabolism. 14 Fortuitously, the mono-N-

oxide metabolite is modestly fluorescent, while the di-N-oxide form is non-fluorescent 

(Scheme 3.1) 15,16 This observation provided the possibility of developing 1,2,4-

benzotriazine-1,4-di-N-oxides as pro-fluorescent probes that detect drug-related 

bioreductive enzymes. That is, the mono-N-oxide metabolites generated by one-electron 

enzymatic reduction under hypoxic conditions are highly fluorescent, while the parent 

compounds di-N-oxides are non-fluorescent.   

 

Scheme 3.1. Hypoxic metabolism of tirapazamine (1a) and the generation of fluorescent 

mono-N-oxide (3a). 

 

In this chapter, we synthesized and evaluated a small library of thirty-one 1,2,4-

benzotriazine 1-oxides for better photophysical properties than 3a. Two analogs (3d and 

3e) with superior fluorescence properties were identified and characterized. The 

photophysical properties, such as the fluorescence quantum yields, the extinction 

coefficients and the absorption-emission spectra were determined. Fluorimetic assays and 

LC-MS were employed to characterize the in vitro enzymatic metabolism under hypoxic 

conditions of 3d and 3e. Continuous time fluorimetic assays and cell extract assays shed 

light on the potential application of the probes in tumor tissue biopsies. The results 

showed that the fluorinated analog 1d could serve as a useful fluorescent probe in 

detecting one electron reductases involved in the bioactivation of hypoxia-selective 
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antitumor prodrugs. 

 

3.2. Synthesis and preliminary screening of 1,2,4-benzotriazine 1-

oxides by fluorescence properties 

A small library of thirty-one 1,2,4-benzotriazine 1-oxides (Scheme 3.2) were 

synthesized according to published methods by Dr. Ujjal Sarkar, Dr. Kevin M. Johnson 

and me. Then a preliminary screening of photophysical properties such as quantum yields 

(), extinction coefficients (), brightness values (•), Stokes shifts (the difference 

between emission maximum and absorption maximum), and emission maximum (max) 

was carried out to identify the 1-oxides compounds superior to the parent mono-N-oxide 

compound 3a. 

 

 

 

Scheme 3.2. The thirty-one compound library of 1,2-4-benzotriazine 1-oxides. 
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Table 3.1. Preliminary Photophysical properties for benzotriazine 1-oxides. a 

Compound λabs/nm εb λem/nm Φfl
c 

Brightness 

(ε x Φ) 

KJ-9 421 4700 507d 0.070 330 

KJ-11 447 3900 550 0.005 20 

KJ-28 437 1100 552 0.010 10 

KJ-31 413 6300 485 0.210 1350 

KJ-33 465 17000 565 0.072 1200 

KJ-36 412 16000 540 0.013 210 

KJ-43 466 5400 588 0.212 1150 

KJ-43B 456 4400 589 0.081 358 

KJ-46 413 4800 nonee - - 

KJ-47 375 2300 603 0.026 59 

KJ-48 423 5500 466 0.210 1150 

KJ-50 416 13000 468 0.019 270 

KJ-51 407 3200 608 <0.001 <3 

KJ-53 406 4900 495 0.170 831 

US-3 405 3868 478 0.12 460 

US-5 394 2354 490 0.004 10 

US-6 356 5600 none - - 

US-19 358 5270 none - - 

US-25 333 9000 none - - 

US-26 333 10000 none - - 

US-27 333 10000 none - - 
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Table 3.1. (Continued) Preliminary Photophysical properties for benzotriazine 1-oxides. a 

Compound  λabs/nm εb λem/nm Φfl
c 

Brightness 

 (ε x Φ) 

US-43 388 3981 460 0.013 52 

US-67 413 4400 500 0.22 968 

US-68 413 5395 500 0.18 971 

US-69 430 5100 512 0.46 2346 

US-70 410 4846 490 0.08 387 

US-71 420 4596 518 0.08 367 

US-72 441 3470 none - - 

US-73 378 6000 542 0.013 78 

US-74 430 3100 532 0.0005 1.6 

US-75 442 3000 none - - 

 

a Data obtained from thesis of Ujjal Sarkar and Kevin M. Johnson. 17,18 Absorbance and 

fluorescence measurements were taken in acetonitrile (20 uM). 
b Molar absorptivity coefficients were calculated using Beer's law (A = εbc). 
c Fluorescence quantum yields were estimated using the equation Φfl = ΦA (AR/A) (I/IR)      

(n/nR)2, where compound US-3 was used as a fluorescent standard with known quantum 

yield (ΦR), A is absorbance at a given excitation wavelength and I is the integration of the 

fluorescent peak. The refractive index (n) is only needed when using different solvents 

for comparison. 
d Measurements taken in CH2Cl2. 
e None, the compound has no observable emission peak. 

 

According to the preliminary screening data in Table 3.1, most of the 1-oxides 

showed the fluorescence brightness lower than that of 3a. However, we did identify a few 

compounds (KJ-31, US-69, KJ-33, KJ-43, KJ-48, KJ-53, US-67 and US-68) that have 

photophysical properties superior to 3a. Among these, 3d and 3e (KJ-31 and US-69 in 

Scheme 3.2) were selected for further evaluations as potential pro-fluorescent probes for 
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the detection of drug-related bioreductive enzymes. Besides 3d and 3e, the reasons why 

other 1-oxides that are brighter than 3a were not selected were listed below. Compound 

KJ-43 was not selected because of the low yield in the synthesis of the corresponding di-

N-oxide. Compound KJ-33 was not selected because the fluorescence is completely 

quenched by water. Compound KJ-48 was not selected because the internal hydrogen 

bond of its di-N-oxide form may prevent the hypoxic metabolism. Compound KJ-53 was 

not selected because the ester group may get hydrolyzed when used as a probe in cellular 

conditions. Compounds US-67 and US-68 were not selected because they were mimics of 

3d and 3c, respectively, but have weaker fluorescence brightness. 

 

3.3. Static photophysical properties of 1,2,4-benzotriazine oxides 

After the preliminary screening of the 1,2,4-benzotriazine 1-oxide library, we 

carried out careful static photophysical properties for compounds 3d and 3e and their 

corresponding di-N-oxides 1d and 1e, in comparison with the parent compounds TPZ 

(1a) and TPZ mono-N-oxide (3a). The mono-N-oxides (1a, 1d, 1e) were synthesized by 

the reaction of substituted nitroaniline and cyanamide, and the di-N-oxides (3a, 3d, 3e) 

were prepared by the oxidation of mono-N-oxides with trifluoroacetic acid and hydrogen 

peroxide. 19-21 (Scheme 3.3) 

 

Scheme 3.3. The synthesis of 1,2,4-benzotriazine-1,4-di-N-oxides and 1-oxides. 
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For the dioxides, 1a had absorption maximum at 457 nm and emission maximum 

at 545 nm with the quantum yield 0.33% in water; while in acetonitrile, the absorption 

maximum occurred at 477 nm and the emission maximum was 505 nm with the quantum 

yield 0.60% (Table 3.2). Similarly, 1d and 1e had very low quantum yields (< 3%) either 

in water or in organic solvent, ethyl acetate. There is no substantial fluorescence of the 

dioxides in all twelve solvents we tested. 

 

Figure 3.1. Normalized excitation and emission spectra of BTO dioxides (1d-1e) and 

mono-N-oxides (3d-3e) in 18 MΩ H2O. The solid line curves represent emission spectra 

when excited at 470 nm and dotted profiles represent associated excitation spectra. Data 

obtained by Charles H. Laber in Dr. Gary A. Baker lab.  

 

In contrast, the mono-N-oxides are fluorescent. The tirapazamine mono-N-oxide 

metabolite 3a displayed absorption maximum at 407 nm and emission maximum at 478 

nm with the quantum yield 16.86% in acetonitrile; while in water, the absorption 

maximum was 415 nm and the emission maximum was 521 nm with the quantum yield 

3.67%. The mono-N-oxides 3d and 3e showed the absorption maximum at 416 nm and 
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428 nm, and emission maximum at 492 nm and 501 nm, respectively, in ethyl acetate. It 

is notable that the quantum yields for 3d (24.77%) and 3e (42.56%) were higher than that 

of 1a. In addition, Figure 3.1 showed that the Stokes shifts of 3d and 3e were around 70 

nm, suggesting the potentials as fluorescent markers.   

 

Table 3.2. Static photophysical properties of 1,2,4-benzotriazine oxides. a 

 

Compound λabs/nm log10 ε
b λem/nmc Φfl/%

d 

3ae 407 3.747 478 16.86±1.40 

3df 416 3.775 492 24.77±2.88 

3ef 428 3.612 501 42.56±5.41 

3ag 415 3.751 521 3.67±0.21 

3dg 422 3.749 526 2.44±0.21 

3eg 441 3.655 547 8.68±1.00 

1ae 477 3.867 505 0.60±0.01 

1df 497 3.818 563 1.73±0.11 

1ef 428 3.532 499 2.77±0.57 

1ag 457 3.786 545 0.33±0.01 

1dg 468 3.807 562 0.30±0.01 

1eg 440 3.765 542 1.24±0.16 

aData obtained by Charles H. Laber in Dr. Gary A. Baker lab. bε in units of L·mol-1·cm-1. 
cFor excitation at 421 nm. dDetermined using coumarin 153 (C153) in ethanol (Φref=38%) 

as the fluorescence quantum yield standard. eMeasured in acetonitrile.  fMeasured in ethyl 

acetate. gMeasured in water. 
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Similar to 3a, the emission of 3d and 3e are strongly solvent dependent (Figure 

3.2 and 3.3). ET(30) is the solvent polarity parameter, which more polar solvents have 

larger values. And ET(30)-emission maximum curve showed the emission shift occurred 

from the various electron donation processes between the probe and solvent system. For 

3d, the emission maximum changed between 480 nm to 520 nm, from less polar solvents 

such as toluene to more polar solvents such as water, indicating a slight bathochromic 

shift with the increase in solvent polarity. Moreover, 3e underwent a larger bathochromic 

shift when exposed to more polar solvents in comparison to 3d, with the emission 

maximum ranging from 490 nm to 550 nm. 

 

Figure 3.2. A. Solvent dependent emission spectra of 3d at an exication of 450 nm. B. 

ET(30)-Emission maximum curve of 3d in twelve solvents. Data obtained by Charles H. 

Laber in Dr. Gary A. Baker lab.   
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Figure 3.3. A. Solvent dependent emission spectra of 3e at an exication of 450 nm. B. 

ET(30)-Emission maximum curve of 3e in twelve solvents. Data obtained by Charles H. 

Laber in Dr. Gary A. Baker lab.  

 

3.4. LC-MS analysis of hypoxia-selective in vitro metabolic conversion of 

dioxides (1d-e) to the corresponding mono-N-oxides (3d-e). 

After the screening of better fluorophores, it is important to examine the 

efficiency of the conversion of pro-fluorescent dioxides 1d and 1e into fluorescent mono-

N-oxides 3d and 3e under hypoxic condition with one-electron reductive enzymes. 

NADPH/NADPH:cytochrome P450 reductase (NADPH/CYPOR) and xanthine/xanthine 

oxidase (X/XO) enzyme systems were used to catalyze the reactions because these 

enzymes were involved in the bioreductive activation of hypoxia-selective antitumor 
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prodrugs in vitro and in vivo. We used LC-MS to identify the structures of the 

metabolites and used HPLC calibration curves to estimate the yield of the mono-N-oxides 

for 1a, 1d and 1e.  

Hypoxic assays were carried out in a glove bag filled with argon and all solutions 

except the enzyme were degassed prior use. In the assay, 1a, 1d and 1e (500 uM) was 

incubated with CYPOR (0.13 units/mL) and NADPH (2 mM, 4 equiv) in 50 mM pH = 

7.0 sodium phosphate buffer at 25 ˚C for 4 h.  

 

 

Figure 3.4. LC-MS analysis of the in vitro hypoxic metabolism of 1d in 

NADPH/CYPOR. (A) Chromatogram of the aerobic assay (elution time 10.08 min); (B) 

Chromatogram of the hypoxic assay (elution time 10.38, 30.25 min); (C) MS data for 1d 

(found molecular ion at 197); (D) MS data for 3d (found molecular ion at 181). 
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Figure 3.5. LC-MS analysis of the in vitro hypoxic metabolism of 1e in 

NADPH/CYPOR. (A) Chromatogram of the assay (elution time 20.24 min, 27.92 min); 

(B) MS data for 1e (found molecular ion at 209); (C) MS data for 3e (found molecular 

ion at 193). 

 
Figure 3.6. LC-MS analysis of the in vitro hypoxic metabolism of 1a in 

NADPH/CYPOR. (A) Chromatogram of the assay (elution time 7.30 min, 19.69 min); (B) 

MS data for 1a (found molecular ion at 179); (C) MS data for the 3a (found molecular 

ion at 163). 
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As shown in Figure 3.4, 3.5 and 3.6, the major metabolites of the hypoxia-

selective in vitro metabolic metabolism of benzotriazine-1,4-di-N-oxides were indeed the 

corresponding mono-N-oxides (mono-N-oxide metabolite was found at m/z = 181, 193 

and 163 for 3d, 3e and 3a, respectively). In contrast, the identical asssay, except 

conducted under aerobic conditions of 1d generated not observble amount of 3d, further 

suggestion that the in vitro enzymatic reduction only happened under hypoxic conditions. 

 

Figure 3.7. HPLC calibration curves of BTO mono-N-oxides with different 

concentrations. (10 μM, 20 μM, 30 μM, 50 μM, 100 μM) (A) 1a eluted at 13.7 min; (B) 

3d eluted at 17.9 min; (C) 3e eluted at 22.9 min. 
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Table 3.3. Generation of mono-N-oxide via in vitro metabolism of 1a, 1d, and 1e. 

 

  3a 3d 3e 

X/XO 

Aeroa 0.8(0.2) 2.9(0.4) 4.5(0.1) 

Hypoxa 12.2(0.6) 20.6(2.6) 10.4(1.0) 

Ratiob 15.3 7.1 2.3 

NADPH/CYPOR 

Aero 0.6(0.4) 2.9(0.2) 6.0(0.1) 

Hypox 10.8(1.9) 22.0(0.5) 9.4(1.4) 

Ratio 18.0 7.6 1.6 

No enzyme 

Aero 0 2.1(0.22) 4.8(0.63) 

Hypox 0.4(0.27) 2.6(0.64) 6.3(0.64) 

Ratio -c 1.2 1.3 

NADPH 

DT-Diaphorase 

Aero 0.5(0.19) 5.4(0.02) 10.6(0) 

Hypox 1.0(0.16) 4.3(0.02) 9.7(0) 

Ratio 2.0 0.8 0.9 

 
a The percent yield (%) is calculated on the basis of benzotriazine mono-N-oxide. Aero: 

aerobic assay; Hypox: hypoxic assay. The number in parenthesis is the standard deviation 

calculated by two replicate experiments. b Ratio = yield ratio of hypoxic/aerobic. c Not 

Applicable. 

 

HPLC calibration curves were established by the linear regression of the peak 

integration of different concentrations (10 μM, 20 μM, 30 μM, 50 μM, 100 μM) of the 

authentic 3d, 3e and 3a, respectively (Figure 3.7). As illustrated in Table 3.3, both 1d and 

the parent compound 1a showed high yields of mono-N-oxides under hypoxic conditions 

(20.6% and 12.2% in X/XO; 22.0% and 10.8% in NADPH/CYPOR) and low yields 

under aerobic conditions (2.9% and 0.8% in X/XO; 2.9% and 0.6% in NADPH/CYPOR), 
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indicating that effective conversion only occurred under hypoxic conditions. However, 1e 

also displayed high percentage of metabolism under aerobic conditions (4.5% in X/XO 

and 6.0% in NADPH/CYPOR), suggesting that its redox potential allowed the aerobic 

metabolism, thus losing the hypoxia selectivity. 

 

Figure 3.8. HPLC calibration curves of quinones with different concentration. (10 μM, 

20 μM, 30 μM, 50 μM, 100 μM) (A) 1,4-Naphthoquinone (NQ) eluted at 16.1 min; (B) 

2,3-Dimethyl-1,4-naphthoquinone (DMNQ) eluted at 23.5 min. 

 

We also checked whether two-electron reductase DT-diaphorase could catalyze 

the in vitro hypoxic metabolism of the dioxides or not. If so, the enzymatic metabolism 

would generate the two-electron reducing metabolite, mono-N-oxide directly, bypassing 

the oxygen-sensitive radical and losing the hypoxia selectivity. We found that 1d and 1a 

were not reduced by DT-diaphorase, either under hypoxic or aerobic conditions. 

Interestingly, we found that 1e can be metabolized by DT-diaphorase in the same manner 

in one electron reductase CYPOR and XO (Figure 3.8, Table 3.3). Positive controls were 
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performed by the enzymatic conversion of natural substrates of DT-diaphorase, 1,4-

naphthoquinone (NQ) and 2,3-dimethyl-1,4-naphthoquinone (DMNQ) into the 

corresponding hydroquinones. The results showed the oxygen independent conversion of 

NQ and DMNQ by NADPH/DT-diaphorase, suggesting that the enzyme system was 

active (Figure 3.9). In addition, the no enzyme control also showed low metabolism of 1d 

and 1a, indicating that the conversion was due to the one-electron reductive enzymes. 

 

  HydroNQ HydroDMNQ 

NADPH 

DT-Diaphorase 

Aero 62.9(0.2) 17.1(2.2) 

Hypox 56.1(6.0) 19.3(4.0) 

Ratio 0.9 1.1 

 

Figure 3.9. 1,4-Naphthoquinone (NQ) and 2,3-Dimethyl-1,4-naphthoquinone (DMNQ) 

as the positive control of the enzymatic function of DT-Diaphorase. The assays were 

operated as the in-vitro enzymatic assay procedure described in materials and methods.  

The yield of 1,4-hydroxyl-naphthoquinone (hydroNQ) and 2,3-Dimethyl-1,4-hydroxyl-

naphthoquinone (hydroDMNQ) were calculated from the consumption of the starting 

material NQ and DMNQ. Aero: aerobic assay; Hypox: hypoxic degassed assay. The 

number in parenthesis is the standard deviation calculated by two replicate experiments. 
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3.5. Fluorimetric analysis of hypoxia-selective in vitro metabolic 

conversion of 1d-e into 3d-e. 

The fluorescence intensity was measured from the ethyl acetate extract in the 

assays which 1a, 1d and 1e were incubated with NADPH/CYPOR and X/XO enzyme 

systems under hypoxic or aerobic conditions at the emission maximum of the 

corresponding mono-N-oxides.  

Among the three dioxides, hypoxic metabolism of compounds 1d gave the highest 

fluorescence enhancements of 24 and 16 folds between anaerobic and aerobic assays, in 

NADPH/CYPOR and X/XO, respectively (Figure 3.10). The parent compound 1a 

showed high fluorescence enhancement but the intensity is lower than that of 1d, while 

1e showed poor enhancement, though it displayed high intensity. In addition, in the 

control assays, the fluorescence enhancements became 0.7 and 1.9 in NADPH/DT-

diaphorase and no enzyme assays, respectively, further validating the potential of 1d as 

fluorescent markers to detect bioreductive enzymes. As expected from Table 3.3, the 7-

methoxy derivative 1e showed high metabolism in both hypoxic and aerobic assays in 

NADPH/DT-diaphorase and no enzyme assays.  

In addition, fluorescence intensity without ethyl acetate extract was also measured 

in the above assays. As shown in Figure 3.11, the fluorescence intensity was lower than 

in ethyl acetate because water quenched the fluorescence. Anyway, 1d still displayed 

favorable fluorescence enhancement between the hypoxic and aerobic assays in 

NADPH/CYPOR and X/XO, and showed no significant fluorescence in the NADPH/DT-

diaphorase and no enzyme controls. 
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Figure 3.10. Fluorimetric analysis of metabolites in ethyl acetate extract generated in the 

aerobic and hypoxic metabolism of 1a, 1d, and 1e by X/XO, NADPH/CYPOR and 

NADPH/DT-Diaphorase. The aerobic assay represents in blue bars; the hypoxic assay 

represents in red bars. (A) Enzymatic assays for 1a; (B) Enzymatic assays for 1d; (C) 

Enzymatic assays for 1e. X/XO: enzymatic assay in xanthine/xanthine oxidase, BTO 

dioxides (500 μM), xanthine (2 mM), xanthine oxidase (0.04 U/mL), sodium phosphate 

buffer (50 mM, pH 7.0); NADPH/CYPOR: enzymatic assay in NADPH/cytochrome 

P450 reductase, BTO dioxides (500 μM), NADPH (2 mM), cytochrome P450 reductase 

(0.13 U/mL), sodium phosphate buffer (50 mM, pH 7.0); No enzyme: enzymatic assay in 

NADPH only, BTO dioxides (500 μM), NADPH (2 mM), sodium phosphate buffer (50 

mM, pH 7.0); NADPH/DT-Diaphorase: enzymatic assay in NADPH/DT-diaphorase, 

BTO dioxides (500 μM), NADPH (2 mM), DT-diaphorase (0.01 U/mL), sodium 

phosphate buffer (50 mM, pH 7.0). The fluorescence was measured in a volume of 1 mL 

from a dilution of 200 µL assay. The standard deviation is calculated from two replicates. 



81 

 

Figure 3.11. Fluorescence intensity of enzymatic assays in water. The aerobic assay 

represents in blue bars; the hypoxic assay represents in red bars. (A) Enzymatic assays 

for 1a; (B) Enzymatic assays for 1d; (C) Enzymatic assays for 1e. X/XO: enzymatic 

assay in xanthine/xanthine oxidase, BTO dioxides (500 μM), xanthine (2 mM), xanthine 

oxidase (0.04 U/mL), sodium phosphate buffer (50 mM, pH 7.0); NADPH/CYPOR: 

enzymatic assay in NADPH/cytochrome P450 reductase, BTO dioxides (500 μM), 

NADPH (2 mM), cytochrome P450 reductase (0.13 U/mL), sodium phosphate buffer (50 

mM, pH 7.0); No enzyme: enzymatic assay in NADPH only, BTO dioxides (500 μM), 

NADPH (2 mM), sodium phosphate buffer (50 mM, pH 7.0); NDAPH/DT-Diaphorase: 

enzymatic assay in NADPH/DT-diaphorase, BTO dioxides (500 μM), NADPH (2 mM), 

DT-diaphorase (0.01 U/mL), sodium phosphate buffer (50 mM, pH 7.0). The 

fluorescence was measured in a volume of 1 mL from a dilution of 200 µL assay. The 

standard deviation is calculated from two replicates. 
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3.6. Effects of exogenous protein and cell extracts on the potential 

applications of the probes 

Given the intended application with biochemical and biological systems, we 

tested the effects of added bovine serum albumin (BSA) on the photophysical properties 

of 3d and 3e such as quantum yield and emission maximum. As shown in Figure 3.12, 

there is no significant change in quantum yield and emission maximum of 3d and 3e in 

the presence of 0-50 mg/mL BSA. 

 

Figure 3.12. Fluorescence quantum yield (QY) and emission maximum (Em. Max.) of 

3d and 3e in water with various concentrations of bovine serum albumin (BSA). 

 

In addition, we also tested the effect of cancer cell extract to the fluorescence 

enhancement between hypoxic and aerobic assays of 1d. The cell extract was made from 

human prostate cancer (PC-3) cell lines by disrupting the cells with detergent based RIPA 

buffer and centrifuging to remove the cell membranes. The cell extract was prepared by 

Hang Xu in Dr. Linxin Ma lab. The fluorescence intensity was not drastically decreased 
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in the presence of 0 – 106 cells/ml cell extract, not losing the fluorescence enhancement 

(Figure 3.13). The possible reason for the slight decrease of fluorescence intensity with 

increasing amount of cell extract is that the detergent based buffer in the cell extract 

would affect the enzyme activity of added xanthine oxidase. 

 

Figure 3.13. Fluorescence intensity of enzymatic assays in ethyl acetate with X/XO and 

human prostate cancer (PC-3) cell extract. The aerobic assay represents in blue bars; the 

anaerobic assay represents in red bars. In the assay, 1d (500 μM), xanthine (2 mM), 

xanthine oxidase (0.04 U/mL), sodium phosphate buffer (50 mM, pH 7.0) and PC-3 cell 

extract (0, 104, 105, 2X105, 5X105 and 106 cells/mL) were incubated for 4 hours with 

aluminum foil. The fluorescence was measured in a volume of 1 mL from a dilution of 

200 µL assay. The standard deviation is calculated from two replicates. 

 

3.7. Potential quantitative application of 1d as pro-fluorescent probes to 

measure the total reductive enzyme activity 

Besides detecting the presence of reductive enzymes involved in bioreductive 

activation of hypoxia-selective antitumor prodrugs, the probes also have the potential to 

quantitatively determine the total reductive enzyme concentration relative to xanthine 

oxidase. In a hypoxia-selective in vitro metabolism of 1d with various concentrations (0 - 

0.04 U/mL) of the enzyme xanthine oxidase, the fluorescence intensity is proportional to 
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the enzyme concentration (R2 = 0.999 in a linear regression, Figure 3.14), indicating the 

potential to determine the total reductive enzyme concentration in vitro. 

 

Figure 3.14. Fluorescence intensity of enzymatic assays in ethyl acetate with 

xanthine/xanthine oxidase. The aerobic assay represents in blue dots; the anaerobic assay 

represents in red dots. In the assay, 1d (500 μM), xanthine (2 mM), xanthine oxidase (0-

0.04 U/mL), sodium phosphate buffer (50 mM, pH 7.0) were incubated for 4 h with 

aluminum foil. The fluorescence was measured in a volume of 1 mL from a dilution of 

200 µL assay. The standard deviation is calculated from two replicates. 

 

 

Scheme 3.4. Schematic procedure for the quantitative application of the probe 1d. 

  

Therefore, the procedure of the potential diagnostic tool by 1d was proposed in 

Scheme 3.4. In this proposed application, the tumor tissue biopsies would be taken from 

the patients and cell extracts prepared using RIPA buffer and ultrasonication. Then the 

cell lysate would be incubated in a hypoxic chamber with the probe 1d for 4 hours. Then 

fluorescence intensity would be measured from the ethyl acetate extract and the total 
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reductive enzyme concentration calculated from the calibration curve. Assays under 

aerobic conditions should be performed and the background fluorescence should be 

subtracted if there is a low metabolism. If there is a high metabolism under aerobic 

conditions, the drugs would not be hypoxia selective. Further work needs to be done to 

determine the threshold amounts of reductive enzymes required for the activation of 

prodrugs. Evaluating the total reductive enzyme concentration may be necessary for the 

successful implementation of hypoxia-selective antitumor prodrugs in cancer 

chemotherapy. 

 

Figure 3.15. Compound 1d as fluorescence probe for the detection of drug-related 

bioreductive enzymes. Left vial: enzymatic assays under aerobic condition; right vial: 

enzymatic assays under hypoxic conditions. Fluorescence intensity was determined at 

emission maximum in ethyl acetate extract. 

 

3.8. Conclusions 

The hypoxia-selective enzymatic metabolism of tirapazamine (1a) generated 

mono-N-oxide metabolite (3a) with modest fluorescence properties. Here we identified 
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two benzotriazine mono-N-oxides, 3d and 3e, with improved photophysical properties 

such as high fluorescence quantum yield and large Stokes shift. The fluorinated analog 

1d exhibited hypoxia-selective metabolism by one-electron reductases involved in 

hypoxia-selective antitumor prodrugs and produced good amounts of the fluorescent 

mono-N-oxide 3d (Figure 3.15). In addition, 1d is not a substrate for the two-electron 

reductase DT-diaphorase. The fluorinated analog 1d has the potential to serve as a useful 

pro-fluorescent probe to detect global reductive enzymes involved in the bioreductive 

activation of hypoxia-selective antitumor prodrugs.  

 

3.9. Experimental section 

Materials.  Materials were of the highest purity available and were obtained from 

the following sources: cytochrome P450 reductase, DT-diaphorase, NADPH, xanthine, 

1,4-naphthoquinone (NQ), 2,3-dimethoxy-1,4-naphthoquinone (DMNQ), sodium 

phosphate, DMSO, silica gel (0.04-0.063 mm pore size) for column chromatography, and 

silica gel plates for thin layer chromatography from Sigma Chemical Co. (St. Louis, 

MO); xanthine oxidase from Roche Applied Science; HPLC grade solvents (acetonitrile, 

methanol, ethyl acetate, hexane, trifluoroacetic acid and acetic acid) from Fischer 

(Pittsburgh, PA); deuterated NMR solvents were from Cambridge Isotope Laboratories 

(Andover, MA). Human prostate cancer (PC-3) cell-lines were bought from American 

Type Culture Collection (ATCC, Manassas, VA) and maintained by the Cell and 

Immunobiology Core Facility at University of Missouri. RPMI 1640 was bought from 

Thermo Fisher Scientific (Waltham, MA) with 10% fetal bovine serum (FBS) from 

Sigma-Aldrich (St. Louis, MO) and 1% penicillin from Invitrogen (Carlsbad, CA) as the 



87 

culture medium. Trypsin was purchased from Invitrogen (Carlsbad, CA), with 0.25% 

EDTA as the agent to suspend cells. Forma water-jacketed incubator from Fisher 

Scientific (Waltham, MA) offered proper growing environment (37 oC and 5% CO2) for 

PC-3 cells. PBS was bought from Leinco Technologies (St. Louis, MO), and RIPA buffer 

was bought from Fisher Scientific (Waltham, MA).  

 

General methods for synthesis. Compounds KJ-31, KJ-53 were prepared 

following the methods of Suzuki, H. 21 Compounds KJ-28, KJ-33 and KJ-36 were 

prepared following the methods of Johnson K. M. 22 Compounds US-25, US-26, US-27, 

US-73 and KJ-51 were prepared following the methods of Sarkar U. 23 Compounds KJ-

9, KJ-11, US-69, US-71, US-72, US-74 and US-75 were prepared following the methods 

of Jiang F. 24 Compounds US-67, US-68 and US-70 were prepared following the methods 

of Hay, M. P. 20 Compounds US-3, US-5, US-6 and US-43 were prepared following the 

methods of Robbins, R. F. 25 Compounds KJ-43, KJ-43B, KJ-46, KJ-47, KJ-48, KJ-50 

were prepared following the methods of Johnson K. M. 18,26-29 Compound US-19 was 

prepared following the methods of Sarkar U. 30 

 

General procedure for in-vitro enzymatic assays. In an anaerobic assay, BTO 

dioxides (500 μM) were incubated with NADPH (2 mM) or xanthine (2 mM), 

cytochrome P450 reductase (0.13 U/mL, where one unit is defined as the amount of 

enzyme required to reduce 1.0 μmole of cytochrome c by NADPH per minute at pH 7.4 

at 37 oC) or xanthine oxidase (0.04 U/mL, where one unit is defined as the amount of 

enzyme required to oxidize approximately 1 mg xanthine at 25 oC) or DT-Diaphorase 

(0.005 U/mL, where one unit is defined as the amount of enzyme required to reduce 1.0 
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μmole of cytochrome c by NADPH per minute in the presence of menadione substrate at 

37 oC) or no enzyme or cell extract solution (104 - 106 cells/mL), sodium phosphate 

buffer (50 mM, pH 7.0), DMSO (5.0 % v/v, stock solution of BTO dioxides), and HPLC 

grade water to obtain the final solution (0.2 mL final volume) under anaerobic conditions 

at 25 °C for 4 h. All components of the reactions except enzymes and NADPH were 

degassed by three freeze-pump-thaw cycles. Enzymes and NADPH were diluted with 

degassed water in an argon-filled glovebag to prepare stock solutions. Reactions were 

initiated by the addition of enzymes, wrapped in aluminum foil to prevent exposure to 

light, and incubated in an argon-filled glovebag. The aerobic controls were performed 

with the same recipe with aerobic stock solutions and solvents. Following incubation, the 

reactions were opened to air and diluted to 1 mL with aerobic sodium phosphate buffer 

(50 mM, pH 7.0), and the fluorescence measurements were then carried out in a cuvette 

open to air. The assay in ethyl acetate for fluorescence and HPLC analysis were 

performed by extracting the assay with 1 mL ethyl acetate, freezing the solution in -20 oC 

freezer, and taking the organic layer by pipet. 

 

Cell extract protocol. 35 million PC-3 cells were suspended with ice-cold culture 

medium and trypsin. The cell suspension was then rinsed with ice cold 1X PBS three 

times to remove culture medium. Cell pellets were precipitated via centrifugation by 

Sorvall Legend XFR centrifuge (Fisher Scientific, Waltham, MA), suspended in 1.75 ml 

RIPA buffer, and kept on ice for 30 min with vortex every 10 min. Subsequently, the 

sample was treated with sonication for cell extract at a power of 180 watts for 1 min in 

rounds of 10 second sonication/10 seconds rest for each cycle on ice using model 100 

Sonic Dismembrator (Fisher Scientific, Waltham, MA) to break cells further and shear 
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DNA. The resulting mixture was centrifuged at 10,000 x g for 20 min at 4°C by a Sorvall 

Discovery 100 SE Ultracentrifuge (Fisher Scientific, Waltham, MA). Finally, supernatant 

was gently transferred to a tube for each sample. Samples (20 million lysed cells/mL) 

were diluted with DI water and used for immediate in-vitro enzymatic assays and were 

frozen at -20°C for long-term storage. 

 

LC-MS analysis for the enzymatic reduction of BTO dioxides. LC-MS were 

performed with the samples in anaerobic assays with NADPH/CYPOR enzyme system.   

For xanthine/Xanthine Oxidase and NADPH/DT-diaphorase systems, the chromatograms 

were almost the same according to HPLC study for the estimated yield of mono-N-oxide. 

Following incubation, the samples were dried with speed vacuum under room 

temperature and dissolved in 1 mL DMSO, and analyzed by Beckman Coulter HPLC 

employing a C18 reverse phase Betabasic column (5 μm particle size, 150 Å pore size, 25 

cm length, and 4.6 mm i.d.) eluted with gradient starting from 5% B (0.1% trifluoacetic 

acid in acetonitrile) and 95% A (0.1% trifluoacetic acid in water) for 5 min followed by 

linear increase to 35% B in another 60 min, then the gradient was increased linearly to 

80% of B within in 5 min, and finally 80% of B was used to wash the column for 10 min.  

A flow rate of 1.0 mL/min was used, and the products were monitored by their UV-

absorbance at 254 nm. LC/ESI-MS experiments were carried out using an ion trap mass 

analyzer, on a LCQ FLEET instrument (Thermo Fisher Scientific). Positive ion 

electrospray was used as the means of ionization. The heated inlet capillary temperature 

was 375 °C, and electrospray needle voltage was 5 kV. Nitrogen sheath gas was supplied 

at 45 psi, and the LC/ESI-MS analysis was done in the positive ion mode. 
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Quantum yield determination.  The quantum yield determinations for the 

tirapazamine mono-N-oxides fluorophore compounds, Φ𝑢  , were calculated by the 

Parker-Rees method 31:  

Φ𝑢 = Φ𝑟 (
A𝑟
L𝑟
) (

L𝑢
A𝑢
)(

𝑛𝑢
2

𝑛𝑟2
) 

In the expression above, Φ𝑟  denotes the quantum yield of a well-known fluorophore; 

which in this case was Coumarine 153 (Φ𝑟 = 38% in ethanol).  A𝑢  represents the 

absorbance of the unknown sample at the desired excitation wavelength, A𝑟  is the 

reference fluorophore’s absorbance at the same excitation wavelength, L𝑢 designates the 

total integrated luminescence intensity of the unknown sample when excited at the same 

excitation wavelength and L𝑟 references the total integrated luminescence intensity of the 

reference fluorophore when excited at the same excitation wavelength. The refractive 

indices of the solvents in which the unknown sample along with the reference 

fluorophore are measured in are denoted as n𝑢 and n𝑟, respectively. 32 

 

HPLC calibration curves. Calibration curves were achieved by an Agilent 1100 

series HPLC equipped with autosampler using external standard method. Standard 

solutions (10, 20, 30, 50, 100 μM in DMSO) were prepared using serial dilution from 

their higher concentration standard solutions. All the mono-N-oxide compounds were 

detected by UV-absorbance at 254 nm with the isocratic eluent (Water: Methanol: Acetic 

Acid = 74:25:1) in 45 min.  Quinone compounds were detected by UV-absorbance at 254 

nm with the isocratic eluent (Water: Methanol: Acetic Acid = 59:40:1) in 45 min. 
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Chapter 4. Mechanistic study of DNA strand cleavage by  

18O-labeled tirapazamine 

4.1. Background 

In chapter 2, we utilized 1,2,4-benzotriazine-1,4-di-N-oxide (1b) as a template to 

elucidate the mechanism of DNA strand cleavage by tirapazamine (1a) and its analogs. 

And we provided evidence against the generation of benzotriazinyl radical (5), leaving 

hydroxyl radical the only viable alternative mechanism to explain the cytotoxicity. 

Following up with this isotopic labeling project, we want to provide direct evidence for 

the generation of hydroxyl radical as DNA damaging species upon the hypoxia-selective 

enzymatic reduction of tirapazamine (1a) and its analogs. The idea is to trap the isotope 

labeled hydroxyl radical or its derivatives generated by organic molecules and 

characterize the structure by mass spectrometry.  

In this regard, we got the 4-oxide 18O-labeled tirapazamine 1f from collaboration 

with Professor Shlomo Rozen in Isarel, by their published method in 2012. 1 It was 

synthesized by the oxidation of the mono-N-oxide 3a with the HOF•CH3CN complex 

(Scheme 4.1). The corresponding desamino form 1g was synthesized by reductive 

deamination with tert-butyl nitrite, described in chapter 2. 2 

 

Scheme 4.1. Synthesis of 18O-lebaled TPZ (1f) and desamino TPZ (1g). 
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With the compounds in hand, in vitro enzymatic metabolism can be performed 

and the metabolites can be analyzed by LC-MS/MS. As shown in Scheme 4.2, 18O-

labeled hydroxyl radical will be generated if the mechanism is the release of hydroxyl 

radical, and 18O-labeled water will be generated if the mechanism is involved in 

benzotriazinyl radical (5). 

 

Scheme 4.2. In vitro enzymatic metabolism of 18O-lebaled TPZ (1f). 
 

As reported in the previous literature, dimethyl sulfoxide (DMSO) can react with 

hydroxyl radical (k = 7 × 109 M-1 sec-1) 3 and generate high yield of methanesulfinic acid 

(MSA, Scheme 4.3). 4-7 Therefore, the 18O-labeled hydroxyl radical can be effectively 

trapped by DMSO to form 18O-labeled MSA (Scheme 4.3). We put extensive efforts to 

characterize MSA on LC-MS, but finally failed due to several reasons. First, MSA is not 

very stable under room temperature. According to Wudl and co-workers 8, the 

decomposition was apparent within 48 h under 25 oC stored in nitrogen. Second, it is 

difficult to obtain the non-fragmented molecular ion of MSA (for M+, m/z = 80; for 

[M+H]+, m/z = 81) on MS, though there were established methods to detect MSA on 

HPLC electrochemically. 9 



98 

 

Scheme 4.3. Effective trapping of hydroxyl radical with DMSO that yields MSA. 

 

            Therefore, the 18O-labeled hydroxyl radical can be characterized with HPLC by 

derivatization of MSA with diazonium salts (9) to form stable diazosulfones (8) as 

described in Fukui S., et al. 10-12 And mass spectrometry can be used to determine the 

structure of the 18O-labeled diazosulfone (8) and quantify the yield. 

 

Scheme 4.4. The formation of diazosulfone by MSA and diazonium salts. 

 

4.2. Preliminary data 

4.2.1 Synthesis of authentic diazosulfones 8a-b 

Diazosulfones are synthesized by mixing MSA and diazonium salts under room 

temperature. Therefore, a series of commercially available diazonium salts were collected 

and tested according to the stability and yield of the product, diazosulfones (8). Among 

them, fast red TR diazonium salt (9a) and fast blue BB diazonium salt (9b) were selected, 

with yields of diazosulfone 88% and 76%, respectively (Scheme 4.5). 
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Scheme 4.5. Diazosulfones (8a-b) and the corresponding diazonium salts (9a-b). 

 

4.2.2. HPLC detection of diazosulfone 8a 

UV absorption spectrum was recorded for 8a (Figure 4.1). The UV absorption 

maximum is 314 nm with an extinction coefficient ε = 9400 L·mol-1·cm-1. Then HPLC 

was employed to detect 8a under 314 nm. As shown in Figure 4.2, with an isocratic 

elution (water:acetonitrile = 60:40), the authentic diazosulfone 8a was eluted at 32.7 min 

with good peak shape. 

 

Figure 4.1. UV absorption spectrum of 100 µM 8a in DMSO. 
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Figure 4.2. HPLC chromatogram of 10 mM of 8a in DMSO. 

 

4.2.3. DMSO tolerance of in-vitro hypoxic enzymatic assays of 1a 

In order to use MS to analyze the isotopic ratio of 8a, the mobility of hydroxyl 

radical in aqueous solution needs to be considered (Scheme 4.6). 13,14 According to the 

study of Dubey, M. K.; et al. 15, the isotope exchange rate of hydroxyl radical with water 

is very slow (time constant for exchange is about 350 years). Proper operations are still 

needed to maximize the reaction of hydroxyl radical with diazonium salts, minimizing 

the chance of the competitive isotope exchange reaction.  

 

Scheme 4.6. The potential solvent exchange reaction of hydroxyl radical and water. 

 

In this regard, 20%, 30% 40%, 50%, 60% and 76% volume ratio of DMSO were 

employed to determine the tolerance of DMSO in the hypoxic enzymatic assays of 1a. In 

a typical assay, 500 µM 1a was mixed with degassed xanthine, xanthine oxidase, sodium 

phosphate buffer and DMSO and incubated under hypoxic conditions for 4 hours. Figure 

4.3 showed that under as much as 50% DMSO (volume ratio), the in-vitro metabolism is 
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not affected and the parent compound 1a was totally reduced to 3a and 6. However, 

under 60% and 76% DMSO, almost no reactant 1a was metabolized into product. 

 

Figure 4.3. HPLC chromatogram of DMSO tolerance assay. (A) 20 % DMSO (v/v); (B) 

30%; (C) 40%; (D) 50%; (E) 60%; (F)76%. 
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4.2.4 MS characterization of the authentic diazosulfones 8a-b 

Prior to the mass spectrometric analysis of the metabolites of in-vitro enzymatic 

assay under hypoxic conditions by 1f, MS for the authentic compounds 8a-b were 

analyzed by direct injection to MS. Fast red TR derived diazosulfone 8a was ionized by 

chemical ionization (CI) in positive ion mode and the MS spectra showed mass-to-charge 

ratio of the molecular ion ([M+H]+) as 233 and 235 with a 3:1 ratio (Figure 4.4), which is 

corresponding to the isotope of Cl atom (35Cl and 37Cl). It is expected that the isotopic 

ratio of peak 235 would increase significantly relative to 233 and 237 due to 18O in 

enzymatic assay of 1f under hypoxic conditions. Similarly, 8b was also characterized 

with electrospray ionization (ESI) under positive ion mode with m/z = 392 for the 

molecular ion (Figure 4.5 panel D). 

 

Figure 4.4. MS spectra of 8a with CI ionization in position ion mode. 
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Before direct injection, efforts were devoted to analyzed the diazosulfones by LC-

MS. But finally we found that 8a-b decomposed rapidly to diazonium salt 9a-b under 

acidic condition prior to MS analysis. As shown in Figure 4.5, 8b was eluted at 15.27 min 

in pH neutral condition. However, 8b totally decomposed to the corresponding 

diazonium salt 9b (eluted at 8.88 min) with co-injection of 1% TFA (Figure 4.5). 

 

Figure 4.5. LC-MS spectra of 8a with ESI ionization in position ion mode. (A) sample 

was injected with 1% TFA; (B) samples was injected without TFA; (C) MS spectra of the 

peak at 8.88 min; (D) MS spectra of the peak at 15.27 min. 

 

4.3. Specific aims 

4.3.1 Estimation of the yield of 8a-b in enzymatic metabolism of 1a 

As shown in section 3.4 and 4.2.2, calibration curves of 8a can be established 

with concentrations of 10 µM, 20 µM, 50 µM, 100 µM, 200 µM and 500 µM authentic 
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compound. By comparing the HPLC peak integration in the enzymatic assay with the 

calibration curve, the estimated yield of 8a generated in the assay can be determined. It is 

expected that enzymatic assay of 1a and 1f generated high yield of 18O labeled 8a. 

 

4.3.2 MS analysis of the 8a-b generated in enzymatic assay of 1a and 1f 

MS analysis of 8a-b generated by non-18O labeled dioxide 1a was used to 

establish the methods of MS. Then the hypoxia-selective, enzymatically activated in-vitro 

metabolism of 1f with 50% DMSO can be performed and the isotopic ratio analysis can 

be done to estimate the amount of hydroxyl radical generated. If 8a is completely 18O 

labeled, it is expected that mass-to-charge ratio would be: 235.01 (100.0%), 237.01 

(36.6%), 238.01 (10.2%). If 8b is partially 18O labeled, it is expected that the ratio of 

235:237 is lower than 3:1 and there would be substantial amount of peak that m/z = 233. 

 

4.3.3 Controls 

Proper controls must be performed to elucidate that the diazosulfones are formed 

by the hydroxyl radical generated during the enzymatic metabolism of 1a and 1f. In that 

case, assays that lack the drug (1a and 1f), lack the enzyme system (X/XO), lack the 

enzyme (XO), lack the hydrogen donor (xanthine) must be tested. 

In addition, A complementary assay that used non-18O-labeled 1a with H2
18O 

should also be performed. By varying DMSO concentration, the effect of isotope 

exchange of MSA with solvent can be evaluated. 
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4.4. Experimental section 

Materials. Materials were of the highest purity available and were obtained from 

the following sources: cytochrome P450 reductase, NADPH, xanthine, sodium 

phosphate, DMSO, fast red TR salt hemi(zinc chloride) salt, fast blue BB salt hemi(zinc 

chloride) salt, sodium methanesulfinate, silica gel (0.04-0.063 mm pore size) for column 

chromatography, and silica gel plates for thin layer chromatography from Sigma 

Chemical Co. (St. Louis, MO); xanthine oxidase from Roche Applied Science; HPLC 

grade solvents (acetonitrile, methanol, ethyl acetate, hexane, trifluoroacetic acid and 

acetic acid) from Fischer (Pittsburgh, PA); deuterated NMR solvents were from 

Cambridge Isotope Laboratories (Andover, MA). 

 

Synthesis of 8a. In a 100 mL round-bottom flask, 210 mg (0.81 mmol) of fast red 

TR salt hemi(zinc chloride) salt (9a) was dissolved in 20 mL water and the pH was 

adjusted to 4 using 1M HCl, then 20 mL solution of sodium methanesulfinate (171mg, 

1.67 mmol) in water was added. The reaction was stirred with aluminum foil for 30 min. 

Then column chromatography (ethyl acetate:hexane = 20:80) was used to purify the 

product. 162 mg of yellow solid of 8a was obtained in 88% yield: 1H NMR (500 MHz, 

DMSO-d6) δ 7.71 (d, J = 2.0 Hz, 1 H), 7.64 (d, J = 8.5 Hz, 1 H), 7.48 (dd, J = 8.5, 2.0 Hz, 

1 H), 3.42 (s, 3 H) and 2.64 (s, 3 H); 13C NMR (125 MHz, DMSO-d6) δ 145.2, 143.6, 

140.2, 131.9, 127.6, 117.6, 34.7, 16.9. 

 

Synthesis of 8b. In a 100 mL round-bottom flask, 166 mg (0.4 mmol) of fast blue 

BB salt hemi(zinc chloride) salt (9b) was dissolved in 20 mL water and the pH was 
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adjusted to 4 using 1M HCl, then 20 mL solution of sodium methanesulfinate (204 mg, 2 

mmol) was added. The reaction was stirred with aluminum foil for 30 min. Then column 

chromatography (ethyl acetate:hexane = 30:70) was used to purify the product. 120 mg of 

orange solid of 8b was obtained in 76% yield: 1H NMR (500 MHz, CD3CN) δ 9.13 (s, 1 

H), 8.57 (s, 1 H), 7.96 (d, J = 8.0 Hz, 2 H),  7.68 (dd, J = 7.0, 7.0 Hz, 1 H), 7.60 (dd, J = 

8.0, 7.0 Hz, 2 H), 7.32 (s, 1 H), 4.32 (ddd, J = 7.0, 7.0, 7.0 Hz, 2 H), 4.21 (dd, J = 7.0, 7.0 

Hz, 2 H), 3.18 (s, 1 H) and 1.49 (dd, J =  7.0, 7.0 Hz, 3 H), 1.48 (dd, J =  7.0, 7.0 Hz, 3 

H); 13C NMR (125 MHz, CD3CN) δ 166.5, 157.3, 143.5, 139.2, 135.1, 133.9, 133.6, 

130.0, 128.3, 105.8, 99.1, 66.8, 66.3, 35.7, 15.0, 14.8. 

 

HPLC analysis of 8a. HPLC analysis were achieved by an Agilent 1100 series 

HPLC equipped with autosampler using external standard method. Authentic solution of 

8a was prepared in 10 mM in DMSO and detected by UV-absorbance at 314 nm with the 

isocratic eluent (Water:Acetonitrile= 60:40) in 50 min.  

 

HPLC calibration curves. Calibration curves were achieved by an Agilent 1100 

series HPLC equipped with autosampler using external standard method. Standard 

solutions of 8a (10, 20, 30, 50, 100, 500 μM in DMSO) were prepared using serial 

dilution from their higher concentration standard solutions and detected by UV-

absorbance at 314 nm with the isocratic eluent (Water:Acetonitrile= 60:40) in 50 min.  

 

General procedure for in-vitro enzymatic assays. In an hypoxic assay, BTO 

dioxides (1a and 1f-g, 500 μM) were incubated with NADPH (2 mM) or xanthine (2 
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mM), cytochrome P450 reductase (0.13 U/mL, where one unit is defined as the amount 

of enzyme required to reduce 1.0 μmole of cytochrome c by NADPH per minute at pH 

7.4 at 37 oC) or xanthine oxidase (0.04 U/mL, where one unit is defined as the amount of 

enzyme required to oxidize approximately 1 mg xanthine at 25 oC), sodium phosphate 

buffer (50 mM, pH 7.0), DMSO (20-50 % v/v), diazonium salts (9a-b, 10 mg/mL) and 

HPLC grade H2O (or H2
18O) to obtain the final solution (0.5 mL final volume) under 

anaerobic conditions at 25 °C for 4 h. All components of the reactions except enzymes 

and NADPH were degassed by three freeze-pump-thaw cycles. Enzymes and NADPH 

were diluted with degassed water in an argon-filled glovebag to prepare stock solutions. 

Reactions were initiated by the addition of enzymes, wrapped in aluminum foil to prevent 

exposure to light, and incubated in an argon-filled glovebag. 

 

Sample preparation for MS. Upon incubation, the assays were diluted with 0.5 

mL sodium phosphate buffer (50 mM, pH 7.0). Two methods can be used to extract the 

diazosulfone with minimum amount of DMSO. One method involves the extraction with 

ethyl acetate, freeze the solution with dry ice (DMSO will freeze but ethyl acetate is not) 

then collect the top layer. Another method is to dilute the assay to 50 mL and extract with 

50 mL ethyl acetate. Then the ethyl acetate extract can be dried with speed vacuum and 

the samples are analyzed by a LCQ FLEET instrument (the samples are coming through a 

short purification column, therefore compounds showed retention time in Figure 4.5) 

(Thermo Fisher Scientific) or a VG 70-VSE(B) instrument with positive ion mode. 
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1H NMR of 8a (DMSO, 500 MHz)  
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13C NMR of 8a (DMSO, 125.8 MHz)  
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1H NMR of 8b (CH3CN, 500 MHz)  
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13C NMR of 8b (CD3CN, 125.8 MHz)  
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