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Abstract 
1,2,3,4-Diepoxybutane (DEB) is considered the ultimate carcinogenic metabolite 

of 1,3-butadiene, an important industrial chemical and environmental pollutant present in 

urban air. Although it preferentially modifies guanine bases within DNA, DEB induces a 

large number of A → T transversions, suggesting that it forms strongly mispairing lesions 

at adenine nucleobases. Three potentially mispairing exocyclic adenine lesions of DEB, 

N6,N6-(2,3-dihydroxybutan-1,4-diyl)-2'-deoxyadenosine (compound 2), 1,N6-(2-hydroxy-

3-hydroxymethylpropan-1,3-diyl)-2'-deoxyadenosine (compound 3), and 1,N6-(1-

hydroxymethyl-2-hydroxypropan-1,3-diyl)-2'-deoxyadenosine (compound 4), have been 

recently identified in the present work. The structures and stereochemistry of the novel 

DEB-dA adducts were determined by a combination of UV and NMR spectroscopy, 

tandem mass spectrometry, and independent synthesis. We found that synthetic N6-(2-

hydroxy-3,4-epoxybut-1-yl)-2'-deoxyadenosine (compound 1) representing the product of 

N6-adenine alkylation by DEB spontaneously cyclizes to form 3 under aqueous 

conditions or 2 under anhydrous conditions in the presence of organic base. Compound 3 

can be interconverted with 4 by a reversible unimolecular pericyclic reaction favoring 4 

as a more thermodynamically stable product. Both 3 and 4 are present in double stranded 

DNA treated with DEB in vitro and in liver DNA of laboratory mice exposed to 1,3-

butadiene by inhalation. We propose that in DNA under physiological conditions, DEB 

alkylates the N-1 position of adenine in DNA to form N1-(2-hydroxy-3,4-epoxybut-1-yl)-

adenine adducts, which undergo an SN2-type intramolecular nucleophilic substitution and 

rearrangement to give 3 (minor) and 4 (major). A post-synthetic methodology for 

preparing DNA oligomers containing stereo- and site-specific 2 and 3 was developed in 
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order to investigate their biological properties. DNA oligomers containing site specific 6-

chloropurine were coupled with optically pure 1-amino-2-hydroxy-3,4-epoxybutanes to 

generate oligomers containing compound 1, followed by their spontaneous cyclization to 

1,N6-γ-HMHP-dA lesions. N6,N6-DHB-dA containing strands were prepared analogously 

by coupling 6-chloropurine containing DNA with 3S,4S or 3R,4R pyrrolidine-3,4-diols. 

Oligodeoxynucleotide structures were confirmed by ESI- MS, exonuclease ladder 

sequencing, and HPLC-MS/MS of enzymatic digests. UV melting and CD spectroscopy 

studies of DNA duplexes containing N6,N6-DHB-dA and 1,N6-γ-HMHP-dA revealed that 

both lesions lower the thermodynamic stability of DNA when paired with dT. However, 

the stability of 1,N6-γ-HMHP-dA containing DNA duplexes was greater when adenine 

residue was placed opposite the lesion, suggesting that DEB-dA adducts preferentially 

pair with A, potentially leading to A → T transversions during DNA replication. Solution 

state NMR and site specific mutagenesis were conducted to further test the role of 

exocyclic DEB-dA adducts in mutagenesis.  

In the second part of this work, a series of purine and pyrimidine nucleoside 

analogues modified at N6 and N4 positions by various substituted pyrrolidines and their 

chain terminator analogues that lack a 3' hydroxyl group were synthesized as potential 

inhibitors of HIV reverse trascriptase. Reverse transcriptase (RT) is one of the three 

enzymes encoded by the Human Immunodeficiency Virus type 1 (HIV-1), the causative 

agent of AIDS and one of the main targets for antiviral therapy. Nucleoside analogues 

inhibiting the DNA polymerase activity of RT, dramatically reduced the HIV-1 

proliferation. The synthetic strategies allow us to prepare most of the targeted compounds 
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directly from the commercially available compounds. All compounds were tested against 

HIV-1 in CEM SS cells. 
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I.  LITERATURE REVIEW 
1.1    1,3-Butadiene derived DNA adducts in chemical carcinogenesis 

1.1.1 Lung cancer statistics and chemical carcinogenesis 

Lung cancer is the cause of death for more than one million people worldwide  

annually, making it one of the deadliest diseases known to mankind. In United States, 

tobacco smoke responsible for ~85% of total lung cancers, including 90% lung cancer 

deaths in males and 75-80% of lung cancer deaths in females (1). The mechanisms 

through which smoking causes cancer are not well understood (1). Rather than being 

limited to a single mechanism, many different and potentially unique pathways can lead 

to carcinogenesis as a result of exposure to tobacco products. Despite the limits of current 

knowledge, many aspects of tobacco carcinogens are well understood, such as the link 

between nicotine addiction and lung cancer. While nicotine itself is not a carcinogen, its 

addictive properties are the reason that people continue to smoke. Cigarette smoke 

contains numerous forms of polycyclic aromatic hydrocarbons (PAHs), N-nitrosamines 

[eg.NNK; 4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanone)], aza-arenes, 1,3-butadiene 

and several inorganic compounds which are potent carcinogens (Tables 1.1, 1.2 and 

Chart 1.1) (1-3). Among these, benzo[a]pyrene (B[a]P) is one of the most studied PAH 

and is a strong inducer of pulmonary cancer(1,4). B[a]P has shown to cause tumors in 

rats, mouse through many methods of delivery (1,2). NNK is another well studied 

carcinogen that exists in cigarette smoke (80-770 ng/cigarette). NNK specifically causes 

lung cancer regardless of the route of exposure (inhaled, injested or injected) (1,2,4). 
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Table 1.1 Summary of carcinogens present in cigarette smoke (1,3). 

Type No. of compounds 

Polycyclic aromatic hydrocarbons 10 

Aza-arenes 3 

N-Nitrosamines 7 

Aromatic amines 3 

Heterocyclic aromatic amines 8 

Aldehydes 2 

Miscellaneous organic compounds 15 

Inorganic compounds 7 

Total 55 
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Table 1.2 Pulmonary carcinogens present in cigarette smoke (1,3). 

Carcinogen class Compound Amount in 

mainstream 

cigarette smoke, 

ng/cigarette£ 

Representative 

lung 

tumorigenicity 

in species 

Polycyclic aromatic 

hydrocarbons (PAH) 

Benzo[a]pyrene 20-40 Mouse, rat, 

hamster 

 Benzo[b]fluoranthane 4-22 Rat 

 Benzo[j]fluoranthane 6-21 Rat 

 Benzo[k]fluoranthane 6-12 Rat 

 Dibenzo[a,i]pyrene 1.7-3.2 Hamster 

 Indeno[1,2,3-cd]pyrene 4-20 Rat 

 Dibenz[a,h]anthracene 4 Mouse 

 5-Methylchrysene 0.6 Mouse 

    

Asz-arenes Dibenz[a,h]acridine 0.1 Rat 

 7H-Dibenzo[c,g]carbazole 0.7 Hamster 

    

N-Nitrosamines N-Nitrosodiethylamine ND-2.8 Hamster 

 4-(Methylnitrosamino)-1-

(3-pyridyl)-1-butanone 

(NNK) 

80-770 Mouse, rat, 

hamster 

    

Miscellaneous organic 

compounds 

1,3-Butadiene 20-70x103 Mouse 

 Ethyl carbamate 20-38 Mouse 

    

Inorganic compounds Nickel 0-510 Rat 

 Chromium 0.2-500 Rat 
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 Cadmium 0-6670 Rat 

 Polonium-210 0.03-1.0 pCi Hamster 

 Arsenic 0-1400 None¥ 

 Hydrazine 24-43 Mouse 
 

£ all values in ng/cigarette except polonium-210 

ND = not detectable 

¥ Epidemiologic studies indicate that inorganic arsenic compounds are skin or lung 

carcinogens in humans (1). 
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Chart 1.1 Structures of known pulmonary carcinogens found in cigarette smoke (1,4). 
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1.1.2  DNA adducts in chemical carcinogenesis 

DNA adduct formation is an early critical step in cancer initiation. If not repaired, 

adducted nucleobases can be misread by DNA polymerases to produce heritable 

mutations which can lead to cell death or the initiation of cancer. Some of the 

carcinogens require metabolic activation to exert their carcinogenic effects. The resulting 

electrophilic metabolites are capable of forming DNA adducts. Some DNA adducts can 

be removed from the DNA through spontaneous hydrolysis or by enzymatic repair, 

restoring intact DNA bases. The lesions themselves may be inherently toxic, because of 

their ability to block DNA polymerases as is often the case with DNA-DNA cross-links 

induced by common antitumor drugs, e.g. alkylnitrosourea (BCNU), nitrogen mustards 

(5), cisplatin, and mitomycin C (6-8). Alternatively, some DNA lesions can be bypassed 

by DNA polymerases leading to incorporation of incorrect nucleotides and permanent 

changes of DNA sequence. Mutations that occur in critical genes that control cell growth 

and prolifecation, e.g. protooncogenes (K-ras) or tumor suppressor genes (p53, also 

known as TP53), can lead to cancer (Figure 1.1) (1,4). 
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Figure 1.1 Role of DNA adducts in cancer induction. 
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1.1.3  1,3-Butadiene (BD) 

1,3-Butadiene (BD) is a carcinogen present in tobacco smoke in relatively high 

amounts (20-75 µg/cigarette), much higher than those of more extensively studied 

tobacco carcinogens, PAHs and NNK (1). BD is used in the industrial production of 

synthetic rubber and plastics with a global demand of 9 million metric tons in 2004, and 

also found in automobile exhaust (9,10). National Toxicology Program classified BD as a 

human carcinogen based on the epidemiological studies, in which occupational exposure 

to BD was found to increase the incidence of leukemia among exposed workers (11), as 

well as animal studies in which laboratory rodents exposed to BD developed tumors 

(12,13). The widespread occurrence of BD and its significant potential for human 

exposure has lead to the need to discover the mechanisms of biological activity. 

While the exact molecular mechanism(s) of BD-induced mutagenesis and 

carcinogenesis are unknown, chemical reactions of its epoxide metabolites with DNA are 

thought to constitute the critical step in multistage carcinogenesis. Metabolic activation of 

BD by cytochrome P450 monooxygenase enzymes CYP2E1 and CYP2A6 first yields the 

(R)- and (S)-3,4-epoxy-1-butene (EB) (Scheme 1.1). EB is then hydrolyzed to 1-butene-

3,4-diol (BED) or can undergo another enzymatic cooxidation by CYP2E1 and CYP3A4 

to yield (R,R)-, (S,S)- or meso-diepoxybutane (DEB) (14,15). BED can further oxidized 

to 3,4-epoxy-1,2-butanediol (EBD) in the presence of P450 enzymes. All three BD 

epoxides, EB,BED and DEB, can then react with nucleophilic sites in cellular 

biomolecules to form covalent adducts or can undergo detoxification via epoxide 

hydrolysis and glutathione conjugation (16). 
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Scheme 1.1 Metabolic activation of 1,3-butadiene (BD) (17). 
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Experimental evidence suggests that DEB may be responsible for many of the 

adverse biological effects of BD because it is 50 fold more genotoxic and mutagenic than 

the EB and 100 fold than EBD (14,15). The types of mutations induced by EB and DEB 

are distinct. DEB induces point mutations at A:T basepairs and large deletions, while EB 

exposure results in base substitutions at G:C and A:T base pairs and requires 10-fold 

higher exposure concentrations than that of DEB (Table 1.3) (18). EBD is weekly 

mutagenic, inducing G → T mutations (19).   

 

1.1.4  Diepoxybutane (DEB) 

DEB is an SN2-type alkylating agent that targets many nucleophilic sites in DNA, 

including the N-7 position of guanine and the N-3 and the N-1 of adenine (20,21). 

Nucleophilic substitution at one of the epoxide rings of DEB produces 2-hydroxy-3,4-

epoxybut-1-yl (HEB) monoadducts, which can be hydrolyzed to the corresponding 2,3,4-

trihydroxybut-1-yl (THB) derivatives, e.g. N7-(2,3,4-trihydroxybut-1-yl)-guanine 

(THBG) (Scheme 1.2). Alternatively, sequential alkylation of two nucleophilic sites 

within DNA or with protein by the two epoxide groups of DEB can produce exocyclic 

DNA lesions, DNA-DNA cross-links and DNA-protein cross-links (Scheme 1.2).  
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Table 1.3 Hprt mutational spectra in human TK6 cells: Untreated control, EB exposed 

(400 µM for 24 h) and DEB- exposed (4 µM for 24 h) (18). 

Mutation Control EB DEB 

GC → AT 10 (23) 15 (30)* 3 (6) 

GC → CG 1 (2) 2 (4) 2 (4) 

GC → TA 3 (7) 2 (4) 2 (4) 

AT→ GC 3 (7) 6 (12) 1 (2) 

AT→ CG 3 (7) 2 (4) 1 (2) 

AT→ TA 2 (5) 12 (24) 9 (18)* 

deletions 1 (2) 0 (<2) 7 (14)* 

*statistically significant 
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Scheme 1.2 DEB reactions with DNA to yield DNA adducts. 
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1.1.5  DNA-DNA cross-links of DEB 

The ability of DEB to induce DNA-DNA crosslinks was first discovered by 

Lawley and Brookes in the 1960s (22). Our group performed a detailed structural 

characterization of N7G-N7G cross-links of DEB by modern spectrometric methods, 

confirming their structure as 1,4-bis-(guan-7-yl)-2,3-butanediol (bis-N7G-BD, Chart 1.2) 

(17). Bis-N7G-BD cross-links have been recently found in tissues of C57BL/6 mice 

exposed to BD by inhalation (23). In addition to the predominant  bis-N7G-BD cross-

links, several regioisomeric adenine-guanine cross-links are produced (24). All of them 

contain N7-substituted G, but have different a substitution site at adenine (N7, N1, N6 and 

N3). e.g. 1-(aden-1-yl)-4-(guan-7-yl)-2,3-butanediol, (N1A-N7G-BD) , 1-(aden-3-yl)-4-

(guan-7-yl)-2,3-butanediol (N3A-N7G-BD) , 1-(aden-7-yl)-4-(guan-7-yl)-2,3-butanediol 

(N7A-N7G-BD)  and 1-(aden-N6-yl)-4-(guan-7-yl)-2,3-butanediol (N6A-N7G-BD) (Chart 

1.2). Furthermore, N1-adenine-N7-guanine crosslinks of DEB (N1A-N7G-BD) can 

undergo deamination to give N1-hypoxanthine adducts (N7G-N1HX-BD) or can be 

converted to N6A-N7G-BD by base catalyzed Dimroth rearrangement (Chart 1.2).  

Metabolic activation of BD results three stereoisomers of DEB (S,S-, R,R- and 

meso) (Chart 1.3). Among the three, S,S-DEB exhibits the most potent biological activity 

followed by R,R- and meso-DEB. Our studies revealed that the S,S stereoisomer of DEB 

produces the largest number of 1,3-interstrand cross links (25,26). In contrast,  meso DEB 

is capable of inducing both 1,3-interstrand and 1,2-intrastand bis-N7G-BD lesions (26). 

1,3-interstand cross-links are more cytotoxic than 1,2-intrastrand cross-links because they 

block DNA transcription, replication and repair. This cross-linking specificity explains 
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the greater toxicity of S,S-DEB as compared to RR and meso isomers. Interestingly, S,S-

DEB is considered the active metabolite of the antitumor prodrug Ovastat®, (treosulfan, 

L-threitol-1,4-bismethanesulfonate) used to treat advanced ovarian cancer (27). 
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Chart 1.2 DNA-DNA cross-links formed by DEB (17,24). 
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Chart 1.3 Stereoisomers of 1,2,3,4-diepoxybutane 
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1.1.6 DEB-DNA exocycles 

In addition to forming DNA-DNA and DNA-protein cross-links (28), DEB can 

produce exocyclic lesions by alkylating two nucleopilic sites within the same DNA 

nucleobase. Previously, Zhang et al. reported the formation of 1,N2 exocyclic lesions 

following dG treatment with DEB (7-hydroxy-3-(2-deoxy-β-D-erythro-pentofuranosyl)-

6-hydroxymethyl-5,6,7,8-tetrahydro-pyrimido[1,2-a]purin-10(10H)one; P4-1 and ; 7,8-

dihydroxy-3-(2-deoxy-β-D-erythro-pentofuranosyl)-3,5,6,7,8,9-hexahydro-1,3-di-

azepino[1,2-a]purin-11(11H)one; P6) (29,30) (Chart 1.4).  

Despite the known ability of DEB to induce A to T transversions (Table 1.3), 

previous studies have not reported any exocyclic DEB adducts on adenine bases. If 

formed, such adducts could be expected to be strongly mispairing. For example, 

exocyclic dA adducts generated by vinyl chloride: 1,N6-ethenoadenosine (εA), 3,N4-

ethenocytosine, 1,N2-ethenoguanine, N2,3-ethenoguanine, and 1,N6-ethanoadenosine 

(EA) (Chart 1.4), are known to cause miscoding during DNA synthesis (31-34).  

Polymerase bypass of ε-dA leads to A → G and A→T mutations, while G, T or A are 

incorporated opposite 3,N4-ethenocytoine during DNA synthesis (35-38). Structural 

studies by X-ray crystallography suggest that εA assumes the syn conformation around 

the N-glycosidic bond, forming a Hoogsteen base pairing with protonated dC (39). Patel 

and co-workers reported the NMR evidence of syn conformation of εA when placed 

opposite dG (40). We therefore hypothesized that previously unidentufied DEB-dA 

adducts may be responsible for the observed A to T transversions in DEB induced 

mutagenesis.  
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Chart 1.4 Structures of exocyclic DNA adducts. 
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1.1.7  Mutagenesis studies of BD-DNA adducts 

Nearly forty years of research and significant efforts by several research groups 

have failed to identify DNA adducts responsible for the adverse biological effects of 

DEB. As discussed above, DEB induces three main types of DNA lesions: 

trihydroxybutyl (THB) monoadducts, DNA-DNA cross-links, and exocyclic dG and dA 

adducts.  

DEB-mediated mutagenesis has been investigated by in vitro polymerase bypass 

and site-specific mutagenesis with structurally defined DNA oligomers containing 

structurally defined DEB-nucleobase adducts (41-43). Polymerase bypass of synthetic 

DNA templates containing N6-THB-dA monoadducts of DEB revealed  that they mispair 

with dG, leading to low levels of A → C mutations (44). In contrast, N2-THB-dG lesions 

were able to block E.coli polymerases (19). The N1(1-hydroxy-3-buten-2-yl)-dI lesions 

originated by N1 alkylation of dA with EB, following deamination, induces high levels of 

A → G transitions (80 %) (45). An N3-uridine adduct of EB, N3-(2-hydroxy-3-buten-1-

yl)-dU has been shown to be highly mutagenic, inducing C → T mutations (46). The 

mispairing abilities of bis-N7G-BD lesions have not been analyzed because of their 

limited hydrolytic stability. Hydrolytically stable bis-N2G-BD intrastrand DNA cross-

links of DEB induces G → A mutations, but these lesions have not been detected in vivo 

(44). Similarly, bis-N6A-BD lesions have not been detected in DEB-treated DNA, 

although they induce A → G mutations (45). In summary, studies to date have failed to 

explain the chemical mechanism of the origins of A → T transversions that predominate 

in DEB-treated cells. 
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1.1.8  Summary and thesis goal 

1,2,3,4-Diepoxybutane (DEB) is a cytotoxic and mutagenic metabolite of 1,3-

butadiene (BD), an important industrial chemical used in the production of synthetic 

rubber and plastics. Human exposure to BD is significant because it is found in 

automobile exhaust and in cigarette smoke. The potent genotoxic effects of DEB are 

attributed to its ability to form interstrand and intrastrand DNA-DNA cross-links and 

exocyclic nucleobase lesions by consecutively alkylating two nucleophilic sites within a 

DNA duplex. Although the majority of DEB-DNA adducts are formed at guanine, the 

number of A:T base pair mutations equals of exceeds the number of mutations at G:C 

base pairs, suggesting that DEB induces highly mispairing lesions at adenine 

nucleobases.  

Steen et al. reported that human TK6 lymphoblastoid cells exhibit an increased 

frequency of A →T mutations following exposure to DEB (47). Furthermore, a high 

frequency of base substitutions at A:T base pairs observed in BD-exposed B6C3F1 mice 

was also reported in the literature (18), again suggesting that both BD and DEB form a 

common mutagenic adenine adduct(s) for its carcinogenic mechanism. Based on this 

evidence, we hypothesized that DEB alkylates the N1 or N6 positions of adenine to form 

adenine monoepoxide monoadducts. Following cyclization to previously unidentified 

exocyclic products in physiological conditions and error-prone replication by DNA 

polymerases, they may be leading to A → T transversion mutations. Therefore, the main 

objective of this study was to examine the ability of DEB to induce exocyclic adenine 

adducts and to examine their ability to induce mispairing. 
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In order to examine the effects of exocyclic DEB-dA adducts on DNA structure, 

DNA polymerase fidelity, and their ability to be recognized by cellular DNA repair 

systems, we have prepared site specifically modified DNA oligodeoxynucleotides 

containing structurally defined BD lesions. Enatiomerically pure exocyclic dA lesions of 

DEB were prepared and incorporated into DNA strands in a site specific fashion, 

followed by structural studies by NMR and biological studies by polymerase bypass and 

site specific mutagenesis. Taken together, our results provide important information 

about the structural identity of exocyclic DEB-dA adducts, their stability and effects on 

DNA structure, mispairing characteristics, and repair 
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1.2 NUCLEOSIDE INHIBITORS OF HIV-1 REPLICATION  

This section of the chapter reviews the molecular and structural properties of HIV reverse 

transcriptase, a very important enzyme responsible for transcription of viral RNA to 

double stranded DNA and a billion dollar drug target in AIDS therapy. In addition, FDA 

approved nucleoside analogs (drugs) inhibiting the enzyme, their mode of action, 

resistance and associated toxicity are discussed. 

1.2.1 Introduction 

Human Immunodeficiency Virus type 1 (HIV-1) has been identified as the 

causative agent of AIDS, Acquired Immunodeficiency Syndrome, in 1983 (48,49). The 

Joint United Nations Programme on HIV/AIDS (UNAIDS) estimated that in 2008, there 

were more than 33 million people worldwide infected with the HIV-1, necessitating the 

development of inexpensive treatments to restrain the virulent virus.  

The HIV life cycle begins when viral particle binds to a CD4 receptor and one of 

two co-receptors on the surface of a CD4
+ 

T- lymphocytes (Figure 1.2) (50). Following 

fusion with the host cell, the virus releases its genomic RNA, together with its two 

enzymes; HIV reverse transcriptase (RT) and HIV integrase, into the host cell. Then RT 

converts the single- stranded HIV RNA into double-stranded HIV DNA. After entering to 

host cell’s nucleus, the integrase enzyme integrates the HIV DNA to the host cell's DNA. 

The integrated HIV DNA is called provirus. This provirus is then uses the host RNA 

polymerase enzyme to create copies of the HIV genomic material, as well as the 

messenger RNA (mRNA). The mRNA is used to make long chains of HIV proteins and 

enzymes. HIV protease then cuts the long chains of HIV proteins into smaller individual 
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proteins. When the smaller HIV proteins come together with copies of HIV's RNA 

genetic material, a new virus particle (virion) is assembled. The newly assembled virus is 

then pushes out from the host cell, encoated with an envelope (budding) (Figure 1.2) 

(50). 

Since the initial isolation of HIV-1, twenty six drugs targeting several stages of 

viral replication have been approved by the US Food and Drug Administration. Among 

clinically approved anti-HIV drugs are one fusion inhibitor, one co-receptor inhibitor, 

twelve reverse transcriptase (RT) inhibitors, one integrase inhibitor and eleven protease 

inhibitors (51-55) (Figure 1.2).  

While there is no cure for AIDS, a combination of drugs (HAART, Highly Active 

Antiretroviral Therapy) can be used effectively to control viral replication (56). This 

antiretroviral therapy typically involves a combination of at least three drugs, including 

two nucleoside reverse transcriptase inhibitors (NRTIs), a protease inhibitor (PI), and a 

non-nucleoside reverse transcriptase inhibitor (NNRTI) or other such combinations, 

targeting different stages of the viral life-cycle. These HAART regimens have proven to 

reduce the amount of active virus and in some cases can lower the number of active virus 

until it is undetectable by current blood testing techniques. These drugs are taken daily 

for the remainder of the subjects life by adding “extra thirteen years” to average life span 

of AIDS patients.  
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Figure 1.2. Simplified flow chart of the life cycle of human immunodeficiency virus 

(HIV). Potential HIV drug targets are highlighted. Viral entry into the cells requires an 

interaction of HIV particles with specific receptors and co-receptors, followed by virus–

host cell fusion. Reverse transcriptase is responsible for the transcription of the viral 

single-stranded RNA genome to proviral double-stranded DNA, which is then integrated 

into the host cell genome with the help of a virally encoded integrase. The messenger 

RNAs formed during the replicative cycle of HIV are translated to viral precursor 

proteins that are then cleaved by a virus-encoded protease into mature structural and 

functional proteins. Following the assembly of viral proteins and RNA, viral particles are 

released (by budding) from infected cells.  

 



 

 25 

1.2.2 HIV-1 Reverse Transcriptase (RT) 

Reverse transcriptase (RT) enzymes are used by retroviruses to transcribe their 

single-stranded RNA genome into single-stranded DNA and then subsequently to 

construct a complementary strand of DNA, providing a DNA double helix capable of 

integration into host cell chromosomes (Figure 1.2). Reverse transcriptase is a DNA 

polymerase type enzyme capable of using both RNA and DNA as a template. HIV-1 RT 

is a heterodimer consisting of p66 (66 kDa) and p51 (51 kDa) subunits (Figure 1.3). The 

p66 subunit contains 560 amino acids, whereas the p51 subunit contains 440 residues 

(57). Although the amino acid sequence of p51 is identical to the first 440 residues of the 

p66 subunit, it adopts a markedly different structure. The p66 subunit contains the 

polymerase active site at the N-terminus and the RNase H active site at the C-terminus 

(58,59). In contrast, the p51 subunit of RT exhibits no enzymatic activity and appears to 

plays a structural role by providing a binding site for the template strand as well as a 

portion of the template-primer binding site (Figure 1.3) (57,59).  

The p66 subunit of HIV-1 RT consists of 27 beta strands, 17 alpha helixes, and 

many loops or coils (Figure 1.4) (57,59,60). It can be arranged into several subdomains, 

to obtain a structure that resembles the shape of a right hand: the fingers domain (115 aa), 

the palm (128 aa), and the thumb (79 aa) subdomains that participate in polymerization, 

and the connection (115 aa) and RNase H (123 aa) subdomains (Figure 1.3) (57).  
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Figure 1.3 Crystal structure of a covalently trapped catalytic complex of HIV-1 RT 

reported by Hung et al. (PDB ID: 1RTD) (58). The p51 monomer is shown in grey. The 

p66 monomer is colored as follows: fingers (blue), palm (red), thumb (green), connection 

(yellow), RNase H (purple). The enzyme is captured in register with the nucleic acid 

template (orange, 3ʹ′ → 5ʹ′), 27 nucleotides / primer (pink, 5ʹ′ → 3ʹ′), 21 nucleotide and 

incoming dTTP shown in colored space filled mode, top view (A) and side view (B). 

A 
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Figure 1.4  Amino acid sequence of the p66 subunit of HIV-1 RT. The p66 subunit can 

be arranged in to several subdomains: the fingers (residues 1-84 and 120-150; blue), the 

palm (residues 85-119 and 151-243; red), the thumb (residues 244-322; green), the 

connection (residues 323-437; yellow) and RNase H (residues 438-560; magneta) (57). 
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RT undergoes conformational changes while carrying out its enzymatic functions. 

The polymerase domain, specifically the palm domain, catalyzes the stepwise addition of 

nucleosides to the primer strand of DNA, which is complementary to a template RNA 

strand. The 3'-OH of the primer terminus is in a close proximity to the RT polymerase 

catalytic site and is ready to accept the incoming dNTP (61). The incoming dNTP must 

first participate in a favorable H bonding with the complementary base in the template 

RNA strand (Figure 1.5).  If the new nucleotide forms a basepair with template base, a 

conformational change takes place, bringing the fingers domain toward the palm, 

allowing a number of finger residues to participate molecular interactions with the just 

positioned dNTP. The formation of this “closed” complex conformation is the rate-

limiting step in reverse transcription and leads to nucleophilic attack of the 3′-OH of the 

primer on the α-phosphate of dNTP to form a new phosphodiester bond (Figure 1.5). The 

end result is the addition of a dNMP to the primer strand DNA and the release of a 

pyrophosphate. After incorporation of a new dNMP, RT returns to an “open” 

conformation and is ready to accept the next nucleotide (Figure 1.5) (58,61-63). 

 The RNase H domain of HIV-1 RT contains the catalytic active site for 

ribonuclease H, which degrades the RNA template to form single stranded viral DNA 

(Figure 1.6). HIV-1 RT then uses this single stranded DNA to make the double stranded 

DNA in its polymerase active site (Figure 1.6). Both polymerase and RNase H active 

sites are essential for the viral life cycle, hence blocking either step interferes with viral 

replication (Figure 1.2). The nucleic acid binding cleft extends from polymerase active 

site to the RNase H active site, covering a distance of 17 - 18 base pairs. Unlike p66, p51 
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has no cleft, and the amino acid residues involved in the polymerase activity in p66 are 

buried in p51 (Figure 1.7) (57-59).  

There are two types of RT inhibitors: nucleoside analogs (NRTIs) and non 

nucleoside analogs (NNRTIs). The NRTIs are mimics of normal nucleosides, but lack the 

3ʹ′-OH on the sugar. Currently, twelve reverse transcriptase (RT) inhibitors have been 

approved as drugs for controlling HIV replication, among them, eight are nucleosides and 

four are non nucleoside inhibitors. NRTIs compete with normal nucleotides for RT active 

site. Once incorporated into viral DNA, they block further chain extention due to the lack 

of 3ʹ′-OH (Figure 1.8). In contrast, NNRTIs are non competitive inhibitors of the enzyme 

and their inhibitor-binding pocket is located in the palm sub domain of p66, near the 

polymerase active site (Figure 1.7). NNRTI binding apparently blocks the chemical steps 

of polymerization by affecting the conformational changes required for the reaction (64-

68).  
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Figure 1.5 Mechanism of the polymerization catalyzed by HIV-1 RT. The incoming 

dNTP first participates in H bonding with the template RNA strand. The 3′-OH of the 

primer then attacks α-phosphate of just positioned dNTP to form a phosphodiester bond, 

and release a pyrophosphate (PPi). 
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Figure 1.6 RNase H activity of HIV reverse transcriptase. After the polymerase activity 

of HIV-1 RT converts single stranded viral RNA into DNA:RNA hybrid, the RNase H 

domain of HIV-1 RT degrades the RNA template to form single stranded viral DNA. 

HIV-1 RT then uses this single stranded DNA to make the double stranded DNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 33 

Figure 1.7 Structure of HIV-1 RT in complex with nevirapine (PDB ID: 1RTH). The p66 

fingers, palm, thumb and connection subdomains and the RNase H domain are colored 

blue, red, green, yellow and magenta, respectively. The NNRTI (nevirapine) is shown in 

a black stick representation. The residues that comprise the DNA polymerase active site 

(in the palm subdomain, D110, D185 and D186) are shown in colored space-fill model. 

The amino acid residues involved in the polymerase activity in p66 are buried in p51(68). 
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1.2.3 The mechanism of 2’,3’-dideoxy and acyclic nucleotide inhibits DNA synthesis.  

Following activation of nucleoside drugs to the corresponding triphosphates by 

kinase-mediated phosphorylation, the corresponding nucleotide triphosphates are 

recognized as substrates for HIV reverse transcriptase (RT), and are incorporated into the 

growing chain of pro-viral DNA, resulting in premature chain termination and the 

inhibition of viral proliferation (Figure 1.8) (69-71). NRTIs compete with natural dNTPs 

for binding at the nucleotide-binding site (N) in the RT polymerase active site, whereas 

the 3ʹ′-hydroxyl group of the primer is at the priming site (P) (Figure 1.9). Nucleophilic 

attack of the 3ʹ′-OH of the primer terminus to the α-phosphate of NRTI at N site forms a 

new phosphodiester bond and releases pyrophosphate release (PPi) leading to 

incorporation of structurally modified nucleotide into the growing chain of DNA (Figure 

1.8 and 1.9). Translocation of the primer/template complex relative to the active site then 

places the NRTI at the 3′ end of the primer into the P site, by means of conformational 

changes in RT, allowing binding of the next incoming nucleotide in the N site (Figure 

1.9) (58,72,73). However, the absence of the 3′-hydroxyl group at 3′-end of the primer 

prevents the nucleophilic attack of the 5′ α-phosphate group of the incoming NT, and 

DNA synthesis is blocked (Figure 1.8). The incorporation rates and the affinities for the 

RT binding site of the most efficient NRTIs are similar to those of natural nucleotides 

(74-76). However, intracellular concentrations of NRTI-triphosphates are very low 

compared to natural dNTP concentrations (around a few fmol/106 cells) (77,78). Despite 

their low intracellular concentration of their active form, NRTIs are efficient inhibitors of 

reverse transcription because incorporation of a single chain terminator during 
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polymerization of the 20,000 nucleotide genome of HIV virus is in principle sufficient to 

block viral replication. 

In order to be accepted by the RT active site and to be incorporated into the 

growing DNA chain, NRTIs must be able to form complementary base pairs with 

nucleobases within the template strand and avoid steric clashes with the RT active site. 

Therefore, most NRTIs preserve standard nucleobase structure. AZT (3’-azido-2’-

deoxythymidine), d4T (2'-3'-didehydro-2'-3'-dideoxythymidine), ddC (2’,3’-

dideoxycytidine), 3TC (L-dideoxy-3-thiacytidine)  and TDF (tenofovir disproxil 

fumarate) carry unmodified bases thymine, cytosine and adenine respectively (Table 1.4 

and Chart 1.5). Emtricitabine (FTC, L-5-fluorothiacytidine) is a cytosine analog in which 

a fluorine atom was added at 5-position of the pyrimidine base, to increase its 

incorporation and binding at HIV-1RT active site, without affecting the Watson Crick 

base pairing (79-83). ABC (abacavir, {(1S,4R)-4-[2-amino-6-(cyclopropylamino)-9H-

purin-9-yl]cyclopent-2-en-1-yl}methanol) is a guanosine analog with a cyclopropyl 

amine modification on position 6 of the purine base (Table 1.4 and Chart 1.5) (84,85). 

However, the active form of this compound is the guanine analog (carbovir, Chart 1.7), 

obtained by the action of adenosine monophosphate deaminase (AMPD) (Tables 1.4, 

Chart 1.5 and see below for bioactivation of drugs). Abacavir is a prodrug that exhibits 

increased water solubility as compared to carbovir, resulting in a better oral 

bioavailability.  

The active form of ddI (2’,3’-dideoxyinosine) is actually the ddA (2’,3’-

dideoxyadenosine) (see Table 1.4, Chart 1.5 and 1.7 for structures and see below for 
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bioactivation, Table 1.7) (86). Under the stomach’s acidic conditions, ddA and ddI are 

hydrolyzed to 2′,3′-dideoxyribose sugar and free bases, adenine and hypoxanthine 

respectively (87-91). However, studies have shown that, ddA is more extensively 

metabolized than other NRTIs. Adenine, the free base of ddA, is subsequently 

metabolized to 2,8-dihydroxyadenine, which is insoluble and can cause renal failure. In 

contrast, hypoxanthine, the free base of ddI, is metabolized into a physiological waste 

product, uric acid, in stomach. To overcome this acid lability of ddI, it is given as a drug 

that included an antacid buffering compound to neutralize the acidity. 

Most clinically relevant anti-HIV nucleoside analogs contain structurally altered 

sugar moieties which lead to chain termination (Figure 1.8). AZT, a thymidine analog 

with an azide group mimicking the 3′ hydroxyl of the deoxyribose, was the first HIV-1 

RT inhibitor approved by the FDA (Table 1.4 and Chart 1.5) (92). This was followed by 

drugs including the 2′,3′-dideoxynucleosides; ddI and ddC with no substitutions at 3'-

position (Table 1.4 and Chart 1.5) (93-95). Other structurally related NRTIs carry a 

double bond between positions 2′ and 3′ of the deoxyribose (d4T) or have a cyclopentene 

ring replacing the deoxyribose  (abacavir) (Table 1.4 and Chart 1.5) (95-97). β-L-

oxathiolane nucleosides such as 3TC and FTC (Table 1.4 and Chart 1.5) have also been 

developed as HIV-1 inhibitors (98-100). Interestingly, these nucleosides are biologically 

active despite their reversed (L/-) optical configuration as compared to natural 

nucleosides (D/+ configuration). The 3′ sulfur present in these molecules reduces their 

cytotoxicity and increases the anti HIV-1 activity compared to the 2′-3′-dideoxy 

compounds due to the higher selectivity of host polymerases towards oxathiolanes over 
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dideoxy nucleosides (see below) (101). TDF (bis(POC)PMPA; bis-

isopropyloxymethylcarbonyl-phosphonylmethoxypropyl adenine) (Table 1.4 and Chart 

1.5) is an acyclic nucleoside phosphonate diester that has been approved for treatment of 

HIV in 2001 (102). Acyclic analogs have the advantage of being more stable in respect to 

hydrolysis than the classical ribose rings due to the absenceof the labile N-glycosidic 

bond (Table 1.4 and Chart 1.5). This phosphonate diester is completely hydrolyzed by 

cellular esterases, which release the monophosphate of the compound (PMPA) (Chart 

1.5) (103). As discussed below, this bypasses the slow phosphorylation step, resulting in 

more efficient bioactivation to nucleotide triphosphates. 
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Figure 1.8 Mechanism of chain termination by NRTIs. Following forming 

complementary H bonds with a base in the complementary RNA strand, the 3′-OH of the 

primer attacks α-phosphate of dNTP to form phosphodiester bond. The absence of a 

hydroxyl group at the 3′-end of the primer DNA prevents nucleophilic attack of the 5′ α-

phosphate group of the incoming dNTP, and viral DNA synthesis is blocked. 
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Figure 1.9 Schematic representation of the mechanism of DNA polymerization catalyzed 

by HIV-1 RT. Step 1: binding of DNA to free HIV-1 RT enzyme, 3ʹ′ primer end at the 

“P” (priming) site. Step 2: binding of dNTP to the “N” (nucleotide binding) site to form 

an `open' ternary complex. Step 3: formation of a `closed' complex through 

conformational change. Step 4: bond formation accompanied by release of pyrophosphate 

to form the non-translocated complex N. In processive synthesis, the primer translocates 

from the N site to the P site, in non-processive synthesis, DNA dissociates from the 

enzyme (104). 
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Table 1.4 FDA approved nucleoside reverse transcriptase inhibitors (NRTIs) of HIV-1 

(50). 

Year 

approved 

Generic 

name 

Trade 

name® 

Other names Manufacturer 

1987 Zidovudine Retrovir AZT, ZDV GlaxoSmithKline 

1991 Didanosine Videx ddI Bristol Myers-

Squibb 

1992 Zalcitabine Hivid ddC Hoffman-

LaRoche 

1994 Satavudine Zerit D4T Bristol Myers-

Squibb 

1995 Lamivudine Epivir, 

Zeffix 

3TC GlaxoSmithKline 

1998 Abacavir Ziagen ABC,  GlaxoSmithKline 

2001 Tenofovir Viread TDF, Bis-POC-

PMPA 

Gilead Sciences 

2003 Emtricitabine Emtriva FTC Gilead Sciences 
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Chart 1.5 FDA approved nucleoside reverse transcriptase inhibitors (NRTIs) of HIV-1. 

Pyrimidines 

 

Thymidine analogs 

 

 

Cytosine analogs 
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1.2.4  Nucleoside RT inhibitors in clinical development 

In addition to NRTIs already approved by the FDA, several new nucleoside 

analogs are currently under development (Table 1.5 and Chart 1.6).  DAPD 

(diaminopurinedioxolane) has a guanine nucleobase attached to a dioxolane ring instead 

of the usual ribose and designed to be a more soluble and bioavailable prodrug of DXG 

[(-)-β-D-dioxolane-guanine] (Chart 1.7) (105-107). DAPD is deaminated inside the cell 

by adenosine deaminase, resulting in the formation of DXG, which is in turn 

phosphorylated to the corresponding triphosphate. DOT [(-/D) β-thymidine dioxolane] is 

a dioxolane-thymidine analogue developed following the discovery of DXG (Table 1.5 

and Chart 1.6). According to molecular modeling studies, the 3ʹ′-oxygen to plays an 

important role in the activity of DOT and DAPD by easily adjusting sugar conformations 

to interact with amino acid residues in the active site of HIV-1 RT. (108). RVT (D-d4FC; 

2'-3'-didehydro-2'-3'-dideoxy-5-fluorocytidine) is a cytidine nucleoside with a double 

bond between 2' and 3'- of the deoxyribose (Table 1.4 and Chart 1.6) (109). L-d4FC 

(Elvucitabine) is the mirror image of RVT and contains an unnatural L-deoxycytidine 

(Table 1.5 and Chart 1.6) (110,111). RCV [(+/-) FTC; (D/L)-5-fluorothiacytidine] is a 

racemic mixture of D and L 5-fluorothiacytidine (Table 1.5 and Chart 1.6) (98,112). The 

anti-HIV activity of the L (-) nucleoside alone is higher than that of D (+) enantiomer. 

FLG (3-fluoro-2'-deoxyguanosine) is a guanosine analogue with a fluorine in 3'-position 

mimicking the 3'-OH of natural nucleosides and administered orally as a prodrug (MIV-

210) containing the 5′-O-[(S)-2-(L-valoyloxy)propionyl] derivative (Table 1.5, Chart 1.6 

and see below Chart 1.11)  (113). FLG has an oral bioavailability of 10–20% in various 



 

 43 

animal species, but the bioavailability was increased by 4- to 5-fold when using this 

prodrug.  

GS-9148 is a nucleotide analog of 2′-deoxyadenosine monophosphate (2′-dAMP) 

with four modifications within the sugar ring: a fluorine at the 2', a double bond between 

2' and 3', a oxymethyl phosphonoic acid functionality at C-4' position and lack of C-5' 

(Table 1.5 and Chart 1.6) (114). However, the orally administrated prodrug is a mono-

phenol mono-ethanolalanyl amidate, GS 9131 (Chart 1.7). Fluorine was added at the 2′-

position of nucleoside to enhance the selectivity of the active metabolite GS-9148 

diphosphate (GS-9148-DP) for RT over the mtDNA polymerase γ, inhibition of which 

can result in toxicity (Chart 1.7 and see below) (115,116).  

LDDA [(L) 2’,3’-dideoxyadenosine] is a dideoxyadenosine analog containing an 

L-ribose sugar which is administered orally as a bis(tBuSATE) (bis tert-butyl-S-acyl-2-

thioethyl) derivatized prodrug due to a low bioavailability of the parent nucleoside (Table 

1.5, Chart 1.6 and Chart 1.9). This is mainly due to its inadequate phosphorylation to the 

corresponding nucleotide and its catabolism by methylthioadenosine phosphorylase via 

the breaking of glycosidic bond, resulting in low intracellular concentration to activate 

the 2’-deoxycytidine kinase (see below) (117).  
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Table 1.5 Nucleoside reverse transcriptase inhibitors (NRTIs) currently in development. 

Generic 

name 

Other names Manufacturer 

Reverset β-D-d4FC, DPC 817, D-D4FC, RVT GlaxoSmithKline 

Racivir +/- FTC, RCV, (+/-)FTC Parmasset Inc. 

Elvucitabine L-d4FC, ACH-126443 Achillion Pharmaceuticals 

DOT Dioxolan Thymidine, (-)-β-D-2,6-

thymidine dioxolane 

University of Georgia 

Amdoxovir DAPD, (-)-β-D-2,6-diaminopurine 

dioxolane 

RFS pharm 

MIV-210 Prodrug of FLG GlaxoSmithKline and Medivir 

GS-9131 Prodrug of GS-9148 - 

EFDA 4’-E-d2-FA Kumamoto university 

LddA β-L-ddA - 
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Chart 1.6 Nucleoside reverse transcriptase inhibitors (NRTIs) currently in development. 
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Chart 1.7 Active metabolites of some nucleoside reverse transcriptase inhibitor 

prtodrugs. 
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1.2.5  L and D- nucleosides 

As discussed above, NRTIs mimic the structural and functional features of natural 

nucleosides, allowing them to interact with the RT and to inhibit critical process of viral 

DNA synthesis. Interestingly, two of the eight FDA approved NRTIs, including  3TC and 

FTC, contain unnatural β-L-oxathiolane ring system replacing the deoxyribose (Table 1.4 

and Chart 1.5) (118). It is important to realize that all of the chiral centers of a nucleoside 

belong to the sugar moiety of the molecule rather than to its nucleic acid base. It is the 

C4' bearing CH2OH group determines whether the nucleoside is designated as D or L. 

Human deoxycytidine kinase presents relaxed enantiselectivity with respect to various 

purine and pyrimidine analogs. The enzyme favors either D or L– enantiomer, depending 

on the substrate. For example, the L-enantiomers of 3TC and FTC are more efficiently 

phosphorylated by human deoxycytidine kinase than the corresponding D-forms (119). 

As a result, both 3TC and FTC show more potent antiviral activity than the 

corresponding D-enantiomers (120). L-d4FC is another example of NRTI containing the 

unnatural L-sugar, which is currently in phase II clinical trials and is the mirror image of 

RVT (D-d4FC) in phase III clinical trials (Table 1.5 and Chart 1.6) (121,122). In addition 

to the activation of cytosine derivatives, human deoxycytidine kinase also catalyzes 

phosphorylation of D and L enantiomers of dA and ara-A (9-β-arabinofuranosyladenine), 

with enantioselectivities favoring the unnatural L-enantiomers (see below) (123).  

Importantly, human polymerase γ, a DNA dependent DNA polymerase having a 

5ʹ′-3ʹ′ polymerase and 3ʹ′-5ʹ′ exonuclease activity, is highly discriminating on the basis of 

stereochemistry of the sugar. Therefore, the use of L-nucleosides minimizes the 
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mitochondrial toxicity (see below) (124). Therefore, by considering these two facts, 

phosphorylation efficiencies and the low toxicity, unnatural L(-) configuration nucleoside 

analogs are promising antiviral agents for controlling the HIV-1 proliferation. 

 

1.2.6 Mitochondrial toxicity  

Most of the NRTI toxicities resemble mitochondrial diseases, and histologic 

evidence demonstrates the presence of abnormal mitochondria and/or mtDNA depletion 

in affected tissues (125). This in turn, decrease the number of mitochondrial respiratory 

chain proteins, inhibit aerobic respiration, induce oxidative stress, increase mutation in 

mtDNA in liver and muscle tissue and results mitochondrial or tissue failure. 

Furthermore, these effects are closely correlated with the pharmacology of administered 

NRTI. Hematologic toxicity, hepatic toxicity, cardiac and skeletal muscle myopathy, 

lipodystrophy, peripheral neuropathy, and pancreatitis are associated with some NRTIs 

(125-129).  

Each of the FDA approved nucleosides is administered orally as an inactive form 

and thus requires subsequent phosphorylation by host cellular kinases to triphosphate 

form. These triphosphates are then act as substrates for HIV-1 RT and possibly other 

DNA polymerases. Although, there may be additional sites of action leading to toxic side 

effects of NRTIs, a majority of the toxicity is resulted from the mitochondrial DNA 

(mtDNA) polymerases γ. This toxicity is primarily due to the inhibition of mtDNA 

replication because of the failure of proofreading exonuclease to remove the NRTI after 

incorporation to mitochondrial genome (129).  
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The NRTI structure, more specifically, the glycone moiety (ribose sugar), plays 

an important role in toxicity. The largest changes to the sugar structure is ABC 

(abacavir), which iss the least toxic, followed by AZT, (-)3TC and TDF (Table 1.4 and 

Chart 1.5). In contrast, the simple dideoxy compounds (ddC, ddA and d4T) have no 

significant differences in structure to be excluded from the dNTP binding site in Pol γ, 

and exerts high toxicity (Figure 1.10). Because of this, they are tightly bind with Pol γ 

and induce greater toxicity as compared to  3TC, TDF, AZT and ABC (Figure 1.10) 

(127). Moreover, in vitro studies using mammalian DNA polymerases α, β, γ, δ and ε, 

only Pol γ able to efficiently incorporate NRTIs to the growing DNA chain (129). The 

general inhibitory effect of NRTIs on DNA polymerases is as follows: HIV 1-RT 

>>DNA pol-γ>DNA pol-β >DNA pol-α = DNA pol-ε (125). In summary, DNA Pol-γ 

appears to be the primary cellular target for NRTI induced mitochondrial toxicity. 
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Figure 1.10 Mitochondrial toxicity of FDA approved nucleoside reverse transcriptase 

inhibitors. Values are on a log scale spanning 6 order of magnitude. Analogs are ranked 

based upon kinetic measurements of the rates of incorporation by the human mtDNA 

polymerase, versus their rates of removal by its proofreading exonuclease. ddA is the 

active metabolite of ddI and (+)3TC is not approved by FDA to use (127). 
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1.2.7 NRTIs no longer in development 

Many of the NRTIs are no longer in development due to various toxicological 

issues, including the inhibition of the ADP/ATP TRANSLOCATOR, the inhibition of 

human DNA pol-γ exonucelase activity, the inhibition of protein glycosylation, and early 

effects on protein synthesis in cultured cells. Some examples include, -dOTC [(-)-2ʹ′-

deoxy-3ʹ′-oxa-4ʹ′-thiocytidine], DOTC and FLT (3ʹ′-fluoro-2ʹ′-deoxythymidine) (130-132). 

 5-Cl-3ʹ′-Fluoro-2ʹ′,3ʹ′-ddU (935U83) is a 5-chloro-3ʹ′-fluoro-2ʹ′,3ʹ′-dideoxyuridine 

analog. There has been no new information about this compound in the literature from 

1996 after GlaxoWellcome reported the safety and pharmacokinetic data (133).  

Lobucavir (Table 1.6 and Chart 1.8) has a guanine nucleobase linked to unusual sugar 

analog consisting of a cyclobutane moiety with hydroxymethyl substituents at 2ʹ′ and 3ʹ′ 

positions. Lobucavir is a carbocyclic analogue of the natural antibiotic oxetanocin A 

(Chart 1.8), which itself has anti-HIV activity (134,135). FDDA (2ʹ′-β-fluoro-ddA) (Chart 

1.8) is a 2ʹ′,3ʹ′-ddA analog with the fluorine atom in 2ʹ′ position in a β configuration (136). 

The introduction of a fluoride substituent at the 2ʹ′-position of the furanose ring in 

nucleosides is known to decrease chemically catalyzed hydrolysis (137). Indeed, FDDA 

has been shown to be completely stable for 20 days at pH 1.0 (136). With respect to the 

configuration at C-2ʹ′, only the nucleoside analogue with the fluorine atom with the ara-

configuration (β) proved to be antivirally active, while the ribo-configurated derivative, 

2ʹ′-ribo-fluoro-2ʹ′,3ʹ′-dideoxyadenosine (α configuration at C-2ʹ′, F-ribo-ddA), was devoid 

of activity due to the configuration at C-2ʹ′ is associated with a different conformational 

effect on the sugar moiety (137). Adefovir (Chart 1.8) is a acyclic lipophilic ester prodrug 



 

 52 

of PMEA (bis(POM)PMEA; bis-pivaloyloxymethyl-phosphonylmethoxyethyl adenine) 

which is lacking the methyl group (138,139). 

In contrast to most clinically relevant anti-HIV nucleoside analogs, which contain 

structurally altered sugar moieties, KP 1212 is a base modified pyrimidine nucleoside, 2ʹ′-

deoxy-5-azacytidine (Table 1.6 and Chart 1.8). KP 1212 is a prodrug of KP 1461 (see 

below Chart 1.10) (140). 
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Table 1.6. Nucleoside reverse transcriptase inhibitors that are no longer in development. 

Generic name Other names Manufacturer 

Adefovir 

dipivoxil 

Bis-POM-PMEA Gilead Sciences 

Alovudine FLT, MIV-310, CL184824, 3ʹ′F-

TdR 

Boehringer Ingelheim and 

Medivir 

dOTC (-/+) dOTC, BCH-10652, BCH-

10618  

BioChem Pharma 

KP1461 Prodrug of KP1212 Koronis Pharmaceuticals 

Lodenosine FDDA, β-F-ddA, 2F-dd-ara-A US Bioscience 

Lobucavir BMS180194 Bristol Myers-Squibb 

Apricitabine (-)dOTC, SPD756, SPD754, 

AVX754  

Shire Pharmaceuticals 
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Chart 1.8. Nucleoside reverse transcriptase inhibitors that are no longer in development. 

 

 

 

 

 

 



 

 55 

1.2.8  Bioactivation of NRTIs. 

In order to be accepted by the active site of HIV-1 RT and incorporated into 

DNA, NRTIs must be phosphorylated by cellular enzymes to the corresponding 

nucleoside triphosphates (Figure 1.11). Except for tenofovir (Table 1.4 and Chart 1.5), all 

FDA approved HIV-1 RT chain terminators are administrated as unphosphorylated 

nucleosides and thus needs to be triphosphorylated following their entrance in to host cell 

(69,90,141). Tenofovir already contains the monophosphate moiety and only needs to be 

biphosphorylated, avoiding rate limiting first phophorylation and enhancing its 

bioavailability.  

The same enzyme 5ʹ′-nucleoside diphosphate kinase, performs the last 

phosphorylation step for all NRTIs, but enzymes responsible for the first two 

phosphorylation steps are different depending on nucleoside structure (Figure 1.11 and 

Table 1.7). Interestingly, ddI and LddA undergo base modifications between the 

phosphorylation steps. They first converted to corresponding ddI-MP then transformed to 

corresponding ddA-MP (Table 1.7). Similarly, ABC (abacavir) is first transformed to 

ABC-MP,  and then deaminated to the coresponding guanosine analog CBV-MP. DAPD 

(Chart 1.7) is converted to DXG, followed by phosphorylation to form DXG-MP (Table 

1.7). TDF, is activated via hydrolysis to the corresponding monoester (TME, tenofovir 

mono ester), and then to PMPA (Chart 1.5) (142). Other known NRTIs activation and 

phosphorylation pathways are summarized in Table 1.6 (84,86,117,143-146).  
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Figure 1.11 Metabolic phosphorylation of nucleosides to their biologically active form, 

nucleotide triphosphate. Nucleoside kinases are responsible for the 5′-phosphorylation of 

natural 2′-deoxynucleosides and for the anabolic phosphorylation of 2′,3′-NRTIs to the 

corresponding NTPs. Purine and pyrimidine NRTI phosphorylation occurs intracellularly 

in three steps, but the intracellular location of phosphorylation can be either cytoplasmic 

or mitochondrial; the relevant enzymatic machinery is available in both compartments. 
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Table 1.7 Bioactivation of nucleoside reverse transcriptase inhibitors of HIV-1 to the 

corresponding triphosphates by various host intracellular enzymes (84,86,117,143-146). 
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1.2.9  Prodrugs of NRTIs 

 The requirement for three consecutive intracellular phosphorylation steps required 

for the activation of all the NRTIs represent a problem for many nucleoside analogs. 

Specially, the first phosphorylation step, which produces nucleoside monophosphate 

(MP), is particularly inefficient and is considered to be the most difficult (Figure 1.11). 

Unfortunately, nucleotides (NMP, NDP and NTP in Figure 1.11) cannot be used as drugs 

due to their highly charged nature that prevent their transport across cellular membranes. 

To overcome this limitation, a series of prodrug strategies aimed at a more efficient 

delivery of nucleoside monophosphates into cells have been developed (141,147,148). In 

these compounds, the polar monophosphate moiety is masked by another group. 

Following cellular uptake, the prodrugs are metabolized to release nucleoside 

monophosphates, thus bypassing the first phosphorylation step of nucleosides and 

increasing the bioavailability of nucleoside drugs. The ideal pronucleotide should be non-

toxic, stable in plasma and blood, orally bioavailable, and designed to promote its passive 

diffusion through cell membranes (149).  

The design of antiviral nucleotide prodrugs is based on the introduction of 

suitable labile protecting groups at various positions on the nucleotide and the 5ʹ′- position 

of the sugar, allowing for a wide diversity of metabolically cleavable linkages. Some 

examples include, TDF [bis(POC)PMPA] (Chart 1.9), a diester prodrug of PMPA-MP, 

Stampidine, a alaninyl methyl ester of p-bromophenyl phosphoramidate, and a diester 

prodrug of d4T (Chart 1.9). LDDA-bis(tBuSATE), a phosphotriester with bis tert-butyl-

S-acyl-2-thioethyl protection is the prodrug of LDDA (Chart 1.9) (148,150). The 
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derivatization approach has been applied using various protecting groups for the 

phosphate moiety. Ideally, they have been designed to achieve stability in the 

extracellular medium and rapid intracellular hydrolysis to release the nucleoside 

monophosphates (NMPs). 

The antiviral nucleoside prodrugs were also designed to increase stability in 

plasma and blood and to improve oral bioavailability. The introduction of exocyclic 

amino groups or amine derivatives to the C-6 of guanine nucleobase is the most practiced 

strategy in prodrug nucleoside design to protect against deamination (96). For example, 

the cyclopropyl amine functionality is introduced in the structure of abacavir (Chart 1.10) 

to increase its stability. Following cellular uptake, it is transformed to carbovir 

monophosphate (Table 1.6). An exocyclic amino group is introduced in the C-6 position 

of DAPD (Chart 1.11). KP 1461 (Chart 1.10) is a prodrug of KP 1212. In this analog a 

heptyl carbamate moiety is introduced at C-4 position in heterocycle. Folllowing oral 

intake KP 1461 is transformed to KP 1212 in the liver, followed by intracellular 

phosphorylation to the corresponding triphosphate (140). Interestingly, MIV-210, the 

prodrug of FLG (Chart 1.6 and 1.10) has a L-valoyloxy-2-propionyl functionality at C-5′ 

position, to increase the oral bioavailability (113).  
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Chart 1.9. Prodrugs of some reverse transcriptase inhibitors and their activation to the 

monophosphate form.  
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Chart 1.10. Nucleoside prodrugs of reverse transcriptase inhibitors and their activation by 

cellular enzymes.  
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1.2.10  Nucleoside RT inhibitor – resistance mutations and mechanisms 

Resistance that has emerged against all available antiretroviral drugs represents a 

major challenge in the therapy of HIV. HIV genome is subject to a high rate of 

mutagenesis due to the low fidelity of its reverse transcriptase, which lacks proof reading 

3ʹ′exonuclease activity and a high level of HIV replication (151-155). Many of these 

mutations affect the gene coding for HIV-1 RT, and among those, some mutations code 

for drug resistant enzyme.  

Several biochemical mechanisms can lead to NRTI drug resistance. The first 

mechanism is mediated by mutations that increase the hydrolytic removal of a chain-

terminating NRTI from DNA chain, which is termed as “excision” (156-159). HIV RT, 

which lacks 3ʹ′-exonuclease proof reading activity, is capable of ATP-lysis (Figure 1.12). 

This process is similar to pyrophosphorolysis (a reverse reaction of polymerization) and 

removes the lastly incorporated modified nucleotide (NRTI), releasing an unblocked 

extensible DNA chain for further replication (72,160-163). This mechanism was first 

observed with AZT and d4T analogs and RTs bearing all or subsets of thymidine analog 

mutations (TAMs); M41L, D67N, K70R, L210W, T215Y/F and K219Q (Table 1.8 and 

Figure 1.13) (164).  

Another resistance mechanism is mediated by mutations that allow the RT 

enzyme to discriminate against modified nucleobases, thereby preventing the addition of 

NRTIs into the growing DNA chain (58,63,165). Two factors govern the incorporation 

efficiency: competition of the activated modified nucleotide triphosphate with natural 

nucleotide for binding to RT active site and their relative incorporation rates in to DNA. 
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The three main mutations in HIV-1 RT protein, M184I/V, L74V and K65R, confer 

improved discrimination against activated NRTIs. Interestingly, the K70E mutant is 

associated with NRTI discrimination whereas K70R is associated with primer 

unblocking/excision (see above) (Table 1.8 and Figure 1.14). 

Many NRTI resistance mutations involve changes in amino acids that are 

responsible for positioning the incoming nucleotide in the protein active site. However, 

mutations that are not located at the dNTP binding site can confer resistance by 

indirectly, influencing the geometry of the dNTP binding site permitting RT to 

discriminate between a modified nucleoside triphosphate and a normal dNTP.  

Multidrug-resistant HIV strains with reverse transcriptase Q151M mutation are 

also found to contain common mutations at amino acid positions Aln62, Val75, Phe77, 

and Phe116 of RT (159). This group of mutations is referred to as the ‘Q151M complex’ 

(Table 1.8 and Figure 1.15). The loss of the Gln151 amide group causes a disruption in 

the hydrogen bond network necessary for positioning the 3′-OH of the incoming dNTP 

substrate. Although this may cause relatively subtle differences in the positioning of 

dNTPs, NRTIs that lack the 3′-OH may be more sensitive to changes in the hydrogen 

bond network caused by Q151M. This is thought to favor the selective incorporation of 

dNTP over most NRTI triphosphates.  

In addition to Q151M complex, multidrug resistant HIV strains has insertion 

mutation at between positions 69 and 70 of HIV-1 RT, when associated with TAMs, an 

insertion of this two amino acids (SA, SG or SS) confer resistance to all known NRTIs 

including tenofovir, due to it’s favorability towards unblocking of the primer strand by 



 

 64 

excision (Table 1.8 and Figure 1.12 and1.16) (164,166-170). Recently, a new mutation, 

Q145M/L, located in the nucleotide binding site was observed and appeared to be 

associated with resistance to both NRTIs and NNRTIs. Considerable progress has been 

made in understanding the mechanisms of resistance of HIV-1 RT towards NRTIs at 

molecular level. This knowledge is essential to select the best combinations of drugs and 

to design new NRTIs targeting resistance viruses. 
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Table 1.8 Nucleoside reverse transcriptase inhibitors and associated resistance mutants 

(159).   

 Position of key mutations in HIV-1 RT 

 41 65 67 69 70 74 75 115 151 184 210 215 219 

 M41L K65R D67N 

D67G 

 

T69D K70R L74V V75T Y115F Q151M M184V 

M184I 

L210W T215Y 

T215F 

K219E 

K219Q 

K219N 

AZT Χ Δ Χ  Χ Δ   Φ Δ Χ Χ Χ 

D4T Χa  Χa  Χa  Χa  Φ  Χa Χa Χa 

ddC  √  √  √a √  Φ √    

3TC  √a        √    

FTC  √a       Φ √    

ddI  √    √   Φ √    

ABC  √    √  √ Φ √    

TDF  √            

 

√ = Mutations resistance through discrimination 

Χ  = TAM mutations resistance by excising the NT by hydrolytic mechanism 

a = observed in less frequently 

Φ = Q151M complex: A62V, V75I, F77L, F116Y and Q151M 

Δ = mutations that resensitize TAM containing RT to AZT 
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Figure 1.12 Model for the excision reaction. The ATP or PPi can bind with the NRTI at 

the N site, NRTI is then removed from hydrolytically to form the unblocked extensible 

DNA chain and the dinucleotide tetraphosphate (159).  
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Figure 1.13 shows the positions of the most common TAMs: M41, D67, K70, L210, 

T215, K219. The enzyme active site which consists of three catalytic aspartates, D110, 

D185, and D186 is shown in green space-fill mode (PDB ID: 1RTD).  
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Figure 1.14 shows the positions of several of the most common major discriminatory 

mutations: K65, K70, L74, V75, T115, and M184.  
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Figure 1.15 Multidrug resistance: Q 151M pathway shows the pattern of mutations 

including Q151M in combination with mutations at positions A62, V75, F77, F116.  
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Figure 1.16 illustrates the pattern of mutations which includes the combination of a 

double amino acid insertion at position 69 (most commonly T69S_SS) in combination 

with multiple TAMs. 
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1.2.11  Novel classes of NRTIs. 

One new development is to design NRTIs that retain the 3ʹ′-OH of the ribose 

sugar. For example, EFDA (4ʹ′-ethynyl-2-fluoro-2ʹ′-deoxyadenosine) causes DNA chain 

termination despite the presence of 3ʹ′-OH (171-173). Once the EFDA-MP has been 

added to the primer end to form pre-translocation product, the residues Ala114, Tyr115, 

Phe160, Met 184 and Asp185 stabilize the terminal EFDA-MP by fitting it’s 4ʹ′-ethynyl 

moiety to the hydrophorbic pocket and help it to remain in a position antagonistic to 

further nucleotide addition, preventing the primer translocation and then by inhibiting 

DNA polymerization (Table 1.5 and Chart 1.6) (174). To overcome the adenosine 

deaminase sensitivity of the EFDA, a fluoride atom was positioned at the 2-position of 

the adenine ring (174). 

Another new approach is to develop novel NRTIs that are incorporated into the 

growing chain of DNA and cause mutations due to their ability to mispair with incoming 

bases. For example, KP 1212 is a 2ʹ′-deoxy-5-azacytidine nucleoside with a non -planar 

heterocyclic base developed by Koronis Pharmaceuticals (Table 1.6 and Chart 1.8). 

Following incorporation of KP 1212 into vital genome and several rounds of replication, 

the accumulation of mutations exceed the crucial threshold beyond which HIV-1 viability 

is highly reduced, leading to viral collapse (140,175,176). This is because the mutation 

rate in HIV-1 is so high that even a slight increase in the mutation frequency can drive 

the viral population to exceed the error threshold for viability and to virus destruction 

(177-179). This strategy of lethal mutagenesis could be favorable in terms of cellular 

toxicity since host cell DNA polymerase possesses proof reading activities (140). 
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However, KP1212 is no longer in development now due to elevated mitochondrial 

toxicity (see above) (180).  

 

1.2.12  Conclusions 

  Nucleoside reverse transcriptase inhibitors (NRTIs) are central components of the 

first line regimens for the treatment of HIV infections. Currently, there are eight 

clinically approved NRTIs which are therapies for the treatment of HIV-1 infected 

patients. While current NRTIs have markedly reduced morbidity and mortality associated 

with HIV infection, the duration of successful therapy by NRTIs is limited by unwanted 

side effects, the emergence of drug-resistant viral variants, and limited bioavailability. 

This is an urgent the need for developing novel anti-HIV-1 drugs effective against 

resistant HIV strains. These new agents will inhibit HIV RT and viral replication by new 

a mechanism and will have improved tolerability, safety, and resistance profiles.  
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II.  EXOCYCLIC DEOXYADENOSINE ADDUCTS OF 1,2,3,4-

DIEPOXYBUTANE: SYNTHESIS, STRUCTURAL ELUCIDATION, AND 

MECHANISTIC STUDIES 

Reprinted with permission from Uthpala Seneviratne, Sergey Antsypovich, 
Melissa Goggin, Danae Quirk Dorr, Rebecca Guza, Adam Moser, Carrie Thompson, 
Darrin M. York and Natalia Tretyakova. Chem. Res. Toxicol. (2010), 23 (1), 118-133.  
© 2009 American Chemical Society. 
 

2.1  Introduction 

Exocyclic nucleobase adducts are among the most important types of DNA 

damage because of their ability to exert significant biological effects (181-183). These 

lesions are characterized by considerable changes of the molecular size/shape and 

hydrogen bonding characteristics of the parent nucleobase, leading to mispairing during 

DNA synthesis (33,35,184-187). For example, 1,N6-etheno-deoxyadenosine adducts 

induced by vinyl chloride preferentially adopt the syn conformation about the glycosidic 

bond, forming a Hoogsteen base pair with guanine or cytosine instead of the normal 

adenine partner, thymine (39,40).  

One prominent bis-electrophile capable of inducing exocyclic nucleobase lesions 

is 1,2,3,4-diepoxybutane (DEB), the proposed ultimate carcinogenic metabolite of 1,3-

butadiene (BD) (188). 1,3-Butadiene is a known animal and human carcinogen found in 

automobile exhaust and in cigarette smoke (1,189).  All three possible stereoisomers of 

DEB: S,S, R,R, and meso, are generated metabolically (190).  Although DEB is a 

relatively minor metabolite of BD (laboratory mice exposed to 62.5 ppm BD for 10 days 

contain ~ 247 pmol DEB/g blood (191)), experimental evidence suggests that it is 
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responsible for many of the adverse effects of BD.  DEB is 50-100 fold more genotoxic 

and mutagenic in human cells than its monoepoxide analogues, 3,4-epoxy-1-butene (EB) 

and 3,4-epoxy-1,2-butanediol (EBD) (14,15). Efficient metabolism of BD to DEB in 

target tissues of laboratory mice is thought to cause the increased susceptibility of this 

species to BD carcinogenesis (192).  

The adverse biological effects of DEB have been attributed to its ability to cross-

link cellular biomolecules. Initial alkylation of adenine and guanine bases in DNA by 

DEB produces 2-hydroxy-3,4-epoxybut-1-yl (HEB) lesions, which contain an inherently 

reactive oxirane group and can alkylate neighboring nucleobases within the DNA duplex 

to form DNA-DNA cross links, namely, 1,4-bis-(guan-7-yl)-2,3-butanediol (bis-N7G-

BD) and 1-(guan-7-yl)-4-(aden-1-yl)-2,3-butanediol (N7G-N1A-BD) (17,24). The S,S 

isomer of DEB produces the highest number of interstrand DNA-DNA cross-links (26) 

and is the most cytotoxic (193,194) and mutagenic (195). Alternatively, the 3,4-epoxy 

group of the HEB adducts can be subject to nucleophilic attack by another site within the 

same DNA nucleobase, giving rise to fused ring structures (29,30,196).  

The documented ability of DEB to induce large numbers of A → T transversion 

mutations (18,197) has led us to hypothesize that it forms strongly mispairing exocyclic 

lesions at adenine nucleobases within DNA. This hypothesis was supported by our 

previous work with synthetic DNA oligonucleotides containing site specific N6-(2-

hydroxy-3,4-epoxybut-1-yl)deoxyadenosine adducts (N6-HEB-dA, 1 in Chart 2.1) (41). If 

left in an aqueous solution at room temperature (pH 7.2), 1 underwent spontaneous 

cyclization to form previously unidentified DEB-dA lesions (Figure 2.1). Another isomer 
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of the exocyclic DEB-dA species was formed as a side product during the synthesis of 

compound 1 (by reacting 6-chloropurine-2ʹ′-deoxyriboside with 1-amino-2-hydroxy-3,4-

epoxybutane under basic, anhydrous conditions) (41).  In the present work, we employed 

a combination of UV and NMR spectroscopy, tandem mass spectrometry, independent 

synthesis, DFT calculations, and kinetic analyses to identify the chemical structures of 

these novel DEB-DNA lesions and to establish the mechanism of their formation. 
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Chart 2.1 Compounds synthesized in this study 
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Chart 2.2 Nucleobases of N6,N6-DHB-dA and 1,N6-HMHP-dA 
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Figure 2.1  Spontaneous cyclization of the 16 mer oligomer containing lesion 1 at 

physiological conditions. DNA oligodeoxynucleotide 5'-AATTATGTXAC GGTAG-3' 

(X = N6-(2-hydroxy-3,4-epoxybut-1-yl)deoxyadenosine adducts (N6-HEB-dA, compound 

1) was analyzed by HPLC following 15 min after isolation (A); 60 min after isolation 

(B); and 6 h after isolation (C). A secondary product (dA cycle 1) is observed in 

increasing amounts as the incubation time is increased. 
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2.2  Materials and Methods 

Materials. 2'-Deoxyinosine was obtained from Berry & Associates, Inc. (Dexter, 

MI).  15N5-dA was purchased from Spectra Stable Isotopes, Div. of Spectra Gases Inc. 

(Columbia, MD).  d,l DEB was obtained from the NCI Chemical Carcinogen Repository, 

and the individual stereoisomers of DEB were prepared as described previously (26). All 

other chemicals and enzymes were purchased from Sigma-Aldrich Chemical Company 

(Milwaukee, WI). 

Instrumentation. NMR spectra were acquired with a Varian Inova 600 MHz, 800 

MHz spectrometer (Varian Inc., Palo Alto, CA) and a Bruker Advance 700 MHz 

instrument (Bruker BioSpin, Billerica, MA) using DMSO-d6 as the solvent. UV 

spectrophotometry was performed on a Beckman DU-7400 instrument (Beckman, 

Fullerton, CA). Optical rotation mesurements were performed with Rudolph Autopol III 

automatic polarimeter at 589 nm (Rudolph Research, Flanders, NJ), and HRMS data 

were obtained using a Bruker Bio-TOF II instrument. 

HPLC-UV Analyses. HPLC was carried out with an Agilent Technologies model 

1100 HPLC system equipped with a photodiode array UV detector (Wilmington, DE). 

Unless specified otherwise, UV absorbance was monitored at 254 nm. HPLC columns 

and solvent elution systems were as follows:  

System 1. A semi-preparative Zorbax Eclipse XDB-C18 (25 cm x 9.4 mm, 5 µm) 

column was eluted with a linear gradient of acetonitrile (B) in water (A) at a flow rate of 

3 mL/min. Solvent composition was changed from 5% to 10.3% B in 35 minutes, then 

further to 90% B in 2 minutes. This system was used for isolation of exocyclic DEB-dA 
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adducts (compounds 1 and 2) and the corresponding free bases. To separate 2a from 2b, 

the same column with an isocratic elution of 3% acetonitrile in water was used. 

System 2. A preparative silica Whatman Particil 10 (50 cm x 9.4 mm, 10 µm) 

column was eluted isocratically with 0.5% methanol in chloroform at a flow rate of 5 

mL/min. This system was used to separate diastereomers of N-Fmoc-1-amino-2-hydroxy-

3,4-epoxybutanes (compounds 5a, 5b, 5c and 5d).   

System 3. A 100 mm x 3 mm Thermo Hypersil Hypercarb column (10 cm x 3 

mm, 5 µm particle size, Thermo Fisher Scientific, Inc. Waltham, MA) was eluted with a 

linear gradient of acetonitrile (B) in 0.05 % acetic acid (A). Solvent composition was 

changed from 0 to 20 % B in 30 min. The column was eluted at a flow rate of 0.5 

mL/min. This system was used for separation of 3 and 4 and the corresponding free 

bases. 

Synthesis of N-Fmoc-1-Amino-2-hydroxy-3,4-epoxybutane, 5a-5d (Scheme 2.1). 

Racemic 1-aminobut-3-ene-2-ol was prepared from acrolein as described previously 

(198) and separated by diastereomeric resolution following derivatization with sodium 

[(1R)-(endo, anti)]-(+)-3-Bromocamphor-8-sulfonic acid ammonium salt, followed by 

Fmoc protection and epoxidation in the presence of mCPBA (41). Individual 

stereoisomers of the amino epoxide were isolated by preparative HPLC on a silica 

column (HPLC System 2). 5a, [α]25
D +4.0 (in CHCl3), ee = 100%; 5b, [α]25

D -5.7 (in 

CHCl3), ee = 100%; 5c, [α]25
D -3.4 (in CHCl3), ee = 92.5% and 5d, [α]25

D +3.9 (in 

CHCl3), ee = 84.2%.   
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Synthesis of N6,N6-DHB-dA (Scheme 2.1 and Chart 2.1). S,S; R,R, and meso 

N6,N6-DHB-dA (compounds 2a-c in Chart 2.1) were obtained by coupling commercial 6-

chloropurine-2'-deoxyriboside with S,S; R,R, or meso 1-amino-2-hydroxy-3,4-

epoxybutane, respectively (Scheme 2.1) (41).  6-Chloropurine-2'-deoxyriboside (1.45 mg, 

5.36 µmol) was dissolved in DIPEA (18.7 µL), and N-Fmoc-1-amino-2-hydroxy-3,4-

epoxybutane (6.95 mg, 21.4 µmol) dissolved in DMSO (200 µL) was added. The reaction 

mixture was incubated at 37 °C for 2 days under Ar atmosphere. The reaction products 

were diluted with water, filtered, and separated using HPLC system 1. Under these 

conditions, S,S and R,R N6,N6-DHB-dA (compounds 2a and 2b) eluted at 15.4 min, while 

meso N6,N6-DHB-dA (compound 2c) was observed as a peak at 16.7 min (2.95 mg, 8.73 

µmol, 40.8 %). Compounds 2a and 2b were resolved with a different HPLC system (3% 

ACN in water): 2a, tR, 55.1 min (1.59 mg, 22.0 % yield),) and 2b, tR, 56.6 min (1.74 mg, 

24.0 % yield). UV (water): λmax = 274 nm (Figure 1, left), ESI+-MS m/z 338.3 [M+H]+; 

MS/MS m/z 338.3 → 222.2 [M+2H-dR]+; MS3 m/z 338.3 → m/z 222.2 → m/z 136.0 

[Ade+H]+, 147.6 [Ade-CH2+H]+, 185.6 [M+2H-dR-2H2O]+, 204.0 [M+2H-dR-H2O]+ 

(Figure 1, right panel).   

1H NMR (DMSO-d6), compound 2a (S,S N6,N6-DHB-dA): 8.32 (s, 1H, H-2); 8.18 

(s, 1H, H-8); 6.35 (t, 1H, H-1', Jvic=6.96 Hz); 5.30 (d, 1H, CHOH-3', Jvic=3.66 Hz); 5.22 

(t, 1H, CHOH-5', Jvic=5.50 Hz); 5.19 (bs, 1H, CHOHβ); 5.17 (bs, 1H, CHOHγ); 4.40 (bs, 

1H, H-3'); 4.17 (d, 1H, Hα, Jgem=12.21 Hz); 4.09 (m, 1H, Hβ); 4.01 (m, 2H, Hα, Hγ); 3.87 

(d, 1H, H-4', Jvic = 2.69 Hz); 3.68 (m, 1H, Hδ); 3.62 (m, 2H, Hδ, H-5'); 3.51 (m, 1H, H-5'); 

2.69 (q, 1H, H-2'); 2.26 (dq, 1H, H-2', Jgem = 13.18 Hz). 
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1H NMR (DMSO-d6), compound 2b (R,R N6,N6-DHB-dA): 8.32 (s, 1H, H-2); 

8.18 (s, 1H, H-8); 6.35 (t, 1H, H-1', Jvic=6.84 Hz); 5.22 (bs, 4H, OH-groups); 4.40 (q, 1H, 

H-3', J=2.85 Hz); 4.17 (bd, 1H, Hα, J=12.6 Hz); 4.10 (bs, 1H, Hβ); 4.02 (bs, 1H, Hα); 4.00 

(bs, 1H, Hγ); 3.87 (q, 1H, H-4', J=4.2 Hz); 3.69 (bd, 1H, Hδ); 3.63 (m, 1H, Hδ); 3.61 (m, 

1H, H-5'); 3.51 (dd, 1H, H-5', J1=11.70, J2=4.50 Hz); 2.68 (m, 1H, H-2'); 2.25 (dq, 1H, 

H-2', J1=13.20, J2=3.20 Hz). 

1H NMR (DMSO-d6), compound 2c (S,R and R,S N6,N6-DHB-dA): 8.33 (s, 1H, 

H-2); 8.19 (s, 1H, H-8); 6.36 (t, 1H, H-1', Jvic=6.9 Hz); 5.31 (d, 1H, CHOH-3', Jvic=4.2 

Hz); 5.21 (t, 1H, CHOH-5', Jvic=5.7 Hz); 5.03 (d, 1H, CHOHβ, Jvic=3.7 Hz); 4.96 (bs, 1H, 

CHOHγ); 4.40 (m, 1H, H-3', J1=5.7; J2=2.9 Hz); 4.21 (d, 1H, Hα, Jgem = 12.0 Hz); 4.17 (bs, 

1H, Hβ); 4.13 (bs, 1H, Hγ); 3.91 (d, 1H, Hα, Jgem=10.2 Hz); 3.88 (q, 1H, H-4', Jvic=4.2 Hz); 

3.72 (d, 1H, Hδ Jgem=12.0 Hz); 3.61 (m, 2H, H-5', Hδ, Jgem = 11.71; Jvic= 4.4 Hz); 2.70 (m, 

1H, H-2', Jgem = 13.2; Jvic = 6.3 Hz); 2.26 (m, 1H, H-2', Jgem = 13.2 Hz; Jvic = 6.6 Hz). 

 

Computational methods. Density-functional electronic structure calculations 

were performed according to the protocol used in the QCRNA database (199).  The 

calculations included geometry optimization, vibrational frequency analysis, and 

solvation energy corrections.  Kohn-Sham density-functional calculations were 

performed using the hybrid exchange functional of Becke (200) and the Lee, Yang, and 

Parr correlation functional (201) (B3LYP) as implemented in the Gaussian03 suite of 

programs (see http://www.gaussian.com/citation_g03.htm).  Relaxed potential energy 

surface scans around the C-N torsion angle were performed at the B3LYP/6-31+G(d,p) 
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level with the torsion constrain set in 15 degree intervals, with additional unconstrained 

(fully optimized) points at the minima. 

Molecular orbitals for the axial, equatorial, and pucker transition state structures 

of 2a-base were calculated.  All structures showed at least 7 orbitals with significant 

density above and below the C-N sigma bond.  Figure 2.8 shows a top view and side 

view of two molecular orbitals (HOMO-2 and HOMO-20) of compound 2a-base in an 

equatorial-like conformation. 

Independent synthesis of compounds 2a, 2b and 2c (Scheme 2.2) 3R,4R 

pyrrolidine-2,3-diol (125 mg, synthesized as described previously) (202,203) was 

coupled with 2'-deoxyinosine (250 mg) in the presence of DMSO (5 mL), DIPEA (210 

µL), and PyBOP (656 mg) (55 °C for 3 days). The reaction mixtures were resolved by 

flash chromatography (CH2Cl2: MeOH solvent gradient using a Silica column) and 

reversed phase HPLC (system 1) to give optically pure (R,R)- N6,N6-DHB dA, [α]25
D 

+43.0 (in MeOH)  (2a) in 72% yield. The same synthetic route starting with L-tartaric 

acid and meso-tartaric acid was followed to obtain the optically pure (S,S)- N6,N6-DHB 

dA, [α]25
D -42.8 (in MeOH) (2b) and meso N6,N6-DHB dA, [α]25

D - 19.4 (in MeOH) (2c) 

respectively.   

Synthesis of R,R (1a), R,S (1b), S,S (1c), S,R (1d) N6-HEB-dA.  5a - 5d (15 mg 

(202,203)) was coupled with 2'-deoxyinosine (15 mg) in the presence of DMSO ( 1mL), 

DIPEA (50 µL), and PyBOP (30 mg) (37 °C for 5 days) separately. The reaction mixtures 

were resolved by reversed phase HPLC (system 1) to give (R,R)- N6-HEB dA, (1a), 
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(R,S)- N6-HEB dA, (1b), (S,S)- N6-HEB dA, (1c), and (S,R)- N6-HEB dA, (1d)  separately 

in 95 % yield. 

Synthesis of compound 3 and 4 in Chart 2.1 Racemic N6-HEB-dA (compound 1 

in Chart 2.1, 1.5 mg) (41) was dissolved in 250 µL of water and incubated for 15 h at 

room temperature. Spontaneous cyclization of N6-HEB-dA produced 3 and 4, which were 

isolated with HPLC system 3: 3, tR, 12.5 min and 4, tR, 16.8 min (3, 0.87 mg, 2.55 µmol, 

57.3 % yield and 4, 0.57 mg, 1.67 µmol, 38.0 % yield, ratio of 3:4; 7:3). UV (pH 7) 3 and 

4, λmax = 264 nm. Compound 3: ESI+-MS m/z 338.3 [M+H]+, MS2 m/z 338.3 → m/z 

222.2 [M+2H-dR]+; MS3 m/z 338.3 → m/z 222.2 → m/z 136.0 [Ade+H]+, 148.0 [Ade-

CH2+H]+, 186.0 [M+2H-dR-2H2O]+. Compound 4: ESI+-MS m/z 338.3 [M+H]+, MS2 m/z 

338.3 → m/z 222.2 [M+2H-dR]+; MS3 m/z 338.3 → m/z 222.2 → m/z 160.6 [Ade-

CCH+H]+, 177.5 [Ade-(CH)2OH+H]+, 203.6 [M+2H-dR-H2O]+.   

Synthesis of 3a - 3d and 4a - 4d. 1a - 1d were dissolved in 250 µL of water and 

incubated for 12 h at room temperature. The cyclization products were purified with 

HPLC system 3. 3a and 4a were obtained from cyclization of 1a, 3b and 4b were 

obtained from cyclization of 1b, 3c and 4c were obtained from cyclization of 1c, 3d and 

4d were obtained from cyclization of 1d with a ratio of 7:3. 3a, tR, 12.5 min, 4a, tR, 16.8 

min, 4b, tR, 19.6 min and 3b, tR, 21.7 min, 3c, tR, 12.5 min, 4c, tR, 16.8 min, 4d, tR, 19.6 

min and 3d, tR, 21.7 min. The 1H NMR, NOESY, gCOSY, gHSQC and HMBC data for 

compounds 3a, 3b, 4a and 4b are in Table 2.6 – 2.10. 

15N4-deoxyinosine. 15N5-deoxyadenosine (10 mg, 80 µmol) was incubated in the 

presence of adenosine deaminase (80 units) in 10 mM Tris-HCl, pH 7.4 (0.75 mL) at 37˚ 
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C for 24 h. HPLC analysis revealed a single peak corresponding to 15N5-deoxyinosine. 

The mixture was filtered through YM-30 Centricon filter to remove any protein and 

desalted using Waters C18 SPE cartridges (95% yield). 

Synthesis of 15N4-labeled compound 3 and 4. To a solution of 15N4-deoxyinosine 

(0.026 mmol, 6.5 mg) in DMSO (2.5 mL), PyBOP (0.026 mmol, 13.5 mg), DIPEA (0.11 

mmol, 19 µL), and racemic Fmoc-hydroxy-epoxide (0.022 mmol, 7 mg) was added 

(204). The mixture was stirred for 3 days at room temperature under nitrogen to give 

15N4-N6-HEB-dA. ESI+-MS m/z 342.3 [M+H]+, MS2 m/z 342.3 → m/z 226.2 [M+2H-

dR]+; MS3 m/z 342.3 → m/z 226.2 → m/z 140.0 [15N4-HX+H]+, 152.0 [15N4-HX-

CH2+H]+, 190.0 [M+2H-dR-2H2O]+, 208.0 [M+2H-dR-H2O]+. 15N4-N6-HEB-dA was 

quantitatively converted to 15N4 –labeled compounds 3 and 4 by incubating in water 

overnight, followed by HPLC purification with HPLC system 3. Standard solutions of 

15N4-labeled 3 and 4 were prepared in water and quantified by UV spectrophotometry. 

Forced Dimroth rearrangement of 3a and 4a. Compounds 3a and 4a were 

separately dissolved in 200 µL of 0.25 M NaOH solution and kept at room temperature 

for 1 h, followed by neutralization with 1 M HCl. The reaction mixtures were then heated 

to 60 °C after the addition of 300 µL of 95 % EtOH and kept for 4 more hours. About 8 

µL was injected onto a capillary HPLC column for HPLC-ESI+-MS/MS analysis.   

Neutral thermal hydrolysis. Nucleoside adducts (0.1 mg each) were dissolved in 

100 µL of water and heated for 1 h at 85 °C. The resulting reaction mixtures were 

separated with HPLC system 1 and 3. 
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Synthesis of nucleobase adducts via acid hydrolysis of the corresponding 

nucleosides. Compounds 2a, 2b, 2c, 3 and 4 were dissolved in 0.1 M HCl (250 µL) and 

heated for 1 h at 85 °C. The resulting reaction mixtures were neutralized with 0.1 M 

NaOH and separated by HPLC (System 1 and 3). Compound 2a-base (Chart 2.2) was 

isolated as a peak at 7.7 min (0.62 mg, 2.78 µmol, 94.0 % yield). Compound 2b-base was 

isolated as a peak at 8.1 min (0.62 mg, 2.81 µmol, 95.0 % yield). S,R; R,S -N6,N6-(2,3-

dihydroxybutan-1,4-diyl)-adenine (2c-base, Chart 2) was isolated at 11.7 min (0.65 mg, 

2.93 µmol, 99.0 % yield). Compounds 2a-base, 2b-base, and 2c-base had identical UV 

and mass spectra.  UV (water): λmax 274 nm; ESI+-MS m/z 222.2 [M+H]+, MS2 of m/z 

222.2: m/z 147.9 [Ade-CH2+H]+, 160.6 [Ade-CH=CH2]+, 175.6 [Ade-CH2-CH=CH2+H]+, 

185.6 [M+2H-dR-2H2O]+, 203.7 [M+2H-dR-H2O]+.   

Compound 3-base was isolated at 8.4 min. λmax 264 nm, ESI+-MS: m/z 222.2 

[M+H]+, MS2 of m/z 222.2: m/z 136.0 [Ade+H]+, 148.0 [Ade-CH2+H]+, 186.0 [M+2H-

dR-2H2O]+.   

Compound 4-base was isolated at 12.1 min. λmax 264 nm, ESI+-MS: m/z 222.2 

[M+H]+, MS2 of m/z 222.2: m/z 160.6 [Ade-CCH+H]+, 177.5 [Ade-(CH)2OH+H]+, 203.6 

[M+2H-dR-H2O]+. 

The 1H NMR, NOESY, gCOSY, TOCSY, gHMQC and HSQC data for 

compounds 2a-base, 2b-base and 2c-base are presented in Table 2.3 and 2.4.  

Oxidation of 1,2-diols with sodium periodate and analysis of oxidation products 

by HPLC-ESI+-MS/MS. Nucleobase adducts 2a-base, 2b-base, 2c-base, 3-base, and 4-

base (3 nmol aliquots) were dissolved in 15 mM aqueous sodium periodate (30 µL). 
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Thymidine (0.1 ou260) was added as an internal standard for quantitation. Aliquots (6 µL) 

were taken following incubation for 10 min, 1 h, 2 h, 4 h, and 23 h. The reaction was 

terminated by the addition of glycerol (1 µL), and the samples were frozen until HPLC-

ESI+-MS/MS analysis with an Agilent 1100 capillary HPLC-ion trap mass spectrometer 

system (Agilent Technologies, Inc.; Wilmington, DE). A 250 mm x 0.5 mm Synergi 

column, 4 µm particle size (Phenomenex, Torrance, CA) was eluted with a linear 

gradient of methanol (B) in 0.05% acetic acid (A). Solvent composition was changed 

from 0% to 1% B in 6 minutes, then further to 4% B in 11 minutes, and finally to 30% B 

in 2 minutes. The column was eluted at a flow rate of 12 µL/min.  Oxidation products 

(dialdehyde derivatives and the corresponding hemiacetals) were detected by HPLC-

ESI+-MS: dialdehyde at m/z 220.2 [M+H]+; MS2 m/z 220.2 → m/z 202.0 [M+H -H2O]+, 

and hemiacetal at m/z 238.3 [M +H]+, MS2 m/z 238.3 → m/z 220.2 [M+H -H2O]+ (Table 

2.2). 

Kinetics of cyclization 1a and 1b in aqueous medium. Pure compounds 1a or 1b 

were dissolved in water and incubated at 37 °C. The reaction products were monitored by 

HPLC system 1 (1a; t1/2 = 58 min and 1b; t1/2 = 58 min, Figure 2.15).  In a separate 

experiment, 1a was dissolved in water, and the formation of 3a and 4a were monitored 

by HPLC (system 3, Figure 2.17). 

Kinetics of the conversion of 3a and 4b in aqueous medium. Purified 3a and 4a 

were incubated  in water either at room temperature or at 37 ºC, and the rearrangement 

products were detected by HPLC (Figure 2.20). 

HPLC-ESI-MS/MS analysis of exocyclic DEB-dA adducts in DEB-treated DNA  
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Calf thymus DNA (500 µg aliquots, in 500 µL water) was treated with increasing 

amounts of R,R,  S,S, and meso DEB (0-1 mM) at 37 °C for 24 hours.  DNA was 

precipitated with cold ethanol and re-suspended in 500 µL of water. Following spiking 

with 15N4-labeled compounds 3 and 4 (500 fmol, internal standards for mass 

spectrometry), DNA was digested to deoxynucleosides in the presence of Nuclease P1 

(10 U) and alkaline phosphatase (60 U, 37 °C for 1 hour). Samples were filtered through 

YM-30 Centricon filters to remove proteins prior to solid phase extraction (SPE).  

Carbograph SPE cartridges (3 mL, Alltech) were prepared by washing with methanol (2 x 

3 mL) and water (2 x 3 mL).  Samples were loaded in water (1 mL), washed with water 

and 10 % methanol (3 mL each), and eluted with 30 % methanol (3mL). The 30% 

methanol elutions were concentrated under vacuum, and re-dissolved in 25 µL of water. 

About 8 µL was injected onto a capillary HPLC column for HPLC-ESI+-MS/MS 

analysis.  Exocyclic DEB-dA adduct amounts were determined from the relative response 

ratios (mass spectrometry peak area of exocyclic DEB-dA adduct to mass spectrometry 

peak area of isotopically labeled internal standard). 

 

HPLC-ESI-MS/MS analysis of exocyclic DEB-dA adducts in tissues of B6C3F1 

mice exposed to BD by inhalation 

B6C3F1 mice were exposed to 625 ppm butadiene or air (controls) for 2 weeks, 

and liver DNA was isolated using NuceoBond AXG500 anion exchange cartridges 

(Macherey-Nagel) (23).  DNA purity and amounts were determined by UV 

spectrophotometry. The A260/A280 rations were 1.7-1.8, confirming minimal protein 
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contamination. DNA (100 µg) was spiked with 15N4- labeled compounds 3 and 4 (300 

fmol each) and subjected to enzymatic digestion as described above for CT DNA. 

Samples were filtered through YM-10 Centricon microfilters, purified by SPE as above 

for CT DNA, dried under vacuum, and dissolved in 25 µL water. About 8 µl was injected 

onto a capillary HPLC column for HPLC-ESI-MS/MS analysis as described above for 

CT DNA. 

Liquid chromatography-mass spectrometry.  

The majority of HPLC-ESI-MS experiments were performed with an Agilent 

1100 capillary HPLC-ion trap mass spectrometer (Agilent Technologies, Inc.; 

Wilmington, DE). The instrument was operated in the ESI+ mode. Target ion abundance 

value was set to 30,000, the maximum accumulation time was 300 milliseconds, and 4 

scans were taken per average. A typical fragmentation amplitude was 0.7 V, with a scan 

width of 1.2 m/z. Nitrogen was used as a nebulizing (15 psi) and a drying gas (5 L/min, 

200 °C). Electrospray ionization was achieved at a spray voltage of 3-3.5 kV. 

For analyses of nucleoside reaction mixtures, samples were dissolved in a 1:1 

mixture of acetonitrile and 0.1% acetic acid and infused at a flow rate of 10-15 µL/min 

using a syringe pump. The mass spectrometer was operated in a full scan mode over the 

range of m/z 50-350. 

Enzymatic digests of DEB-treated DNA and liver DNA from control and 

butadiene-exposed mice were analyzed with an Agilent 1100 capillary HPLC system 

(Wilmington, DE) interfaced to a Thermo-Finnigan TSQ Quantum Ultra mass 

spectrometer (Thermo Fisher Scientific Corp., Waltham, MA). A Phenomenex Synergi 
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(250 x 0.5 mm, 0.4 µm) column was eluted with a gradient of 10 mM ammonium 

formate, pH 4.2 (A) and methanol (B).  The solvent composition was kept at 100 % A for 

5 min, changed to 6 % B over 1 min, and finally increased linearly to 30 % B over 10 

min. Under these conditions, 3 and 4 co-eluted at 14.5 min, while 2 eluted at 41.1 min.  In 

order to separate 3 and 4, a capillary Thermo Hypercarb column (150 x 0.5 mm, 5 µm, 

Thermo Fisher Scientific, Inc. Waltham, MA) was eluted with 0.05% acetic acid, pH 4.0 

(A) and 100% acetonitrile (B) at the same gradient. The mass spectrometer was operated 

in the positive ion mode, with nitrogen used as a sheath gas (5 L/min). Electrospray 

ionization was achieved at a spray voltage of 4.0 kV and the capillary temperature of 270 

°C. CID was achieved with Ar as a collision gas (1 mTorr) and a collision energy of 35 

V. The mass spectrometer parameters were optimized for maximum response during 

infusion of standard solutions. Both exocyclic DEB-dA lesions were quantified by 

isotope dilution with the corresponding 15N4-labeled internal standards. Quantitative 

analyses were performed in the selected reaction monitoring (SRM) mode using HPLC-

ESI+-MS/MS peak areas corresponding to the neutral loss of deoxyribose from 

protonated molecules of the adducts (m/z 338.1 [M + H]+ → 222.0 [M + 2H-dR]+ and m/z 

342.1 [M + H]+ → 226.0 [M + 2H-dR]+ for analytes and their internal standards, 

respectively). 

 

2.3 Results 

2.3.1 Synthesis and initial characterization of exocyclic DEB-dA adducts.  

Three isomers of exocyclic DEB-dA lesions were initially prepared. One of them 
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(compound 2 in Scheme 2.1) was isolated as a side product during the synthesis of 

compound 1, which was accomplished by coupling 6-chloropurine deoxyriboside with 1-

amino-2-hydroxy-3,4-epoxybutane in the presence of organic base (Scheme 2.1) (41). 

Two additional DEB-dA exocycles (compounds 3 and 4) were obtained as major 

products of spontaneous cyclization of 1 in an aqueous solution (Scheme 2.1) (41). All 

three exocyclic DEB-dA adducts 2, 3 and 4 had the same molecular weight (337.2 Da) as 

determined by ESI+ MS (m/z 338, [M+H]+), and their molecular formula from Q-TOF 

MS analysis was consistent with the addition of one molecule of DEB to deoxyadenosine 

(C14H19N5O5, calculated m/z 338.1459, observed m/z 338.1446 ).  

Unlike compound 1, which has a half life of ~ 100 min under physiological 

conditions (41), compounds 2, 3 and 4 were relatively stable in an aqueous solution at pH 

7.2 (with the exception of the slow interconversion of 3 and 4, see below). Moreover, no 

structural changes were observed following heating for 1 hour at 85 °C (not shown). Acid 

hydrolysis (0.1 N HCl, 30 min at 85 °C) of nucleosides 2, 3 and 4 cleaved the 

deoxyribose, while the alkylated nucleobases retained the DEB moiety, indicating that 

both alkylation events took place within the adenine portion of the molecule.   
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Scheme 2.1 Formation of compounds 1, 2, 3, and 4 upon the Coupling of 6-chloropurine-

2′-deoxyriboside with N-Fmoc-1-Amino-2-hydroxy-3,4-epoxybutane 
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Three stereoisomers of 2 (2a, 2b, and 2c) were synthesized (Chart 2.1). 

Compounds 2a and 2b originated from R,R+S,S 1-amino-2-hydroxy-3,4-epoxybutane (5a 

+ 5c) and were resolved by reversed phase HPLC. Compound 2c was prepared from 

meso 1-amino-2-hydroxy-3,4-epoxybutane (5b + 5d). The absolute configurations of 

compounds 2a, 2b, and 2c were subsequently determined by an independent synthesis 

described below. The individual diastereomers of compounds 3 and 4 could not be 

resolved by conventional HPLC because of their polar character, which led to poor 

retention of these nucleosides on reversed phase HPLC columns. As described in a later 

section, stereospecific synthesis was subsequently used to prepare individual 

stereoisomers of compounds 3 and 4. 

To identify the substitution sites within the adenine heterocycle, electronic spectra 

of compounds 2, 3 and 4 under different pH conditions were examined. UV absorbance 

spectra of DEB-dA adducts differed from that of compound 1 (Table 2.1 and Figure 2.2). 

While the UV spectra of compounds 2 had an absorbance maximum at neutrality of 274 

nm (Figure 2.2B, Table 2.1), compounds 3 and 4 had UV absorption spectra that were 

nearly identical to each other and were characterized by a maximum at 264 nm (Figures 

2.2C,D and Table 2.1). Under low pH conditions, the UV absorption maximum of 

compound 2 underwent a 6 nm hypsochromic shift, probably a result of protonation of 

the N-1 position of adenine (Table 2.1, Figure 2.2B). This is similar to pH dependence of 

the UV spectra reported for known N6-substituted deoxyadenosines (205). No such shift 

was observed for compounds 3 and 4. Instead, the UV spectra of compounds 3 and 4 

were transformed at a high pH, with the development of a broad shoulder between 280 
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and 320 nm (Figures 1C and 1D).  This UV absorption behavior is characteristic for 1,N6-

substituted deoxyadenosines (205-208).  Taken together, the UV spectroscopy data were 

consistent with N6 substitution of adenine in compound 2 and 1,N6-susbstitution in 

compounds 3 and 4. 
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Table 2.1 pH dependence of the UV absorbance spectra of exocyclic DEB-dA adducts. 

UVmax , nm 
Compound 

0.1M HCl Water 0.1M NaOH 

2a 268 274 274 
2b 268 274 274 

2c 268 274 274 
3a 264 264 265 

3b 264 265 267 
4a 264 265 266 

4b 264 265 267 
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Figure 2.2 UV (left panel) and MS
3
 spectra (right panel) of synthetic compounds 1 (A), 2 

(B), 3 (C), and 4 (D). 
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Further insight into the structures of novel exocyclic DEB-dA lesions was 

obtained from tandem mass spectrometry experiments. The MS/MS fragmentation 

patterns of compounds 2, 3 and 4 under ESI+-MS/MS conditions were similarly 

predominated by the neutral loss of deoxyribose (m/z 338.3 → 222.2 [M+2H-dR]+), not 

allowing any insight into the structures of modified bases (results not shown).  However, 

characteristic MS3 fragmentation patterns were observed when the MS/MS product ions 

at m/z 222.2 were isolated and subjected to further fragmentation in an ion trap mass 

spectrometer (Figure 2.2, right panel). Compound 2 exhibited a major MS3 secondary 

product ion at m/z 185.9 [M+2H-dR-2H2O]+ (Figure 2.2B). In contrast, MS3 

fragmentation of compound 3 was predominated by the fragment ions at m/z 148.0 [Ade-

CH2+H]+ (Figure 2.2C), while MS3 spectrum of compound 4 was characterized by intense 

product ions at m/z 177.5 [Ade-CH-CH2OH+H]+ (Figure 2.2D). Our observation of 

different MS3 fragmentation patterns for the three isomers of DEB-dA adducts is 

suggestive of significant structural differences between DEB-derived deoxyadenosine 

exocycles 2, 3, and 4.  

2.3.2 Periodate oxidation experiments to establish the structure of DEB-derived 

butanediol linker. 

The structure of the DEB-derived side chain in compounds 2, 3, and 4 was 

explored by periodate oxidation. To simplify the experiment, periodate oxidation was 

conducted with free bases of 2a, 2b, 2c, 3 and 4 obtained by acid hydrolysis of the 

corresponding nucleosides (Chart 2.2).  These experiments (Table 2.2) revealed the 

presence of a vicinal diol functionality in compounds 2a, 2b, and 2c, consistent with the 
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1,4-butandiyl-2,3-diol structure of DEB-derived exocycle (Chart 2.2). In contrast, the 

lack of periodate reactivity toward compounds 3 and 4 indicates that they do not contain 

a 1,2-diol functionality (Table 2.2). As described below, these results were subsequently 

confirmed by independent synthesis of 2, 3, and 4. 
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Table 2.2 Kinetics of oxidation of the stereoisomers of compounds 2, 3 and 4 with 

sodium periodate. 

Following incubation of free nucleobases of the adducts with sodium periodate for 

defined periods of time, the reaction products were analyzed by HPLC-UV-ESI+ MS. We 

found that oxidative cleavage of the nucleobase component of compound 2c was 

quantitative within 10 min, while compounds 2a-base and 2b-base required a 23 h 

incubation with periodate. Compounds 3-base and 4-base remained intact following 

extensive incubation in the presence of periodate (up to several days). Furthermore, the 

facile cleavage of compound 2c with periodate suggests that it is a cis diol, while 

compounds 2a and 2b are not readily cleaved and thus represent trans diols.  

 
% oxidized  Time 

2a  2b 2c 3 4 
10 min 0 0 100 - - 

1 h 4.8 6.4 – - - 
2 h 14.6 11.5 – - - 
4 h 45.0 54.5 – - - 
23 h 100 100 – - - 

 



 

 100 

2.3.3 Structural characterization of compounds 2 by NMR spectroscopy.   

Further details of the molecular structure of compounds 2, 3, and 4 were obtained 

from one- and two-dimensional NMR spectroscopy experiments. To simplify NMR 

signal assignment, the deoxyribose group of each nucleoside was cleaved in the presence 

of acid. NMR signal interpretation for the resulting nucleobase adducts (Chart 2.2) was 

facilitated by comparison with known 1H NMR spectra of monoalkylated adenines 

(20,209-211) and 1,N6-exocyclic dA adducts of BCNU, vinyl chloride, and a,b-

unsaturated aldehydes  (40,206,212).  

The aromatic region of the 1H NMR spectra recorded for the compounds 2a-base, 

2b-base, and 2c-base was characterized by signals at 8.15 ppm (H-2 of Ade) and 8.05 

ppm (H-8 of Ade). The signal of N9-H was observed at 12.88-12.89 ppm  (Figure 2.3, 

Table 2.3 and 2.4). These chemical shifts are comparable to those reported for other N6-

alkyladenines (20,213). However, unlike singly substituted N6-dA derivatives, which 

exhibit one- proton signal at ∼ 8 ppm corresponding to the exocyclic amino group, 

spectra of compounds 2a-base, 2b-base, and 2c-base lacked the N6-H proton signal, 

consistent with bis-alkylation of the N6 position of adenine. 13C chemical shifts of the 

aromatic part of the molecule were similar to those reported for other N6-alkyladenines 

(209,214).  NMR spectra of compounds 2a-base and 2b-base were identical, consistent 

with their enantiomeric relationship. The presence of the pyrrolidine-2,3-diol group was 

supported by HSQC spectra that exhibited two methylene and two methine protons 

within the side chain, the TOCSY spectra that revealed strong correlations between CH2
α 

and CHβ protons, CHβ and CHγ protons, and CH2
δ and CHγ protons, 1H NOESY 
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experiments (Figure 2.3), and by comparison of the NMR spectra of compounds 2 with 

those of other pyrrolidine derivatives (215). No detectable correlations between the 

purine heterocycle and the pyrrolidine moiety of the molecule were detected in the 

gHMBC experiments (Figure 2.4), as is often the case for N6-substituted adenines 

(24,198,216). Based on NMR, MS, and periodate oxidation experiments, compounds 2a 

and 2b were identified as the enantiomers of N6,N6-(2,3-dihydroxybutan-1,4-diyl)-2'-

deoxyadenosine (Chart 2.1). Similar NMR results, with a few small differences in 

chemical shifts, were noted for compound 2c-base (Table 2.4). Based on the NMR, UV, 

and mass spectra, as well as periodate oxidation results (Table 2.2), compound 2c-base 

was identified as meso N6,N6-(2,3-dihydroxybutan-1,4-diyl)-adenine (Chart 2.2).  

Final structural assignments of compounds 2a, 2b, and 2c, including their 

absolute configurations, were made by comparing their NMR, UV, optical rotation, and 

mass spectra to those of authentic R,R, S,S and meso N6,N6-DHB-dA prepared 

independently. This stereospecific synthesis was accomplished by coupling 2'-

deoxyinosine with optically pure 3S,4S, 3R,4R and meso pyrrolidine-3,4-diols. For 

example, protected 3R,4R pyrrolidine-2,3-diol 8 was synthesized from D-tartaric acid 6 

as described previously (Scheme 2.2) (202,203).  Following debenzylation of 8, the 

resulting 3R,4R pyrrolidine-3,4-diol 9 was coupled to 2'-deoxyinosine in the presence of 

DMSO, DIPEA and PyBOP (204) to give optically pure compound 2a in 72% yield. The 

same synthetic route starting with L-tartaric acid and meso-tartaric acid was used to 

obtain optically pure compounds 2b and 2c, respectively. We found that the HPLC 

retention times, UV, NMR, and mass spectra of the independently prepared R,R, S,S, and 
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meso N6,N6-DHB-dA were identical to those of compounds 2a, 2b, and 2c derived from 

N6-HEB-dA (Scheme 1), confirming their chemical structures as S,S, R,R and meso 

N6,N6-(2,3-dihydroxybutan-1,4-diyl)-2'-deoxyadenosine, respectively (Chart 2.1). 
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Figure 2.3 1H-NMR (A), 13C NMR (B), HSQC (C) and TOCSY (D) spectra of 

compound 2a-base (600 MHz) (Inset in (A): enlarged area of 3.4 – 4.4 ppm). 
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Figure 2.4. HMBC spectrum of R,R-N6,N6-DHB-dA, (2a). 
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Table 2.3 NMR characterization of synthetic compounds 2a-base and 2b-base. 
 

 
 
 
 
 
 
 
 

                          
Chemical 
shift, 
ppm 

Coupling 
constant, Hz 

Assignmen
t 

COSY/TOCSY NOESY HMQC  
& HSQC 
 

HMBC 

12.88 (s, 
1H) 

 N9-H     

8.15 (s, 
1H) 

 H-2   152.79 
(C-2) 
 

153.5 (C-6) 
151.2 (C-4) 
119.8 (C-5) 

8.05 (s, 
1H) 

 H-8    151.2 (C-4) 
119.8 (C-5) 

5.14 (br 
s,2H) 

 OH groups 4.08 (Hβ); 4.00 (Hγ)    

4.21 
(d,1H) 

Jgem=11.87 Hα1 4.08 (Hβ); 4.00 (Hα2)   55.28 (Cα)  

4.08 
(s,1H) 

 Hβ 4.21 (Hα1); 4.00 (Hγ)   75.47 (Cβ)  

4.00 (m, 
2H) 

 Hα2 

Hγ 

4.00 (Hα1) 

4.08 (Hβ); 3.69 (Hδ1); 

3.62 (Hδ2) 

 55.28 (Cα) 

73.60 (Cγ) 
 

 

3.69 (d, 
1H) 

Jgem=10.89 Hδ1 4.00 (Hγ); 3.62 (Hδ2)  53.68 (Cδ) 
 

 

3.62 (d, 
1H) 

Jgem=11.87 Hδ2 4.00 (Hγ); 3.69 (Hδ1) 4.21 (Hα1); 

4.08 (Hβ); 

4.00 (Hα2,Hγ); 

3.69 (Hδ1) 

53.68 (Cδ)  
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Table 2.4 NMR characterization of synthetic compound 2c-base. 
 

 
Chemical 

shift, ppm 

Coupling 

constant, Hz 

Assignme

nt 

COSY NOESY HMQC 

12.89 (s, 

1H) 

 N9-H    

8.15 (s, 1H)  H-2   152.70 (C-2) 

8.05 (s, 1H)  H-8    

4.99 (s, 1H)  CHOHβ 4.15 (Hβ) 4.15 (Hβ)  

4.92 (s, 1H)  CHOHγ 4.13 (Hγ) 4.13 (Hγ)  

4.22 (d, 1H) Jgem=12.0 Hα1 4.15 (Hβ); 3.91 (Hα2) 3.91 (Hα2) 53.80 (Cα) 

4.15 (m, 

1H) 

 Hβ 4.99 (CHOHβ); 4.22 

(Hα1); 3.91 (Hα2) 

3.91 (Hα2); 

4.99 (CHOHβ) 

71.50 (Cβ) 

4.13 (m, 

1H) 

 Hγ 4.92 (CHOHγ); 3.71 

(Hδ1); 3.49 (Hδ2) 

4.92 (CHOHγ); 3.71 

(Hδ1); 3.49 (Hδ2) 

69.90 (Cγ) 

3.91 (d, 1H) Jgem=12.0 Hα2 4.22 (Hα1); 4.15 (Hβ) 4.22 (Hα1); 4.15 (Hβ) 53.80 (Cα) 

3.71 (d, 1H) Jgem=12.0 Hδ1 4.13 (Hγ); 3.49 (Hδ2) 4.13 (Hγ) 52.30 (Cδ) 

3.50 (d, 1H) Jvic=7.9, 3.6 Hδ2 4.13 (Hγ); 3.71 (Hδ1) 4.13 (Hγ) 52.30 (Cδ) 
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Scheme 2.2 Stereospecific Synthesis of Compound 2a. 
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2.3.4 Molecular modeling and temperature dependent NMR 

As noted above, NMR spectra of compounds 2-base recorded at an ambient 

temperature (25 °C) reveal separate signals for the two methylene protons (CH2
α and 

CH2
δ) and for the two methine protons of the pyrrolidine-2,3-diol moiety (CHβ and CHγ). 

Similarly, 13C NMR signals of carbons β and γ, as well as those of carbons α and δ, have 

slightly different chemical shifts (Figure 2.3B). This is in contrast with fully symmetrical 

1H and 13C spectra of synthetic pyrrolidine-3,4-diols prior to their coupling with the 

purine heterocycle (Figures 2.5 and 2.6). This discrepancy can be explained by a hindered 

rotation about the C6-N6 bond in compounds 2, resulting in a distinct stereoelectronic 

environment for carbons and hydrogens located on the opposite sides of the pyrrolidine 

ring (e.g. CH2
α and CHβ versus CHγ and CH2

δ). This hypothesis is fully supported by 

density functional calculations that reveal that the lone electron pair of the pyrrolidine 

nitrogen is shared with the π-electron system of the purine ring, resulting in a partial 

double bond character for the C6-N6 bond. Conformational analyses (Figures 2.7, 2.8 and 

Table 2.5) predict that the barrier of rotation about the C6-N6 bond is between 14.5 and 

17.5 kcal/mol. As a result, at room temperature, one side of the pyrrolidine ring (CH2
α 

and CHβ) experiences a greater ring current and a more pronounced deshielding than 

does the other side (CHγ and CH2
δ), leading to a downfield shift in the 1H and 13C NMR 

spectra.  

To confirm the results of this computational study experimentally, temperature-

dependent 1H NMR spectra of compounds 2a and 2b were recorded.  As the temperature 
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was increased from 25 °C to 50, 65, and 85 °C, proton signals corresponding to CHβ and 

CHγ merged, yielding a single two proton signal at 4.04 ppm (Figure 2.9).  Similarly, the 

signals corresponding to CH2
α and CH2

δ coalesced at an increased temperature, although 

a higher temperature (~ 85 °C) was required because of a greater separation of their 

chemical shifts (4.21, 4.00 and 3.69, 3.62 ppm, respectively). Taken together, our results 

suggest that the bond rotation along the C6-N6 bond of compounds 2 under physiological 

temperature is hindered, resulting in an asymmetric structure.  
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Figure 2.5 Proton NMR spectrum of R,R 2,3-dihydroxypyrolidine.  
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Figure 2.6 13C NMR spectrum of R,R 2,3-dihydroxypyrolidine. 
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Figure 2.7 Potential energy surface for the rotation around the C6-N6 bond of compound 

2a-base. Relative electronic energies were taken based on the minimum energy 

structures. All values are given in kcal/mol.  

 

  

 
 

Axial conformation Equatorial conformation 
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Table 2.5 Compound 2a, The relative gas-phase electronic energy (DE), enthalpy (DH), 

free energy (DG), and aqueous free energy (DGaq) in kcal/mol for the axial, equatorial, 

and transition state structure that connects them.  Solvation corrections were calculated 

using the COSMO implicit solvation model. 

 
 ΔE ΔH ΔG ΔG (aq) 
Equatorial 0.85 0.67 0.82 0.94 
Axial 0.00 0.00 0.00 0.00 
TS 3.69 2.92 3.95 3.71 
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Figure 2.8 Top and side views of HOMO-2 (A) and HOMO-20 (B) of compound 2a-

base in an equatorial conformation. 
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Figure 2.9  Temperature dependent 1H NMR spectra of compound 2a-base. 
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2.3.5 Structural characterization of compound 3: 1,N6-(2-hydroxy-3-

hydroxymethylpropan-1,3-diyl)-2'-deoxyadenosine (compound 3) 

Since compound 3 was obtained by spontaneous cyclization of compound 1 (in 

Scheme 2.1), adenine substitution pattern of the resulting exocycle must include the N6 

position of adenine. As discussed above, the UV spectral data for 3 are indicative of the 

1,N6 dialkylation (Figure 2.2C). Further proof of the 1,N6-substitution of adenine in 

compound 3 is obtained from gHMBC and 2-D NOESY spectra (Figures 2.9B,D and 

Tables 2.6-2.8). In particular, gHMBC signals are found between the C-6 of adenine and 

the CH2
α protons of the side chain (Figure 2.10B), as well as a correlation is observed 

between the carbon γ of the side chain and the H-2 proton of the adenine heterocycle 

(Figure 2.10D).  Furthermore, NOESY correlations are observed between the H-2 proton 

of the adenine nucleobase and CHγ proton of the side chain of compounds 3, 3a and 3b 

(Figure 2.11). 

The detailed structures of compounds 3a and 3b were established by considering 

the results of two-dimensional NMR experiments. A phase-sensitive HSQC (1H-13C) 

experiment (Figure 2.10C) was instrumental for distinguishing between methylene and 

methine protons within the DEB-derived exocycle. The diastereotopic methylene protons 

of the CH2
δ group were observed as two multiplets at 3.59 and 3.39 ppm (Figure 2.10A). 

According to the HMQC & HSQC data, these two protons are attached to the same 

carbon atom (61.9 ppm, Table 2.6). These two protons couple with each other in the 

COSY and NOESY spectra, confirming their geminal nature. Furthermore, the CH2
δ 
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group is connected to a hydroxyl based on the results of COSY experiments (Table 2.6). 

Taken together with the results of periodate oxidation (Table 2.2), these data establish the 

structure of 3 as 1,N6-(2-hydroxy-3-hydroxymethylpropan-1,3-diyl)-2'-deoxyadenosine 

(Chart 2.1). 

This structural assignment is supported by comparing the NMR and UV data of 

compound 3 with those published for other 1,N6-dA exocyclic compounds, e.g. e.g. 1,N6-

(propano)-2'-deoxyadenosine (216) and 1,N6-(2-hydroxypropano)-2'-deoxyadenosine 

(207). Density functional calculations predict that the distance between H-2 and CHγ 

protons in 1,N6-(2-hydroxy-3-hydroxymethylpropan-1,3-diyl)-2'-deoxyadenosine is 2.21 

Å (Figure 2.12A), consistent with the NOESY results discussed below. 

Despite single substitution of the exocyclic amino group in compound 3, no 1H 

NMR signal corresponding to the exocyclic NH proton is observed (Figure 2.10A). Other 

N1-alkyladenines are known to be positively charged in aqueous solutions at a neutral pH 

(the pKa of 1-methyladenine is 8.25) (209), with the charge localized mainly at the N1 

position. HPLC behavior of compounds 3 and 4, e.g. their poor retention on reversed 

phase HPLC columns in the absence of ion pairing reagents, but strong retention on 

cation exchange columns at pH 7, suggests that they are charged species under aqueous 

conditions, containing a proton at the N6 and a double bond between the C6 and the N1 

(Scheme 2.3). Further support for the presence of a positive charge on the N-1 under 

aqueous conditions is obtained from the downfield shifts of the NMR signals of H-2, C-2, 

C-6 compared to the corresponding signals in dA. The proton NMR signal of H-2 in 3 is 

shifted downfield by 0.6 ppm when the spectrum is recorded in D2O relative to that in dry 
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DMSO (Figure 2.13). This shift is greater than can be accounted for by solvent effect and 

is consistent with the presence of a positive charge when compound 3a is dissolved in 

water. This NMR behavior analogous to that of structurally similar 1,N6-dA exocyclic 

adducts containing a positive charge on the N-1 (207). We hypothesize that NMR sample 

drying under high vacuum conditions leads to deprotonation of the N6-H (and the 

removal of acetic acid) and the formation of the N6-C6 double bond (Scheme 2.3), 

explaining the absence of the N6-H proton signal in the 1H NMR spectrum of compound 

3a (Figure 2.10A).  
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Figure 2.10 
1
H NMR (A), HMBC (B and D), and phase sensitive HSQC spectra (C) of 

compound 3 (racemic) (Bruker 700 MHz) (Inset in A: enlarged area of 3.2−4.3 ppm). 
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Table 2.6 NMR characterization of compound 3 (RS + SR racemic mixture). 
 

 
Chemical 
shift, ppm 

Assignm
ent 

JH,H (Hz) COSY NOESY HSQC 
 

HMBC 

8.25 (s, 1H) H-8    139.0 122.8 (C5); 
142.2 (C4) 

7.95 (s, 1H) H-2   4.13 (Hγ) 148.6 63.6 (Cγ); 
142.2 (C4, C6) 

6.26 (t, 1H) H1' J3=6.8 2.63 (H2'): 2.63 
(H2') 

 84.3 138.1(C8); 
142.2 (C4) 

 OH 
groups 

     

4.39 (m, 1H) H3' J3=5.4; J3=2.7 3.87 (H4'); 2.63 
(H2') 

 71.0  

4.17 (bs) Hβ  4.17 (Hβ); 3.39 

(Hδ2) 

3.59 (Hδ1); 
7.95 (H-2) 

59.7 
(Cβ) 

 

4.13 (bs) Hγ  3.44 (Hδ2); 4.13 

(Hγ); 3.44 (Hα1&α2) 

3.39 (Hδ2) 63.6 
(Cγ) 

 

3.87 (m, 1H) H4'  4.39 (H3'); 3.64 
(H5'); 3.52 (H5') 

 88.7  

3.64 (m, 1H) H5' J2=11.5; 
J3=4.6 

3.52 (H5'); 3.87 
(H4') 

 61.9  

3.59 (m, 1H) Hδ1 J2=11.7; 
J3=7.7; J4=4.5 

3.39 (Hδ2) 4.13 (Hγ); 

3.39 (Hδ2) 

61.9 
(Cδ) 

 

3.52 (m, 1H) H5' J2=11.4; 
J3=5.8 

3.64 (H5'); 3.87 
(H4') 

 61.9  

3.44 (d, 2H) Hα1, α2  4.17 (Hβ) 4.17 (Hβ) 46.3 
(Cα) 

142.2 (C6); 
59.7 (Cβ) 

3.39 (m, 1H) Hδ2 J2=11.5; 
J3=7.4; J4=4.3 

3.59 (Hδ1); 4.13 

(Hγ); 4.17 (Hβ)  

3.59 (Hδ1); 

4.17 (Hβ) 

61.9 
(Cδ) 

 

2.63 (m, 1H) H2'  4.39 (H3'); 6.26 
(H1'); 2.29 (H2') 

 40.1  

2.29 (dd, 
1H) 

H2' J2=8.2; J3=2.7 2.63 (H2'); 6.26 
(H1') 

 40.1  
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Table 2.7 NMR characterization of compound 3a. 

 
Chemical 
shift, ppm 

Assignme
nt 

JH,H (Hz) COSY NOESY HSQC 
 

HMBC 

8.05 (s, 
1H) 

H-8    137.3 123.5 (C5); 
141.9 (C4) 

7.64 (s, 
1H) 

H-2   3.96 (Hγ) 148.6 63.6 (Cγ); 141.9 
(C4, C6) 

6.20 (t, 1H) H1' J3=6.9 2.60 (H2'): 2.25 
(H2') 

 83.5 137.3(C8); 
142.2 (C4) 

5.29 (bs, 
1H) 
5.10 (bs, 
1H) 
5.01 (bs, 
1H) 

OH 
groups 

     

4.36 (t, 1H) H3' J3=2.7 3.84 (H4'); 2.60 
(H2') 

3.84 (H4') 71.2  

3.99 (bs, 
1H) 

Hβ  3.96 (Hγ); 3.35 

(Hδ2); 3.39 

(Hα1&α2) 

3.55 (Hδ1) 59.7(Cβ)  

3.96 (m, 
1H) 

Hγ  3.99 (Hβ); 3.35 

(Hδ2) 

3.35 (Hδ2); 
7.64 (H-2) 

63.6 (Cγ)  

3.84 (m, 
1H) 

H4' J3=2.7; J3=4.4 4.36 (H3'); 3.58 
(H5'); 3.50 
(H5') 

4.36 (H3') 88.3 71.2 (C3') 

3.58 (m, 
1H) 

H5' J2=11.5; J3=4.6 3.50 (H5'); 3.84 
(H4') 

 62.3 71.1 (C3'); 88.3 
(C4') 

3.55 (m, 
1H) 

Hδ1 J2=11.6; J3=5.4 3.58 (H5'); 3.84 
(H4')3.35 (Hδ2) 

4.17 (Hγ); 

3.35 (Hδ2) 

62.3 (Cδ) 59.7 (Cβ); 63.6 

(Cγ) 
3.50 (m, 
1H) 

H5' J2=11.3; J3=4.0 3.35 (Hδ2);  62.3 71.1 (C3') 

3.39 (m, 
2H) 

Hα1, α2  3.99 (Hβ) 3.99 (Hβ) 47.1 (Cα) 142.2 (C6); 59.7 
(Cβ); 63.6 (Cγ) 

3.35 (m, 
1H) 

Hδ2 J2=11.6; J3=5.4 3.99 (Hβ); 3.96 

(Hγ); 3.55 (Hδ1);  

3.55 (Hδ1); 

3.99 (Hβ) 

62.3 (Cδ) 63.6 (Cγ) 

2.60 (m, 
1H) 

H2'  4.36 (H3'); 6.20 
(H1'); 2.25 
(H2') 

 40.1 83.5 (C1'); 71.1 
(C3'); 88.3 (C4') 

2.25 (dd, 
1H) 

H2' J2=8.2; J3=2.7 2.60 (H2'); 6.20 
(H1') 

H1' 40.1 71.1 (C3'); 88.3 
(C4') 
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Table 2.8 NMR characterization of compound 3b. 

 
Chemical 
shift, ppm 

Assign
ment 

JH,H 
(Hz) 

COSY NOESY HSQC 
 

HMBC 

8.05 (s, 1H) H-8    137.3 123.6 (C5); 
142.2 (C4) 

7.64 (s, 1H) H-2   4.09 (Hγ) 147.9 63.6 (Cγ); 142.2 
(C4); 141.2 (C6) 

6.21 (t, 1H) H1' J3=6.9 2.23 (H2'): 2.59 (H2')  83.8 137.3(C8); 
142.2 (C4) 

5.50 (bs, 1H) 
5.20 (bs, 1H) 
5.00 (bs, 1H) 
5.90 (bs, 1H) 

OH 
groups 

     

4.38 (m, 1H) H3' J3=2.7 3.84 (H4'); 2.59 (H2') 3.57 (H5'); 
3.50 (H5'); 
3.84 (H4') 

71.1 88.1 (C4') 

4.09 (m, 1H) Hγ J3=5.3 4.00 (Hβ); 3.84 (Hδ1); 

3.43 (Hδ2) 

4.00 (Hβ); 

3.84 (Hδ1); 
7.64 (H-2) 

61.7 (Cγ) 58.8 (Cδ) 

4.00 (m, 1H) Hβ J3=5.3 3.84 (Hδ1); 3.43 (Hδ2);  

4.09 (Hγ); 3.43 (Hα1); 

3.12 (Hα2) 

3.43 (Hα1); 

4.09 (Hγ) 

62.4(Cβ)  

3.84 (m, 2H) H4'; 
Hδ1 

 4.38 (H3'); 3.60 (H5'); 
3.50 (H5'); 4.09 (Hγ); 

4.00 (Hβ); 3.43 (Hδ2) 

4.09 (Hγ); 
4.38 (H3') 

88.1 
(C4') 
58.8 (Cδ) 

71.1 (C3') 

3.57 (m, 1H) H5' J2=11.4; 
J3=4.3 

3.50 (H5'); 3.84 (H4') 4.38 (H3'); 
3.84 (H4') 

62.2 88.1 (C4'); 71.1 
(C3') 

3.50 (m, 1H) H5' J2=11.4; 
J3=4.3 

3.57 (H5'); 3.84 (H4') 4.38 (H3'); 
3.84 (H4') 

62.2  88.1 (C4'); 71.1 
(C3') 

3.43 (m, 2H) Hδ2,Hα1 J2=15.6; 
J3=5.3 

3.84 (Hδ1); 3.12 (Hα2) 4.00 (Hβ) ; 

3.12 (Hα2) 

47.8 (Cα) 

58.8 (Cδ) 

61.7 (Cγ) 
141.2 (C6) 

3.12 (m, 1H) Hα2 J2=10.7; 
J3=5.7 

3.43 (Hα1) 3.43 (Hα1) 47.8 (Cα) 62.4 (Cβ); 141.2 
(C6) 

2.59 (m, 1H) H2'  4.38 (H3'); 6.21 (H1'); 
2.23 (H2') 

 40.1 83.8 (C1'); 71.1 
(C3'); 88.1 
(C4') 

2.23 (m, 1H) H2' J2=8.2; 
J3=2.7 

2.59 (H2'); 6.21 (H1') H1' 40.1 71.1 (C3'); 88.1 
(C4') 
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Figure 2.11 NOESY NMR spectrum of compound 3a. 
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Figure 2.12 Molecular models of compounds 3b (A), 4b (B) and proposed 

intramolecular hydrogen bonding in 4b (C). Selected interatomic distances for protons 

observed in NOESY spectra are indicated.  
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Scheme 2.3 Protonated and Deprotonated Forms of 3 and 4 
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Figure 2.13 NMR spectral comparison of 3a in D2O and in DMSO-d6 (A); NMR data 

comparison (in ppm) with dA in D2O and in DMSO (B). 

A. 
 

2 

 
B.  
 
 dA in D2O  dA in DMSO-d6 3a in D2O 3a in DMSO-d6 
H-8 8.30 8.31 8.38 8.05 
difference 0.01 0.3 
H-2 8.21 8.11 8.24 7.64 
difference 0.1 0.6 
 

 



 

 127 

2.3.6 Structural characterization of compound 4: 1,N6-(1-hydroxymethyl-2-

hydroxypropan-1,3-diyl)-2'-deoxyadenosine (compound 4)   

UV spectroscopy results for compound 4 discussed above (Figure 2.2 and Table 

2.1) are consistent with the 1,N6- ring substitution pattern, while periodate oxidation 

experiments establish the absence of a vicinal diol functionality (Table 2.2).  

Furthermore, UV absorbance spectra (Figure 2.2) and the downfield regions of the 1H 

NMR spectra of compound 4 (Tables 2.9 and 2.10) are identical to those of compound 3, 

suggesting that they have the same adenine ring substitution patterns. However, our 

observation of distinct MS3 spectra and significant differences within the upfield regions 

of the 1H NMR spectra of compounds 3 and 4 (see Figures 2.2C and D (right panel), 

Tables 2.9 and 2.10) suggests that they have different side chain structures.  

Two-dimensional NMR experiments were used to establish the exact connectivity 

between the adenine heterocycle and the DEB-derived side chain in compound 4. In 

particular, NOESY correlations between the H-2 adenine proton and both CH2
γ protons 

within the propano exocycle were observed (Tables 2.9 and 2.10). Furthermore, HMBC 

correlations were detected between the two CH2
γ protons (3.95 and 3.80 ppm) and the C-

2 carbon of adenine (148.6 ppm) of 4a, strongly suggesting that a terminal methylene 

group of DEB is connected to the N-1 position of adenine (Table 2.9). On the other side, 

the N6 position of adenine is bound to an internal carbon of DEB as indicated by the 

presence of the HMBC correlation between the CHα proton (3.48 ppm) and the C-6 

carbon atom of nucleobase (142.3 ppm) (Tables 2.9 and 2.10). Taken together, these 

results are consistent with the structure of 1,N6-(1-hydroxymethyl-2-hydroxypropan-1,3-
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diyl)-2'-deoxyadenosine for compound 4. According to our density functional 

calculations, the distances between the H-2 of adenine and the two γ methylene protons 

in 1,N6-(1-hydroxymethyl-2-hydroxypropan-1,3-diyl)-2'-deoxyadenosine are 2.23 and 

3.06 Å, respectively (Figure 2.12B), consistent with the NOESY results for compound 4 

(Tables 2.9 and 2.10). 
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Table 2.9  NMR characterization of compound 4a. 
 

 
Chemical 
shift, ppm 

Assi
gnm
ent 

JH,H 
(Hz) 

COSY NOESY HSQ
C 
 

HMBC 

8.05 (s, 1H) H-8    137.
5 

123.6 (C5); 141.9 
(C4) 

7.64 (s, 1H) H-2   3.95 (Hγ1); 3.80 

(Hγ2); 

148.
3 

123.6 (C5); 49.5 (Cγ) 

6.20 (t, 1H) H1' J3=6.9 2.60 (H2'): 2.23 
(H2') 

 83.8 137.5 (C8); 142.3 
(C4) 

5.29 (bs, 1H) 
5.20 (bs, 1H) 
5.10 (bs, 1H) 
4.60 (bs, 1H) 

OH 
grou
ps 

     

4.36 (m, 1H) H3' J3=2.7 3.84 (H4'); 2.60 
(H2') 

3.84 (H4') 71.2  

3.99 (m, 1H) Hβ J3=2.2 3.95 (Hγ1); 3.80 

(Hγ2); 3.48 (Hα) 

3.95 (Hγ1); 3.80 

(Hγ2); 3.57 (Hδ1) 

61.2 
(Cβ); 

60.1 (Cα); 49.5 (Cγ) 

3.95 (m, 1H) Hγ1 J2=12.7; 
J3=2.2 

3.80 (Hγ2); 3.99 

(Hβ) 

3.99 (Hβ); 3.80 

(Hγ2) ; 7.64 (H-2) 

49.5 
(Cγ) 

148.6 (C2); 142.3 
(C6) 

3.84 (m, 1H) H4' J3=4.5, 
5.1 

4.36 (H3'); 3.58 
(H5'); 3.49 (H5') 

3.57 (H5'); 4.36 
(H3') 

88.2 71.2 (C3'); 83.8 
(C1') 

3.80 (m, 1H) Hγ2 J2=12.7; 
J3=5.0 

3.95 (Hγ1); 3.99 

(Hβ); 

3.95 (Hγ1); 7.64 
(H-2) 

49.5 
(Cγ) 

148.6 (C2);  
142.3 (C6); 60.1 
(Cα); 61.2 (Cβ); 

3.57 (m, 2H) H5'; 
Hδ1 

J2=11.5; 
J3=4.3 

3.49 (Hδ2); 3.49 

(H5'); 3.48 (Hα) 

3.99 (Hβ); 4.36 
(H3') 

63.5 
(Cδ&
C5') 

71.2 (C3') 88.2 
(C4');  
60.1 (Cα) 

3.49 (m, 2H) H5'; 
Hδ2 

J2=11.5; 
J3=4.4 

3.57 (Hδ1); 3.57 

(H5'); 3.48 (Hα) 

3.57 (H5',Hδ1) ; 

3.49 (H5',Hδ2) ; 
3.84 (H4') 

63.5 
(Cδ&
C5') 

71.2 (C3'); 88.2 
(C4') 

3.48 (m, 1H) Hα  3.99 (Hβ)  60.1 
(Cα) 

49.5 (Cγ); 61.2 (Cβ); 
142.3 (C6) 

2.60 (m, 1H) H2'  4.36 (H3'); 6.20 
(H1'); 2.23 (H2') 

2.23 (H2') 40.1 71.2 (C3'); 83.8 
(C1'); 88.2 (C4') 

2.23 (m, 1H) H2' J2=8.2; 
J3=2.7 

2.60 (H2'); 6.20 
(H1') 

6.20 (H1'), 2.60 
(H2') 

40.1 71.2 (C3'); 88.2 
(C4') 
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Table 2.10 NMR characterization of compound 4b. 
 

 
Chemical 
shift, ppm 

Assignm
ent 

JH,H 
(Hz) 

COSY NOESY HSQC 
 

HMBC 

8.07 (s, 1H) H-8    137.3 123.6 (C5) 
7.77 (s, 1H) H-2   3.98 (Hγ1, γ2) 148.6 123.6 (C5); 52.9 (Cγ) 
6.20 (t, 1H) H1' J3=6.9 2.60 (H2'): 2.38 

(H2') 
 83.5 137.5 (C8); 142.0 

(C4) 
5.32 (bs, 1H) 
5.62 (bs, 2H) 
4.58 (bs, 1H) 

OH 
groups 

     

4.36 (m, 1H) H3' J3=3.1 3.85 (H4'); 2.60 
(H2') 

3.85 (H4') 71.0 62.2 (C5'); 83.5 (C1') 

4.18 (d, 1H) Hβ J3=2.5  3.98 (Hγ1, γ2); 

3.30 (Hα) 

58.5 
(Cβ); 

 

3.98 (bs, 2H) Hγ1, γ2   7.77 (H-2); 
4.18 (Hβ) 

52.9 (Cγ) 58.5 (Cβ); 58.0 (Cα); 
148.6 (C2); 142.3 
(C6) 

3.85 (m, 1H) H4' J3=4.5, 
6.7 

4.36 (H3'); 3.58 
(H5'); 3.49 (H5') 

4.36 (H3') 88.0 71.0 (C3'); 

3.58 (m, 2H) H5'; Hδ1 J2=11.2; 
J3=4.4 

3.49 (Hδ2); 3.49 
(H5') 

4.18 (Hβ); 
3.85 (H4'); 
4.36 (H3') 

62.2 
(Cδ&C5'
) 

58.0 (Cα); 58.5 (Cβ) 

3.49 (m, 2H) H5'; Hδ2 J2=11.2; 
J3=4.4 

3.58 (Hδ1); 3.58 
(H5')  

4.18 (Hβ); 
3.85 (H4'); 
4.36 (H3') 

62.2 
(Cδ&C5'
) 

58.0 (Cα); 58.5 (Cβ) 

3.30 (m, 1H) Hα   4.18 (Hβ) 58.0 
(Cα) 

62.2 (Cβ); 142.3 (C6); 

62.2 (Cδ) 
2.60 (m, 1H) H2'  4.36 (H3'); 6.20 

(H1'); 2.38 (H2') 
2.38 (H2') 40.1 71.0 (C3'); 83.5 

(C1'); 88.0 (C4') 
2.38 (m, 1H) H2' J2=8.2; 

J3=2.7 

2.60 (H2'); 6.20 
(H1') 

6.20 (H1'), 
2.60 (H2') 

40.1 71.0 (C3'); 88.0 (C4') 

 



 

 131 

2.3.7 Stereospecific synthesis of compounds 3a, 3b, 4a, and 4b and the assignment of 

their absolute configuration 

In order to establish the absolute configuration of compounds 3a, 3b, 4a, and 4b, 

stereospecific synthesis of each isomer was required. In our synthetic scheme, racemic 1-

aminobut-3-ene-2-ol 11 was derived from the addition of trimethylsilyl cyanide to 

acrolein to generate a protected cyanohydrin 10, which was subjected to reduction with 

lithium aluminum hydride (Scheme 2.4) (41,198). The racemic mixture of 1-amino-3-

butene-2-ols 11 was separated by diastereomeric resolution following derivatization with 

sodium [(1R)-(endo, anti)]-(+)-3-bromocamphor-8-sulfonic acid ammonium salt to give 

crystals of 12 (Scheme 2.4) (217,218). The absolute configuration of the derivatized 1-

amino-3-butene-2-ol 12 (S), was established by X-ray crystallography (Figure 2.14). 

Following crystal isolation, (S) 1-aminobut-3-ene-2-ol 13 was regenerated by alkaline 

hydrolysis. Fmoc protected 1-aminobut-3-ene-2-ol 14 was subjected to epoxidation in the 

presence of mCPBA to give diastereomeric 1-amino-3,4-epoxybut-2-ols 5a and 5b (41), 

which were resolved by preparative HPLC (Scheme 2.4). The other two isomers (5c and 

5d in Chart 2.1) were obtained analogously using (R) 1-aminobut-3-ene-2-ol isolated 

from the mother liquor following crystallization of 12, followed by alkaline hydrolysis.  

Two sets of coupling conditions were tested for the coupling of Fmoc-protected 1-

amino-3,4-epoxybut-2-ols with the purine heterocycle. Coupling of 5a with 6-

chloropurine-2'-deoxyriboside for 3 days in the presence of DIPEA gave compound 1a 

with 71% maximum yield (Scheme 2.4). An improved yield of 1a (95%) was achieved by 

coupling of 5a with 2'-deoxyinosine in the presence of PyBOP for 5 days (204). Optically 
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pure compounds 3a and 4a were obtained by spontaneous cyclization of 1a in water 

overnight at 25 °C, followed by reversed phase HPLC purification (Scheme 2.4). 

Analogous reactions of 5b produced monoepoxide 1b, which cyclized to compounds 3b 

and 4b (7:3 molar ratio by HPLC). Further experiments indicated that compounds 3a and 

3b can be generated selectively in a 98% yield when the cyclization time is decreased to 

3 hours. Interestingly, the stereochemistry of the oxirane ring in 1a and 1b did not affect 

their cyclization kinetics (t 1/2 at 37 oC in water was ~  58 min for both isomers - see 

Figure 2.15).  

 The absolute configurations of stereogenic centers within the propano group of 

compound 3a (β and γ in Chart 2.1) were assigned as follows. The configuration at the β 

position of 3a should be R because it is obtained by cyclization of 1a, which has the βR, 

γR stereochemistry (Scheme 2.4), and the β stereocenter is unchanged in this reaction. In 

contrast, the optical configuration of the γ carbon is inverted as a result of SN2 type 

nucleophilic substitution at this position, resulting in the S stereochemistry (Scheme 2.4). 

This assignment is experimentally confirmed by the lack of spacial correlations between 

the β and the γ protons in the NOESY NMR spectrum of 3a (Table 2.7). Similarly, the 

chiral centers within the propane moiety of 3b were assigned as βR, γR,  because it was 

obtained by intramolecular nucleophilic substitution of βR, γS-1-amino-2-hydroxy-3,4-

epoxybutane 1b,  which was experimentally confirmed by the presence of NOESY NMR 

signals between the β and γ protons of 3b (Table 2.8). Density functional calculations 

predict that the distance between β and γ protons in βR, γR-1,N6-(2-hydroxy-3-

hydroxymethylpropan-1,3-diyl)-2'-deoxyadenosine is between 2.3-2.4 Å, depending on 
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the conformation of the γ-hydroxymethyl group (Figure 2.12A), corroborating the 

observed NOESY correlations and supporting the stereochemical assignment of 3b.  

The absolute stereochemistry of compound 4a was assigned as αS,βR based on 

the mechanism of its formation via isomerization of 3a (see below) and the absence of 

the NOE correlations between the β and α protons (Table 2.9). Similarly, compound 4b 

was assigned the αR,βR configuration, supported by the observation of NOE correlations 

between the β and α protons of 4b and density functional calculations (Figure 2.12B and 

Table 2.10).   

Compounds 1c and 1d and their cyclization products 3c, 4c, 3d, and 4d (Chart 

2.1) were generated analogously starting with 5c and 5d, respectively. 
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Scheme 2.4 Stereospecific Synthesis of Compounds 3a, 3b, 4a, and 4b. 
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Figure 2.14 Crystal structure of 12. 
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Figure 2.15  Kinetic analysis of spontaneous cyclization of R,R-HEB-dA, 1a (A) and 

R,S- HEB-dA, 1b (B) under physiological conditions. 1a and 1b were dissolved in water 

separately and the disappearance of 1a and 1b were monitored at 37 oC by HPLC system 

1.  
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2.3.8 Solvent dependent regioselectivity for cyclization of compound 1  

As discussed above, compound 1 spontaneously cyclizes to form the 

corresponding 1,N6 exocyclic compound 3 when allowed to incubate in water under 

physiological pH (Scheme 2.1). In contrast, the N6,N6 exocycle 2 is not observed when 1 

is allowed to cyclize in an aqueous solution. Instead, 2 becomes a significant side product 

from the coupling reaction of 6-chloropurine-2'-deoxyriboside with 1-amino-3,4-

epoxybut-2-ol when the coupling time is extended to > 3 days (Scheme 2.1 and Figure 

2.16). The same product 2 is generated when purified 1 is incubated under our standard 

coupling conditions (DMSO in the presence of DIPEA) (Scheme 2.1).  

Taken together, these results indicate that the regioselectivity of cyclization of 

compound 1 is determined by solvent identity. Under aqueous conditions, 1 

spontaneously cyclizes to 3, while 2 is preferentially formed in an aprotic solvent 

(DMSO) in the presence of organic base (Scheme 2.1). These results can be explained by 

the altered nucleophilicity of the N6 and the N1 of 1 under these two sets of conditions, 

likely a result of N6H deprotonation in an aprotic solvent in the presence of N,N-

diisopropylethyl amine.   
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Figure 2.16 Reaction profile of the coupling reaction mixture of 6-chloropurine-2'-

deoxyriboside 12, R,R N-Fmoc-1-Amino-2-hydroxy-3,4-epoxybutane 11a  in DMSO and 

DIPEA. 

The reaction mixture was incubated at 37°C under Ar atmosphere. The aliquots were 

taken from the reaction mixture at 0 h, 17 h, 24 h, 48 h, 72 h, 120 h, and 14 days and 

were diluted with water, filtered, and analyzed at using HPLC system 1. 
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2.3.9 Forced Dimroth rearrangement of compound 3 to compound 4  

While the formation of compound 3 from compound 1 can be explained by 

intramolecular nucleophilic substitution (Scheme 2.1), no such mechanism can be 

proposed for compound 4. Kinetic analyses indicate that 3 originates directly from 1, but 

there is a delay in the formation of 4, which requires extended incubation times (Figure 

2.17). We hypothesized that compound 4 is formed from 3 by a base-catalyzed Dimroth 

rearrangement (Scheme 2.5). To test this hypothesis, 3a was subjected to forced Dimroth 

rearrangement in aqueous NaOH (219). Capillary HPLC analysis of the reaction mixture 

revealed the presence of compounds 3a and 4a in a 3:7 molar ratio (Figure 2.18C). 

Interestingly, same product ratio was observed when purified 4a was subjected to forced 

Dimroth rearrangement (not shown).  

An additional nucleoside product 15 was observed while analyzing the reaction 

mixture from Dimroth rearrangement by capillary HPLC. It was tentatively assigned the 

structure of 2-(5-amino-1-(2’deoxy-pentofuranosyl)-imidazol-4-yl)-4-(hydroxymethyl)-

tetrahydropyrimidin-5-ol (compound 15 in Figure 2.18C and 2.19) based on its UV 

absorption spectra (λmax = 284 nm) and MS/MS fragmentation pattern. We hypothesized 

that this compound produced by a hydroxyl ion attack on compounds 3 or 4, followed by 

a loss of CO as proposed by Sugiyama et al. for structurally related compounds (220).  

To determine whether Dimroth rearrangement of compounds 3 and 4 can take 

place under mild conditions, purified compounds 3a and 4a were individually dissolved 

in water and incubated at room temperature or at 37 °C for up to 5 days. The 

rearrangement products were detected by HPLC-ESI+-MS/MS (Figure 2.20). We 
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observed a slow conversion of 3a to 4a at room temperature (12 % in 5 days) and a faster 

rearrangement at 37 °C (66 % in 5 days). In contrast, the formation of 3a from 4a was 

inefficient under both conditions (only 20 % at 37 °C in 5 days). Irrespective of the 

temperature, the same molar ratio (70% of 4a and 30 % of 3a) was observed when either 

3a or 4a was allowed to equilibrate in water for a sufficient time (16 days). Kinetic 

analyses of this conversion (Figure 2.20) reveal that the half lives for the conversion of 

3a → 4a and 4a → 3a are 71.5 h and 365 h, respectively. Taken together, these results 

indicate that 4a and 3a can be interconverted under physiological pH, with the 

equilibrium shifted towards 4a as a more thermodynamically stable product. Density 

functional calculations support this finding as compound 4a is 1.9 kcal/mol lower in 

energy than 3a. We hypothesize that the additional stability of 4a is derived mainly from 

formation of an intramolecular hydrogen bond between between the N6-H and the 

hydroxymethyl oxygen of the exocycle (Figure 2.12C). 
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Figure 2.17 Kinetics of the cyclization of 1a in aqueous medium. 1a (blue) was 

dissolved in water and the formation of 3a (green) and 4a (red) were monitored by 

HPLC system 3 at room temperature. Kinetics observed from 0 h to 12 h (top figure) and 

after 24 h to 16 days (bottom figure). 
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Scheme 2.5 Dimroth Rearrangement of Compound 3 to Form 4 
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Figure 2.18 HPLC-UV analysis of pure standard of 3a (A), pure standard of 4a (B), and 

the reaction mixture following forced Dimroth rearrangement of 3a (C).  
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Figure 2.19 MS/MS fragmentation of the compound 15. 
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Figure 2.20 Kinetics of the interconversion of compounds 3a and 4b in an aqueous 

medium. Purified 3a and 4a were individually dissolved in water, and the isomerisation 

was monitored by HPLC (system 3) at different time intervals. Conversion of 3a → 4a at 

room temperature (A) and at 37 oC (B) Conversion of  4a → 3a at room temperature (C) 

and  at 37 oC (D). 

 
A 

 
B 
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2.3.10 Detection of exocyclic DEB-dA adducts in DEB-treated DNA and in liver 
DNA of BD exposed mice.  

To establish whether exocyclic DEB-dA adducts 2, 3 and 4 are biologically 

relevant, aliquots of double stranded DNA (calf thymus DNA) were separately treated 

with S,S, R,R or meso DEB (Scheme 2.6). All three isomers of DEB were employed in 

order to investigate potential effects of diepoxide chirality on exocyclic DEB-dA adduct 

formation. The resulting alkylated DNA was enzymatically digested to deoxynucleosides, 

spiked with 15N4-labeled compounds 3 and 4 (internal standards for mass spectrometry), 

and purified by solid phase extraction. HPLC-ESI+-MS/MS analysis of samples treated 

with R,R DEB revealed two major peaks eluting at 12.4 and 17.7 min (Figure 2.21A), 

which were identified as compounds 3a and 4a, respectively, based on their MS3 

fragmentation patterns and HPLC retention times (Figure 2.22). Similar results were 

obtained for S,S DEB (Figure 2.21B), since compounds 3c and 4c originating from S,S 

DEB have the same HPLC retention times as 3a and 4a, respectively. Samples treated 

with meso DEB revealed HPLC-ESI-MS/MS signals at 19.2 and 21.3 min, corresponding 

to compounds 4b/4d and 3b/3d, respectively (Figure 2.21C). In all the cases, the amounts 

of compound 4 were greater than compound 3. In contrast, compounds 2 were not found 

in DNA hydrolysates, although small amounts were detected in a separate experiment 

using > 200 molar excess of DEB (results not shown).  

The amounts of compounds 3 and 4 present in DNA hydrolysates were calculated 

from HPLC-ESI-MS/MS peak areas corresponding to the analytes and the corresponding 

internal standards. As shown in Figure 2.21D, concentrations of exocyclic 1,N6-DEB-dA 

adducts increased linearly as the concentration of DEB was gradually raised from 50 to 
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1000 µM. Similar numbers of exocyclic DEB-dA adducts were observed in DNA treated 

with S,S, R,R or meso DEB, suggesting that the DEB isomers are equally capable of 

inducing exocyclic adenine lesions in DNA. This is in contrast with our earlier results for 

DNA cross-linking by DEB isomers, which revealed that the S,S isomer formed the 

highest numbers of  interstrand guanine-guanine lesions, while meso DEB induced equal 

numbers of intrastrand and interstrand bis-N7G-BD lesions (26).   

Adducts 3 and 4 were also present in genomic DNA isolated from liver of 

laboratory mice exposed to 1,3-butadiene by inhalation (Figure 2.21E). Compounds 

4a/4c (61%) were the most abundant, followed by 4b/4d (27%) and 3a/3c (12%) (the 

individual isomers of 4a/4c and 3a/3c are not resolved under our HPLC conditions).  The 

presence of stereoisomers of 3 and 4 in vivo is consistent with non-stereoselective 

metabolic activation of 1,3-butadiene to S,S; R,R, and meso DEB (Scheme 2.6) (190).  As 

previously observed for guanine-guanine cross-links of DEB (23), exocyclic dA adducts 

originating from S,S+R,R DEB (3a, 4a, 3c, 4c) are more abundant than the corresponding 

lesions of meso DEB (3b, 4b, 3c, 4c, see Scheme 2.6 and Figure 2.21E). This may be 

explained by greater amounts of S,S and R,R diepoxides produced upon metabolic 

activation of BD as compared with meso DEB. Studies using cDNA-expressed human 

P450 monooxygenases have shown that individual P450s can generate meso and racemic 

DEB in different molar ratios (221).  In particular, P450 2A6 and 2E1 favor meso over 

racemic DEB, whereas 2C9 forms equal levels of each (221). Alternatively, mice may 

detoxify meso DEB at a faster rate than racemic bis-N7G-BD. For example, epoxide 

hydrolase (EH), an enzyme that detoxifies DEB by hydrolyzing the epoxide ring to a diol, 



 

 149 

has been reported to hydrolyze meso DEB at a faster rate than S,S and R,R diepoxides 

(221), potentially leading to smaller amounts of meso DEB available for reactions with 

DNA.   

Taken together, our results indicate that the major exocyclic DEB-dA adducts 

produced following in vitro or in vivo exposure of DNA to DEB have the structures of 

1,N6-(1-hydroxymethyl-2-hydroxypropan-1,3-diyl)-2'-deoxyadenosine (compound 4) and 

1,N6-(2-hydroxy-3-hydroxymethylpropan-1,3-diyl)-2'-deoxyadenosine (compound 3).  

Although the amounts of adducts 3 and 4 in liver DNA following exposure to 1,3-

butadiene are significantly lower than the numbers of DEB-induced DNA-DNA cross-

links, 1,4-bis-(guan-7-yl)-2,3-butanediol (bis-N7G-BD) and 1-(guan-7-yl)-4-(aden-1-yl)-

2,3-butanediol (N7G-N1A-BD) (the molar ratio of bis-N7G-BD: N7G-N1A-BD: adducts 

3 and 4 are 1:0.08:0.03), exocyclic DEB-dA lesions are hydrolytically stable and may 

persist in vivo. Indeed, our recent studies indicate that 3 and 4 are persistent in mouse 

liver at least 2 weeks following exposure (Goggin and Tretyakova, manuscript in 

preparation). Compounds 3 and 4 are not substrates for base excision repair or nucleotide 

excision repair, leading to their potential accumulation in target tissues (Goggin and 

Tretyakova, manuscript in preparation). Based on these observations, we hypothesize that 

compounds 3 and 4 play an important role in mutagenicity and carcinogenicity of 1,3-

butadiene.  
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Scheme 2.6 Formation of Stereoisomers of 3 and 4 in Animals Treated with 1,3-

Butadiene 
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Figure 2.21 Formation of exocyclic DEB-dA adducts in DNA in vitro and in vivo: 
capillary HPLC-ESI+ MS/MS analysis of compounds 3 and 4 in enzymatic digests of calf 
thymus DNA treated with  R,R DEB (A);  S,S DEB (B); meso DEB (250 µM DEB, 24 h 
at 37 °C) (C); Concentration-dependent formation of exocyclic DEB-dA adducts 3 and 4 
in calf thymus DNA treated with 0 – 1 mM DEB (24 h at 37 °C) (D); and capillary 
HPLC-ESI+ MS/MS analysis of 3 and 4 in enzymatic digests of liver DNA from a 
B6C3F1 mouse exposed to 625 ppm butadiene for 2 weeks (E). No signals corresponding 
to 3 and 4 were observed in DNA digests from control animals. 
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Figure 2.22 Capillary HPLC-ESI+ MS/MS analysis of compounds 3a - 3d, and 4a - 4d. 
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Table 2.11 The ratios of compounds 1-4 obtained synthetically and observed in DEB-

treated DNA and in cells (mouse liver DNA).  

 
 1a 2a 3a 4a 3b/3d 4b/4d 3c 4c 
Organic coupling 
rxn (Scheme 4, 
step g, from 5a) 

71% 25% - - - - - - 

Organic coupling 
rxn (Scheme 4, 
step h, from 5a) 

95 % < 1 % - - - - - - 

1a in water at 
RT, 3 h 

< 1 % - 98 % < 1 % - - - - 

1a in water at  
37 oC, 24 h 

- - 70 % 30 % - - - - 

3a in water at  
37 oC, 24 h 

- - 78 % 22 % - - - - 

3a in water at  
37 oC, 5 days 

- - 34 % 65 % - - - - 

4a in water at  
37 oC, 5 days 

- - 20 % 80 % - - - - 

3a in water at  
37 oC, 16 days 

- - 27 % 73 % - - - - 

4a in water at  
37 oC, 16 days 

- - 28 % 72 % - - - - 

R,R DEB with 
CT DNA 

- - 8 % 92 % - - - - 

S,S DEB with 
CT DNA 

- - - - - - 9 % 91 % 

Meso DEB with 
CT DNA 

- - - - 9 % 91 % - - 

BD (625 ppm) 
treated mice 

- - 12 %a 61 %a - 27% - - 
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2.4 Concluding remarks 

Our results presented above are the first report for the formation of potentially 

promutagenic exocyclic DEB-dA lesions, which have the structures of N6,N6-(2,3-

dihydroxybutan-1,4-diyl)-2'-deoxyadenosine (compound 2 in Chart 2.1), 1,N6-(1-

hydroxymethyl-2-hydroxypropan-1,3-diyl)-2'-deoxyadenosine (compound 4), and  1,N6-

(2-hydroxy-3-hydroxymethylpropan-1,3-diyl)-2'-deoxyadenosine (compound 3). The 

structural identities and optical configurations of the novel nucleosides were confirmed 

by an independent stereospecific synthesis. We hypothesize that in DNA under 

physiological conditions, DEB alkylates the N-1 position of adenine in DNA to form N1-

(2-hydroxy-3,4-epoxybut-1-yl)-adenine adducts, which undergo spontaneous 

intramolecular nucleophilic substitution to yield compound 4 (Scheme 2.7A). The minor 

regioisomer 3 is formed either by alkylation of the N6 of adenine bases by DEB, followed 

by cyclization (Scheme 2.7B), or by Dimroth-like rearrangement of 4 (Scheme 5).  

Compounds 3 and 4 are interconverted under physiological conditions by a reversible 

reaction favoring 4 as a more stable thermodynamic product. While Dimroth 

rearrangement is expected to be slow at physiological pH, an alternative mechanism 

based on low energy unimolecular pericyclic reactions (222) may explain the formation 

of 4 from 3 (Scheme 2.8).  

Compounds 4a/4c were the most abundant exocyclic DEB-dA adducts observed 

in DEB-treated DNA, and also in DNA extracted from liver tissues of laboratory mice 

exposed to 1,3-butadiene by inhalation (Figure 2.21).  Levels of compounds 3 and 4 in 
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DNA increased with DEB concentration, and little difference in reactivity was observed 

for the three isomers of DEB (Figure 2.21D).   

Since Watson-Crick base-pairing of compounds 3 and 4 with dT is blocked by the 

(1-hydroxymethyl-2-hydroxy-1,3-propano) exocycle, the modified nucleoside is likely to 

adopt the syn conformation about the glycosidic bond as previously observed for 1,N6-

εdA and N1-HB-dI adducts  (39,40,184,223), preventing accurate replication.  It is 

possible that the modified dA forms a Hoogsteen base pair with the incoming protonated 

dATP, leading to A → T transversions.  In order to test these hypotheses, solution NMR 

and site specific mutagenesis can be conducted to establish the effects of the novel DEB-

dA lesions on DNA structure and DNA polymerase fidelity. These studies require DNA 

oligodeoxynucleotides containing site- and stereospecific adducts 2, 3, and 4. As 

described in Chapter 3, synthetic methodologies established in the present work have 

been used to generate site specifically modified DNA substrates that we subsequently 

subjected to structural and biological testing (Chapter 4). 
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Scheme 2.7 Proposed Mechanism for the Formation of 3 and 4 in DEB-Treated DNA 

under Physiological Conditions 
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Scheme 2.8 Pericyclic Rearrangement for the Interconversion of 4a and 3a under 

Physiological Conditions 
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III DNA OLIGOMERS CONTAINNG SITE-AND STEREOSPECIFIC 

EXOCYCLIC DEOXYADENOSINE ADDUCTS OF 1,2,3,4-DIEPOXYBUTANE: 

SYNTHESIS, CHARACTERIZATION, AND EFFECTS ON DNA STRUCTURE 

This chapter contains the accepted manuscript with revisions, submitted to journal of 
Chemical Research in Toxicology.  
 
3.1  Introduction 

As described in Chapter 1 of this Thesis, 1,2,3,4-diepoxybutane (DEB) is a 

genotoxic intermediate produced upon the metabolic activation of 1,3-butadiene (BD), a 

known human carcinogen widely used in the industry (189) and found in automobile 

exhaust and in cigarette smoke (1). Available experimental evidence suggests that DEB 

may be responsible for many of the adverse biological effects of BD. DEB is 50-100 fold 

more genotoxic and mutagenic than structurally analogous monoepoxide metabolites of 

BD, e.g. 3,4-epoxy-1-butene (EB) and 3,4-epoxy-1,2-butanediol (EBD), probably due to 

its ability to modify two nucleophilic sites within cellular biomolecules (14,224). 

Efficient metabolic conversion of BD to DEB in tissues of laboratory mice has been 

proposed to cause the increased susceptibility of this species to tumor induction by BD 

(192,225). 

Initial DNA alkylation by DEB produces 2-hydroxy-3,4-epoxybut-1-yl (HEB) 

lesions which contain an inherently reactive oxirane group. The latter can hydrolyze to 

the corresponding 2,3,4-trihydroxybutyl monoadducts, alkylate neighboring nucleobases 

within DNA duplex to form DNA-DNA lesions, or interact with nucleophilic side chains 

within DNA binding proteins to form DNA-protein cross-links (22,26,28,43-45,226,227) 

(Michaelson and Tretyakova, In Press). Alternatively, DEB can form potentially 
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promutagenic exocyclic lesions by alkylating two sites of the same DNA base, e.g. 7,8-

dihydroxy-3-(2-deoxy-β-D-erythro-pentofuranosyl)- 3,5,6,7,8,9-hexahydro-1,3-

diazepino[1,2-a]purin-11(11H)one, N6,N6-(2,3-dihydroxybutan-1,4-diyl)-2'-

deoxyadenosine, 1,N6-(1-hydroxymethyl-2-hydroxypropan-1,3-diyl)-2'-deoxyadenosine, 

and 1,N6-(2-hydroxy-3-hydroxymethylpropan-1,3-diyl)-2'-deoxyadenosine 

(29,30,196,228).  

In previous studies in our laboratory, DNA strands containing site specific N6-(2-

hydroxy-3,4-epoxybut-1-yl)deoxyadenosine adducts (N6-HEB-dA, 1 in Chart 3.1) were 

prepared (41). We found that under physiological conditions, N6-HEB-dA lesions 

spontaneously converted to exocyclic DEB-dA adducts 1,N6-(2-hydroxy-3-

hydroxymethylpropan-1,3-diyl)-2'-deoxyadenosine (1,N6-γ-HMHP-dA, lesion 3), and 

1,N6-(1-hydroxymethyl-2-hydroxypropan-1,3-diyl)-2'-deoxyadenosine (1,N6-α-HMHP-

dA, lesion 4) (Chart 3.1). Another exocyclic adduct, N6,N6-(2,3-dihydroxybutan-1,4-

diyl)-2'-deoxyadenosine (N6,N6-DHB-dA, lesion 2), was produced under anhydrous 

conditions in the presence of organic base (228). Adducts 3 and 4 interconvert under 

physiological conditions by a reversible reaction favoring 4 as a more thermodynamically 

stable lesion (Scheme 3.1) (228). 3 and 4 are expected to be strongly mispairing by 

analogy with structurally analogous etheno and propano adducts induced by vinyl 

chloride and α,β-unsaturated aldehydes (33,40,187). The availability of site specifically 

modified DNA oligomers containing structurally defined DEB derived lesions is critical 

for experiments examining the effects of these adducts on DNA structure and polymerase 

fidelity. It was therefore the goal of the present work to prepare DNA oligomers 
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containing stereo- and site-specific exocyclic DEB-dA adducts 2 and 3 and to examine 

their effects on DNA structure and stability. 
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Chart 3.1  
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Scheme 3.1 Interconversion of adducts 3 and 4 under physiological conditions. 
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Scheme 3.2 Synthetic scheme for the preparation of oligodeoxynucleotides containing 

site and stereospecific adduct R,R-N6,N6-DHB-dA (Compound 2a),  and R,S-1,N6-γ-

HMHP-dA (compound 3a). The same methodology using different stereosisomers of 1-

amino-3,4-epoxybutan-2-ol and 2,3-pyroolidinediol was used for the sythesis of 

oligomers containing adduct 2b and 3b. 
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3.2 Materials and Methods 

Materials. 5'-O-(4,4'-Dimethoxytrityl)-3'-O-(2-cyanoethyl)-N,N-

diisopropylphosphoramidite of 6-chloropurine-2'-deoxyriboside was purchased from 

ChemGenes Corporation (Wilmington, MA). Micro Bio-Spin 6 chromatograpy columns 

were obtained from Bio-Rad Laboratories (Hercules, CA). Water was purified with a 

Milli-Q Ultrapure water filtration system from Millipore (Bedford, MA). Coaster Spin X 

centrifuge tube filters (0.45 µm pore cellulose acetate membrane) were from Corning Life 

Sciences. p-iPr-PAC-dG-CE, PAC-dA-CE, Ac-dC-CE, dT phosphoramidites, iPr-PAC-

dG-CPG ABI, Ac-dC-CPG ABI columns, and the THF/Py/Pac2O capping mix A were 

purchased from Glen research (Sterling, VA). Bovine spleen exonuclease (PDE I) and 

snake venom exonuclease (PDE II) were acquired from Worthington Biochemical 

corporation (Lakewood, NJ).  Illustra NAP-5 and NAP-25 columns were from GE 

Healthcare Biosciences (Pittsburgh, PA). SPE Carbograph cartridges were obtained from 

Grace Davison Discovery Science (Deerfield, IL).V-vials were purchased from Wheaton 

(Millville, NJ). Dowex® 50WX8-200 ion exchange resin was purchased from Sigma-

Aldrich Chemical Co. (Milwaukee, WI) and activated by an overnight incubation with 

1M ammonium acetate. 

Stereoisomers of N-Fmoc-1-amino-2-hydroxy-3,4-epoxybutane, R,R and R,S-N6-

(2-hydroxy-3,4-epoxybut-1-yl)-2'-deoxyadenosine (R,R and R,S-N6-HEB-dA, compound 

1a and 1b), R,R and S,S-N6,N6-(2,3-dihydroxybutan-1,4-diyl)-2'-deoxyadenosine (R,R 

and S,S-N6,N6-DHB-dA, compound 2a and 2b), R,S and R,R-1,N6-(2-hydroxy-3-

hydroxymethylpropan-1,3-diyl)-2'-deoxyadenosine(R,S and R,R-1,N6-γ-HMHP-dA, 
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compound 3a and 3b), and S,R and R,R-1,N6-(1-hydroxymethyl-2-hydroxypropan-1,3-

diyl)-2'-deoxyadenosine (S,R and R,R-1,N6-α-HMHP-dA, compounds 4a and 4b) were 

synthesized in our laboratory as described previously (228). All other chemicals and 

enzymes were purchased from Sigma-Aldrich Chemical Co. (Milwaukee, WI). 

Instrumentation: UV melting temperatures were determined using a Varian Cary 

100 Bio UV-Vis spectrophotometer (Varian Inc., Palo Alto, CA). CD data were obtained 

with a JACSO J-815 CD spectropolarimeter (Easton, MD). MALDI-TOF experiments 

were performed with a Bruker Reflex III MALDI-TOF instrument (Bruker Daltonics).  

HPLC-UV Analyses. HPLC separations were carried out with an Agilent 

Technologies model 1100 HPLC system equipped with a photodiode array UV detector 

(Wilmington, DE). Unless specified otherwise, UV absorbance was monitored at 260 nm 

and at 25 °C. Columns and solvent elution systems were as follows:  

System 1. A 250 mm x 4.6 mm Jupiter Proteo 90 Å C12 column (Phenomenex, 

Torrance, CA) was eluted at a flow rate of 1.0 mL/min with a linear gradient of 

acetonitrile (B) in 100 mM TEAA, pH 7.0 (A). Solvent composition was changed from 

3% to 11% B in 10 minutes, then further to 11.7% B in 21 min, and finally to 50% B in 2 

min.  

System 2. A 250 mm x 4.6 mm Jupiter Proteo 90 Å C12 column (Phenomenex, 

Torrance, CA) was eluted at a flow rate of 1.0 mL/min with a linear gradient of 

acetonitrile (B) in 100 mM TEAA, pH 7.0 (A). Solvent composition was changed from 

3% to 9% B in 10 minutes, then further to 10.3% B in 21 min, and finally to 70% B in 2 

min.  
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System 3. A 250 mm x 10.0 mm Jupiter Proteo 90 Å C12 column (Phenomenex, 

Torrance, CA) was eluted at a flow rate of 2.5 mL/min with a linear gradient of 

acetonitrile (B) in 100 mM TEAA, pH 7.0 (A). Solvent composition was changed from 

3% to 9% B in 10 min, then further to 10.3% B in 21 min, and finally to 70% B in 2 min.   

System 4. A 250 mm x 10.0 mm Jupiter Proteo 90 Å C12 column (Phenomenex, 

Torrance, CA) was eluted at a flow rate of 2.5 mL/min with a linear gradient of 

acetonitrile (B) in 100 mM TEAA, pH 7.0 (A). Solvent composition was changed from 

3% to 9% B in 10 min, then further to 11.7% B in 15 min, 12.6 % B in 7 min, 13.0 % B 

in 1 min, and finally to 60% B in 3 min.   

System 5. A 150 mm x 2.1 mm Zorbax Oligo column, 5 µm particle size (Agilent 

Technologies, Inc.; Wilmington, DE) was eluted at a flow rate of 0.3 mL/min with a 

linear gradient of 20 mM NaH2PO4 buffer, pH 7.0 containing 20% of acetonitrile (A) and 

20 mM NaH2PO4 buffer, pH 7.0, containing 1M sodium chloride and 20% of acetonitrile 

(B). Solvent composition was changed from 5 to 20% B in 30 min and to 60% B in 28 

min.  

System 6. A 250 mm x 4.6 mm Supelcosil LC-C18-DB column was eluted at a 

flow rate of 1.0 mL/min with a linear gradient of acetonitrile (B) in water (A). Solvent 

composition was kept at 1% B for 8 minutes and then changed linearly from 1% B to 

60% B over 2 min and kept at 60% B for 8 min.  

Oligodeoxynucleotide Synthesis. Synthetic DNA oligonucleotides containing 

site-specific 6-chloropurine residue (Oligomers 5, 12, and 17 in Table 3.1) were 

synthesized using an ABI Applied Biosystems model 394 DNA synthesizer. 
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Oligonucleotide synthesis was conducted on a 1 µmol scale using acetyl protected dC, 

PAC protected dG and dA phosphoramidites (ABI) and THF/Py/Pac2O (Glen Research) 

as the capping mix A. 6-Chloropurine containing oligomers were cleaved from the solid 

support using 0.1 M NaOH at room temperature (72 h in the dark), followed by desalting 

with NAP-25 size exclusion cartridges. Synthetic oligomers were purified using HPLC 

systems 1 and 4 described above and desalted by passing through NAP-25 cartridges and 

HPLC system 6. Desalted DNA was stored at – 70 °C prior to the coupling reactions to 

generate adducts 2 and 3.  

Synthesis of DNA oligomers containing site-specific compounds 1a, 1b, 2a, 2b, 

3a, and 3b (Table 3.1). 

Method 1 (oligomers containing site specific adducts 2a and 2b) (Scheme 3.2, 

bottom): 3S,4S or 3R,4R pyrrolidine-3,4-diol (10 mg, 100 µmol ) was dissolved in a 

mixture of DMSO (200 µL) and DIPEA (150 µL), followed by the addition of dry, 6-

chloropurine containing DNA oligodeoxynucleotides (50.0 nmol).  Following incubation 

at 37 °C for 72 h, the reaction mixtures were separated using HPLC system 1. Under 

these conditions, oligomers 8, 9, 14 and 15 (Table 3.1) eluted at 14.9, 15.0, 15.5, and 15.5 

min, respectively. The final yields of the oligomers containing optically pure adducts 2a 

or 2b were 90 - 95 %. The identity and purity of each oligonucleotide product were 

confirmed by ESI- -MS (LC-MS system 1), capillary HPLC-ESI+ -MS of enzymatic 

digests, and exonuclease ladder sequencing as described below. 

Method 2 (oligomers containing adducts 3a and 3b) (Scheme 3.2, top): Our 

approach for synthesizing DNA oligomers containing DEB-dA exocycles 3a and 3b (10, 
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11, 16, and 19 in Table 3.1) was to generate the corresponding DNA strands containing 

N6-(2-hydroxy-3,4-epoxybut-1-yl)adenine isomers 1a and 1b (6, 7, 13, and 18 in Table 

3.1), followed by their spontaneous cyclization in an aqueous solution (Scheme 3.2, top). 

To generate DNA strands containing 1a and 1b, optically pure R,R or R,S N-Fmoc-1-

amino-2-hydroxy-3,4-epoxybutane (1 mg) was dissolved in a mixture of DMSO (100 µL) 

and DIPEA (20 µL) and added to the corresponding 6-chloropurine containing  DNA 

oligodeoxynucleotides (45.0 nmol). Following incubation at 37 °C for 24 h, aliquots of 

the reaction mixture (20 µL) were diluted with water (280 µL) and filtered through Spin 

X centrifuge tube filters. The reaction mixtures were separated by reverse phase HPLC. 

N6-(2-hydroxy-3,4-epoxybut-1-yl)-adenine containing synthetic oligomers 6, 7 (HPLC 

system 2) and 13 (HPLC system 3) eluted at 24.7, 24.6, and 26.2 min, respectively. 

HPLC system 4 was used for isolation of oligomer 18, which eluted at 31.9 min. To 

induce spontaneous cyclization, HPLC pure oligomers containing monoepoxide adducts 

1a or 1b were incubated in water for 3 hours at 25 °C. Under these conditions, adducts 1 

quantitatively cyclized to form 1,N6-adenine exocycles 3 (reaction c in Scheme 3.2) 

(228), The resulting synthetic oligomers containing adducts 3a and 3b (10, 11, 16, and 19 

in Table 3.1) were isolated using the same HPLC methods (final yield ~30.0 %). The 

identity and purity of each oligonucleotide product were confirmed by ESI- -MS (LC-MS 

system 1), capillary HPLC-ESI+-MS of enzymatic digests, and exonuclease ladder 

sequencing as described below. 

Enzymatic hydrolysis of synthetic oligodeoxynucleotides containing exocyclic 

DEB-dA lesions. HPLC pure synthetic oligodeoxynucleotides containing site- and 
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stereospecific adducts 2 and 3 (1 nmol) were digested to 2'-deoxynuclosides in the 

presence of nuclease P1 (5 U) and alkaline phosphatase (40 U) in 25 mM NH4OAc/ 

25mM ZnCl2, pH 7.0 (10 µL total volume) at 37 °C for 20 hours. Coformycin (1 µL, 90 

ng/µL) was added to inhibit adenosine deaminase, which is present as a contaminant in 

commercial preparations of alkaline phosphatase. The digests were analyzed by HPLC-

ESI+-MS as described below, and structurally modified nucleosides were identified from 

their UV spectra, MSn fragmentation patterns, and HPLC co-elution with synthetic 

standards. 

Preparation of DNA duplexes containing site- and stereospecific DEB-dA 

adducts  

Synthetic DNA oligomers containing site- and stereospecific compounds 2a, 2b, 

3a, or unmodified dA (3.0 nmol) were annealed to the complementary strands containing 

either T or A opposite the modified base (3.0 nmol), in 50 µL of 0.01 M sodium 

phosphate buffer containing 0.05 mM NaCl (pH 7.0). The solutions were heated to 90 °C 

for 5 minutes and allowed to slowly cool down to room temperature without removing 

the sample from the heating block. The resulting DNA duplexes were diluted with 0.01 

M sodium phosphate buffer containing 0.05 mM NaCl (pH 7.0) (260 µL) to bring the 

final volume to 310 µL.  

Circular Dichroism Analyses. DNA duplexes containing compounds 2a, 2b, or 

3a (3 nmol) were transferred to a 1 mm UV cell, and CD spectra were recorded with a 

JASCO J-815 spectropolarimeter at 25 °C.  
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UV Melting Temperature Determination. Synthetic DNA duplexes containing 

site specific adducts 2a, 2b, or 3a (3 nmol) were transferred to UV microcuvettes (2 mm 

light path length) (Varian Inc., Palo Alto, CA). UV melting temperatures were 

determined with a Varian Cary 100 Bio UV-Vis spectrophotometer (Varian Inc., Palo 

Alto, CA). The temperature was ramped from 30-90 °C and 90-30 °C at a rate of 0.5 

°C/min (data were collected at 0.25 °C intervals). The melting temperature of each DNA 

duplex was calculated from the maximum of the first derivative curve from the smoothed 

absorption versus temperature profiles using the Cary WinUV Thermal software. Each 

Tm value listed in Table 2 is an average of two triplicate experiments. 

Exonuclease Ladder Sequencing of Site-Specifically Modified DNA. DNA 

oligodeoxynucleotides containing site specific adducts 2a, 2b, 3a, or 3b (400 pmol, in 8 

µL of water) were dissolved in 10 mM Tris-HCl (pH 7.0, 6 µL) and 15 mM MgCl2 (6 µL) 

and incubated with phosphodiesterase I (1 mU, 12 µL) at 37 °C. Aliquots (6 µL) were 

taken following digestion for 1, 8, 18, 28, and 38 min, along with a 2 µL aliquot taken 

prior to digestion, and immediately frozen. The aliquots were combined prior to MALDI-

MS analysis.  In a separate experiment, site specifically modified oligodeoxynucleotides 

were dissolved in 10 mM Tris-HCl (pH 7.0, 7.5 µL) and 15 mM MgCl2 (7.5 µL) and 

subjected to partial digestion with phosphodiesterase II (PDE II, 1 mU, 9 µL). 

Exonuclease digests containing oligodeoxynucleotide ladders were desalted with Micro 

Bio spin Bio-gel P-6 polyacrylamide gel size exclusion cartridges (which were pre-rinsed 

with deionized water) and dried under reduced pressure prior to MALDI-MS analyses. 

 MALDI-TOF MS analysis. A Bruker Reflex III MALDI-TOF Mass Spectrometer 
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(Bruker Daltonics) was equipped with a 337 nm N2 laser set to a repetition rate of 3 Hz at 

an energy of 175 microjoule/pulse. The instrument was operated in the linear mode at a 

laser attenuation of 60 - 70 and a pulse delay time of 200 ns. Positive ions were detected. 

The mass range was m/z 1000 - 10000. Spectra were averaged over 200 laser shots. The 

instrument was internally calibrated using synthetic oligodeoxynucleotides of known 

molecular weight.  

 MALDI matrix solution was prepared by combining 50 µL of saturated aqueous 

solution of 3-HPA with 6.67 µL of 133 mM ammonium citrate, 150 µL of methanol, and 

a few Dowex beads. Small pieces of Parafilm were stretched into a thin film over a 10-

position Multi PROBE target (Bruker Daltonics) to create a smooth lining over the disc. 

MALDI matrix solution (1µL) was applied to the Parafilm surface and allowed to 

crystallize for ~ 1 h at room temperature in the dark. The desalted DNA oligonucleotides 

were dissolved in 3 µL of deionized water and incubated with Dowex ion exchange beads 

for 2 h at 4 °C. For sample loading, 1 µL of the aqueous sample solution was placed on 

the top of a crystallized matrix spot and allowed to dry. 

Liquid chromatography-mass spectrometry. The majority of HPLC-ESI-MS 

experiments were performed with an Agilent 1100 capillary HPLC-ion trap mass 

spectrometer (Agilent Technologies, Inc.; Wilmington, DE). The instrument was 

operated in the ESI+ mode for the analyses of modified nucleosides and in the ESI- mode 

for analyses of synthetic oligodeoxynucleotides. Target ion abundance value was set to 

30,000, and the maximum accumulation time was 300 milliseconds. In a typical 

experiment, 12 scans were taken per average, and a typical mass range was 200 to 2200 
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m/z. Nitrogen was used as a nebulizing (15 psi) and a drying gas (5 L/min, 200 °C). 

Electrospray ionization was achieved at a spray voltage of 3-3.5 kV. 

LC-MS System 1. For analyses of DNA oligodeoxynucleotides, a Zorbax SB-

C18 column (150 x 0.5 mm, 5 µm, Agilent Technologies, Inc.; Wilmington, DE) was 

eluted at a flow rate of 15 µL/min with a gradient of 15 mM ammonium acetate (pH 6.6) 

(A) and 100% acetonitrile (B). The column was maintained at 25 °C. Solvent 

composition was changed linearly from 5% B to 45% B over 15 minutes. 

LC-MS System 2. For analyses of the enzymatic digests containing adducts 2a 

and 2b, a Zorbax Extend-C18 column (150 x 0.5 mm, 5 µm, Agilent Technologies, Inc.; 

Wilmington, DE) was eluted at a flow rate of 15 µL/min with a gradient of 15 mM 

ammonium acetate  (pH 6.6) (A) and 100% acetonitrile (B). The column was maintained 

at 25 °C. Solvent composition was kept at 0% B for 2.5 minutes and then changed 

linearly from 0% B to 2% B over 19 minutes and to 8% B in 11.5 minutes, and finally 

kept at 8 % B for 10 min.  

To analyze enzymatic digests of synthetic oligodeoxynucleotides containing 

adducts 3a and 3b, the same column was eluted at a flow rate of 15 µL/min with a 

gradient of 15 mM ammonium acetate (pH 7.5) (A) and 100% acetonitrile (B). After 

holding at 0% B for 5 minutes, the solvent composition was changed linearly from 0% B 

to 2% B over 17 minutes and further to 7.7% B in 11 minutes. Column was eluted with 

7.7% B for another 8 min, followed by a linear increase to 50% B in 5 minutes.  

LC-MS System 3. To enable separate detection of regioisomeric nucleosides 3 

and 4, a capillary Thermo Hypercarb Hypersil column (150 x 0.5 mm, 5 µm, Thermo 
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Fisher Scientific, Inc. Waltham, MA) was eluted at a flow rate of 14 µL/min with a 

gradient of 0.05% acetic acid  (pH 4.0) (A) and 100% acetonitrile (B). The column was 

maintained at 25 °C. Solvent composition was changed linearly from 0% B to 20% B 

over 30 minutes. Under these conditions, compound 3 eluted at 11.7 min, and compound 

4 eluted at 13.2 min.  

 

3.3 Results 

3.3.1  Site- and stereospecific synthesis of oligonucleotides containing lesions 1, 2, 

and 3.  

Three DNA sequences were selected for the present study. DNA 11-mer, 5'-

CGGACXAGAAG-3', was derived from the human N-ras protooncogene, with exocyclic 

DEB-dA adduct 2 or 3 (X) inserted at the second position of the N-ras codon 61 

(223,229,230). The sequence of DNA 16 mers, 5'-GAAGACCTXGGCGTCC-3', where 

X = DEB-dA adduct 2 or 3, was selected to enable their incorporation into ss-M13 viral 

DNA genomes for the REAP site specific mutagenesis assay (231). The DNA 18 mer 5'-

TCA TXG AAT CCT TCC CCC-3' X = DEB-dA adduct 3, was engineered to be used for 

in vitro polymerase bypass assay and steady-state kinetics studies (232,233).   

Synthetic DNA oligomers containing site- and stereospecific, structurally defined 

adducts N6,N6-DHB-dA and 1,N6-HMHP-dA (2a, 2b, 3a, and 3b in Chart 3.1) were 

prepared by a postoligomerization approach starting with the corresponding 6-

chloropurine containing DNA oligomers (Scheme 3.2). DNA oligomers containing 6-

chloropurine at specific positions were generated by solid phase synthesis using 
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commercial 6-chloropurine-2'-deoxyribose phosphoramidite (41). Phenoxyacetyl (PAC) 

protected phosphoramidites (p-iPr-PAC-dG-CE and PAC-dA-CE) were used for the 

assembly of the modified oligomer. 6-chloropurine containing oligomers were cleaved 

from the solid support in the presence of 0.1 M NaOH at room temperature for 72 h in the 

dark and immediately neutralized using 0.1 M acetic acid to avoid hydrolytic 

decomposition, following desalting by size exclusion on NAP 25 cartridges and HPLC. 

The desalted oligonucleotides were kept frozen at -20 °C to prevent hydrolysis.  

DNA strands containing site specific and optically pure 1,N6-HMHP-dA adducts 

3a and 3b were prepared by a two step process (Scheme 3.2, top). First, 6-chloropurine 

containing oligomers were incubated with an excess of S,S or R,R 1-amino-3,4-

epoxybutan-2-ol in the presence of DIPEA to obtain the corresponding strands containing 

site and stereospecific N6-(2-hydroxy-3,4-epoxybut-1-yl)-2'-deoxyadenosine adducts 1. 

The incubation time was set to 24 hours in order to minimize side reactions, such as the 

formation of N6,N6-DHB-dA (228). A two-step desalting procedure (NAP-5 size 

exclusion columns followed by desalting by HPLC) was required to ensure good 

coupling yields.  

Following coupling, the reaction mixtures were diluted with water, filtered, and 

purified by reversed phase HPLC using triethylammonium acetate: acetonitrile buffer 

system (LC systems 2, 3 and 4). Under our HPLC conditions, DNA 11-mers containing 

exocyclic DEB adducts 1, 2 and 3 (6, 7, 8, 9, 10, and 11 in Table 3.1 and Figure 3.1) 

eluted before 6-chloropurine containing DNA 5. The same elution order was maintained 

for oligonucleotide 18-mers (17, 18 and 19 in Table 3.1, Figure 3.4). In contrast, N6-
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HEB-dA containing 16-mer 13 had a slightly longer retention time than the starting 

material (oligomer 12, Table 3.1), while the corresponding DEB-dA containing 

oligonucleotides 14, 15 and 16 eluted before 6-chloropurine containing DNA (Figure 

3.3). This HPLC system could not resolve oligomers containing N6,N6-DHB-dA and 

1,N6-γ-HMHP-dA adducts, which could be separated by HPLC system 5 (results not 

shown). 

In order to obtain optically pure oligomers containing 1,N6-γ-HMHP-dA adducts, 

the corresponding N6-HEB-dA oligomers were isolated by HPLC and allowed to cyclize 

under aqueous conditions (Scheme 3.2). HPLC pure oligomers 6, 7, 13 and 18 (Table 

3.1) were incubated in water for 3 h at room temperature to convert N6–HEB-dA to 1,N6-

γ-HMHP-dA (Scheme 3.2). The overall yield of target oligomers containing adducts 3a 

and 3b was 30 % (Figures 3.1, 3.3 and 3.4). When the incubation time was increased to 

more than 3 hours, the formation of 1,N6-α-HMHP-dA 4 was also observed via base-

catalyzed rearrangement (Scheme 3.1). However, we found that a 3 hour cyclization 

reaction produced DNA oligomers containing adduct 3 with no evidence for 

rearrangement of 3 to 4 as indicated by HPLC-ESI+-MS/MS of enzymatic digests (see 

below and Figures 3.7 C).   

N6,N6-DHB-dA containing oligomers were prepared analogously by reacting 

corresponding 6-chloropurine containing strands (5 and 12, in Table 3.1) with 

enantiomerically pure pyrrolidine-3,4-diols (Scheme 3.2, top) and purified by HPLC to 

give oligomers 8, 9, 14 and 15 in an excellent yield (90-95%, see Table 3.1 and Figure 

3.2). 
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Table 3.1 Mass spectrometric characterization of synthetic oligodeoxynucleotides 

prepared in this study. 

 
Molecular weight  

Oligonucleotide Calculate
d  

Observed  

5 5'-CGG ACX AGA AG-3' X = 6-Cl-Purine 3418.2 3418.4 
6 5'-CGG ACX AGA AG-3' X = 1a 3485.2 3484.8 
7 5'-CGG ACX AGA AG-3' X = 1b 3485.2 3484.9 
8 5'-CGG ACX AGA AG-3' X = 2a 3485.2 3485.0 
9 5'-CGG ACX AGA AG-3' X = 2b 3485.2 3484.8 
10 5'-CGG ACX AGA AG-3' X = 3a 3485.2 3485.1 
11 5'-CGG ACX AGA AG-3' X = 3b 3485.2 3485.0 
12 5'-GAA GAC CTX GGC GTC C-3' X = 6-Cl-

Purine 
4910.7 4910.3 

13 5'-GAA GAC CTX GGC GTC C-3' X = 1a 4977.3 4977.4 
14 5'-GAA GAC CTX GGC GTC C-3' X = 2a 4977.3 4976.6 
15 5'-GAA GAC CTX GGC GTC C-3' X = 2b 4977.3 4976.7 
16 5'-GAA GAC CTX GGC GTC C-3' X = 3a 4977.3 4977.5 
17 5'-TCA TXG AAT CCT TCC CCC-3' X = 6-Cl-

Purine 
5373.4 5374.2 

18 5'-TCA TXG AAT CCT TCC CCC-3' X = 1a 5440.5 5440.7 
19 5'-TCA TXG AAT CCT TCC CCC-3' X = 3a 5440.5 5440.8 
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Figure 3.1 HPLC separation of the reaction mixtures following incubation of synthetic 

DNA 11-mer, 5'-CGG ACX AGA AG -3' (X = 6-chloropurine), with R,R N-Fmoc-1-

amino-2-hydroxy-3,4-epoxybutane (A) and HPLC purity check of the resulting purified 

11 mer containing R,S-1,N6-γ-HMHP-dA (10) at position X (B).  
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Figure 3.2 HPLC separation of synthetic DNA 11-mers, 5'-CGG ACX AGA AG -3': X = 

6-Chloropurine (A), X = R,R-N6,N6-(2,3-dihydroxybutan-1,4-diyl)-2'-deoxyadenosine 

(R,R -N6,N6-DHB-dA) (B), X = S,S-N6,N6-(2,3-dihydroxybutan-1,4-diyl)-2'-deoxy-

adenosine (R,R -N6,N6-DHB-dA) (C).  
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Figure 3.3 HPLC separation of the reaction mixtures following incubation of synthetic 

DNA 16-mers, 5'-GAAGACCTXGGCGTCC-3', where X = 6-Chloropurine (12) with N6-

HEB-dA (13) (A) and HPLC purity check of the isolated 16 mer containing R,S-1,N6-γ-

HMHP-dA (16) at position X (B).  
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Figure 3.4 HPLC separation of the reaction mixtures following incubation of synthetic 

DNA 18 mers, 5'-TCATXGAATCCTTCCCCC -3', where X = 6-Chloropurine (17) N6-

HEB-dA (18) (A) and HPLC purity check of the isolated 18 mer containing R,S-1,N6-γ-

HMHP-dA (19) at position X (B). 
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3.3.2  Mass spectrometric characterization of DNA oligomers.  

Synthetic DNA oligomers containing site specific DEB-dA lesions 2a, 2b, 3a, 3b, 

4a and 4b were initially characterized by electrospray ionization mass spectrometry (LC-

MS system 1). The molecular weights observed experimentally were consistent with the 

calculated values (Table 3.1, Figures 3.5 and 3.6).  

To confirm the presence of specific DEB-dA adducts in oligonucleotide structure, 

they were enzymatically digested to 2'-deoxynuclosides, followed by HPLC-ESI+-

MS/MS analyses in parallel with authentic standards of R,R -N6,N6-DHB-dA (2a), S,S -

N6,N6-DHB-dA (2b), R,S -1,N6-γ-HMHP-dA (3a), R,R -1,N6-γ-HMHP-dA (3b), S,R-1,N6-

α-HMHP-dA (4a) and R,R-1,N6-α-HMHP-dA (4b) and using LC-MS system 2 (228). 

HPLC-ESI+-MS/MS analyses of the enzymatic digests of N6,N6-DHB-dA-containing 

oligomers (8, 9, 14 and 15) revealed a peak eluting at 33.8 min (Figure 3.7A). The HPLC 

retention time, UV spectrum (λmax = 274 nm), and MS/MS fragmentation patterns of this 

compound (MS2 m/z 338.3 → m/z 222.2 [M+2H-dR]+, MS3 m/z 222.2 →  m/z 148.0 

[Ade-CH2+H]+, 186.0 [M+2H-dR-2H2O]+, 204.0 [M+2H-dR-H2O]+) were identical to 

those of synthetic N6,N6-DHB-dA (compounds 2a and  2b) prepared independently 

(Figures 3.7A, 3.8A, and 3.9A) (228). Furthermore, nucleoside molar ratios obtained 

from HPLC-UV analysis were consistent with DNA sequence (not shown).   

HPLC-ESI+-MS/MS analyses of enzymatic digests of synthetic DNA oligomers 

containing 1,N6-γ-HMHP-dA adducts (3a) revealed a peak with a retention time matching 

that of synthetic 1,N6-γ-HMHP-dA (8.9-10.0 min, depending on HPLC conditions, Figure 

3.7B, 3.9B and 3.9C). To confirm that the HMHP-dA adduct present in synthetic 
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oligomer was 1,N6-γ-HMHP-dA (3a) and not its Dimroth rearrangement product 1,N6-α-

HMHP-dA (4a) (Scheme 3.1), enzymatic digests were subjected to solid phase extraction 

and re-analyzed using a Hypercarb Hypersil column capable of resolving regioisomeric 

adducts 3 and 4 (LC-MS system 3) (228).  HPLC retention time of the main species 

present in enzymatic digests (11.7 min) matched that of authentic 3a, confirming that 

synthetic oligomers contained 1,N6-γ-HMHP-dA isomer (Figure 3.7C). The HPLC 

retention time, UV spectrum (λmax = 264 nm), and MS/MS fragmentation of this 

compound (ESI+ MS m/z 338.3 [M+H]+, MS2 m/z 338.3 → m/z 222.2 [M+2H-dR]+, MS3 

m/z 222.2 →  m/z 136.0 [Ade+H]+, 148.0 [Ade-CH2+H]+, 186.0 [M+2H-dR-2H2O]+) 

were identical to those of synthetic 1,N6-γ-HMHP-dA standard (compound 3a) prepared 

independently (Figure 3.7C, 3.8C and 3.9B) (228). A small amount of 4a was also 

observed (13.2 min peak in Figure 3.7C, probably due to spontaneous rearrangement of 

3a to 4a during enzymatic digestion to deoxynucleosides (Scheme 3.1).  

In order to confirm the exact location of site-specific DEB-dA adducts within 

DNA sequence, structurally modified oligodeoxynucleotides were subjected to controlled 

exonuclease digestion, followed by MALDI-TOF MS analysis of the resulting DNA 

ladders (234,235). Figure 3.10 demonstrates exonuclease ladder sequencing results for 

DNA 11 mer oligomer 8 containing adduct 2a at the 6th position within sequence (Table 

3.1). MALDI-TOF analyses of time-controlled phosphodiesterases I digest revealed eight 

peaks, corresponding to the intact oligomer 8, [m/z = 3485.0 Da] and DNA fragments 

resulting from sequential removal of the first seven residues from the 3'-end of the 

sequence (Panel A in Figure 3.10). MALDI-TOF spectra of time-controlled 
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phosphodiesterase II digest contained eight peaks corresponding to the sequential 

removal of seven nucleotides from 5'-terminus of the oligomer (Panel B in Figure 3.10). 

By considering the mass ladders generated from 3'-and 5'- exonuclease digests, complete 

sequence of the oligomer 8, CGGACXAGAAG, was established. The mass difference of 

399.1 Da observed in both exonuclease digestions corresponds to N6,N6-DHB-dA 

nucleotide [m/z = 399.0] at the 6th position within the synthetic oligonucleotide (X). 

In contrast, our attempts to sequence DNA oligomers containing 1,N6-HMHP-dA 

adduct 3a by MALDI-TOF of exonuclease ladders did not succeed. Instead of the mass 

difference corresponding to 1,N6-HMHP-dA nucleotide, a mass difference corresponding 

to unsubstituted dAMP was observed (Figure 3.11), suggesting that laser irradiation has 

led to dealkylation  of 1,N6-HMHP-dA to give unsubstituted dA. Despite this difficulty, 

the presence of 3a was confirmed by HPLC-ESI+-MS/MS of enzymatic digests as 

described above (Figures 3.7B, 3.7C, and 3.9B). 
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Figure 3.5 ESI- mass spectra of synthtic DNA 16 mers 5'-GAAGACCTXGGCGTCC-3',  

containing exocyclic DEB-dA adducts, X = R,R-N6,N6-DHB-dA (oligonuclotide 14 in 

Table 1) (A) and X = R,S-1,N6-γ-HMHP-dA (oligonuclotide 16 in Table 1) (B). 
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Figure 3.6 ESI- mass spectra of DNA 11 mers, 5'-CGG ACX AGA AG -3' containing 

exocyclic DEB-dA adducts, X = R,R-N6,N6-DHB-dA (8) (A); X = S,S-N6,N6-DHB-dA (9) 

(B); X = R,S-1,N6-γ-HMHP-dA (10) (C), DNA 16-mer, 5'-GAAGACCTXGGCGTCC-3', 

containing exocyclic DEB-dA adduct X = S,S-N6,N6-DHB-dA; Compound (15) (D) and 

DNA 18 mer, 5'-TCATXGAATCCTTCCCCC -3' containing exocyclic DEB-dA adduct, 

X = R,S-1,N6-γ-HMHP-dA compound (19) (E). 
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Figure 3.7 Capillary HPLC-ESI+-MS3 analyses of nucleosides generated from enzymatic 

digestion of synthetic DNA 16-mer 5'-GAAGACCTXGGCGTCC-3', where X = R,R-

N6,N6-DHB-dA (A) and synthetic DNA 11-mer, 5'-CGG ACX AGA AG -3', where X = 

R,S-1,N6-γ-HMHP-dA (compound 3)  (B). Figure (C) shows HPLC separation of adduct 

3a from 4a generated via Dimroth rearrangement (Scheme 1). 
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Figure 3.8 MS3 spectra (m/z 338 → 222 →0) of nucleosides 2a and 3a detected in 

enzymatic digests of oligonucleotides 14 (A) and 10 (C) and corresponding synthetic 

standards (B and D). 
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Figure 3.9 Capillary HPLC-ESI+-MS3 analyses of nucleoside standards with R,R-N6,N6-

DHB-dA; Compound 2a (A), R,S 1,N6-γ-HMHP-dA; Compound 3a (B) and enzymatic 

digestion of 16-mer, 5'-GAAGACCTXGGCGTCC-3', X = R,S-1,N6-γ-HMHP-dA, 

compound 3a (16) (C). 
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Figure 3.10 MALDI-TOF mass spectra of controlled exonuclease digests of DNA 11 

mer 5'-CGG ACX AGA AG -3' where X = 2:  3'→5' digest with PDE I (A); 5'→3' digest 

with PDE II (B). The signals corresponding to doubly charged ions are marked with an 

asterisk (*). 
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Figure 3.11 MALDI-TOF mass spectra of controlled exonuclease digests of DNA 11 

mer 5'-CGGACXAGAAG -3', X = 3a (10); PDE I digest 3'→5' (A); PDE II digest 5'→3' 

(B). The signals corresponding to doubly charged ions are marked with an asterisk (*). 
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3.3.3 CD Profiles.  

DNA duplexes containing site specific N6,N6-DHB-dA and 1,N6-HMHP-dA 

adducts (2 and 3) were obtained by annealing structurally modified 16-mers to the 

complementary strands containing either adenine or thymine opposite the adducts 

(duplexes 21, 22, 23, 25, 26 in Table 3.2 and in Figure 3.12), and the effects of exocyclic 

DEB-dA adducts on the overall duplex structure was studied by CD spectroscopy. No 

major changes in CD spectra of DNA duplexes was observed when N6,N6-DHB-dA or 

1,N6-HMHP-dA were placed in duplex DNA in place of dA (Figure 3.12).  

 

3.3.4  Thermal Melting Studies.  

The thermodynamic stability of structurally modified duplexes was investigated 

by UV spctroscopy.  UV melting temperatures of DNA duplexes 21, 22 and 23 

containing exocyclic DEB-dA adducts opposite to thymine residue were 8-9 °C lower 

than those of the corresponding native DNA 20 (51.4 °C vs 60.6 °C, Table 3.2 and Figure 

3.13). These results suggest that the presence of DEB-derived exocyclic dA adducts 

prevents hydrogen bonding between dT and modified adenine. Interestingly, introduction 

of adenine opposite the 1,N6-HMHP-dA lesion (duplex 26) resulted in a greater duplex 

stability (55.5 °C vs 51.5 °C), suggesting that adduct 3 can pair with adenine via an 

alternative base pairing mode (see below and Scheme 3.3). In contrast, no increased 

stability was observed for duplex 25 containing N6,N6-DHB-dA: dA mismatch (Table 

3.2).  
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Table 3.2 UV melting temperatures (Tm) of DNA duplexes containing unmodified dA 

and exocyclic DEB-dA adducts:  

5'- GAA GAC CTX GGC GTC C -3' 
3'- CTT   CTG GAY CCG CAG G -5' 

where X is dA or DEB-dA adduct 2 or 3, and Y is either T or A. 

 
 X Y Tm (calculated), °C ΔTm, (vs 

unmodified 
dA) 

Y = dT     
20 dA dT 60.6 (60.0) 0.0 
21 2a dT 52.1 -8.5 
22 2b dT 51.4 -9.2 
23  dT 51.5 -9.1 

Y = dA     
24 dA dA 52.5 0.0 
25 2b dA 52.6 + 0.1 
26  dA 55.5 + 3.0 
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Figure 3.12 CD spectra of DNA duplexes containing site-specific DEB-dA adducts:  

5'- GAA GAC CTX GGC GTC C -3' 
3'- CTT CTG GAY CCG CAG G -5' 

Where X = dA or DEB-dA adducts 2a, 2b (A), or 3a (B) and Y is either T or A 
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Figure 3.13 Thermal denaturation studies monitored by UV absorbance at 260 nm in 
duplex: 

5'- GAA GAC CTX GGC GTC C -3' 
3'- CTT CTG GAY CCG CAG G -5' 

Where X is standard dA or adduct 3 and Y is either T or A. 

Normal A: T base pair (20) (A), 1,N6-γ-HMHP-dA:T base pair (23) (B), A:A mis pair 

(24) (C), 1,N6-γ-HMHP-dA:A mis pair (26) (D). The solid black, blue and red lines 

represent heating and cooling while the dotted lines are first derivative curves.  
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3.4  Discussion 

The ability of DEB to alkylate two sites within DNA by consecutive reactions of 

the two epoxide rings is critical for its powerful mutagenic and cytotoxic effects (22). 

DEB analogs possessing a single oxirane functionality, e.g. EB and EBD, are much less 

potent than DEB (14). Although DEB preferentially targets guanine nucleobases within 

DNA, the number of AT base pair substitutions equals or exceeds the number of 

mutations at GC base pairs (18), suggesting that strongly mispairing DEB-dA lesions are 

formed (18,22,47,197). However, none of the previously characterized DEB-dA adducts 

are capable of inducing A to T transversions known to be associated with exposure to 

DEB (43,197,223).  

We hypothesized that DEB produces highly mispairing exocyclic lesions at 

adenine nucleobases. This hypothesis was supported by our previous studies that 

identified three types of fused ring DEB-dA lesions: N6,N6-(2,3-dihydroxybutan-1,4-

diyl)-2'-deoxyadenosine 2, 1,N6-(2-hydroxy-3-hydroxymethylpropan-1,3-diyl)-2'-

deoxyadenosine 3, and 1,N6-(1-hydroxymethyl-2-hydroxypropan-1,3-diyl)-2'-

deoxyadenosine 4 (Chapter 3, Chart 3.1) (228). Adducts 3 and 4 are in equilibrium with 

each other, slowly inter-converting under physiological conditions (Scheme 3.1). On the 

nucleoside level, this equilibrium lies towards the more thermodynamically stable isomer 

4 (3:7 molar ratio at equilibrium). Among exocyclic DEB-dA adducts, 4 is the most 

abundant adduct observed in DEB treated DNA, and also in DNA extracted from the 

liver tissues of laboratory mice exposed to BD by inhalation (228).  

Because exocyclic DEB-adenine adducts 2, 3, and 4 lack the structural features 
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required to form Watson-Crick base pair with thymine, they are likely to block DNA 

polymerases and to cause mispairing during DNA synthesis. The N6-amino group of 

N6,N6-DHB-dA is doubly alkylated and can no longer serve as H bond donor in a base 

pair with dT (Scheme 3.3B). Watson-Crick base pairing between 1,N6-HMHP-dA and dT 

is completely blocked by the butanediol bridge (Scheme 3.3D). Structurally similar 

exocyclic nucleobase adducts 1,N6-ethenoadenosine (ε-dA), 3,N4-ethenocytosine, 1,N2 – 

ethenoguanine, N2,3-ethenoguanine, and 1,N6-ethanoadenosine, are known to cause 

miscoding during DNA synthesis (31-34).  For example, polymerase bypass of ε-dA 

leads to A → G and A→T mutations, while G, T or A are incorporated opposite 3,N4-

ethenocytoine during DNA synthesis (35-38). Structural studies by X-ray crystallography 

suggest that ε-dA assumes the syn conformation around the glycosidic bond, forming a 

Hoogsteen base pairing with protonated dC (20). Similarly, Patel and co-workers 

reported the NMR evidence of syn conformation of ε-dA when placed opposite dG (40). 

It is possible that DEB-dA adducts 3 and 4 can similarly assume syn conformation and 

participate in Hoogsteen base pairing with protonated dA, leading to A to T transversions 

(Scheme 3.3E and Figure 3.14). 

The main goal of the present work was to generate DNA duplexes containing site- 

and stereospecific exocyclic DEB-dA adducts for structural and biological studies. Our 

strategy for preparing DNA oligomers containing adducts 2a, 2b, 3a, and 3b, is based on 

a post-oligomerization methodology. DNA oligomers containing site specific 6-

chloropurine were coupled with optically pure 1-amino-2-hydroxy-3,4-epoxybutanes to 

generate oligomers containing N6-(2-hydroxy-3,4-epoxybut-1-yl)adenine adducts 1, 
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followed by their spontaneous cyclization to the corresponding 1,N6-γ-HMHP-dA lesions 

3 (Scheme 3.2). N6,N6-DHB-dA containing DNA strands were prepared analogously by 

coupling 6-chloropurine containing DNA with 3S,4S or 3R,4R pyrrolidine-3,4-diols 

(Scheme 3.2). Synthetic oligonucleotide structures were confirmed by ESI- MS, 

exonucleoside ladder sequencing, and HPLC-MS/MS of enzymatic digests. 

The effects of exocyclic DEB-dA adducts on DNA structure and stability were 

evaluated by CD spectroscopy and UV melting studies. CD spectra of structurally 

modified duplexes are consistent with B-type DNA duplex structure, despite lesion-

induced local structural perturbations (Figure 3.12). However, the presence of DEB-dA 

adducts 2 and 3 leads to significant thermodynamic destabilization of the DNA duplexes, 

as revealed by the 8 - 9 °C decrease in UV melting temperatures as compared to 

unmodified DNA (Table 3.2). It should be noted that a small but significant shift of the 

UV-melting curve was observed upon heating and cooling of DNA duplex containing 

adduct 3 opposite adenine (Figure 3.13). This can be explained by a partial conversion of 

adduct 3 to 4 when adduct containing duplex is heated to a high temperature conditions in 

water in order to obtain the UV melting curve (Scheme 3.1). 

Interestingly, DNA duplexes containing DEB-dA lesions 3 are stabilized when 

adenine is introduced opposite the structurally modified adenine (duplex 26 versus 

duplex 23 in Table 3.2, Figure 3.13). This can be explained by the formation of a non-

standard base pair between adduct 3 and dA. We hypothesize that by analogy with εA, 

adduct 3 assumes syn conformation about the N-glycosidic bond, and forming a 

Hoogsteen base pairing with incoming protonated dA (Scheme 3E and Figure 3.14). Such 
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protonation at the N-1of adenine (pKa = 3.6) is thermodynamically favorable if it allows 

for the formation of a stable base pair with the 1,N6-HMHP-dA. This alternative base 

pairing would allow for the incorporation of dATP opposite 1,N6-HMHP-dA during DNA 

replication, ultimately leading to A → T mutations. Our studies described in Chapter 4 

below employ site specifically modified DNA strands prepared in this work for structural 

investigations by NMR, polymerase bypass studies, and site-specific mutagenesis 

experiments to establish the effects of the exocyclic DEB-dA lesions on DNA structure 

and DNA polymerase fidelity.  
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Scheme 3.3  Proposed Watson-Crick and Hoogsteen base pairing of DEB derived 

exocyclic-dA adducts: normal A: T base pair (A), N6,N6-DHB-dA:T base pair (B), N6,N6-

DHB-dA:A base pair (C), anti 1,N6-γ-HMHP-dA:T base pair (D) and syn 1,N6-γ-HMHP-

dA:A Hoogsteen base pair (E). 

 
 

 
 

 

 

 



 

 200 

Figure 3.14 Model of A →T transversion in the presence of bypass polymerases. 
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IV.  THE EFFECTS OF EXOCYCLIC DEB-DNA ADDUCTS ON DNA DUPLEX 

STRUCTURE, DNA REPLICATION, AND DNA REPAIR 

4.1 Introduction 

Many DEB-DNA adducts are described in the literature, including monoadducts 

and cross-linked lesions at adenine and guanine nuclobases (17,19,24,30,43-45).  In most 

cases, these adducts were derived from the treatment of free nucleosides, nucleotides, and 

double-stranded DNA with DEB, followed by structural characterization by MS, NMR, 

and UV spectroscopy. However, specific DNA lesions responsible for the adverse 

biological effects of DEB has not been identified (20,21,236,237). Both DEB and its 

metabolic precursor, BD, induce a large number of A:T base pair mutations, suggesting 

the formation of highly mispairing adducts at adenine bases. For example, human TK6 

lymphoblastoid cells exhibit an increased frequency of A →T mutations following 

exposure to DEB (47). A high frequency of base substitutions at the A:T base pairs was 

observed in BD exposed B6C3F1 mice, suggesting that both BD and DEB form a 

common mutagenic adenine adduct(s) important for their carcinogenic mechanism 

(197,238).   

As described in Chapter 2, we have recently identified several novel exocyclic 

DEB-dA adducts, 1,N6 –HMHP-dA and N6,N6 –DHB-dA (Chart 2.1 in Chapter 2) and 

have synthesized a series of DNA oligodeoxynuclotides containing regio- and 

stereospecific exocyclic DEB-dA adducts (Chart 3.1 in Chapter 3). In the present work,   

the effects on DNA duplex structure and DNA polymerase fidelity were evaluated.  
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We proposed that the presence of a bulky exocycle in the structure of 1,N6 –HMHP-dA 

and N6,N6 –DHB-dA prevents the formation of Watson-Crick base pairs between the 

modified dA and dT, causing polymerase errors (Chart 3.3. and Figure 3.14 in Chapter 

3). We hypothesized that by analogy with εA, 1,N6 –HMHP-dA assumes syn 

conformation about the N-glycosidic bond, and forming a Hoogsteen base pairing with 

incoming protonated dA (Scheme 3E and Figure 3.14 in Chapter 3). This alternative 

base pairing would allow for the incorporation of dATP opposite 1,N6-HMHP-dA during 

DNA replication, ultimately leading to A → T mutations.  

In order to contribute to mutagenesis, exocyclic DEB-dA lesions must persist in 

the genome long enough to be bypassed by DNA polymerases. While previous studies in 

our laboratory have shown that 1,N6 -HMHP-dA lesions are hydrolytically stable, they 

may be recognized and repaired by cellular DNA repair systems such as direct repair 

system, AlkB.  AlkB is a non-heme iron dependent protein that oxidatively removes the 

alkyl side chain of DNA adducts such as N1-methyladenine, 3-methylcytosine, 3-

methylthymine, and 1-methylguanine, releasing formaldehyde and restoring the natural 

base (Chart 4.1 and Scheme 4.1) (239-241). AlkB also recognizes exocyclic DNA lesions 

such as etheno-dA and ethano-dA, generating less mutagenic ring opened adducts 

(Scheme 4.2) (32,242). Due to the structural similarity of 1,N6 -HMHP-dA adduct to 

known AlkB substrates, 1,N6-etheno-dA (εA) and 1,N6-ethano-dA (EA) (Chart 1.4 in 

chapter 1), we hypothesized that they may be repaired by AlkB.   

Human cells also exhibit AlkB like repair activity. There are 9 different human 

AlkB analogs (ABH1-ABH8, and FTO), however, only ABH2 and ABH3 have been 



 

 203 

shown to have repair activity similar to that of AlkB.  While ABH2 specifically repairs 

double-stranded DNA, AlkB and ABH3 prefer single-stranded DNA (243). The active 

site of AlkB is much more flexible than that of ABH2, explaining the wider range of 

AlkB substrates (244). The known substrates for ABH2 and ABH3 include, 3-

methylthymine, 1-methyladenine, 3-methylcytosine, and 1-ethyladenine residues in DNA 

(Chart 1.4), in which all have structurally similar sites of alkylation (245-247). 

 In the second part of this study, we investigate the role of bacterial AlkB protein 

and its human analogs, hABH2 and hABH3, in repair of 1,N6-HMHP-dA adducts formed 

in DEB-treated calf thymus DNA and site specifically introduced into synthetic 

oligonucleotides.   
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Chart 4.1 Known substrates of AlkB, ABH2, and ABH3. Positively charged methylated 

bases in DNA are known substrates of AlkB, ABH2, and ABH3. The N1 and N3 

positions of adenine and cytosine are equivalent because: (a) in single stranded (ss) DNA 

they are both susceptible to attack by a methylating agent, and (b) in double stranded (ds) 

DNA they are both shielded from attack. 
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Scheme 4.1 Proposed mechanism for N1-methyladenine (1MeA) repair by AlkB via 

oxidative demethylation. The cytotoxic methyl group is shown in red for each lesion. The 

reaction requires α-ketogluterate, O2 , and Fe2+, and generates succinate and CO2. 

Oxidized methyl group on 1MeA is removed in the form of formaldehyde, generating the 

normal DNA bases adenine by a direct reversal mechanism (oxidative demethylation) 

(248). 
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Scheme 4.2. Proposed mechanism for 1,N6-ethanoadenine (EA) repair by AlkB. AlkB 

induces oxidative ring opening of 1,N6-ethanoadenine, generating less toxic N6-adenine 

lesions (32). 
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Many DNA lesions block replicative DNA polymerases due to the steric 

hindrance to the progress of the replication or the inability of modified base to form base 

pairs with incoming dNTPs (249). Some lesions cannot be accommodated in the active 

site of polymerase (249). However, this replication block can be partially overcome by 

using several specialized DNA polymerases that can incorporate nucleotides opposite the 

damaged base in a process called translesion synthesis (250). In E.coli, these translesion 

polymerases are induced as part of cellular SOS response and are critical component of 

the error-prone repair system that allows DNA replication to bypass bulky or distorted 

DNA lesions and prevent cell death. These SOS bypass polymerases is mainly comprised 

of Y family polymerases that differ from other DNA polymerases in having a low fidelity 

and their ability to replicate through damaged DNA, including Pol eta (η), Pol kappa (κ), 

and Pol iota (ι). For example, Pol η is known to efficiently bypass cyclobutane 

pyrimidine dimer (CPD), while Pol κ is efficient in bypassing bulky benzo[a]pyrene diol 

epoxide (BPDE) adduct on the N2 of guanine. Interestingly, Pol ι lacks an intrinsic 3ʹ′-5ʹ′ -

exonuclease activity with which to proofread mistakes (251). Furthermore, some bypass 

polymerases can insert nucleotides opposite DNA lesion, but unable to extend the 

resulting template–primers efficiently, thus needing a second DNA polymerase for the 

translesion synthesis.  

Depending on the lesion and polymerase identity, Y family polymerases can 

bypass the damage in an error-free or error-prone fashion, the latter resulting in elevated 

mutagenesis (251). Translesion synthesis is less accurate than normal DNA replication, 

but organisms probably chose it over the more dangerous state of leaving an unreplicated 
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portion of DNA. In addition, translesion synthesis might have evolutionary benefits, as 

the error-prone polymerases allow individual cells to mutate when their survival is 

threatened, increasing genetic diversity and adaptability of an imperiled population. 

 Our previous studies of polymerase bypass of exocyclic 1,N6-HMHP-dA lesions 

of DEB revealed that these adducts completely blocked polymerase β, which is the main 

replicative polymerase in human cells (Kotapathi and Tretyakova, unpublished data).  

Therefore, the main goal of the present work to test the ability of the translesion bypass 

of 1,N6-HMHP-dA lesion, by Y-family human polymerases eta (η), kappa (κ), and iota 

(ι). Collectively, these studies will help to uncover the origins of mutations associated 

with exposure to DEB and its metabolic precursor, BD.  

In vitro polymerase bypass studies described above provide detailed information 

about the ability of various polymerases to bypass the lesion, they do not reflect the true 

biological system where all polymerases and DNA repair systems are present. To 

investigate the biological affects of a lesion in vivo, synthetic DNA oligonucleotides 

bearing structurally defined lesions are inserted at a specific site in a circular genome. 

This genome is then introduced into bacterial cells, where the lesion is met with host 

replicative and repair systems as if it had formed endogeneously (252). The importance 

of various DNA repair and polymerase systems can be determined by introducing the 

lesion bearing genome into cells with known defects in repair and/or replication. Then the 

newly inserted base opposite the adduct can be determined by restiction endonuclease 

cleavage of the genome following, radiolabelling the 5ʹ′-end, exonuclease digestion, and 

identifying radiolabeled base by TLC (REAP assay, restriction endonuclease and 
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postlabeling analysis of mutational frequency) (253). The in vivo mutagenicity of a lesion 

is measured by the percentage of each type of base mutations at the lesion type, whereas 

genotoxicty was measured as a decrease in the ability to form plaques or colonies. The 

presence of repair is inferred as a drop of mutational frequency in the presence of specific 

repair system (253).  

To investigate in vivo mutagenicity of DEB-induced 1,N6-HMHP-dA adduct, 

DNA 16-mers 5'GAAGACCTXGGCGTCC 3', where X is 1,N6-γ-HMHP-dA (Chapter 

3), were incorporated at a specific site within single-stranded ss-M13 viral DNA genomes 

(231,254). Single stranded genomes were ideal for measuring lesion mutagenesis by 

polymerases because their replication requires trans-lesion synthesis and for lesion repair 

by proteins that use a direct reversal of base damage mechanism (231,254). For an 

example, methylation of the N1 position of adenine is directly reversed by E. coli AlkB 

repair protein by means of oxidizing the methyl group on 1MeA  in the form of 

formaldehyde (oxidative demethylation) (Scheme 4.1).  

To analyze the role of exocyclic DEB-dA adducts in BD-mediated mutagenesis 

and carcinogenesis, site specific mutagenesis experiments were performed in 

collaboration with Prof. John Essigmann at MIT by using two assays, CRAB 

(competitive replication of adduct bypass) and REAP (restriction endonuclease and 

postlabeling analysis of mutational frequency) (231,254). The CRAB assay was used to 

quntify the bypass efficiency of the lesion. The REAP assay was used to quantify the 

mutations induced by the adduct (231,254). 
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4.2  Materials and Methods 

4.2.1 NMR structural studies 

Synthesis of DNA deoxyoligonucleotides containing site- and stereospecific R,R 

or S,S N6,N6-DHB-dA, and 1,N6-γ-HMHP-dA adducts.  

 Synthetic DNA oligonucleotides containing site- and stereospecific R,R or S,S 

N6,N6-DHB-dA, 1,N6-γ-HMHP-dA, adduct (X) with sequence: 5’-CGG ACX AGA AG-

3’ (A and C in Table 4.1) were prepared as described in Chapter 3, using a post-synthetic 

methodology starting with 6-chloropurine containing DNA.   

  

NMR  Structural Studies 

 These experiments were conducted in Dr. Michael Stone’s laboratory at 

Vanderbilt University. Single stranded DNA oligodeoxynucleotides containing site 

specific N6,N6-DHB-dA or 1,N6-γ-HMHP-dA adduct (5’-CGG ACX AGA AG-3’, see 

Table 4.1) were annealed to the complementary strand (2 mM concentration). For 

observation of non-exchangeable protons, the sample was dissolved in 0.5 mL of 10 mM 

NaH2PO4, 0.1 M NaCl, and 50 ìM Na2EDTA at pH 7.0. The sample was exchanged three 

times with 99.9% D2O and dissolved in 99.96% D2O. For observation of exchangeable 

protons, the sample was dissolved in 0.5 mL of 10 mM NaH2PO4, 0.1 M NaCl, and 50 

ìM Na2EDTA at pH 7.0. The sample was lyophilized and suspended in 0.5 mL of 9:1 

H2O/D2O. 1H NMR spectra were recorded at 800.23 MHz. The temperature was 

controlled at 20 °C for the observation of exchangeable and nonexchangeable protons. 

Chemical shifts were referenced to the water resonance at 4.71 ppm at 20 °C. 
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NOESY and DQF-COSY experiments were performed at a frequency of 800.23 MHz. 

Phase sensitive NOESY spectra used for resonance assignment were recorded using 

TPPI phase cycling with mixing times of 150, 200, and 250 ms. For examination of 

exchangeable protons, phase sensitive NOESY were carried out using a field gradient, 

Watergate pulse sequence for water suppression. The spectra were recorded at 20 °C and 

150 ms. A relaxation delay of 2.0 s was used. To derive distance restraints, NOESY 

spectra were recorded at mixing times of 150, 200, and 250 ms. The NMR data were 

processed using FELIX (Accelrys, Inc., San Diego, CA) on an Octane workstation 

(Silicon Graphics, Inc., Mountain View, CA).  
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Table 4.1 Synthetic DNA oligomers employed in structural and biological studies  

 Oligonucleotide 

A 5'-CGGAC [1,N6 –HMHP-dA ] AGAAG-3'a 

B 5'- GAAGACCT[1,N6 –HMHP-dA ]GGCGTCC -3' b 

C 5' CGGAC [N6,N6 –DHB-dA] AGAAG-3' a 

D 5'GAAGACCT[N6,N6 –DHB-dA ]GGCGTCC 3' 

E 5'-C1  T2  T3 C4  T5 T6  G7  T8 C9  C10G11-3'c 

3’-G22A23A20G19A18Y17C16 A15G14G13 C12-5’  

Y17 = 1,N6-γ-HMHP-dA or N6,N6 -DHB-dA 

F 5'-C1 T2  T3 C4  T5 T6  G7  T8 C9  C10G11-3'c 

3’-G22A23A20G19A18A17C16 A15G14G13 C12-5’  

G 5'-TCA TXG AAT CCT TCC CCC-3' d 

X = 1,N6-γ-HMHP-dA or N6,N6 -DHB-dA 

 

Structures of 1,N6 -HMHP-dA or N6,N6 -DHB-dA are shown in Chart 2.1 and Chart 3.1 in 

Chapter 2 and 3). 
aSequences A and C contain the modified base located at the second position of N-ras 

codon 61 and was used in NMR studies. Sequence A was used in repair studies with 

AlkB, hABH2 and hABH3. 
bSequences B and D are designed for site specific mutagenesis studies using REAP and 

CRAB assay. 
cNomenclature used for NMR analyses, modified duplex (E) and unmodified duplex (F). 
dSequence G is designed for in vitro polymerase bypass assay. 
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4.2.2 AlkB repair studies 

The E.coli AlkB protein was received from Dr. Chuan He (University of Chicago, 

Chicago, IL).  1,N6–HMHP-dA and 15N4-1,N6-HMHP-dA were prepared as previously 

reported (228). Phosophodiesterase I, phosphodiesterase II, and DNase I were obtained 

from Worthington Biochemical Corp. (Freehold, NJ). All other reagents were from 

Sigma (Milwaukee, WI), unless otherwise noted. 

AlkB, hABH2, and hABH3 repair of 1,N6-HMHP-dA in vitro.  Calf thymus 

DNA (500 µg/500 µL water) was treated with racemic DEB (1 mM) at 37 ºC for 24 h. 

Treatment was performed in triplicate. The unreacted DEB was extracted with diethyl 

ether (5 x 400 µL). For repair reactions, alkylated DNA was incubated in HEPES-KOH 

buffer (50 mM, pH 8) containing Fe(NH4)2(SO4)2·6H20 (75 µM), α-ketoglutarate (2 

mM), BSA (35 µg), ascorbate (2 mM), and AlkB, hABH2, or hABH3 repair protein 

(1400 pmol).  In the case of hABH2, 10 mM MgCl2 was also added.  The repair reactions 

were conducted at 37 ºC; aliquots (90 µL) were removed following 0, 2, 5, 8, 15, 30, 45, 

and 90 min incubation. The reactions were quenched with EDTA (11 mM), and samples 

were immediately frozen at -20 ºC.  Each sample was spiked with internal standard (55 

fmol), enzymatically digested to nucleosides, filtered through pre-rinsed YM-10 

membranes, and purified by SPE on Extract Clean Carbo cartridges HPLC-ESI+-MS/MS 

analysis as described below. 

Extract Clean Carbo SPE.  Exract Clean Carbo SPE cartridges were prepared by 

washing with methanol and water (2 x 3 mL). Samples were diluted to 1.5 mL with water 

and loaded onto cartridges.  Cartridges were washed with 3 mL of water and 5% 
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methanol, and 1,N6–HMHP-dA and the internal standard were eluted with 30% methanol 

(3 mL).  The SPE fractions containing 1,N6-HMHP-dA and 15N4-1,N6-HMHP-dA were 

dried under vacuum and dissolved in 0.05% acetic acid (25 µL) for HPLC-ESI+-MS/MS 

analysis. 

Hypercarb HPLC-ESI+-MS/MS Analysis of 1,N6-HMHP-dA AlkB repair 

samples.  A Hypercarb column (0.5 x 100 mm, Thermo) was eluted with a gradient of 

0.05% acetic acid (A) and ACN (B).  A linear gradient from 0 to 20% B in 30 minutes 

was employed at a flow rate of 14 µL/min.  Under these conditions, 1,N6-α-HMHP-dA 

eluted at 21.5 min, and 1,N6-γ-HMHP-dA eluted at 26 min.  The mass spectrometer was 

operated in the SRM mode monitoring by monitoring the loss of deoxyribose from 

protonated molecules of the adduct ([M + H]+ → [M + H – dR]+) m/z 338.1 → 222.1 and 

the corresponding transition for the isotopically labeled internal standards, m/z 342.1 → 

226.1. Data was analyzed by plotting percent 1,N6-HMHP-dA remaining in DNA versus 

incubation time. Adduct amounts were calculated from HPLC-ESI+-MS/MS peak areas 

corresponding to 1,N6-HMHP-dA regioisomers and their internal standards (255). 

 

Synthesis of DNA deoxyoligonucleotides containing site- and stereospecific 

1,N6-γ-HMHP-dA adducts.  Synthetic DNA oligonucleotides containing site- and 

stereospecific R,S 1,N6-γ-HMHP-dA, adduct (X) with sequence: 5’-CGG ACX AGA 

AG-3’ (A in Table 4.1), were prepared as described in Chapter 3 using a post-synthetic 

methodology starting with 6-chloropurine containing DNA.   

AlkB and hABH2 treatment of an 1,N6-γ-HMHP-dA containing 11-mer. 
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HPLC pure synthetic DNA 11 mers containing R,S 1,N6-γ-HMHP-dA adduct (300 

pmol) were incubated with AlkB or hABH2 proteins (150 pmol) in 50 mM HEPES-KOH 

buffer, pH 8 in the presence of Fe(NH4) 2(SO4)2·6H2O (75 µM), α-ketoglutarate (2 mM), 

ascorbate (2 mM), and BSA (35 µg).  The reaction was allowed to proceed at 37 ºC, and 

aliquots were removed at 0, 15, 30 45, and 60 minutes.  The reactions were quenched 

with EDTA (11 mM), and the samples were desalted on Micro Bio Spin 6 columns 

(BioRad, Hercules, CA) prior to HPLC- ESI+-MS/MS analysis. 

 

Agilent HPLC-ESI-IonTrap-MS Analysis of AlkB repaired oligonucleotides.  

An Agilent1100 HPLC coupled system with and Agilent MSD Ion Trap was used for 

these analyses.  A Zorbax 300SB-C18 (0.5 x 150 mm, 0.5 µm) column was eluted with a 

linear gradient of 15 mM ammonium acetate (A) and acetonitrile (B). Solvent 

composition was changed from 3 to 25 % B in 20 minutes. The flow rate was 15 µL/min, 

and temperature was maintained at 25 ºC.  Under these conditions the 11-mer eluted at 8-

8.5 min.  The mass spectrometer was operated in auto MS2 mode by monitoring negative 

ions from m/z 150 to m/z 2200. 

 

4.2.3. In vitro DNA polymerase bypass assay 

These experiments were conducted in Dr. Marnett’s laboratory at Vanderbilt 

University. Full-length recombinant hPol η, hPol κ and hPol ι were purchased from 

Enzymax (Lexington, KY). T4 polynucleotide kinase was obtained from New England 

Biolabs (Beverly, MA). [γ-32P]ATP was purchased from Perkin-Elmer. 
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Oligonucleotide Synthesis 

Synthetic DNA oligonucleotides containing site- and stereospecific 1,N6-γ-

HMHP-dA, adduct (X) with sequence: 5'-TCA TXG AAT CCT TCC CCC-3' (G in Table 

4.1)  were synthesized as described in Chapter 3, by a post-synthetic modification 

strategy. The unmodified oligo deoxynucleotides (HPLC-purified) were purchased from 

Eurofins MWG Operon (Huntsville, Alabama).  

Generation of Primer-template DNA Substrate for In Vitro Assays.  

The 13-mer primer oligonucleotide was 5’-phosphorylated with T4 

polynucleotide kinase in the presence of 250 µCi of γ32-P-ATP (>6000 Ci/mmol), 50 mM 

Na-MOPS buffer (pH 7.5), 10 mM MgCl2 and 5 mM DTT for 1 h at 37 °C. The 18-mer 

templates containing either dA or 1,N6-HMHP-dA were annealed with radioactively 

labeled 13-mer primers (1:1 molar ratio) and heated to 95 °C for 3 min, followed by slow 

cooling overnight. 

Primer Extension and Single Nucleotide Insertion Assays (Figure 4.1).  

Primer extension and individual nucleotide insertion reactions for both 

unmodified or 1,N6-HMHP-dA-containing substrates were determined at 37 °C in 20 µL 

of buffered solutions containing 50 mM Na-MOPS (pH 7.5) 5 mM MgCl2, 5 mM DTT, 

10 µg BSA, 10% glycerol (v/v), 50 nM primer-template complexes, 500 µM and/or 100 

µM dNTPs mix  (all four dNTPs) or 100 µM individual dNTPs (dATP, dCTP, dGTP, or 

dTTP). Polymerases were added to the following final concentration- hPol η, hPol κ (5 

nM); hPol ι (5 and/or 10 nM). Corresponding unmodified primer/template complexes 

were extended as controls and the reaction conditions for the unmodified DNA substrates 
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were the same as those for the modified templates. The reactions were quenched after 

pre-selected time intervals (0 to 60 min) by the addition of 36 µL of stop solution (10 mM 

EDTA, 95% formamide (w/v), 0.03% bromphenol blue (w/v), 0.03% xylene cyanol 

(w/v)) to a 4 µL aliquot of the sample. Reaction products were separated by gel 

electrophoresis (20% (w/v) denaturing polyacrylamide gel containing 7 M urea), at a 

constant voltage (2500 V) for 3 h. The radioactive products were then visualized using a 

phosphorimager. 
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Figure 4.1 Scheme of primer extension and single nucleotide insertion assays. 

 

Primer 13 mer              5'- 32P-GGG GGA AGG ATT C               3'         

Template 18 mer                 3'-CCC  CCT  TCC TAA GXT ACT -5'

X = dA or 1,N6-γ-HMHP-dA

InsertiondNTP, MgCl2
hPol (η or κ or ι)

Primer                         5'- 32P-GGG GGA AGG ATT C?              3'         
  
Template 18 mer                 3'-CCC  CCT  TCC TAA GXT ACT -5'

ExtensiondNTP, MgCl2
hPol (η or κ or ι)

Primer (extension)       5'- 32P-GGG GGA AGG ATT C??  ???   -3'         
 
Template 18 mer                 3'-CCC  CCT  TCC TAA GXT ACT -5'

Products are resolved by 20 % PAGE 
and

visualized by phosphorimager  
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4.2.4  Site specific mutagenesis (231,254,256). 

These experiments were conducted in DR. Essigmann’s laboratory at MIT. 

Briefly, DNA 16-mers, 5'GAAGACCTXGGCGTCC 3' containing dA, 1,N6 -HMHP-dA 

or N6,N6 -DHB-dA at position X (B and D in Table 4.1) were incorporated at a specific 

site within single-stranded ss-M13 viral DNA genomes and subsequently used to 

transfect E.coli cells by electroporation (231,254,256). Two short scaffolds, 5'-

GGTCTTCCACTGAATCATGGTCATAGC-3' and 5'-AAAACGACG G CCAGT GAA 

TTGGACGC-3', each spanning one end of the linearized vector and 5'-phosphorylated 

oligonucleotide insert were used to position the 16-mers within the linearized genome 

Following annealing and ligation in the presence of T4 ligase, the scaffolds will be 

degraded by the 3'-exonuclease activity of T4 DNA polymerase (231,254,256). 

 E.coli cells were electroporated with a mixture of genome containing a lesion 

(70%, X) and an M13 wild-type competitor (30%, no lesion), and allowed to grow in 

solution before analyzing the progeny phage output (dotted oval) (Figure 4.2) (231,254). 

If the lesion is a block to replication, more progeny from the wild type ‘‘no lesion’’ 

competitor will occur. Progeny phage from the lesion (blue) and competitor (clear) are 

easily counted on indicator plates. Here, the lesion output (20%) is normalized to the 

competitor output (80%), and bypass efficiency is calculated by dividing this ratio by that 

obtained from the identical experiment employing a normal guanine as the lesion (Figure 

4.2) (231,254). The competitor also acts as an internal standard, removing unequal 

transformation efficiency as a potential source of error.  

The mutations elicited by 1,N6 -HMHP-dA and N6,N6 -DHB-dA were scored by 
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the REAP assay. The base compositions at the lesion site (mutation frequency) after 

cellular processing is determined by restriction endonuclease cleavage of the progeny and 

radiolabeling of the exposed 5’-phosphate to the lesion site (231,254). The base 

composition at the lesion site (mutation frequency) is obtained by labeling the 5-

phosphate of the site that originally housed the lesion (X), exonuclease digestion, and 

separating the radioactive 5ʹ′-monophosphates by means of polyethyleneimine cellulose 

TLC plate (Figure 4.3) (231,254).  

After single stranded DNA was isolated from the progeny, the region of interest 

was subjected to PCR amplification. The PCR product was then digested with BbsI 

(recognition site in bold, cleaves outside its recognition sequence) and dephosphorylated 

with alkaline phosphatase, 32P-labeling and HaeIII trimming (Figure 4.3). The liberated 

18-mer is purified by PAGE, followed by nuclease P1 digestion to 5ʹ′-32P dNMPs and 

separated on a TLC plate, followed by quantification with phosphorimagery to obtain the 

mutational frequency. The amounts of ± 1 and ± 2 frameshift mutations can be examined 

by PAGE (Figure 4.3) (231,254). 
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Figure 4.2 Schematic representation of CRAB assay (257). 
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Figure 4.3 Schematic representation of REAP assay (257).  
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4.3 Results and Discussion 

4.3.1  Solution structural studies byNMR 

Solution  structures of DNA oligonucleotides containing 1,N6 -HMHP-dA and 

N6,N6 -DHB-dA stereoisomers within ras61 sequence context 5’-CGG ACX AGA AG-3’ 

(A and C in Table 4.1)  were determined by NMR spectroscopy experiments performed 

in the laboratories of our collaborator, Prof. Michael Stone  at Vanderbilt University. Dr. 

Stone is instrumental in investigating the effects of various BD-induced adducts on DNA 

structure. His group previously reported solution structures of DNA duplexes containing 

DEB monoadducts (e.g. N6-THB-dA) and DNA-DNA cross-links (e.g. 1,4-bis-(2’-

deoxyadenosyn-N6-yl)-butanediol (229,230,258). Ras 61 derived sequence has been 

previously employed by Prof. Stone's group in their NMR analyses of other BD-dA 

adducts and contains either native dA or DEB-dA adducts (X) at the second position of 

codon 61 (strands A, C and E in Table 4.1). Further, A →T transversions at the second 

position of N-ras codon 61 (C16A17A18 → CTA, Table 4.1) are characteristic for BD-

induced tumors (230,259,260). 

The presence of local structural perturbations at the site of DEB-dA (N6,N6 -DHB-

dA) adduct were evident from alterations of the chemical shifts of aromatic and anomeric 

protons in the NOESY spectra. A significant chemical shift change was observed in the 

H6/H8 -H1ʹ′ regions of NOESY spectra of Y17 (R,R N6,N6 -DHB-dA) (Table 4.1 and 

Figure 4.4) and C16 in the modified DNA duplex compared to that of unmodified duplex, 

A17 and C16 (Table 4.1 and Figure 4.4) suggesting the change in local environment. 

However, the overall DNA structure was unchanged. This was evident by the 
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observation of unchanged chemical shifts of nucleobases away from the lesion. Therefore 

the DNA is still remains in the B type helix.  

DNA oligodeoxynucleotides containing R,R and S,S N6,N6 -DHB-dA were 

investigated in order to find out any conformational impacts of butanediol moiety on the 

DNA structure. However, there were no significant differences between NMR spectra of 

duplexes containing R,R and S,S N6,N6 -DHB-dA (Figures 4.4), suggesting that both the 

stereoisomers impart a similar local structural perturbation to the DNA. To simplify the 

NOESY NMR of DNA duplex, in figure 4.6 A the modified strand connectivity are 

marked and its complementary strand connectivity were omitted.  

 The assignments for the base imino protons were made at low temperature (5 oC) 

in water. The thymine imino protons of the DNA duplex containing R,R N6,N6 -DHB-dA, 

T2 N3H and T3 N3H cross-peaks were observable at 14.31 ppm and 13.94 ppm (Figure 

4.5). T3 N3H showed an NOE to G19 N3H (inter-strand) and the later to T5 N3H at 13.93 

ppm (inter-strand). Furthermore, the imino resonance of G7 N3H showed an NOE to T8 

N3H, then to G14 N3H and to G13 N3H. However, NOE connectivity between the imino 

protons of T5 N3H and T6 N3H; T6 N3H to G7 N3H; and T6 N3H to H2 of Y17 were not 

observed. This indicates that a disruption of the conformation required for the NOE 

connectivity between nucleobases in the same strand and as a result, the lack of Watson-

Crick hydrogen bonding between T6 and Y17 (Figures 4.5). We observed the same 

connectivity pattern for DNA duplex containing S,S N6,N6 -DHB-dA (Figure 4.6) as in 

duplex containing R,R N6,N6 -DHB-dA. In contrast, the unmodified strand clearly 

displays all the imino proton connectivity (Figure 4.5B), and hence the Watson-Crick 



 

 225 

hydrogen bonding, confirming the existence of the ideal B type DNA helix structure.  

The glycosyl torsion angles for all nucleotides were examined using 1H NOESY 

experiments. These revealed weak NOE correlations between the purine H8 or 

pyrimidine H6 protons and the anomeric H1ʹ′ protons of deoxyribose sugars, in particular, 

H2 of Y17 – H1ʹ′ (Figure 4.7), suggesting that both the lesions, R,R N6,N6 -DHB-dA and 

S,S N6,N6 -DHB-dA, are in the anti conformation in B type helix.  

The exocyclic ring protons were identified as cross peaks, between H2 of Y17 to 

Hδ of the exocyclic ring (Figure 4.7) and based on this all the butanediol motif protons 

were identified. Since pyrrolidine ring can rotate along C6-N6 bond, we observed 

exchanging cross peaks between Hα and Hδ protons. 

The Figure 4.8 shows the aromatic and anomeric proton signals in the NOESY 

spectra of R,S 1,N6 -γ-HMHP-dA. The NOESY spectra of modified and the 

complementary strands exhibited more cross-peaks as compared the of DNA containing 

R,R and S,S N6,N6 -DHB-dA, indicative of a more complex local environment or 

perturbations at the lesion site. However, the NMR structural analysis is still in progress 

to further confirm the solution structure of DNA containing R,S 1,N6 -γ-HMHP-dA. 
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Figure 4.4 NOESY spectra of DNA duplex containing R,R N6,N6-DHB-dA:dT base pair. 

H6/H8-H1ʹ′ region displaying modified strand connectivity (A) and unmodified strand 

connectivity (B).  5'-C1  T2  T3 C4  T5 T6  G7  T8 C9  C10G11-3' 

                             3’-G22A23A20G19A18Y17C16 A15G14G13 C12-5’ Y17 = R,R N6,N6 -DHB-dA 
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Figure 4.5  NOESY spectra of DNA duplex containing R,R N6,N6-DHB-dA:dT base pair. 

imino region, displaying modified strand connectivity (A) and unmodified strand 

connectivity (B).  5'-C1  T2  T3 C4  T5 T6  G7  T8 C9  C10G11-3' 

                             3’-G22A23A20G19A18Y17C16 A15G14G13 C12-5’ Y17 = R,R N6,N6 -DHB-dA 
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Figure 4.6 NOESY spectra of DNA duplex containing S,S N6,N6-DHB-dA:dT base pair. 

imino region, displaying modified strand connectivity.  

5'-C1  T2  T3 C4  T5 T6  G7  T8 C9  C10G11-3' 

3’-G22A23A20G19A18Y17C16 A15G14G13 C12-5’ Y17 = R,R N6,N6 -DHB-dA 
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Figure 4.7 NOESY spectra of DNA duplex containing R,R N6,N6-DHB-dA:dT base pair. 

H6/H8-H1ʹ′ region displaying Y17 H2-H1ʹ′ cross-peak.  

5'-C1  T2  T3 C4  T5 T6  G7  T8 C9  C10G11-3' 

3’-G22A23A20G19A18Y17C16 A15G14G13 C12-5’ Y17 = R,R N6,N6 -DHB-dA  
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Figure 4.8 NOESY spectra of ssDNA containing R,S 1,N6-γ-HMHP-dA. H6/H8-H1ʹ′ 

region displaying modified strand connectivity (A) and complementary strand 

connectivity (B). 5'-C1  T2  T3 C4  T5 T6  G7  T8 C9  C10G11-3' 

                          3’-G22A23A20G19A18Y17C16 A15G14G13 C12-5’ Y17 = R,S 1,N6-γ-HMHP-dA 
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4.3.2 Repair of DEB-Induced Exocyclic-dA Lesions by Oxidative Repair Proteins 

  Repair of 1,N6-α-HMHP-dA and 1,N6-γ-HMHP-dA in CT DNA by AlkB, 

ABH2, and ABH3.  HPLC-ESI+-MS/MS analyses revealed that DEB-treated calf thymus 

DNA contained significant numbers of 1,N6-α-HMHP-dA and 1,N6-γ-HMHP-dA adducts 

immediately after treatment. However the levels of 1,N6-HMHP-dA adducts decreased 

rapidly upon incubation with purified AlkB protein, with 30-80% of adducts repaired in 8 

min (Figure 4.9). The α and γ isomers of 1,N6-HMHP-dA were quantified separately, and 

a faster AlkB repair rate was observed for α adduct (Figure 4.9A).  Nearly 80% of 1,N6-

α-HMHP-dA lesions were repaired in the first 8 minutes, while only 30 - 40% of 1,N6-γ-

HMHP-dA was repaired in the same time frame (Figure 4.9A).  This difference is likely 

due to a greater steric bulk at the γ-carbon in 1,N6-γ-HMHP-dA, which is the target site 

for AlkB-mediated oxidation (Scheme 4.3).  Niether one the two hABH proteins repaired 

1,N6-HMHP-dA adducts in CT DNA (Figure 4.9 B-C). 

 

AlkB, ABH2, and ABH3 Repair of 1,N6-γ-HMHP-dA incorporated in synthetic 

11-mer deoxynucleotide.  To confirm our findings for AlkB repair of exocycic DEB-dA 

adducts in CT dNA, a synthetic oligodeoxynucleotide containing a site-specific 1,N6-γ-

HMHP-dA lesion was incubated with AlkB and hABH2 for 0-24 h.  Aliquots were 

removed and analyzed by mass spectrometric methods either on oligonucleotide level or 

following digestion to 2ʹ′-deoxynucleosides described above for CT DNA.  We found that 

1,N6-γ-HMHP-dA lesions were repaired by AlkB, but not by ABH2 (Figure 4.10). 
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Discussion. AlkB is a direct repair protein known to oxidatively dealkylate several 

methylated DNA adducts, e.g. 1-MeA, 3-Me-C, 3-Me-T, and 1-Me-G, restoring normal 

nucleobases (Chart 4.1) (241,244,261). During AlkB mediated repair, the N-1 methyl 

group in 1MeA is oxidized to hydroxymethyl and removed in the form of formaldehyde, 

generating the normal DNA bases adenine by a direct reversal mechanism (oxidative 

demethylation) (Scheme 4.1) (248). AlkB also oxidatively repairs 1,N6-ethano-dA (εdA) 

and 1,N6-etheno-dA (εA) adducts (Chart 4.1 and Scheme 4.2), converting them to less 

mispairing N6-adenine monoadducts (32,242). It is known that the mechanism of their 

repair involves oxidative hydroxylation of the carbon connected to the N1 of adenine 

(Scheme 4.2). The hydroxylated adduct is then isomerized to yield a ring-opened 

aldehydic N6-adenine monoadducts.  

Based on structural similarities 1,N6-HMHP-dA adducts to εdA and EdA, we 

hypothesized that they may be a substrate for AlkB repair. Indeed, when 1,N6-HMHP-dA 

–containing calf thymus DNA was incubated with AlkB protein, we observed reduced 

levels of adducts over time, suggesting that 1,N6-HMHP-dA is repaired by AlkB (Figure 

4.9A).  Interestingly, the 1,N6-α-HMHP-dA isomer was repaired more efficiently than 

1,N6-γ-HMHP-dA, likely due to the steric hindrance at the γ position of 1,N6-γ-HMHP-

dA as compared to the α isomer (Scheme 4.3).  Oxidative repair of 1,N6-HMHP-dA by 

AlkB is expected to lead to propano ring opening, producing a less mutagenic N6-adenine 

lesion (Scheme 4.4).  This may be biologically relevant since the alpha isomer is the 

more abundant isomer in vivo and in DEB-treated DNA (228). In contrast, no repair was 

observed when the experiment was conducted with human AlkB analogs (ABH2/ABH3) 
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(Figures 4.9 B,C and 4.10). The lack of repair of exocyclic DEB-dA adducts by 

mammalian enzymes is consistent with our in vivo persistence studies suggesting that 

1,N6-HMHP-dA remain unchanged in mouse liver DNA up to 10 days post exposure of 

1,3-butadiene (Goggin and Tretyakova, submitted for publication). Mouse AlkB analog, 

(mABH2) is 75% identical to human hABH2 protein and is expected to have similar 

substrate specificity to the human protein (262).   

Similar results were observed when synthetic 11mer oligodeoxynucleotides 

containing site-specific 1,N6-γ-HMHP-dA lesions were incubated with AlkB or ABH2 

(Figure 4.10).  Alk B incubation led to a loss of 10-18% of 1,N6-γ-HMHP-dA lesions in 

single stranded synthetic oligomer (Figure 4.10) as compared to 20-30% in calf thymus 

DNA (Figure 4.9). In contrast, the presence of human ABH2 repair protein had no effect 

on adduct levels, consistent with our results for CT DNA (Figure 4.9B and C).  

The observed differences in repair of 1,N6-HMHP-dA lesions by AlkB and ABH2 

may be due to more promiscuous properties of AlkB as compared with its mammalian 

homolog ABH2.  The human ABH2 active site is not as flexible as that of AlkB, 

potentially leading to the exclusion of exocyclic DEB-dA lesions by the human enzyme 

(241,263). Future studies are needed to establish whether other DNA repair systems are 

capable of removing 1,N6-HMHP-dA lesions from DNA.  
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Scheme 4.3  Formation of 1,N6-α-HMHP-dA and 1,N6-γ-HMHP-dA from the reaction of 

DEB with DNA (228). 
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Figure 4.9.  Percentages of 1,N6-α-HMHP-dA (○) and 1,N6-γ-HMHP-dA (■) 1,N6-

HMHP-dA remaining in calf thymus DNA following incubation with AlkB (A), hABH2 

(B), and hABH3 (C).  
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Figure 4.10 Percentages of unrepaired 1,N6-γ-HMHP-dA (A) and 1,N6-α-HMHP-dA (B) 

remaining in double stranded oligonucleotides (5'-CGGACXAGAAG-3') containing site 

specific 1,N6-HMHP-dA lesions following incubation with AlkB (◊) and hABH2 (▲) 

recombinant human repair proteins.  
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Scheme 4.4 Proposed mechanism for 1,N6-γ-HMHP-dA repair by AlkB. 
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4.3.3 DNA polymerase bypass experiments in vitro.  

Site specifically modified 18 mer oligonucleotide templates, 3ʹ′-CCC CCT TCC 

TAA GXT ACT-5ʹ′, where X is 1,N6-γ-HMHP-dA or dA, were used for in vitro 

translesion replication studies in collaboration with Prof. Lawrence Marnett’s laboratory 

at Vanderbilt University. We investigated translesion synthesis of 1,N6-HMHP-dA by 

human Y family polymerases eta (η), kappa (κ), and iota (ι) (Figure 4.1).  

Briefly, 13-mer primer oligonucleotides were 5’-phosphorylated with T4 

polynucleotide kinase. The 18-mer templates containing either dA or 1,N6-HMHP-dA 

were annealed with radioactively labeled 13-mer primers in a 1:1 molar ratio. The primer 

extension and individual nucleotide insertion reactions for both unmodified (dA) or 1,N6-

HMHP-dA-containing substrates were conducted at 37 °C in buffered solutions. 

Corresponding unmodified primer/template complexes containing normal A were 

extended as controls, and the reaction conditions for the unmodified DNA substrates were 

the same as those for the modified templates (Figure 4.1). The reactions were quenched 

after pre-selected time intervals (0 to 60 min) by the addition of a stop solution (EDTA, 

95% formamide, bromphenol blue, xylene cyanol). The reaction products were separated 

by gel electrophoresis following visualization of radioactive products using a 

phosphorImager (Figure 4.1) (233). 

In contrast to our results for Pol β (Kotapati and Tretyakova, unpublished data), 

1,N6-HMHP-dA adduct did not block translesion DNA replication by all three human 

bypass polymerases eta (η), kappa (κ), and iota (ι). However, polymerases η and κ were 

able to bypass the lesion and extended the primer to the terminus while polymerase ι did 



 

 239 

not (Figure 4.11). Interestingly, all of the above polymerases were able to insert dTTP, 

dATP and dGTP, but not dCTP, opposite the lesion (Figures 4.12-4.14). The efficiency of 

nucleotide insertion opposite DEB-dA adducts by all the human polymerases was 

significantly lower when compared to unmodified template where X is the dA. 

Importantly, Pol κ was not able to insert the correct base dTTP opposite 1,N6-HMHP-dA. 

Instead, it inserted mismatched nucleobases, dGTP and dATP (Figure 4.13), leading to 

error-prone translesion DNA synthesis. In contrast, pol η performed the translesion 

synthesis in error-free way, by inserting the correct base, dTTP, opposite the lesion 

(Figure 4.12).  

Based on our in vitro bypass results with human bypass polymerases, several 

alternative non-standard base pairing schemes ban be proposed for the 1,N6-HMHP-dA 

lesion (Figure 4.15). We believe that in solution 1,N6-HMHP-dA lesions exist as two 

tautomeric froms (Figure 4.15A and B). It is likely that due to the difference in H 

bonding ability of these tautomers, the N6 protonated form of 1,N6-γ-HMHP-dA forms a 

stable Hoogsteen base pairing with dT or dG (Figure 4.15B and C). In contrast, the 1,N6-

γ-HMHP-dA tautomer, having a double bond between C6 and N6, forms a Hoogsteen 

base pairing with dA (Figure 4.15A).  

In addition to existing as tautomers, as discussed in Chapter 2 and 3, 1,N6-HMHP-

dA can exist as two regioisomers (Scheme 3.1 in Chapter 3). Although polymerase 

bypass assay was conducted with synthetic oligonucltides containing 1,N6-γ-HMHP-dA, 

it is likely that 1,N6-γ-HMHP-dA partially converts to a more thermodynamically stable 

dominant regioisomer 1,N6-α-HMHP-dA, during sample manipulation, e.g. annealing 
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with its complementary strand at high temperature to make ds DNA for the assay. Hence, 

the tautomeric form of 1,N6-α-HMHP-dA shown in figure 4.15D can form a stable 

Hoosteen base pairing with dG. Furthermore, this may explains the ability of 1,N6-α-

HMHP-dA lesion to pair with dG over dT and dA in the presence of hPol κ and hPol η.  
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Figure 4.11 Primer extension by Y family polymerases hPol η, hPol κ and hPol ι on a 

template containing single 1,N6-γ-HMHP-dA lesion. Pol η and Pol κ can efficiently 

bypass and extend beyond the lesion while Pol ι can bypass the lesion, but is unable to 

extend the primer. 
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Figure 4.12 Insertion of individual dNTPs opposite 1,N6-HMHP-dA lesion by hPol η. 

Pol η can bypass and insert T (correct base), G (incorrect base) and A (incorrect base) 

opposite the lesion but not C. 

 

 

 

 

 

 

 

 

 

 



 

 243 

Figure 4.13 Insertion of individual dNTPs opposite 1,N6-HMHP-dA lesion by hPol κ. 

Pol κ can bypass and insert G (incorrect base) and A (incorrect base) but does not insert 

T (correct base) or C (incorrect base) opposite the lesion. 
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Figure 4.14 Insertion of individual dNTPs opposite 1,N6-HMHP-dA lesion by hPol ι. Pol 

ι can bypass and insert T (correct base), although not very efficiently, and it does not 

insert A (incorrect base), G (incorrect base) or C (incorrect base) opposite the lesion. 

 

 

 

 

 

 

 

 

 

 



 

 245 

Figure 4.15 Proposed alternative hydrogen bonding structures for 1,N6-HMHP-dA 

adducts. 1,N6-γ-HMHP-dA lesion exist as two tautomeric froms (A and B) and the N1-C6 

imino tautomer forms a stable Hoogsteen base pairing with dT or dG (B and C). The C6-

N6 imino tautomer forms a Hoogsteen base pairing with dA (A). The 1,N6-α-HMHP-dA 

(D) forms a stable Hoogsteen base pairing with dG.  
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4.3.4 Site specific mutagenesis 

4.3.4.1 Site specific mutagenesis on DNA containing R,R and S,S N6,N6-DHB-dA 
lesion. 
 

These experiments were conducted in Dr. Essigmann’s laboratory at MIT using 

site specifically modified oligonuclotides prepared in our laboratory.  According to the 

results of the CRAB assay (Figures 4.2 and 4.16), the R,R N6,N6-DHB-dA lesion does not 

hinder DNA replication under normal or SOS induced conditions (by using UV 

irradiation), while the S,S N6,N6-DHB-dA is a medium block to replication. Furthermore, 

according to REAP assay, both of adducts are not mutagenic. Since N6,N6-DHB-dA is an 

adenine adduct, a non-mutagenic event will give an A at the lesion site, which in this 

sequence context creates plaques of a light blue color, while a G,T, or C at the lesion site 

(mutation) gives a dark blue color. When plated the progeny on indicator plates, there 

were 4 dark blue and 418 light blue plaques for the R,R N6,N6-DHB-dA, and 9 dark and 

251 light blue plaques for the S,S N6,N6-DHB-dA. However, the competitor genome is 

also designed so as to give a light blue color. Therefore, percentage signal (32P signal 

intensity of bands using PhosphorImager) from the bypass gel was used to back-calculate 

the amount of light blue plaques that arose from the lesion or the competitor (Figures 4.2 

and Figure 4.16) (231,257). Thus, in uninduced (SOS-) cells, R,R N6,N6-DHB-dA is 2% 

mutagenic and S,S N6,N6-DHB-dA is 10% mutagenic. This low mutagenic frequency is 

still significant because a lesion with mutagenicity of only 0.1%, creates mutations at a 

rate that is five orders of magnitude greater than the spontaneous rate of mutagenesis. 

Bypass efficiency was measured by quantifying relative output signals from test and 

internal standard genomes and normalizing to those from guanine at the test-site control 
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and for non induced for a damage (SOS-) or induced damage response (SOS+) to trans-

lesion DNA replication. The bypass data for control, G at lesion site is 100 ± 6% in SOS- 

and 100 ± 26% in SOS+ cells. It is 94 ± 4% SOS- and 106 ± 12% SOS+ for R,R N6,N6-

DHB-dA, and 57 ± 5% SOS-  and 69 ± 8% SOS+ cells for S,S N6,N6-DHB-dA. These 

results suggests that R,R N6,N6-DHB-dA lesions are bypassed with a higher efficiency 

compared to S,S N6,N6-DHB-dA. When UV light was used to induce the SOS response 

polymerases, bypass efficiency was improved for both adducts, with R,R N6,N6-DHB-dA 

reaching the level of unmodified guanine control. This result suggests that flexible 

damage response enzymes may assist in the replication past N6,N6-DHB-dA  lesions. 

The lesion band from the CRAB bypass assay gel (Figure 4.16) was cut and fed 

into the REAP assay (231,257). The resolved radiolabeled 5'dNMPs spots on TLC of 

induced cells (SOS+) gave a 7% A → C, 1% A → T, 3% A → G mutations, i.e. ~90% A 

mutational frequency, for S,S N6,N6-DHB-dA (Figure 4.17) suggesting that the lesion is 

weakly mutagenic. However for R,R N6,N6-DHB-dA the frequency was 2% (data not 

shown). The results reveal that both R,R N6,N6-DHB-dA and S,S N6,N6-DHB-dA are 

weakly mutagenic. The assay reproducibly detected subtle differences in mutagenicity 

between the two isomers (Figure 4.17).  

It was worth mentioning that R,R and S,S stereoisomers of N6-(2,3,4-

trihydroxybutyl)-dA, the hydrolzed product of N6-(2-hydroxy-3,4-epoxybutyl)-dA, 

exhibited a very different mutational spectra from each other in E.coli cells (43,264). 

While R,R stereoisomer exhibited 0.25 % of A → C transversions, the R,R stereoisomer 

exhibited 0.25 % of A → G transitions suggested that stereochemistry of the adduct 
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playing an important role upon the mutagenicity of BD derived dA adducts (43,264). It is 

possible that bypass polymerases prefer one isomer over the other. However, none of 

these adducts failed generated significant numbers of A → T transversions. 

 
4.3.4.2 Site specific mutagenesis on DNA containing R,S 1,N6-HMHP-dA lesion 
  

We next examined the bypass efficiency and the mispairing properties of R,S 

1,N6-HMHP-dA lesion. We hypothesized that by analogy with εA, 1,N6-HMHP-dA 

lesion assumes a syn conformation about the N-glycosidic bond, forming a Hoogsteen 

base pairing with incoming protonated dA (Figure 4.15 and Scheme 3.3 in Chapter 3) 

(36,39). This alternative base pairing would allow for the incorporation of dATP opposite 

1,N6-HMHP-dA during DNA replication, ultimately leading to A → T mutations, as 

observed in BD mediated carcinogenesis. Furthermore, based on structural similarities 

1,N6-HMHP-dA adducts to εdA and EdA we hypothesized that they may be a substrate 

for AlkB repair protein (Chart 4.1 and Scheme 4.2) (32,242).  

However,  site specific mutagenesis revealed that R,S 1,N6-HMHP-dA lesions 

were only weakly mutagenic (~2% mutation frequency) in cells and appeared to be 

efficiently, since they generated ~98% adenine after replication at the site where the 

lesion was incorporated (Figure 4.18). 3-methylcytosine (Me3C) was used as a positive 

control for this experiment due to its high mutagenicity in E.coli cells in the absence of 

AlkB, revealed by the generation of A, G and T nucleobases (Figure 4.18). In addition, 

GATC, G, and A were used as control genomes to test the validity of REAP assay. A 

genome was also constructed with oligonucleotides containing a nearly equal mixture of 

G, A, T, and C at the lesion site, which was transformed into E. coli and processed with 
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the REAP assay. Because all bases were well represented (Fig. 4.18), there was neither 

bias in ligation, nor in any subsequent enzymatic steps of the REAP assay, assuring that 

each type of mutation was accurately represented (231). According to the REAP assay 

results, there were no difference between mutation frequencies observed in AlkB 

deficient (AlkB-) and AlkB proficient (AlkB+) E.coli cells (Figure 4.18).  

 By analogy with previous results for 1,N6-ethenoadenine (εdA) in a mammalian 

system (247), we predict that under SOS inductive conditions (SOS+), a “polymerase 

switching” may results that allows bypass DNA polymerases to replicate past the lesion 

in an error-prone manner thereby 1,N6-HMHP-dA causing an increased incorporation of 

dAMP opposite the adduct, leading A → T transversion mutations (32,242). Therefore, 

assaying these lesions under SOS+ conditions is quite important and will be conducted in 

future. By combining the results of solution NMR and site-specific mutagenesis 

experiments, we will correlate the molecular structures of DEB-induced exocyclic 

adducts with observed biological outcomes to explain the BD induced carcinogenesis. 
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Figure 4.16 Gel Used for lesion bypass determination (CRAB assay) in uninduced (SOS-

) cells.  
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Figure 4.17 TLC used for mutation determination (REAP assay, but CRAB primers 

used). Mutagenesis of R,R N6,N6-DHB-dA and S,S N6,N6-DHB-dA in E. coli. The base 

composition at the lesion site for N6,N6-DHB-dA processed in the designated cell strains 

was obtained by the REAP assay. This polyethyleneimine TLC plate reveals that both 

R,R N6,N6-DHB-dA and S,S N6,N6-DHB-dA are weakly mutagenic.The assay 

reproducibly detected subtle differences in mutagenicity, such as the enhancement of 

mutations by S,S N6,N6-DHB-dA (right lanes) over R,R N6,N6-DHB-dA (left lanes). 
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Figure 4.18 Mutagenesis of R,S 1,N6-HMHP-dA in E. coli. Genomes were constructed in 

triplicate, and each was transformed into the designated cell strain. The percentage of G 

(red), A (violet), T (yellow), and C (blue) at the lesion site reveals that the low 

mutagenicity of the R,S 1,N6-HMHP-dA over both type of cells. 
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V  PYRROLIDINE FUNCTIONALIZED NUCLEOSIDE ANALOGS: SYNTHESIS 

AND BIOLOGICAL ACTIVITY 

5.1 Introduction 

Human Immunodeficiency Virus type 1 (HIV-1) is the causative agent of 

Acquired Immunodeficiency Syndrome (AIDS) (48,49). There is currently no cure for 

AIDS. However, a combination of drugs can be used to effectively control viral 

replication (265). Since the isolation of HIV-1, twenty six drugs targeting several stages 

of viral replication have been approved by the FDA, including one fusion inhibitor, one 

co-receptor inhibitor, twelve reverse transcriptase (RT) inhibitors, one integrase inhibitor, 

and eleven protease inhibitors (Chapter 1.2) (52-55,266). Typical antiretroviral therapy 

involves a combination of at least three drugs, that target different stages of the viral 

lifecycle and are taken daily for the remainder of the subjects life, usually including one 

or more reverse transcriptase inhibitors and protease inhibitors. 

HIV-1 reverse transcriptase (HIV-1 RT) is a key enzyme in the retroviral life 

cycle that catalyzes the conversion of viral genomic RNA into double-stranded proviral 

DNA.  HIV-1 RT has become a major target for the development of antiviral drugs (57).  

Two classes of RT inhibitors can be distinguished: nucleoside analogs (NRTIs) and non-

nucleoside analogs (NNRTIs). All of the NRTIs approved FDA so far are structural 

mimics of normal nucleosides that contain native DNA bases fused to structurally altered 

sugar moieties  lacking the 3ʹ′-OH group. As a result of their structure, these nucleoside 

analogs maintain their base-pairing properties with nucleobases in the template strand 

and avoid steric clashes within the RT active site. Following kinase-mediated activation 
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to the corresponding structurally modified nucleotide triphosphates, NRTIs are 

recognized as substrates for HIV reverse transcriptase (RT) and are incorporated into the 

growing chain of pro-viral DNA, resulting in premature chain termination and the 

inhibition of viral proliferation (69-71). In contrast, cellular DNA polymerases either do 

not recognize structurally altered nucleotides or remove them from DNA during 

exonuclease proofreading step (179). Therefore, the “sloppy” nature of HIV-RT is 

essential for NRTIs binding at RT polymerase active site and their preferential 

incorporation into proviral DNA but not genomic DNA. However, another outcome of 

the low fidelity of RT and the lack of intrinsic proofreading activity is a rapid emergence 

of viral resistance linked to the mutations in HIV-1 RT enzyme (179).  

Since most of the existing NRTIs contain native DNA nucleobases, we have only 

limited understanding of how chemical modification of the nucleobase portion of 

nucleoside analogs impacts anti-HIV drug activity. There are only a few examples of 

anti-HIV drugs containing structural modifications of the nucleobase moiety of 

nucleoside, including 5-hydroxy-dC (177) and KP-1212 (Chart 1.8, In Chapter 1). KP-

1212 was developed by Koronis Pharmaceuticals, but suspended in 2008, before the drug 

reached Phase 2a clinical trials due to toxicity (140). These nucleosides differ from 

conventional NRTIs  due to their ability to sustain DNA chain extension (lack of chain 

termination) and their propensity to mispair with DNA bases (267,268). These 

nucleosides have ambiguous hydrogen bonding properties obtained by affecting several 

factors such as ionization, rotation, or tautomerization of the base moiety. Functionally, 

rather than outright attempting to halt viral replication, they are designed to further 
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increase the already high mutation rate of retrovirus to the point where the virus cannot 

synthesize functional proteins and replicate (177,269). These mutagenic nucleosides can 

be used in combination with chain terminators.  

Preliminary studies in our laboratory indicated that a novel N6,N6-exocyclic-ring-

functionalized deoxyadenosine, a new type of nucleoside generated in DNA as a result of 

adenine modification by diepoxide metabolite of industrial chemical, 1,3-butadiene, 

(compound 1a in Scheme 2.1 in Chapter 2), has some anti-HIV activity. No data was 

available in the literature in regard to potential antiviral activity of exocyclic-ring-

functionalized adenosine or related nucleosides. Consequently, we focused our efforts on 

generating a series of structural analogs of compound 1a and testing their activity against 

HIV-1. A simple one step coupling strategy was developed that enabled us to prepare a 

library of nucleosides starting from commercially available precursors, without any 

protection of the sugar hydroxyl groups. Our long term goal is to create a new class of RT 

inhibitors that could contribute to establishing new chemical strategies for combating 

drug resistance in HIV-1.  

Within the framework of this study, we designed several nucleoside analogs 

functionlized with various substituted pyrrolidines, at the C-6 position of purines and C-4 

position of pyrimidines (Chart 5.1). Furthermore, their structural analogs that lack a 3' 

hydroxyl group on their ribose sugar and are expected to act as chain terminators have 

been prepared (Chart 5.2). Several of the new analogs exhibited activity against HIV-1, 

but the majority were inactive.   
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5.2 Materials and Methods.  

Materials. Deoxyinosine, dideoxyinosine, dideoxythymidine, dideoxyuridine were 

purchased from Berry and Associates Inc. (Dexter, MI). All other chemicals were 

purchased from Sigma-Aldrich Chemical Co. (Milwaukee, WI). 

Instrumentation. NMR spectra were acquired with a Varian Inova 400 MHz 

spectrometer (Varian Inc., Palo Alto, CA) and Bruker Advance 400 MHz instrument 

(Bruker BioSpin, Billerica, MA) using DMSO-d6 as the solvent.  

HPLC-UV Analyses. HPLC was carried out with an Agilent Technologies model 1100 

HPLC system equipped with a photodiode array UV detector (Wilmington, DE). Unless 

specified otherwise, UV absorbance was monitored at 254 nm.  A semi-preparative 

Zorbax Eclipse XDB-C18 (25 cm x 9.4 mm, 5 µm, Agilent Technologies, Inc.; 

Wilmington, DE) column was eluted with a linear gradient of acetonitrile (B) in water 

(A) at a flow rate of 3 mL/min.  

Liquid chromatography-mass spectrometry. HPLC-ESI-MS experiments were 

performed with an Agilent 1100 capillary HPLC-ion trap mass spectrometer (Agilent 

Technologies, Inc.; Wilmington, DE). The instrument was operated in the ESI+ mode. 

Target ion abundance value was set to 30,000, the maximum accumulation time was 300 

milliseconds, and 6 scans were taken per average. A typical fragmentation amplitude was 

0.7 V, with a scan width of 1.2 m/z. Nitrogen was used as a nebulizing (15 psi) and a 

drying gas (5 L/min, 200 °C). Electrospray ionization was achieved at a spray voltage of 

3-3.5 kV. For analyses of nucleoside reaction mixtures, samples were dissolved in a 1:1 

mixture of acetonitrile and 0.1% acetic acid and infused at a flow rate of 10-15 µL/min 
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using a syringe pump. The mass spectrometer was operated in a full scan mode over the 

range of m/z 15-600. 

 

HIV-1 antiviral assay (270-275) The HIV inhibitory assay of the compounds was 

evaluated by microtiter anti-HIV assays with human CEM-SS cells, which examine the 

ability of a compound to inhibit IIIB strain of HIV-1 induced cell killing or HIV 

replication. AZT was used as the positive control. Following 6 days of incubation with 

each drug candidate at 37 oC, the viability of the cells in each well (in a 96 well plate) 

was determined spectrophotometrically for cells which were cytopathically infected with 

HIV. To estimate the cellular viability, the metabolic reduction of the tetrazolium salt 

[2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2M-tetrazolium-5-carboxanilide (XTT 

assay)], to the soluble, colored formazan was carried out and incubated for 4 h at 37 oC. 

Finally, their optical densities were determined using a V-max photometer at a test 

wavelength of 450 nm.  Antiviral and toxicity data are reported at 10 µM compound 

concentration. This testing was performed by Southern Research Institute in Frederick, 

Maryland.  

 

Synthesis of Compounds 1a-1c (Scheme 5.1 and Chart 5.1). Compounds 1a-1c were 

obtained by coupling of 2'-deoxyinosine with the corresponding substituted pyrrolidines 

in the presence of PyBOP and DIPEA in dry DSMO as described in Chapter 2(228). 

Briefly, stereoisomers of pyrrolidine-3,4-diol (125 mg) was coupled with 2'-deoxyinosine 

(250 mg) in the presence of DMSO (5 mL), DIPEA (210 µL), and PyBOP (656 mg) (55 
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°C for 3 days), separately . The reaction mixtures were resolved by flash chromatography 

(CH2Cl2: MeOH solvent gradient using a silica column) followed reversed phase HPLC 

(Water:ACN solvent gradient) to give pure 1a (72%), 1b (75 %) and 1c (70 %).  

 

R,R N6,N6-(2,3-dihydroxybutan-1,4-diyl)-2'-deoxyadenosine (R,R N6,N6-DHB-

dA, Compound 1a).  1H NMR (DMSO-d6), 8.32 (s, 1H, H-2); 8.18 (s, 1H, H-8); 6.35 (t, 

1H, H-1', Jvic=6.96 Hz); 5.30 (d, 1H, CHOH-3', Jvic=3.66 Hz); 5.22 (t, 1H, CHOH-5', 

Jvic=5.50 Hz); 5.19 (bs, 1H, CHOHβ); 5.17 (bs, 1H, CHOHγ); 4.40 (bs, 1H, H-3'); 4.17 (d, 

1H, Hα, Jgem=12.21); 4.09 (m, 1H, Hβ); 4.01 (m, 2H, Hα, Hγ); 3.87 (d, 1H, H-4', Jvic = 2.69 

Hz); 3.68 (m, 1H, Hδ); 3.62 (m, 2H, Hδ, H-5'); 3.51 (m, 1H, H-5'); 2.69 (q, 1H, H-2'); 2.26 

(dq, 1H, H-2', Jgem = 13.18 Hz). 13C NMR (DMSO-d6), 153.5 (C-6); 152.8 (C-2), 151.2 

(C-4), 138.1 (C-8), 119.8 (C-5), 87.7 (C-4'), 85.4 (C-1'), 75.5 (CH-OH), 73.6 (CH-OH), 

70.7 (C-3'), 61.7 (C-5'), 55.3 (N-CH2), 53.7 (N-CH2), 41.0 (C-2'). UV (water): λmax = 274 

nm, ESI+-MS m/z 338.3 [M+H]+; MS/MS m/z 338.3 → 222.2 [M+2H-dR]+; MS3 m/z 

338.3 → m/z 222.2 → m/z 136.0 [Ade+H]+, 147.6 [Ade-CH2+H]+, 185.6 [M+2H-dR-

2H2O]+, 204.0 [M+2H-dR-H2O]+ .  

S,S N6,N6-(2,3-dihydroxybutan-1,4-diyl)-2'-deoxyadenosine (S,S N6,N6-DHB-

dA, Compound 1b). 1H NMR (DMSO-d6), 8.32 (s, 1H, H-2); 8.18 (s, 1H, H-8); 6.35 (t, 

1H, H-1', Jvic=6.84 Hz); 5.22 (bs, 4H, OH-groups); 4.40 (q, 1H, H-3', J=2.85 Hz); 4.17 

(bd, 1H, Hα, J=12.6 Hz); 4.10 (bs, 1H, Hβ); 4.02 (bs, 1H, Hα); 4.00 (bs, 1H, Hγ); 3.87 (q, 

1H, H-4', J=4.2 Hz); 3.69 (bd, 1H, Hδ); 3.63 (m, 1H, Hδ); 3.61 (m, 1H, H-5'); 3.51 (dd, 

1H, H-5', J1=11.70, J2=4.50 Hz); 2.68 (m, 1H, H-2'); 2.25 (dq, 1H, H-2', J1=13.20, 
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J2=3.20 Hz). 13C NMR (DMSO-d6), 153.5 (C-6); 152.8 (C-2), 151.2 (C-4), 138.1 (C-8), 

119.8 (C-5), 87.7 (C-4'), 85.4 (C-1'), 75.5 (CH-OH), 73.6 (CH-OH), 70.7 (C-3'), 61.7 (C-

5'), 55.3 (N-CH2), 53.7 (N-CH2), 41.0 (C-2'). UV (water): λmax = 274 nm, ESI+-MS m/z 

338.3 [M+H]+; MS/MS m/z 338.3 → 222.2 [M+2H-dR]+; MS3 m/z 338.3 → m/z 222.2 → 

m/z 136.0 [Ade+H]+, 147.6 [Ade-CH2+H]+, 185.6 [M+2H-dR-2H2O]+, 204.0 [M+2H-dR-

H2O]+ .  

meso N6,N6-(2,3-dihydroxybutan-1,4-diyl)-2'-deoxyadenosine (meso N6,N6-

DHB-dA, Compound 1c). 1H NMR (DMSO-d6), 8.33 (s, 1H, H-2); 8.19 (s, 1H, H-8); 

6.36 (t, 1H, H-1', Jvic=6.9 Hz); 5.31 (d, 1H, CHOH-3', Jvic=4.2 Hz); 5.21 (t, 1H, CHOH-5', 

Jvic=5.7 Hz); 5.03 (d, 1H, CHOHβ, Jvic=3.7 Hz); 4.96 (bs, 1H, CHOHγ); 4.40 (m, 1H, H-3', 

J1=5.7 Hz; J2=2.9 Hz); 4.21 (d, 1H, Hα, Jgem = 12.0 Hz); 4.17 (bs, 1H, Hβ); 4.13 (bs, 1H, 

Hγ); 3.91 (d, 1H, Hα, Jgem=10.2 Hz); 3.88 (q, 1H, H-4', Jvic=4.2 Hz); 3.72 (d, 1H, Hδ 

Jgem=12.0 Hz); 3.61 (m, 2H, H-5', Hδ, Jgem = 11.71; Jvic= 4.4 Hz); 2.70 (m, 1H, H-2', Jgem = 

13.2; Jvic = 6.3 Hz); 2.26 (m, 1H, H-2', Jgem = 13.2; Jvic = 6.6 Hz). 13C NMR (DMSO-d6), 

153.5 (C-6); 152.7 (C-2), 151.2 (C-4), 138.1 (C-8), 119.8 (C-5), 87.7 (C-4'), 85.4 (C-1'), 

70.7 (C-3'), 71.5 (CH-OH), 69.9 (CH-OH), 61.7 (C-5'), 53.8 (N-CH2), 52.3 (N-CH2), 41.0 

(C-2'). UV (water): λmax = 274 nm, ESI+-MS m/z 338.3 [M+H]+; MS/MS m/z 338.3 → 

222.2 [M+2H-dR]+; MS3 m/z 338.3 → m/z 222.2 → m/z 136.0 [Ade+H]+, 147.6 [Ade-

CH2+H]+, 185.6 [M+2H-dR-2H2O]+, 204.0 [M+2H-dR-H2O]+ . 

 

Synthesis of Compounds 2a and 2b (Scheme 5.1 and Chart 5.1). Compounds 2a 

(71%) and 2b (74%) were synthesized by coupling 2'-deoxyinosine with the 
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corresponding 3R and 3S pyrrolidine-3-ols in the presence of PyBOP, DIPEA in dry 

DSMO. 3R and 3S pyrrolidine-3-ol starting materials were obtained via hydrogen 

mediated debenzylation of commercially available R and S-N-benzylpyrrolidine-3-ol as 

described previously (228).  

R N6,N6-(2-hydroxybutan-1,4-diyl)-2'-deoxyadenosine (R N6,N6-HB-dA,  

Compound 2a).  1H NMR (DMSO-d6), 8.32 (s, 1H, H-2); 8.19 (s, 1H, H-8); 6.35 (t, 1H, 

H-1', Jvic=7.3 Hz); 5.28 (d, 1H, 3'-OH, J=4.2 Hz); 5.22 (t, 1H, 5'-OH, J=5.7 Hz); 5.00 (bs, 

1H, CH-OH); 4.40 (m, 2H, H-3', CHOH );  4.25 (bs, 0.5H, NCH2OH); 4.11 (bs, 0.5H, 

NCH2OH); 3.99 (bs, 1H, NCH2OH); 3.87 (q, 1H, H-4', J1=7.5, J2=3.8 Hz); 3.74 (bs, 0.5H, 

NCH2CH2); 3.60 (m, 2.5H, H-5', NCH2CH2); 3.51 (m, 1H, H-5', J1=11.40, J2=5.70, 

J3=5.50 Hz); 2.68 (m, 1H, H-2'); 2.25 (dq, 1H, H-2', J1=13.20, J2=3.00 Hz); 1.97 (bs, 1H, 

CH2-CHOH); 1.88 (bs, 1H, CH2-CHOH). 13C NMR (DMSO-d6), 152.7 (C-6); 152.0 (C-

2), 149.3 (C-4), 138.7 (C-8), 119.9 (C-5), 87.9 (C-4'), 83.8 (C-1'), 70.9 (C-3'), 69.6 (CH-

OH), 67.8 (CH-OH), 61.8 (C-5'), 56.8 (N-CH2), 54.9 (N-CH2), 46.6 (N-CH2), 45.2 (N-

CH2), 40.0 (C-2'), 34.1 (CH2), 32.1 (CH2). UV (water): λmax = 274 nm, ESI+-MS m/z 

322.1 [M+H]+; MS/MS m/z 322.1 → 205.9 [M+2H-dR]+; MS3 m/z 322.1 → m/z 205.9 → 

m/z 149.0 [Ade-CH3+H]+, 161.0 [Ade-CHCH2+H]+, 170.9 [M+2H-dR-2H2O]+, 187.9 

[M+2H-dR-H2O]+. 

 

S N6,N6-(2-hydroxybutan-1,4-diyl)-2'-deoxyadenosine (S N6,N6-HB-dA, Compound 

2b).  1H NMR (DMSO-d6), 1H NMR (DMSO-d6), 8.32 (s, 1H, H-2); 8.19 (s, 1H, H-8); 

6.34 (t, 1H, H-1', Jvic=7.3 Hz); 5.28 (d, 1H, 3'-OH, J=4.2 Hz); 5.20 (t, 1H, 5'-OH, J=5.7 
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Hz); 4.98 (bd, 1H, CH-OH); 4.39 (m, 2H, H-3', CHOH );  4.24 (bs, 0.5H, NCH2OH); 

4.09 (bs, 0.5H, NCH2OH); 3.98 (bs, 1H, NCH2OH); 3.86 (q, 1H, H-4', J1=7.5, J2=3.8 Hz); 

3.73 (bs, 0.5H, NCH2CH2); 3.60 (m, 2.5H, H-5', NCH2CH2); 3.50 (m, 1H, H-5', J1=11.40, 

J2=5.70, J3=5.50 Hz); 2.68 (m, 1H, H-2'); 2.25 (dq, 1H, H-2', J1=13.20, J2=3.00 Hz); 1.97 

(bs, 1H, CH2-CHOH); 1.88 (bs, 1H, CH2-CHOH). 13C NMR (DMSO-d6), 152.7 (C-6); 

152.0 (C-2), 149.3 (C-4), 138.7 (C-8), 119.8 (C-5), 87.9 (C-4'), 83.8 (C-1'), 70.9 (C-3'), 

69.6 (CH-OH), 67.8 (CH-OH), 61.8 (C-5'), 56.7 (N-CH2), 55.4 (N-CH2), 46.6 (N-CH2), 

45.1 (N-CH2), 40.0 (C-2'), 34.1 (CH2), 32.0 (CH2). UV (water): λmax = 274 nm, ESI+-MS 

m/z 322.1 [M+H]+; MS/MS m/z 322.1 → 205.9 [M+2H-dR]+; MS3 m/z 322.1 → m/z 

205.9 → m/z 149.0 [Ade-CH3+H]+, 161.0 [Ade-CHCH2+H]+, 170.9 [M+2H-dR-2H2O]+, 

187.9 [M+2H-dR-H2O]+. 

 

Synthesis of Compounds 3 and 4 (Scheme 5.1 and Chart 5.1). 

Compounds 3 (70%) and 4 (68%) were obtained by coupling of 2'-deoxyinosine with the 

corresponding 3R and 3S pyrrolidine-3-ols, in the presence of PyBOP and DIPEA in dry 

DSMO. Palladium mediated debenzylation was employed to obtain the 3R and 3S 

pyrrolidine-3-ol from commercially available R and S-N-benzylpyrrolidine-3-ol as 

described in Chapter 2 (228).  

 

R N6,N6-(2-Fluorobutan-1,4-diyl)-2'-deoxyadenosine (R N6,N6-FB-dA, Compound 3).  

1H NMR (DMSO-d6), 8.36 (s, 1H, H-2); 8.23 (s, 1H, H-8); 6.36 (t, 1H, H-1', Jvic=6.9 Hz); 

5.54 (bs, 0.5H, CHF); 5.41 (bs, 0.5H, CHF); 5.30 (d, 1H, 3'-OH, Jvic=3.8 Hz); 5.18 (t, 
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1H, 5'-OH, Jvic=5.4 Hz); 4.40 (m, 2H, H-3', NCH2-CHF); 3.92 (bs, 2H, NCH2-CHF, 

NCH2-CH2); 3.88 (m, 1.5H, H-4', NCH2-CH2); 3.61 (m, 1.5H, H-5', NCH2-CH2); 3.51 (m, 

1H, H-5', J1=11.40, J2=5.70, J3=5.50 Hz); 2.69 (m, 1H, H-2'); 2.26 (m, 3H, H-2', NCH2-

CHF-CH2). 13C NMR (DMSO-d6), 152.5 (C-6); 152.0 (C-2), 149.4 (C-4), 139.1 (C-8), 

119.9 (C-5), 92.6 (CHF) 91.5 (CHF), 87.9 (C-4'), 83.7 (C-1'), 70.8 (C-3'), 61.8 (C-5'), 

54.9 (N-CH2), 53.7 (N-CH2), 46.2 (N-CH2), 44.8 (N-CH2), 40.0 (C-2'), 33.1 (CH2), 31.2 

(CH2).  UV (water): λmax = 274 nm, ESI+-MS m/z 323.9 [M+H]+; MS/MS m/z 323.9 → 

208.0 [M+2H-dR]+; MS3 m/z 323.9 → m/z 208.0 → m/z 188.0 [M+2H-dR-HF]+ . 

 

N6,N6-(2,2-difluorobutan-1,4-diyl)-2'-deoxyadenosine (N6,N6-DFB-dA, Compound 

4).  1H NMR (DMSO-d6), 8.43 (s, 1H, H-2); 8.30 (s, 1H, H-8); 6.40 (t, 1H, H-1', Jvic=6.5 

Hz); 5.32 (d, 1H, 3'-OH, Jvic=4.0 Hz); 5.14 (t, 1H, 5'-OH, Jvic=5.5 Hz); 4.39 (q, 1H, H-3', 

J=3.6); 4.21 (bs, 4H, N-CH2); 3.89 (m, 1H, H-4', J1=7.2, J2=4.2 Hz); 3.59 (m, 1H, H-5', 

J1=11.40 Hz); 3.50 (m, 1H, H-5', J1=11.40, J2=5.70, J3=5.50 Hz); 2.68 (m, 1H, H-2'); 2.55 

(bs, 2H, CH2CF2); 2.26 (dq, 1H, H-2', J1=13.20, J2=3.00 Hz). 13C NMR (DMSO-d6), 

152.3 (C-6); 152.0 (C-2), 149.7 (C-4), 139.6 (C-8), 119.9 (C-5), 87.9 (C-4'), 83.7 (C-1'), 

70.8 (C-3'), 61.7 (C-5'), 53.8 (N-CH2), 45.1 (N-CH2), 40.0 (C-2'), 32.8 (CH2). UV 

(water): λmax = 274 nm, ESI+-MS m/z 342.0 [M+H]+; MS/MS m/z 342.0 → 225.9 

[M+2H-dR]+; MS3 m/z 342.0 → m/z 225.9 → m/z 186.0 [M+2H-dR-2HF]+, 205.9 

[M+2H-dR-HF]+ . 
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Synthesis of Compound 5 (Scheme 1 and Chart 1). 

Compound 5 (52 %) was obtained by reacting R,R  pyrrolidine-3,4-diol with dry 2'-

deoyguanosine in the presence of PyBOP and DIPEA in dry DSMO as described above.  

R,R 6-(3,4-pyrrolidinediol)-2'-deoxyguanosine (R,R 6-PD-dG, Compound 

5).1H NMR (DMSO-d6), 7.88 (s, 1H, H-8); 6.17 (t, 1H, H-1', Jvic=6.9 Hz); 5.74 (s, 2H, 

OH); 5.21 (bs, 2H, OH); 5.08 (bs, 2H, NH2); 4.32 (q, 1H, H-3', J=3.6 Hz); 4.05 (m, 2H, 

N-CH-CHOH); 3.94 (bs, 2H, N-CH-CHOH);  3.80 (q, 1H, H-4', J1=7.2, J2=4.2 Hz); 3.55 

(m, 3H, H-5' and N-CH2); 3.48 (m, 1H, H-5'); 2.55 (m, 1H, H-2'); 2.14 (dq, 1H, H-2', 

J1=13.20, J2=3.00 Hz). 13C NMR (DMSO-d6), 159.6 (C-6); 153.4 (C-2), 151.7 (C-4), 

135.1 (C-8), 114.1 (C-5), 87.6 (C-4'), 82.8 (C-1'), 74.7 (CH-OH), 72.9 (CH-OH), 70.9 

(C-3'), 61.9 (C-5'), 54.4 (N-CH2), 52.8 (N-CH2), 40.0 (C-2'). UV (water): λmax = 286 nm, 

ESI+-MS m/z 352.9 [M+H]+, m/z 704.3 [2M+H]+; MS/MS m/z 352.9 → 236.9 [M+2H-

dR]+; MS3 m/z 352.9 → m/z 236.9 → m/z 165.0 [Gua-CH3+H]+, 193.1 [Gua-

CH3CH2CH3+H]+, 200.9 [M+2H-dR-2H2O]+, 219.0 [M+2H-dR-H2O]+ . 

 

Synthesis of Compounds 6-9 (Scheme 5.1 and Chart 5.1). 

Compounds 6 (60 %) and 9 (66 %) were synthesized by coupling 2'-deoxyuridine with 

with appropriate pyrrolidines, while compounds 7 (61 %) and 8 (65 %) were synthesized 

by coupling of 2'-deoxythymidine with the corresponding pyrrolidine derivatives. 

 

S,S N4,N4-(2,3-dihydroxybutan-1,4-diyl)-2'-deoxycytosine (R,R N4,N4-DHB-dC, 

Compound 6). 1H NMR (DMSO-d6), 7.88 (d, 1H, H-6, J= 7.6 Hz); 6.14 (t, 1H, H-1', 
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Jvic=6.8); 5.85 (d, 1H, H-5, J=7.6 Hz);  5.23 (d, 1H, 3'-OH, J=3.6 Hz); 5.17 (d, 1H, 

CHOH, J=4.0);  5.13 (d, 1H, CHOH, J=3.2 Hz); 4.97 (t, 1H, 5'-OH, J=5.0 Hz); 4.18 (q, 

1H, H-3', J1=6, J2=3.6 Hz); 4.01 (bs, 1H, CHOH); 3.96 (bs, 1H, CHOH); 3.76 (q, 1H, H-

4', J1=6.8, J2=3.6 Hz); 3.55 (m, 3H, H-5' and N-CH); 3.45 (bs, 2H, N-CH); 3.26 (d, 1H, 

N-CH, J=11.2 Hz); 2.11 (dq, 1H, H-2', J1=10.00, J2=6.00, J3=5.8 Hz); 1.92 (m, 1H, H-2'). 

13C NMR (DMSO-d6), 161.9 (C=O); 154.8 (C-5), 141.3 (C-6), 92.9 (C-4), 87.7 (C-4'), 

85.4 (C-1'), 74.6 (C-OH), 73.8 (C-OH), 70.7 (C-3'), 61.7 (C-5'), 53.1 (N-CH2), 53.0 (N-

CH2), 41.0 (C-2'). UV (water): λmax = 280 nm, ESI+-MS m/z 314.1 [M+H]+; MS/MS m/z 

314.1 → 197.9 [M+2H-dR]+; MS3 m/z 314.1 → m/z 197.9 → m/z 135.8 [Cyt-(CH3)2+H-

H2O]+, 149.0 [Cyt-CH3CHCH2+ H-H2O]+, 154.0 [Cyt-CH3CH2CH3+H]+, 161.9 [M+2H-

dR-2H2O]+ . 

S,S N4,N4-(2,3-dihydroxybutan-1,4-diyl)-2'-deoxy-5-methylcytosine (R,R 

N4,N4-DHB-dMeC, Compound 7). 1H NMR (DMSO-d6), 7.60 (s, 1H, H-6); 6.12 (t, 1H, 

H-1', Jvic=6.8 Hz); 5.15 (m, 3H, 3'-OH, CHOH); 5.17 (t, 1H, 5'-OH, J=5.2 Hz); 4.21 (m, 

1H, H-3'); 3.94 (bs, 2H, CHOH); 3.74 (m, 3H, H-3' and N-CH2); 3.55 (m, 4H, H-5' and 

N-CH2); 2.13 (s, 3H, CH3); 2.06 (m, 1H, H-2'); 1.97 (m, 1H, H-2'). 13C NMR (DMSO-

d6), 162.3 (C=O); 153.9 (C-5), 140.0 (C-6), 101.4 (C-4), 87.0 (C-4'), 84.6 (C-1'), 74.1 (C-

OH), 73.3 (C-OH), 70.3 (C-3'), 61.3 (C-5'), 54.8 (N-CH2), 54.5 (N-CH2), 40.0 (C-2'), 17.4 

(5-CH3). UV (water): λmax = 288 nm, ESI+-MS m/z 328.1 [M+H]+; MS/MS m/z 328.1 → 

211.9 [M+2H-dR]+; MS3 m/z 328.1 → m/z 211.9 → m/z 138.0 [5Me Cyt-(CH3)2+H-H2O]+, 

149.9 [5Me Cyt-CH3CHCH2+ H-H2O]+, 168.0 [5MeCyt-CH3CH2CH3+H]+, 175.9 [M+2H-

dR-2H2O]+ , 193.8 [M+2H-dR-H2O]+. 
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N4,N4-(butan-1,4-diyl)-2'-deoxy-5-methylcytosine (N4,N4-Bu-dMeC, Compound 8).  

1H NMR (DMSO-d6), 7.59 (s, 1H, H-6); 6.13 (t, 1H, H-1', Jvic=6.8 Hz); 5.15 (d, 

1H, 3'-OH, J=4.8 Hz); 4.98 (t, 1H, 5'-OH, J=5.4 Hz); 4.20 (m, 1H, H-3'); 3.74 (m, 1H, H-

4'); 3.58 (m, 6H, H-5' and N-CH2); 2.14 (s, 3H, CH3); 2.05 (dq, 1H, H-2', J1=10.00, 

J2=6.00, J3=5.8); 1.95 (m, 1H, H-2'); 1.82 (m, 4H, CH2CH2). 13C NMR (DMSO-d6), 

161.9 (C=O); 153.9 (C-5), 139.8 (C-6), 101.6 (C-4), 87.0 (C-4'), 84.5 (C-1'), 70.3 (C-3'), 

61.3 (C-5'), 54.9 (N-CH2), 48.7 (N-CH2), 40.0 (C-2'), 24.8 (CH2 and CH2), 17.4 (5-CH3). 

UV (water): λmax = 288 nm, ESI+-MS m/z 296.1 [M+H]+; MS/MS m/z 296.1 → 180.0 

[M+2H-dR]+; MS3 m/z 296.1 → m/z 180.0 → m/z 126.0 [5Me Cyt-CH3+H-H2O]+, 137.9 

[5Me Cyt-(CH3)2+ H-H2O]+, 162.1 [M+2H-dR-H2O]+ . 

 

N4,N4-(butan-1,4-diyl)-2'-deoxycytosine (N4,N4-Bu-dC, compound 9). 1H 

NMR (DMSO-d6), 7.87 (d, 1H, H-6, J= 7.6 Hz); 6.15 (t, 1H, H-1', Jvic=6.4 Hz); 5.85 (d, 

1H, H-5, J=7.6 Hz); 5.17 (d, 1H, 3'-OH, J=4.8 Hz); 4.98 (t, 1H, 5'-OH, J=5.8 Hz); 4.20 

(m, 1H, H-3'); 3.77 (q, 1H, H-4', J1=6.8, J2=3.6 Hz); 3.55 (m, 2H, H-5'); 3.45 (m, 4H, N-

CH2); 2.11 (dq, 1H, H-2', J1=10.00, J2=6.00, J3=5.8 Hz); 1.92 (m, 3H, H-2' and CH2); 

1.84 (m, 2H, CH2). 13C NMR (DMSO-d6), 160.8 (C=O); 154.3 (C-5), 140.7 (C-6), 92.6 

(C-4), 87.2 (C-4'), 84.9 (C-1'), 74.6 (C-OH), 73.8 (C-OH), 70.2 (C-3'), 61.2 (C-5'), 54.8 

(N-CH2), 46.4 (N-CH2), 40.0 (C-2'), 25.0 (CH2), 24.2 (CH2). UV (water): λmax = 280 nm, 

ESI+-MS m/z 282.0 [M+H]+; MS/MS m/z 282.0 → 165.9 [M+2H-dR]+; MS3 m/z 282.0 → 

m/z 165.9 → m/z 123.9 [Cyt-(CH3)2+H-H2O]+, 136.0 [Cyt-CH3CHCH2+ H-H2O]+ . 
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Synthesis of Compounds 10-13 (Scheme 5.1 and Chart 5.2). 

Compounds 10-13 (61 %) were obtained by coupling pyrrolidine derivatives with 2',3’-

dideoxyadenosine (compound 11, 60 %),  2',3’-dideoxyuridine (compound 12, 59 %), or 

2',3’-dideoxythymidine (compound 13, 67 %) in the presence of PyBOP and DIPEA in 

dry DSMO as described above. 

S,S N6,N6-(2,3-dihydroxybutan-1,4-diyl)-2',3'-dideoxyadenosine (S,S N6,N6-

DHB-ddA, compound 10). 1H NMR (DMSO-d6), 8.33 (s, 1H, H-2); 8.18 (s, 1H, H-8); 

6.22 (q, 1H, H-1', J1=6.4, J2=4.0 Hz); 5.15 (bd, 2H, CHOH); 5.02 (t, 2H, CHOH, J=5.6); 

4.17 (d, 1H, NCH, J = 12.4 Hz); 4.10 (m, 2H, H-4' and CHOH); 4.01 (m, 2H, CHOH and 

NCH); 3.64 (m, 3H, H-5' and NCH2); 3.49 (m, 1H, H-5', J1=11.70, J2=4.50 Hz); 2.42 (m, 

2H, H-2'); 2.03 (m, 2H, H-3'). 13C NMR (DMSO-d6), 152.9 (C-6); 152.0 (C-2), 149.1 (C-

4), 138.3 (C-8), 119.7 (C-5), 84.4 (C-4'), 81.7 (C-1'), 74.7 (CH-OH), 72.8 (CH-OH), 62.8 

(C-5'), 54.5 (N-CH2), 53.1 (N-CH2), 31.8 (C-2'), 35.5 (C-3'). UV (water): λmax = 274 nm, 

ESI+-MS m/z 322.2 [M+H]+; MS/MS m/z 322.2 → 221.9 [M+2H-dR]+; MS3 m/z 322.2 → 

m/z 221.9 → m/z 147.9 [Ade-CH2+H]+, 161.0 [Ade-CHCH2+H]+, 177.9 [Ade-

CH3CH2CH3+H]+, 185.9 [M+2H-dR-2H2O]+, 203.9 [M+2H-dR-H2O]+ . 

S,S N4,N4-(2,3-dihydroxybutan-1,4-diyl)-2',3'-dideoxycytosine (S,S N4,N4-

DHB-ddC, Compound 11). 1H NMR (DMSO-d6), 8.02 (d, 1H, H-6, J= 7.6 Hz); 6.14 

(dd, 1H, H-1', J1=2.9, J2=5.8 Hz); 5.81 (d, 1H, H-5, J=7.6 Hz); 5.23 (bs, 1H, CHOH);  

5.14 (bs, 1H, CHOH); 5.02 (t, 1H, 5'-OH, J=6.0); 4.02 (m, 1H, H-4'); 4.00 (bs, 2H, 

CHOH); 3.70 (m, 1H, H-5'); 3.54 (m, 2H, H-5' and N-CH); 3.46 (d, 2H, N-CH2, J=2.3 

Hz); 3.26 (d, 1H, N-CH, J=11.4 Hz); 2.26 (m, 1H, H-2'); 1.82 (m, 3H, H-2', H-3'). 13C 
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NMR (DMSO-d6), 161.6 (C=O); 154.4 (C-5), 140.8 (C-6), 91.6 (C-4), 85.8 (C-4'), 81.6 

(C-1'), 74.1 (C-OH), 73.3 (C-OH), 61.9 (C-5'), 52.6 (N-CH2), 52.4 (N-CH2), 32.7 (C-2'), 

24.4 (C-3').  UV (water): λmax = 280 nm, ESI+-MS m/z 298.1 [M+H]+; MS/MS m/z 298.1 

→ 197.9 [M+2H-dR]+; MS3 m/z 298.1 → m/z 197.9 → m/z 110.1 [Cyt-CH3+H-H2O]+, 

136.0 [Cyt-CH3CHCH2+ H-H2O]+, 153.8 [Cyt-CH3CH2CH3+H]+, 162.0 [M+2H-dR-

2H2O]+ , 180.0 [M+2H-dR-H2O]+. 

S,S N4,N4-(2,3-dihydroxybutan-1,4-diyl)-2',3'-dideoxy-5-methylcytosine (S,S 

N4,N4-DHB-ddMeC, Compound 12). 1H NMR (DMSO-d6), 7.76 (s, 1H, H-6); 5.89 (dd, 

1H, H-1', J1=2.9, J2=5.8 Hz); 5.13 (bs, 2H, CHOH); 5.04 (t, 1H, 5'-OH, J=6.0); 3.99 (m, 

1H, H-4'); 3.94 (bs, 2H, CHOH); 3.70 (m, 3H, H-5', N-CH2); 3.53 (m, 3H, H-5', N-CH2); 

2.23 (m, 1H, H-2'); 2.14 (s, 3H, CH3); 1.83 (m, 3H, H-2', H-3'). 13C NMR (DMSO-d6), 

162.3 (C=O); 153.9 (C-5), 140.1 (C-6), 100.6 (C-4), 85.4 (C-4'), 81.3 (C-1'), 74.1 (C-

OH), 74.0 (C-OH), 61.9 (C-5'), 54.5 (N-CH2 and N-CH2), 32.3 (C-2'), 24.6 (C-3'), 17.4 

(5-CH3). UV (water): λmax = 290 nm, ESI+-MS m/z 314.1 [M+H]+; MS/MS m/z 312.1 → 

211.9  [M+2H-dR]+; MS3 m/z 312.1 → m/z 211.9 → m/z 138.0 [5MeCyt-(CH3)2+H-H2O]+, 

149.9 [5MeCyt-CH3CHCH2+ H-H2O]+, 167.9 [5MeCyt-CH3CH2CH3+H]+, 175.9 [M+2H-

dR-2H2O]+, 193.9 [M+2H-dR-H2O]+  . 

N4,N4-(butan-1,4-diyl)-2',3'-dideoxy-5-methylcytosine (N4,N4-Bu-ddMeC, 

Compound 13). 1H NMR (DMSO-d6), 7.74 (s, 1H, H-6); 5.90 (dd, 1H, H-1', J1=2.9, 

J2=5.8 Hz); 5.03 (t, 1H, 5'-OH, J=5.3); 3.99 (m, 1H, H-4'); 3.69 (m, 1H, H-5'); 3.60 (m, 

4H, N-CH2); 3.53 (m, 1H, H-5'); 2.21 (m, 1H, H-2'); 2.14 (s, 3H, CH3); 1.82 (m, 7H, H-

2', H-3', CH2). 13C NMR (DMSO-d6), 162.0 (C=O); 153.9 (C-5), 140.0 (C-6), 100.8 (C-
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4), 85.3 (C-4'), 81.3 (C-1'), 62.0 (C-5'), 54.8 (N-CH2), 48.6 (N-CH2), 32.3 (C-2'), 24.7 

(CH2 and CH2), 24.6 (C-3'), 17.4 (5-CH3). UV (water): λmax = 290 nm, ESI+-MS m/z 

280.1 [M+H]+; MS/MS m/z 280.1 → 179.9 [M+2H-dR]+; MS3 m/z 280.1 → m/z 179.9 → 

m/z 126.0 [5MeCyt-CH3+H-H2O]+, 138.0 [5MeCyt-(CH3)2+ H-H2O]+, 161.9 [M+2H-dR-

H2O]+ . 
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Chart 5.1 Structures of 2ʹ′-deoxynucleosides containing substituted pyrrolidine groups at 

the C-4 of pyrimidine or at the C-6 position of purine. 
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Chart 5.2  Structural analogs of pyrrolidine nucleosides lacking the 3ʹ′- OH group: 2ʹ′,3ʹ′-

dideoxynucleosides containing pyrrolidine derivatives at the C-4 of pyrimidine or the C-6 

position of purine. 
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5.3  Results and discussion 

Rationale and Synthetic strategy.  

A serendipitous preliminary results from our laboratory involving a novel 

nucleoside analog generated as a byproduct of a chemical synthesis (Scheme 2.1 in 

Chapter 2), in which the nucleobase portion is functionalized with a pyrrolidine exocycle, 

revealed that this type of modification has potent anti-HIV activity.  Due to the novelty of 

the structure in this compound, we couldn’t find any data for its activity against HIV-1. 

Consequently, we focused our efforts on generating a library of structural analogs of this 

compound for testing against HIV-1 aiming to a more potent compound. A simple one 

step and efficient coupling strategy was utilized to prepare the series of novel nucleosides 

starting from commercially available precursors, without protecting any of the labile 

functional groups.  

A classical method for altering nucleoside structure is via the SNAr displacement 

of leaving groups from the heterocylic base by nucleophiles (276). Nucleosides can be 

activated by introducing, halo, phenoxy, aryl or alkyl sulfonyl, pyridyl, sulfone, and 

imidazolyl substituents (277-281). However, this approach usually requires the, use of 

protecting groups due to harsh conditions required for their synthesis.  

The amination of cyclic amides (purines) is readily achieved from aryl halides 

through SNAr substitution or by means of Pd catalyzed Buchwald-Hartwig amination 

(282). Interestingly, the highly electron-deficient nature of the pyrimidine ring renders 

the nucleophilic aromatic substitution reactions (SNAr) much easier as compared to 

purines. These synthetic strategies often involve four steps. First, labile functional groups 
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needs to be protected. For example, hydroxyl groups are often protected as 

tbutyldimethylsilyl (TBDMS) while acetyl, phenoxyacetyl, dimethylformamidine or 

isobutyryl are used to protect exocyclic amino groups. Next, the C-6 carbonyl group of 

purines are activated by halogenation, often under harsh and acidic conditions with 

reagents such as SOCl2, POCl3, and PCl5. These conditions may cause destruction of 

functionality or loss of protecting groups. After the key C-N bond-forming reaction, via 

palladium or tin mediated cross coupling, protecting groups are removed, generating the 

desired cyclic compound (204). However, Wan et al. successfully employed 

phosphonium reagents,  

1-H-Benzotriazol-1-yloxy-tris(dimethylamino)phosphonium hexafluorophosphate (BOP) 

or (Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP), to 

assist the SNAr displacement and avoided the costly extra synthetic steps used in classical 

synthesis and simplify the synthesis with an improved yield (204). This BOP/PyBOP 

mediated mechanism involves a phosphonium intermediate after the treatment of cyclic 

amide (purine) with PyBOP. The intermediate is then react with the nucleophile directly 

to provide the desired product (283,284). 

The synthesis of compounds 1a - 13 shown in Scheme 5.1 starts with 

commercially available 2'-deoxynucleosides and 2',3'-dideoxynucleosides. Compounds 

1a – 1c were generated by coupling 2'-deoxyinosine with 3R,4R, 3S,4S or meso 

pyrrolidine-3,4-diols, prepared in our laboratory (Scheme 2.2 in Chapter 2) (228). For 

example, N-benzylprotected 3R,4R pyrrolidine-2,3-diol was synthesized from D-tartaric 

acid as described previously (Scheme 2.2 in Chapter 2) (228). Following debenzylation, 
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the resulting 3R,4R pyrrolidine-3,4-diol was coupled to 2'-deoxyinosine in the presence 

of DMSO, DIPEA and PyBOP to give 1a in 72% yield (Scheme 5.1). The same synthetic 

route starting with L-tartaric acid and meso-tartaric acid was used to obtain compounds 

1b and 1c, respectively as discussed in Chapter 2. 

The preparation of compounds 2a and 2b started from the reductive debenzylation 

of commercially available N-benzylpyrrolidine-3-ol, following coupling with 2'-

deoxyinosine (Schemes 5.1 and 5.2) . Compounds 3 and 4 were obtained by direct 

coupling of commercial fluoropyrrolidinium hydrochloride salts with 2'-deoxyinosine in 

the presence of PyBOP and excess DIPEA base. The synthesis of compounds 5, 6 and 7 

was accomplished by reacting 2'-deoxyguanosine, 2'-deoxyuridine, or 2'-deoxythymidine 

with S,S pyrrolidine-2,3-diol, under anhydrous conditions. Interestingly, unlike other 

halopyrimidines, we observed a preferential regioselectivity of amination in deoxyuridine 

and deoxythymidine towards C-4 over C-2 (Figure 5.1). 

Commercially available unsubstituted pyrrolidine was used to synthesize 

compounds 8 and 9 from 2'-deoxythymidine and 2'-deoxyuridine, respectively (Scheme 

5.1 and Chart 5.1). The chain terminator analogues that lack a 3' hydroxyl group on their 

ribose moiety were analogously obtained from the direct coupling of S,S pyrrolidine-2,3-

diol with corresponding 2',3'-dideoxynucleosides (Scheme 5.1 and Chart 5.2) with good 

to moderate yields.  
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Scheme 5.1 General synthesis of nucleosides containing pyrrolidine derivatives at C-4 or 

C-6 position of the nucleobase. 

 
 

 
Compound A1 A2 B1 B2 % Yield 

1a (R,R) OH H OH H 72 
1b (S,S) H OH H OH 75 
1c (meso) OH H H OH 70 
2a (R) H H H OH 71 
2b (S) H H OH H 74 
3 (R) H H H F 70 
4 H H F F 68 
5 (R,R) OH H OH H 52 
6 (S,S) H OH H OH 60 
7 (S,S) H OH H OH 61 
8 (S,S) H OH H OH 65 
9 H H H H 66 
10 (S,S) H OH H OH 61 
11 (S,S) H OH H OH 60 
12 (S,S) H OH H OH 59 
13 H H H H 67 
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Scheme 5.2  Reductive debenzylation of N-benzylpyrrolidine-3-ol. 
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Figure 5.1 Formation of C-4 product from the coupling reaction with deoxuuridine or 

with thymidine. 
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All compounds were purified by preparative silica chromatography, followed by 

reversed phase HPLC. The reported yields shown in  Scheme 5.1 are for the final HPLC 

purified material. Structural characterization of each compound involved, NMR (1H, 1H-

1H COSY, 13C, 1H-13C HSQC and 1H-NOESY), tandem mass spectrometry (MS2 and 

MS3), and UV spectroscopy.  

In order to identify the substitution sites within the purine or pyrimidine 

heterocycle, electronic spectra of each synthesized compound were examined. All 

adenine heterocycle bearing compounds (1a-4 and 10) had the same characteristic UV 

absorbance maximum at 278 nm, suggesting that the exocycle was introduced at the C-6 

position (228). The UV spectrum of compound 5 was similar to those of structurally 

analogous 2,6-diaminopurines (285), while spectra of 6-9 and 11-13 were similar to those 

of known cytosine and 5-methylcytosine analogs , indicating that the pyrrolidine moiety 

was introduced at the C-4 and not at the C-2 position of pyrimidine. 

Further characterization of each compound was obtained from tandem mass 

spectrometry experiments. The characteristic MS2 fragmentation patterns of all 

compounds under ESI+-MS/MS conditions were similarly predominated by the neutral 

loss of deoxyribose or dideoxyribose sugar. However, characteristic MS3 fragmentation 

patterns were used to further confirm the structure (228). 

 Further details of the structure were obtained from one- and two-dimensional 

NMR spectroscopy experiments, including 1H, 1H-1H COSY, 13C, 1H-13C HSQC and 1H-

NOESY. The 1H-1H COSY spectra was instrumental to identify sugar protons by their 
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connectivity with each other, allowing the remaining protons to be assigned to the 

exocyclic protion of the molecule. 

 Compounds 1a-1c did not exhibit symmetrical NMR spectra for the exocyclic 

butanediol moiety because of the partial double bond character of C6-N6 which connects 

the exocycle with its heterocyclic base as discussed in Chapter 2. Furthermore, unlike 1a 

which is symmetrically substituted on pyrrolidine, compounds 2a and 2b exist as 

atropisomers resulting from hindered rotation about C6-N6 bond. In these compounds 

where the steric barrier to rotation about C6-N6 bond is high enough to allow for the 

detection of individual stereoisomers by NMR, but the rotation is too fast to allow HPLC 

isolation of individual atropisomers (Figures 5.2). This characteristic feature of 

compound 2a is clearly observed in HSQC NMR spectrum (Figure 5.3), where the 

number of proton signals corresponds to the butanediol moiety (aliphatic region) exceeds 

the number of protons in the aromatic region, H-2 and H-8. This consistent with a higher 

number of carbon signals corresponds to pyrrolidine moiety in 13C spectra. Taken 

together, this is indicative of the existence of two rotamers, 2a1 and 2a2 (Figure 5.2). 

Compound 3  also exists as a mixture of a rotamers (data not shown) but not 4 due to the 

lack of stereogenic center in its pyrrolidine moiety. 

1H-NOESY NMR was used to configure the C4 vs C2 regioselectivity of 

pyrimidies, compounds 6-9 and 11-13 (Figures 5.4 - 5.6). Since the aromatic substitution 

can in theory take place at either C-4 or C-2 of uracil or thymine nucleobase (Figure 5.1). 

However, NOESY spectra revealed a characteristic connectivity through space between 

the C-5 methyl group and the HA or HD methylene protons of the pyrrolidine ring in 
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compound 8 (Figures 5.4 and 5.5). We also observed  a NOESY cross peak between 

aromatic H-5 proton in compound 9 and the HA or HD of the pyrrolidine ring, indicating 

that the isolated products were exclusively the C-4 substituted products (Figures 5.4  and 

5.6).  
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Figure 5.2 Atropisomers of compound 2a. Because of the slow rotation of C6-N6 bond 

and unsymmetry of the pyrrolidine ring, compound 2a exits as two atropisomers (2a1 and 

2a2, which can be easily identified from NMR. But they were inseparable in HPLC.  
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Figure 5.3 Upfield region of the HSQC spectrum of compound 2a. 
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Figure 5.4  Key NOE correlations used to confirm C-4 substitution on pyrimidine ring. 
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Figure 5.5 NOESY spectrum of compound 8. 
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Figure 5.6 NOESY spectrum of compound 9. 
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5.5 Biological activity testing 

The synthesized nucleoside derivatives (Chart 5.1) were tested for their activity 

against the IIIB strain of HIV-1 by examining the inhibition of virus-induced 

cytopathogenicity in infected human T4-lymphoblastoid CEM-SS cells (270-

272,274,275). Percent reduction in CPE (cytopathic events) is often used as a measure of 

the effectiveness of a anti-HIV drug candidates (274,275). Briefly, viral infection often 

gives rise to morphological changes within the host cell known as cytopathic events. 

These include cell rounding, disorientation, swelling or shrinking, detachment from the 

surface, and death. Following treating HIV-infected CEM-SS cells with drug candidates, 

giant cell formation and other HIV-1 induced cytopathic events were monitored by 

microscopic examination at the Southern Research Institute (Table 5.1) (273,275). A 

good anti-HIV drug candidate should be able to reduce the viral load, leading to the 

corresponding reduction in CPE. 

Cell viability in the presence of drug candidates was tested by examining 

metabolic reduction of the tetrazolium salt [2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-

2M-tetrazolium-5-carboxanilide (XTT assay) (274,275). This colorimetric assay 

measures the reduction of a tetrazolium salt to produce soluble orange formazan product 

by the mitochondria of viable cells. The colorimetric signals are detected using an ELISA 

plate reader at a wavelength of 450 nm. The amount of color produced is directly 

proportional to the number of viable cells and their activity (273,275).   

Ideally, anti-HIV drug candidates should have minimum toxicity against normal 

cells, but exhibit cytoprotective activity. We found that most of our compounds had 
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minimal toxicity against human cells (Table 5.1). However, little anti-HIV activity was 

observed for most analogs.  Cytosine analog 6 (activity 7.7%) and 7 (activity 7.9%), 

exhibited greater anti-HIV activity as compared to others (Table 5.1).  

After observing some anti-HIV activity for compounds 6 and 7, a range of 

analogs of 6 and 7 were designed and synthesized. Compounds 8 and 9 (Chart 5.1) were 

prepared in order to increase nucleoside liphophilicity and to increase cell membrane 

penetration, while compounds 11 and 12 are 2’,3’-dideoxy analogs of 6 and 7 expected to 

act as chain terminators (Chart 5.2). Unexpectedly, compounds 11 and 12 did not show 

improved activity as compared to the parent molecules (Table 5.1). These results suggest 

that these compounds do not act as nucleoside inhibitors of HIV RT. Instead they may be 

affecting a different stage of the viral life cycle, or may be act as non-nucleoside 

inhibitors (NNRTIs). Additional experiments will be conducted to test these hypotheses. 

For example, the triphosphate derivatives of the above analogs can be synthesized and 

tested in vitro against HIV-1 reverse transcriptase activity. If active in this assay, then it 

can be concluded that the parent nucleosides are probably not activated to the 

triphosphate form by cellular kinases, requiring the preparation of prodrugs.   

Alternatively, the pyrrolidine functionalized nucleosides may not be entering the 

cell due to their polar nature. Future studies will use the prodrug strategy as discussed in 

Chapter 1, in order to overcome poor cell penetration. Amino acid phosphoramidate 

monoesters of compounds 6, 7 are expected to penetrate the cell wall and then be 

metabolized to the nucleotide itself. This method is used extensively in literature, to 

promote passive diffusion through cell membranes and increase the bioavailability of 
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phosphorylated nucleotides (286,287). 

A mass spectrometric method can be used to test the intracellular activation of 

drug candidates. The HPLC/ESI--MS method developed in our laboratory, will be use to 

identify and quantitate the cellular uptake and metabolism of these nucleoside 

phosphoramidates (288).  
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Table 5.1 Antiviral results summary: HIV-1 IIIB cytoprotection assay in CEM SS cells 
 
 HIV-1 IIIB/CEM SS 
Compound % Reduction in CPE a % Cell viability 
1a 4.3 100 
1b 0.0 94.5 
1c 2.0 100.0 
2a 0.0 98.0 
2b 0.0 100.0 
3 0.0 97.8 
4 0.0 100 
5 1.2 98.7 
6 7.7 95.7 
7 7.9 96.1 
8 0.0 100.0 
9 3.8 98.8 
10 3.6 86.4 
11 2.0 100.0 
12 1.1 100.0 
13 0.0 100.0 

 
a Compounds were tested at 10 µM concentration. 
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VI  SUMMARY AND CONCLUSIONS 

1,3-Butadiene (BD) is an important industrial chemical used in rubber and plastic 

manufacturing (9). It is also present in urban air as a combustion product from 

automobile exhaust and cigarette smoke (1,10). BD has been classified as known animal 

and human carcinogen based on the results of laboratory and epidemiological studies 

(11,289-291). It is metabolized by cytochrome P450 monooxygenases to three epoxide 

metabolites, 3,4-epoxy-1-butene (EB), 3,4-epoxy1,2-butanediol (EBD) and 1,2,3,4-

Diepoxybutane (DEB) (Scheme 1.1) (190,292,293). All three epoxide metabolites of BD 

(EB, DEB, and EBD) can react with nucleophilic sites in biomolecules including DNA 

and proteins to form covalent adducts (Scheme 1.2) (17,24,294,295). However, DEB is 

considered to be the ultimate carcinogenic metabolite of 1,3-butadiene.  

DEB preferentially modifies guanine nucleobases within DNA, but induces a 

large number of A → T transversions, suggesting that strongly mispairing adenine lesions 

are formed (18). In the present study (Chapter 2), we identified three novel, potentially 

promutagenic exocyclic DEB-dA lesions: N6,N6-(2,3-dihydroxy-1,4-butadiyl)-2’-

deoxyadenosine (N6,N6-DHB-dA, compound 2),  1,N6-(2-hydroxy-3-hydroxymethyl-1,3-

propanodiyl)-2’-deoxyadenosine (1,N6-γ-HMHP-dA, compound 3) and 1,N6-(1-

hydroxymethyl-2-hydroxy-1,3-propanodiyl)-2’-deoxyadenosine (1,N6-α-HMHP-dA, 

compound 4) (Chart 2.1 in Chapter 2)(228). The structures and stereochemistry of the 

novel DEB-dA adducts were determined by a combination of UV and two-dimensional 

NMR spectroscopy, tandem mass spectrometry, and stereospecific synthesis (228). 

HPLC-ESI+-MS/MS analyses of DNA hydrolysates demonstrated that compounds 3 and 
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4 (major) were present in DEB-treated double stranded DNA and in liver DNA of 

laboratory mice exposed to 1,3-butadiene by inhalation (Figure 2.21 in Chapter 2) (228). 

Under physiological conditions, 1,N6-γ-HMHP-dA and 1,N6-α-HMHP-dA are inter-

converted by a reversible rearrangement favoring more thermodynamically stable alpha 

regioisomer (Scheme 2.8 in Chapter 2) (228). 

To examine the effects of the exocyclic DEB-dA adducts on DNA structure and 

stability, DNA duplexes containing site- and -sterespecific adduct N6,N6-DHB-dA, 2 and 

1,N6-γ-HMHP-dA, 3 were prepared by a post-oligomerization approach (Chapter 3). 

DNA oligomers containing site specific 6-chloropurine were coupled with optically pure 

1-amino-2-hydroxy-3,4-epoxybutanes (Scheme 3.2 in Chapter 3), followed by a 

spontaneous cyclization to 1,N6-γ-HMHP-dA lesions. Oligodeoxynucleotide structures 

were then characterized by ESI--MS, exonucleoside ladder sequencing, and HPLC-

MS/MS of enzymatic digests. UV melting studies of synthetic DNA duplexes containing 

2 and 3 revealed that both lesions lower the thermodynamic stability of DNA. The 

stability of the DNA duplex containing adduct 3 was increased when adenine residue was 

placed opposite the lesion, suggesting that DEB-dA adducts preferentially pair with A, 

potentially leading to A → T transversions (Scheme 3.3 and Figure 3.14 in Chapter 3).  

In Chapter 4, we discussed the ongoing NMR, mutagenesis, and DNA repair 

studies of the novel DEB-dA adducts. Solution state NMR experiments with synthetic 

oligonucleotides containing site specific N6,N6-DHB-dA lesions revealed alterations of 

the chemical shifts of aromatic and anomeric protons of H6/H8 in the NOESY spectra of 

the adducted duplex (Figure 4.4 in Chapter 4), which are indicative of local structural 
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perturbations at the lesion site. However, the overall DNA structure was unchanged as 

evidenced by similar CD spectra of modified and unmodified duplexes and the 

observation of unchanged NMR chemical shifts for nucleobases away from the lesion 

(Figure 3.12 in Chapter 3). NMR studies of DNA containing site and stereospecific 1,N6-

γ-HMHP-dA lesion are now in progress.  

 All free living organisms have several DNA repair pathways to deal with DNA 

adducts, including base excision repair (BER), nucleotide excision repair (NER), and 

direct removal of alkyl groups to restore normal nucleobases (296-304).  Our laboratory 

has previously investigated the role of BER and NER in the repair of 1,N6-HMHP-dA 

using repair deficient animals (Goggin and Tretyakova, submitted for publication), but 

observed no difference between 1,N6-HMHP-dA adduct concentrations in liver DNA of 

repair proficient and deficient animals, suggesting that BER and NER pathways do not 

remove exocyclic DEB-dA lesions. Based on structural similarities between 1,N6-HMHP-

dA adducts and previously characterized exocyclic DNA adducts εdA and EdA, we 

hypothesized that they may be a substrate for repair by oxidative repair proteins  AlkB 

(E. coli) and/or its human homologs (hABH2 and hABH3) (32,242,245,305).  

Our results presented in Chapter 4 indicate that 1,N6- HMHP-dA lesions are 

repaired by bacterial AlkB protein.  Interestingly, the α-isomer of the adduct was repaired 

more efficiently than the γ isomer, probably due to the steric hindrance at the γ position 

of 1,N6-γ-HMHP-dA as compared to the α isomer (Scheme 4.3 in Chapter 4). This site is 

hypothesized to be the site of the initial oxidative attack in AlkB-mediated dealkylation 

(Scheme 4.3 in Chapter 4). In contrast, no repair was observed with human AlkB analogs 
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(ABH2/ABH3) (Figures 4.9 and 4.10 in Chapter 4). This differences in repair of 1,N6-

HMHP-dA lesions by AlkB and ABH2 may attributed to a greater flexibility of the AlkB 

active site as compared to the active site of human ABH2 protein, leading to the 

exclusion of exocyclic DEB-dA lesions by the human enzymes (241,247,262,263). 

Future studies are needed to establish what other DNA repair systems are capable of 

removing 1,N6-HMHP-dA lesions from DNA (306).  

The ability of 1,N6-HMHP-dA adducts to induce mutations was investigated in 

polymerase bypass and site specific mutagenesis experiments. As discussed in Chapter 4, 

our previous studies of polymerase bypass of exocyclic 1,N6-HMHP-dA lesions of DEB 

revealed that these adducts completely blocked human polymerase β. However, 1,N6-

HMHP-dA adducts were subject to translesion DNA replication by human lesion bypass 

polymerases eta (η), kappa (κ), and iota (ι). But Pol η and Pol κ were able to bypass the 

lesion and to extend the primer to the terminus. Furthermore, while Pol η bypassed 1,N6-

HMHP-dA adducts in an error free manner, inserting the dTMP opposite the lesion 

(Figure 4.12 in Chapter 4), Pol κ inserted dGMP and dAMP opposite alkylated adenine, 

leading to mutations (Figure 4.13). By comparison, both Pol η and Pol κ have been 

reported to incorporate correct base, dTMP, opposite structurally related 1,N6-etheno-dA 

(εdA) adducts (306). 

Site specific mutagenesis experiments conducted in collaboration with the 

Essigmann group at MIT indicated that R,S 1,N6-HMHP-dA adducts are weakly 

mutagenic in E. coli under SOS- conditions (Figures 4.17 and 4.18 in Chapter 4). These 

results are in contrast to miscoding nature of these adducts in vitro (Chapter 4). 
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Furthermore, while site specific mutagenesis results suggest that exocyclic DEB-dA 

adducts are rapidly repaired in E. coli,  the adducts have been shown to persist in mouse 

liver for up to 10 days (Goggin and Tretyakova, submitted for publication) . These results 

suggest that alternative repair pathways could be active in E. coli that are not active in 

mammalian tissues. Furthermore, fundamental dissimilarities may exist between DNA 

polymerases responsible for bypass of 1,N6-HMHP-dA adduct in mammalian cells and in 

bacteria. 

Neither of 1,N6-α-HMHP nor 1,N6-γ-HMHP-dA can participate in hydrogen 

bonding at the N6 position of adenine. However, AlkB catalyzed oxidative dealkylation of 

the lesions in E. coli is expected to produce N6-adenine monoadducts.  These secondary 

adducts may be readily bypassed by replicative DNA polymerase due to the restoration of 

hydrogen bonding ability at the N6,  resulting in incorporation of thymine opposite the 

lesion (Figure 6.1) (32,43). This could explain why 1,N6-HMHP adducts code mainly as 

adenine in the bacterial system, inducing relatively few mutations. In contrast, human 

analogs of AlkB do not recognize 1,N6-HMHP adducts (Chapter 4), leading to their 

accumulation in tissues (Goggin and Tretyakova, unpublished data) and associated 

mutagenesis.  
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Figure 6.1 Restoration of hydrogen bonding ability following AlkB repair of 1,N6-

HMHP adducts in bacteria. 
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The main focus of the work described in Chapter 5 was to generate a library of 

structural analogs of N6,N6-DHB-dA (compound 2, Chart 2.1 in Chapter 2) for testing 

against HIV-1 virus in an effort to develop antiviral compounds. A simple and efficient 

one step coupling strategy was utilized to prepare a series of novel nucleosides starting 

from commercially available precursors (Charts 5.1 and 5.2). 

 Compound 2 was used as a starting point in nucleoside design because it 

exhibited antiviral activity in preliminary studies (not shown). Compounds 8 and 9 (Table 

5.1 in Chapter 5) were designed in order to increase nucleoside liphophilicity and to 

increase the cell membrane penetration. Dideoxy analogs 11 and 12 (Table 5.1 and Chart 

5.2) were and expected to act as chain terminators of RT enzyme of HIV-1 (Chapter 1.2). 

We found that cytidine analog 6 and 7 exhibited weak antiviral activity, while the 

adenosine analogs were inactive (Table 5.1). None of the compounds had any effect on 

cell viability.  

The lack of antiviral activity observed for the novel pyrrolidine functionalized 

nucleosides is likely due to their poor cell uptake due to their polar nature or their 

inability to be activated to the corresponding nucleotide triphosphates by nucleoside 

kinases. Alternatively, these nucleosides may not be good inhibitors of HIV-1 reverse 

transcriptase. It is possible that the active site of the HIV RT cannot accept the bulky 

pyrrolidine substituted nucleotides. Most of the currently available RT inhibitors do not 

have substituents on the nucleobase portion of the molecule; instead, their sugar moiety is 

modified to cause chain termination (50,70).  
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The weak anti-HIV activity observed for cytidine derivatives 8 and 9 may be 

attributed to their effects on a different stage of the HIV-1 life cycle (HIV-1 life cycle in 

Chapter 1.2). Alternatively, they may act as non-nucleoside inhibitors (NNRTIs) of HIV 

RT. Additional experiments remains to be conducted in the future to test these 

hypotheses, including in vitro HIV-1 reverse transcriptase assay with synthetic nucleotide 

triphosphates, investigating the intracellular activation, and preparation of nucleotide 

prodrugs (Chapter 1.2). 
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VII  Future work 

7.1 Further structural and biological studies of oligonucleotides containing DEB-dA 

adducts 

As discussed in Chapter 4, NMR structures of DNA oligonucleotides containing 

site specific S,S and R,R N6,N6 -DHB-dA adducts within ras61 sequence context 5’-CGG 

ACX AGA AG-3’ (A and C in Table 4.1 in Chapter 4)  were determined by NMR 

spectroscopy experiments performed in the laboratories of our collaborator, Prof. Michael 

Stone  at Vanderbilt University. Next, the NMR data will be refined by molecular 

dynamics simulations using a simulated annealing protocol restrained by NOE derived 

distances and torsional angles derived from J coupling data (258).  Molecular dynamic 

simulations will be performed at the nanosecond scale to look at changes in local and 

global helix conformation and relative energies. Collectively, these analyses will 

determine a number of structural properties of adducted DNA, including minor and major 

groove dimensions, sugar puckering, base twisting and stacking, as well as phosphate 

backbone geometry. This will allow us to evaluate the extent of duplex distortion induced 

by each DEB-dA adduct. In addition, these experiments will be repeated for DNA 

oligodeoxynucleotides containing site- and stereospecific R,S 1,N6-γ-HMHP-dA opposite 

A or T to elucidate the base pairing mode (Watson-Crick or Hoogsteen H-bonding) as 

discussed in Chapter 3. These studies are in progress in the Stone laboratory at Vanderbilt 

University.  

In respect to biological effects of 1,N6-HMHP-dA lesions, by analogy with 1,N6-

ethenoadenine (εA) in a mammalian system (36,247), we propose that polymerase 
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switching takes place following stalling of replicative polymerase at the lesion site, 

allowing bypass DNA polymerases to replicate past the lesion in an error-prone manner. 

This is expected to lead to an increased incorporation of dAMP opposite the 1,N6-HMHP-

dA lesion, leading A → T transversion mutations. Thus, assaying these lesions under 

SOS+ conditions is quite important and is in progress at the Essigmann laboratory.  

Ultimately, by combining NMR derived molecular structures and observed 

biological outcomes from site-specific mutagenesis experiments, we will obtain a better 

understanding of the molecular mechanisms of BD induced mutagenesis. 

 

7.2 Investigation of the mechanism of oxidative repair of 1,N6-HMHP-dA by AlKB 

protein.  

By analogy with 1,N6-ethanoadenosine (EA) (Scheme 4.2 in Chapter 4), oxidative 

repair of 1,N6-γ-HMHP-dA by AlkB is expected to lead to opening of the 1,N6-propano 

ring, producing a less mutagenic N6-adenine lesion (Scheme 4.4 in Chapter 4 and Scheme 

7.1) (32). The hydroxylated adduct can be isomerized to a ring-opened ketone form, 

which can then react with cellular nucleophiles. In theory, a trapping agent can be used to 

identify the N6-ketone intermediate. For example, Frick et al. used O-(2,3,4,5,6-

pentafluorobenzyl) hydroxylamine (PFBHA; molecular weight 213.1)  to trap the 1,N6-

ethanoadenine derived aldehydic intermediate produced by the oxidative repair of AlkB 

protein, as an oxime product, which were identified from MALDI-TOF MS experiments 

(32). We will use HPLC-ESI--MS methods developed in our laboratory (Chapter 4) to 

identify the intermediates produced during AlkB repair (Scheme 7.1).  
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Analogous mass spectrometry based approach will be used to identify the N6-

adenine adduct resulting from oxidative repair of 1,N6-α-HMHP-dA by the AlkB protein 

(Scheme 7.2). In contrast to 1,N6-γ-HMHP-dA, oxidation of 1,N6-α-HMHP-dA by AlkB 

produces the ring opened N6 aldehydic form. Because of a greater reactivity of aldehydes 

towards amines, a more efficient formation of the oxime product from the reaction of 

aldehyde and PFBHA can be expected (Scheme 7.2). If this ring opened N6-aldehydic 

adenine adduct of 1,N6-α-HMHP is formed in vivo, the action of AlkB protein can lead to 

the formation of a range of secondary adducts, including various DNA lesions, 

intrastrand or interstrand DNA-DNA cross-links, and DNA-protein cross-links. 
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Scheme 7.1 Proposed mechanism for 1,N6-γ-HMHP-dA repair by AlkB and 

identification of the oxidized product. 
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Scheme 7.2 Proposed mechanism for 1,N6-α-HMHP-dA repair by AlkB and 

identification of the oxidized product. 
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7.3 Synthesis of site- and stereospecific oligonucleotides containing R,S 1,N6-α-

HMHP-dA lesion for biological studies.  

Our current synthetic strategies only provide DNA oligonucleotides containing 

site- and stereospecific R,S 1,N6-γ-HMHP-dA lesion for structural and biological 

evaluations or if left in physiological conditions, an equilibrating mixture of both alpha 

and gamma 1,N6-α-HMHP-dA lesions (Chapters 2 and 3). Therefore, it will be important 

to have pure DNA oligonucleotides containing R,S 1,N6-α-HMHP-dA lesion to evaluate 

its biological significance, as discussed in Chapter 4. 

Briefly, the proposed synthesis will start with commercially available L- or D 

ascorbic acids. The 4-O-TBDPS (tert-butyldiphenylsilyl) protected 3-aminobutane-1,2-

diol will be synthesized as described in the literature (Scheme 7.3) (307-309). Then it will 

coupled with 5ʹ′-DMT protected 6-Cl-purine oligonucleotide on solid support (by using 

manual coupling) to yield the N6-product, following cyclization in the presence of 

(PhO)3P+MeI-/Et3N in DMF (manual coupling) and standard oligo deprotection to yield 

the desired oligonucleotide (Scheme 7.3). 
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Scheme 7.3 Proposed synthesis for the DNA oligonucleotide containing site- and 

stereospecific R,S 1,N6-α-HMHP-dA lesion. 
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7.4 Synthesis of site- and stereospecific oligonucleotides containing N7G-N6A-BD 

cross-links for mutagenesis studies 

As mentioned earlier in Chapter 1, DNA adducts responsible for A → T 

transversion mutations induced by DEB have not been identified. In addition to DEB-dA 

exocycles, DEB it is also capable of forming interstrand DNA-DNA cross links (Chapter 

1) (17,24). 

 It is difficult to synthesize DNA duplexes containing bis-N7G-BD due to its 

hydrolytic instability and spontaneous depurination. However, partially depurinated 

N7G-N6A-BD adducts are a possible target of design. Due their persistence in mouse 

liver for up to 10 days of BD post exposure (Goggin and Tretyakova submitted for 

publication), it is important to investigate the outcomes of polymerase bypass of N7G-

N6A-BD lesions.  

Our previous approach of preparing site- and stereospecific N7G-N6A-BD lesions 

was based on generating DNA strands containing site specific adenine monoepoxide 

intermediate (N6-HEB-dA), followed by reaction with dG to yield N7G-N6A-BD. In this 

synthesis, a 6-chloropurine residue was incorporated into synthetic 

oligodeoxynucleotides by solid phase DNA synthesis using the corresponding 

phosphoramidite (Scheme 7.4). The 6-chloropurine containing oligomer was then reacted 

with 1-amino-3,4-epoxybutan-1-ol to form the corresponding N6-HEB-dA 

oligonucleotide (1) (41). However, when we attempted to react N6-HEB-dA containing 

DNA (1) with 2ʹ′dG to form a G-A butanediol cross-link (Scheme 7.4) (41),  N6-HEB-dA 

spontaneously cyclized to form 1,N6-HMHP-dA (3) (228). Even in the presence of a large 



 

 305 

excess of 2′dG, cyclization was favored, and no N7G-N6A-BD crosslinks were observed 

(Scheme 7.4) (41).  

Our modified approach to preparing site specific N7G-N6A-BD crosslinks will 

involve coupling of triacetyl protected 2ʹ′dG with the N-Fmoc protected amino-epoxide, 

followed by its reaction with the 6-chloropurine oligonucleotide (Scheme 7.5). N7-

(Fmoc-1-amino-2,3-dihyroxybut-1-yl)-N-acetylguanine intermediate will be isolated by 

HPLC then reacted with 6-chloropurine oligonucleotide to yield the corresponding DNA 

strand containing N7G-N6A-BD adduct. This oligonucleotide will be isolated by HPLC, 

structurally characterized, annealed to a primer strand, and then subjected to polymerase 

bypass and mutagenicity assays to find out whether can be bypass by DNA polymerases, 

and induce mutations. 
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Scheme 7.4 Synthesis of site- and stereospecific oligonucleotides containing 1,N6-

HMHP-dA and N7G-N6A-BD cross-links for mutagenesis studies. 
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Scheme 7.5 Modified scheme for the synthesis of site- and stereospecific 

oligonucleotides containing N7G-N6A-BD cross-links for mutagenesis studies. 
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7.5 Pyrrolidine derivatives containing nucleosides - New analaogs 

As discussed in Chapter 5, low antiviral activities of pyrrolidine functionalized 

nucleosides prepared so far as part of this study, is likely due to their polar nature that 

prevents them from entering the cell. In order to overcome this poor cell penetration and 

to facilitate their activation to nucleoside monophosphates, a prodrug strategy can be 

used as discussed in Chapter 1.2. For example, hydrophobic amino acid phosphoramidate 

monoesters of nucleosides shown in Chart 5.1 and 5.2 can be prepared. These 

phosphoramidate derivative are expected to penetrate the cell wall and then be 

metabolized to the corresponding nucleotide, thereby avoiding the dependence on cellular 

kinases to convert nucleoside to the corresponding monophosphate (286,287). For 

example, compound 13 will be treated with diphenyl phosphite in pyridine, converting it 

to the corresponding H-phosphonate intermediate. This intermediate will then be isolated 

and treated with excess trimethylsilyl chloride (TMSCl), oxidized by iodine, and reacted 

with phenylalanine methyl ester or phenylalanine methyl amide to form the desired 

phosphoramidate (Scheme 7.6). Finally, a series of amino acid phosphoramidate 

monoesters or amides (Chart 7.1) can be synthesized by employing this method (e.g. 

tryptophan methyl ester/amide, alanine methyl ester etc.) and will be used for the testing 

against HIV-1. However, analogs that contain extra hydroxyl groups at the exocyclic 

moiety or -3ʹ′ needs to be protected before employing this synthetic strategy. To examine 

the extent of cellular uptake and intracellular activation of our nucleoside analogs, 

HPLC/ESI--MS methods developed in our laboratory will be used (288). 
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Scheme 7.6 Synthesis of phosphoramidate mono ester/amide of compound 13. 
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Chart 7.1 Amino acid phosphoramidate monoesters and amides. 
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Furthermore, additional experiments are required to identify the biological targets 

nucleosides already prepared in this study (Chart 5.1 and Table 5.1 in Chapter 5). To 

determine whether these compounds can exhibit HIV RT,  triphosphate derivatives of the 

above nuclosides will be synthesized by employing the standard H-phosphonate 

chemistry (Scheme 7.7). These triphosphates will then tested in vitro for their ability to 

inhibit HIV-1 reverse transcriptase.  

Moreover, a concentration dependence for the HIV-1 activity of compounds, 6, 7, 

9 and 10 needs to be established in order to find the IC50 (50% inhibitory concentration, 

which is the concentration needed to inhibit 50 % virus replication in vitro) and CC50 

(50% cytotoxic concentration, which is the concentration required to cause 50 % death of 

uninfected cells) values. 

In addition, designing and synthesis of additional analogs, which resemble 

NNRTIs and ribose mimicking pyrrolidines attached to purine nucleobases, are now in 

progress in our laboratory. It will be interesting to find out whether these novel molecules 

have any activity against HIV-1 and other viruses.  
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Scheme 7.7 Synthesis of the triphosphate of compound 13. 
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