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Abstract 

Formation of O
6
-alkylguanine adducts leads to potentially carcinogenic mutations 

in genes involved in carcinogenesis, despite the low abundance of these adducts. We 

intend to develop DNA hybridization probes specific for O
6
-alkylguanine adducts to 

probe the formation and persistence of these adducts in genes. For this purpose, a unique 

set of synthetically derived nucleoside analogs is proposed to be used in these 

hybridization probes. Structural design of these probes to specifically recognize O
6
-

alkylguanine adducts requires an understanding of chemical and sequence related factors 

involved in base-pair interactions. We have evaluated thermal stabilities of duplex 

combinations containing structurally varied synthetic nucleosides paired with O
6
-

alkylated DNA adducts. Influence of base structure, modified base pair position and/or 

neighboring base identity on stability of modified duplexes has been evaluated. Data 

indicate that favorable H-bonding rather than inter-strand stacking interactions dictate the 

stabilities of the modified base pairs. To understand the molecular basis of modified base 

pairing, oligonucleotides harboring site-specifically incorporated base pairs containing 

synthetic nucleoside probe Per were synthesized and subjected to NMR and X-ray 

crystallography analysis. The data provides structural insights into the interaction of a 

synthetic nucleoside with unmodified and O
6
-alkylated guanine. A sensitive O

6
-

alkylguanine adduct recognition assay based on nanoparticle conjugates with modified 

oligonucleotides containing adduct specific synthetic nucleoside probe is proposed. 

Synthesis of modified oligonucleotides containing a chemically modified thiol-tethered 
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Cytosine, to probe the enzyme active site structure of APOBEC3G through disulfide 

cross-linking, is reported. 
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I. Introduction 

1.1 Chemical carcinogens 

Cancer is the second most common cause of death in the US, exceeded only by 

heart disease(1). In the US, cancer accounts for nearly 1 of every 4 deaths. Cancer is 

caused by both external factors (tobacco, infectious micro-organisms, chemicals, and 

radiation) and internal factors (inherited mutations, hormones, immune conditions, and 

metabolic disorder)(2, 3). These factors may act together or in sequence to initiate or 

promote carcinogenesis(4). Among external factors, ionizing radiation and micro-

organisms such as oncogenic viruses are acknowledged as the major environmental 

cancer-causing agents and on the basis of epidemiological and toxicological data, it has 

been shown that chemical exposure may also play a major role in carcinogenesis. 

Exogenous chemical carcinogenesis involves chronic exposure to exogenous chemical 

carcinogens, and is a complex process, in which environment-genetic interactions and 

polymorphisms of cancer susceptibility genes add further complexity. Examples of well-

established mutagenic exogenous chemical carcinogens that have been extensively 

investigated from chemical, biological and epidemiological perspectives are 

benzo[a]pyrene (B[a]P) and other high molecular weight polycyclic aromatic 

hydrocarbons (PAHs) that consist of five to seven rings, aromatic amines (AAs) and 

heterocyclic AAs (HAAs), some metals and metalloids, and nitrosamines and other N-

nitroso compounds (5, 6). 
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Figure 1.1 DNA adducts formation from nitrosamine exposure. 

 

1.2 Nitrosamine carcinogenicity 

1.2.1 Sources of nitrosamines 

The major sources of exposure to nitrosamines are diet, cigarette smoking, 

occupational exposure, and miscellaneous minor sources (pharmaceutical products, 

cosmetics, indoor and outdoor air, etc.)(7). The most abundant nitroso compounds 

present in diet are non-volatile N-nitrosated amino acids and amino acid derivatives e.g. 

N-nitrososarcosine, N-nitrosoproline, etc.(8) These compounds mainly occur in smoked 

and nitrate-cured meats, smoked and dried fish, etc. The main volatile nitrosamines in the 

diet are N-nitrosodimethylamine (NDMA), N-nitrosopyrrolidine, N-nitrosopiperidine, 

and N-nitrosothiazollidine. These volatile nitrosamines may be formed by nitrosation of 

the corresponding precursor amines or thermal decarboxylation of non-volatile 
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nitrosamines. Beer, cured meat and fish products contribute significantly to the total 

dietary exposure to volatile nitrosamines. There are more than 60 carcinogens in cigarette 

smoke and at least 16 in unburned tobacco(9). The tobacco-specific nitrosamines 4-

(methylnitrosamino)- 1-(3-pyridyl)-1-butanone (NNK), N-nitrosoanatabine (NAT) and 

N′-nitrosonornicotine (NNN), are the most prevalent carcinogens in unburned tobacco 

products, which include oral snuff, chewing tobacco and other smokeless tobacco 

products(10). These agents are usually formed from tobacco alkaloids during the curing 

and processing of tobacco. Some of the NNK and NNN in cigarette tobacco are 

transferred to smoke.(11, 12). The major sources of nitrosamine exposure through 

occupation are the leather industry, the rubber industry, the metal foundries, and the 

surfactant industry(13). The major carcinogenic nitrosamines observed in industrial 

exposure are volatile nitrosamines e.g. NDMA and N-nitrosodibenzylamine (NDBzA). 

Significantly high concentrations of volatile nitrosamines such as NDMA, N-

nitrosodiethylamine (NDEA) and N-nitrosomorpholine (NMOR) have been measured in 

air near heavily polluted chemical plants. Nitrosamines are delivered to humans every 

day through the above mentioned and other sources and this chronic exposure may lead 

to physiological events that ultimately lead to cancer (Figure 1.1). 

   

1.2.2 Nitrosamine-DNA adduct formation 

Magee and Barnes demonstrated in 1956 that N-nitrosodimethylamine (NDMA) 

is a powerful hepatocarcinogen in the rat(14). Since then, the carcinogenic activities of 

over 200 N-nitrosamines have been established in more than 40 species(15). Among the 
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findings were that 40 or more species that have been treated with, e.g. 

nitrosodiethylamine NDEA, were all susceptible to its carcinogenic action suggesting 

strongly that, unlike other types of carcinogen, there was probably no non-susceptible 

species, e.g. humans(16, 17). Most of the experiments done subsequently involved the 

testing of N-nitroso compounds of various structures, the results of which provided 

considerable insight into the mechanisms by which N-nitroso compounds were activated 

and induced cancer. Metabolic activation of nitrosamines by cytochrome P450s yields 

electrophilic compounds that react with nucleophilic sites within DNA producing DNA 

adducts through alkylation of DNA(18, 19).  

 

1.2.3 O
6
-alkylguanine DNA adducts 

It is well established that the biological activity of carcinogenic nitrosamines is a 

product of mutations that arise due to DNA alkylation by the reactive intermediates, 

diazonium ions and carbocations, that are derived from their metabolism(20). Studies that 

evaluated atom site selectivity of a wide range of electrophiles using reactivity at guanine 

as a paradigm showed that with respect to the exocyclic N
2
 and O

6
 sites, alkyl-diazonium 

ions such as the methyl- and ethyl-diazonium ions bind to the O
6
 of guanine(21). Further, 

studies regarding alkylation selectivity of nitrosamine metabolites have shown that 

alkylation at exocyclic O
6 

site of guanine is prominent in producing mutations(22). It has 

been reported that O
6
-methyl-deoxyguanosine (O

6
-Me-dG) and O

6
-4-(3-pyridyl)-4-

oxobutyl-deoxyguanosine (O
6
-POB-dG) adducts are generated from the metabolic 

activation of the tobacco-specific nitrosamine, 4-(N-methyl-N-nitrosoamino)-1-(3-
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pyridyl)-l-butanone (NNK) by cytochrome P450 and subsequent reaction of these 

metabolites with DNA (23). Exposure to low doses of NNK has been shown to give rise 

to a high incidence of malignant lung tumors, and this event correlates with specific 

formation of O
6
-methylguanine (24). Nitrosamine carcinogens N-

nitrosobenzylmethylamine (NBzMA) and N-nitroso-N-benzylurea (BzNU), upon 

metabolic activation by cytochrome p450s, react with adenine and guanine of DNA(25) 

and the O
6
-benzyl-deoxyguanosine adducts arise from benzylation at O

6
-position of 

guanine. 
32

P-postlabeling procedures and mass spectrometric analyses for the detection of 

DNA adducts have shown relatively high quantities of O
6
-alkylguanine adducts in 

genomic DNA(26). O
6
-alkylguanine is the critical mutagenic and carcinogenic lesion 

because it is expected to base-pair with thymine as well as with cytosine(27). Analyses of 

mutation frequencies across different sequence contexts have shown that O
6
-

alkylguanines miscoding leads to mutations thus indicating that O
6
-alkyl-deoxyguanosine 

adducts are pro-mutagenic (28, 29). During replication DNA polymerases preferentially 

misinsert thymine opposite O
6
-alkylguanine, resulting in G →A transition mutations(30). 

Some representative O
6
-alkylguanine adducts are shown (Figure 1.2). 
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Figure 1.2 Structures of representative O
6
-alkylguanine adducts. Me: methyl; Et: ethyl; 

Bu: butyl; Bn: benzyl; POB: pyridoxybutyl. 

 

1.2.4 Genetic targets of Nitrosamine-carcinogenesis 

If nitrosamine-induced DNA adducts are not repaired prior to DNA replication, 

they can lead to polymerase errors and mutations in critical genes. Mutations within 

tumor suppressor genes and oncogenes can lead to a loss of control over normal cellular 

growth, leading to uncontrolled cell proliferation and cancer. A major target of the 

formation of DNA adducts and mutations, in nitrosamine-induced carcinogenicity, is the 

p53 tumor suppressor gene(31). Change-of-function mutations in p53 lead to its 

inactivation, which results in loss of control over normal cell growth. The p53 gene 

encodes a protein that is a negative regulator of the G1/S phase transition in the cell 

cycle(32). In normal cells, DNA damage triggers p53 activation, which up-regulates 

expression of several other genes leading to cellular arrest and allowing time for DNA 
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repair to occur. If DNA repair is successful the cell will proceed through the cell cycle, 

but if DNA repair fails apoptosis will occur. Cells that contain mutations in the p53 gene 

produce gene products that are unable to effectively bind damaged DNA thereby 

preventing up-regulation of p53-dependent genes that halt DNA replication and trigger 

apoptosis when DNA repair is unsuccessful. Accumulation of mutations in this critical 

genes results in a loss of control over cell proliferation, thereby leading to tumor 

formation. The p53 tumor suppressor gene is mutated in over 40% of human lung tumors 

and these mutations are more common in smokers than in non-smokers, suggesting that 

tobacco carcinogens such as nitrosamines may induce these genetic changes(33). 

Interestingly, p53 mutations tend to cluster in conserved amino acid domains spanning 

exons 5-8. Nitrosamine induced tumors in animals correlate with point and frameshift 

mutations at specific p53 codons (e.g. 146, 197, 244, and 245) that suggest the role of 

nitrosamine adducts in carcinogenesis(34). Further, p53 mutations observed in various 

animal models have linked DNA damage with mutation and carcinogenesis(35). Among 

mutations within the p53 tumor suppressor gene, G→T transversions and G→A 

transitions are predominant(36). 

 

 

1.3 Detection of O
6
-alkylguanine adducts 

Understanding mechanisms of carcinogenesis is important to connect the 

exposure to the variety of chemical carcinogens to carcinogenesis. Formation of 

Carcinogen-DNA adducts is recognized as a necessary step in the development of many 
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chemically-induced cancers.(37) Therefore, assessing cancer risk in humans associated 

with environmental exposures requires sensitive and specific methods for carcinogen-

DNA adduct detection(38, 39). Specifically, to better evaluate the risks of nitrosamine 

exposure, the relationship between the chemical structure and physical properties of 

adducts in DNA and their biological consequences needs to be investigated.  

Amongst resulting DNA adducts from the reaction of activated nitrosamines with 

DNA, O
6
-alkylguanine adducts are low level lesions, possibly occurring as low as 1 in 

10
9
 natural bases, but are highly associated with mutations(40, 41). Sensitive adduct 

detection techniques such as fluorescence assays, 
32

P-postlabeling, 

immunohistochemistry, mass spectrometry, and accelerator mass spectrometry (AMS) 

can detect nucleic acid targets down to 1 adduct in 10
8
 unmodified nucleotides(42-44). 

However, there are limitations to these techniques like requirement of adduct 

fluorescence and sample-size. Therefore, detection strategies that can amplify DNA 

detection by conventional methods could be valuable in addressing DNA adducts in 

readily obtained amounts of biological samples. Adduct detection methods based on 

specific favorable molecular-level interactions between nucleobases, e.g. hybridization-

based polymerase chain reaction (PCR), could be used for amplification. However, 

enzyme stability and performance, and most importantly the lack of selectivity for 

minority adducts among a large pool of natural nucleobases limit the application of such 

methods. Moreover, PCR amplification approaches have not been used for recognition of 

DNA adducts. Therefore, application of PCR amplification approach based on molecular 

selectivity for adducts can provide critical information on the process of adduct 
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formation, repair, mutagenesis and progression to cancer, thus providing link between 

structure and biological implications. 

  

1.3.1 Synthetic DNA strategies 

Knowledge gained from understanding the consequences of replacing natural 

bases in DNA with synthetic surrogates allows for design of components that might have 

modified or enhanced functionality such as monitoring and reporting a biological event or 

a better design of DNA recognition motifs or an important assay for detection of 

mutations or disease. By analogy, it is possible that one could use synthetic nucleobase 

surrogates to monitor the formation, occurrence and mutagenic consequences of O
6
-

alkylguanine adducts, or as a chemical basis of hybridization-based methods for O
6
-

alkylguanine adducts detection.  

The chemical modification of DNA has long been studied, and extensive research 

has been done on DNA base modifications (synthetic DNA) (45). Examples of synthetic 

DNA include base pairs to augment the natural genetic set, DNA base replacements for 

probing nucleobase recognition mechanisms, and base pairs for designing alternative 

genetic systems(46) (Figure 1.3). Base pairs in which the hydrogen bonding arrangement 

is rearranged than the canonical Watson-Crick hydrogen bonding motif of natural bases 

or eliminated, have been reported(47). Selective base pairing could also be achieved by 

shape complementarity and hydrophobic effects(48). Several base analogs have been 

reported to date as tools to probe the relationship of structural factors, such as steric, 

shape, and electrostatic effects in both DNA and RNA(49). Recently, an alternative 
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strategy has been explored, in which all of the natural base pairs of DNA could be 

replaced, giving rise to an entirely new genetic set not confined by the geometry of the 

natural Watson-Crick base pairs(50). Designing a functioning alternative genetic set can 

be useful in exploring mechanism of storage of genetic information, and to gauge 

whether other base pair architectures assemble and function similarly to DNA. The above 

mentioned reports of diverse application of the concept of synthetic DNA pave way to 

use the structural information gathered from these works in structure based DNA damage 

recognition.  

 

Figure 1.3 Examples of synthetically derived base-pairing systems. 1: base pair with 

extended Watson-Crick hydrogen bonding; 2 and 3: base pairs for probing nucleoside 

recognition; 4: non-purine-pyrimidine base pair. 

 

 

1.3.2 DNA damage probes based on synthetic DNA 

The ability to incorporate modified bases in DNA has paved the way toward 

understanding structural and functional aspects of DNA.  However, this technology has 
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not been applied for detecting or further studying disease-related bulky DNA damage 

induced by chemicals such as nitrosamines.  As a first step toward realizing such an 

objective, there have appeared a few reports concerning synthetic nucleoside probes 

specific for DNA  adducts, and these synthetic bases function on principles regarding 

molecular-level base pair interactions (51) (Figure 1.4). Perhaps the first related example 

was the seminal work of Kool and co-workers that  demonstrated a pyrene based 

nucleoside 1 as a stable and specific base pairing partner of an abasic site, which is a 

physiologically relevant DNA lesion(52). Observations regarding pyrene:abasic site 

suggested favorable stacking, hydrophobic, and steric interactions as drivers of the 

resulting DNA stability.   A fluorescent thymidine analogue 2 was incorporated in short 

duplexes against abasic site analog THF and the duplex showed a 7-fold increase in 

fluorescence emission intensity compared to that with 2 paired with A(53). For specific 

recognition of alkylated DNA, a thermally stable base pair between a perimidinone 

derived synthetic nucleoside 5 and a model O
6
-alkylguanine adduct O

6
-BnG was 

reported(54), which formulates the basis of work described in the subsequent chapters of 

this thesis.  More recently, cytosine derived 8-oxo-G-specific nucleotide probe 3, called 

8-oxo-G clamps have been pursued by Sasaki and co-workers (55). The fluorescence of 

these probes was quenched in a duplex opposite 8-oxo-G and the quenching was greater 

than that of the probe paired with unmodified nucleosides. However, some quenching 

was also observed with G and the detection selectivity for 8-oxodG depended on the 

DNA sequence together with the fact that duplexes containing the probe:8-oxo-G pair 

were significantly destabilized. These observations have led to a 2'-deoxyadenosine 
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derivative 4 having a 1, 3-diazaphenoxazine unit (Adap)(56). Adap selectively increased 

the thermal stability of duplexes containing an Adap:8-oxo-G pair and also resulted in 

selective fluorescence quenching with 8-oxo-dG in DNA.  

To understand the occurrence, and biological significance of low level O
6
-alkyl-

guanine adducts, preliminary work on developing a specific synthetic nucleoside probe 

for O
6
-alkyl-guanine adducts was done in our lab(54). Thermal stability studies were 

conducted on duplex combinations containing O
6
-benzyl-guanine (O

6
-BnG) as a 

representative adduct and a Perimidinone derived synthetic nucleoside (dPer) 5 paired 

with canonical bases or with each other. The duplexes containing adduct:Per pair were 

more stable than those containing any of the base pairs between canonical bases and the 

probe or adduct, thus affording selectivity in recognition of O
6
-alkyl-guanine adducts by 

this probe. 
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Figure 1.4 Synthetic nucleoside probes for specific DNA damage. 1: Pyrene-derived 

nucleoside probe for abasic site; 2: Thymidine-derived nucleoside probe for abasic site; 3 

and 4: Cytosine-derived nucleoside probes for 8-oxo-G; 5: Perimidinone-derived 

nucleoside probe for O
6
-alkylguanine 

 

In the studies described in this thesis, we have designed and evaluated nucleoside 

analogs that base pair with O
6
-alkylguanine DNA adducts in DNA duplexes. Two crucial 

determinants of applicability of such nucleoside probes for adduct detection are: base pair 

interactions arising from variations in base structures and sequence factors. The influence 

of adduct structure, sequence structure and position of modified base pairs in duplex, on 

stability of modified duplexes containing probe:adduct pairs was studied (Chapter II). 

The role of non-covalent interactions in determining stability of duplexes containing 

structurally varied synthetic nucleosides paired with O
6
-alkylguanine DNA adducts and 

canonical bases, was evaluated (Chapter III). To gain in depth understanding of the 

structural interactions between synthetic nucleosides and O
6
-alkylguanine DNA adducts, 
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we synthesized modified oligonucleotides for NMR and X-ray diffraction crystallography 

analyses(Chapter IV). To demonstrate the application of modified oligonucleotides 

containing synthetic nucleosides as hybridization probes for detection of O
6
-alkylguanine 

DNA adducts with high sensitivity, a simple colorimetric assay based on nanoparticle-

oligonucleotide conjugates is proposed (Chapter V). Finally, toward the application of 

modified DNA not related to detection of DNA adducts, we synthesized modified 

oligonucleotides to probe the structure of the catalytic site of a viral protein APOBEC3G 

(Chapter VI). 
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II. Probing O
6
-Guanine Alkylation through Base Pairing with a 

Synthetic Nucleoside: Influence of Adduct Structure and Sequence 

Context on Duplex Stability 

2.1 Overview 

The development of DNA hybridization probes suited for testing the formation 

and persistence of O
6
-alkylguanine lesions in cancer-relevant genes involves a unique 

class of synthetic nucleoside analogs, and requires an understanding of chemical factors 

involved in base-pair interactions.  Perimidinone (Per) forms a thermally stabilized base 

pair with O
6
-BnG, but the molecular interactions responsible for this observation or the 

scope of the relationship have not been defined. The present study addresses factors 

influencing DNA duplex stability for O
6
-alkyguanine DNA adducts paired against Per. 

Duplex stability was evaluated by measuring the melting temperatures (Tm) and deriving 

thermodynamic parameters of duplexes containing Per paired opposite an O
6
-alkyl 

adduct or an abasic site, and comparing with control sequences. We find that Per exhibits 

higher affinity toward the O
6
-alkyl adducts over an abasic site or canonical base. 

Favorable H-bonding and intrastrand π-stacking interactions, rather than the steric or 

interstrand π-stacking interactions, appear to dictate the duplex stability. Circular 

dichroism experiments, performed on modified DNA duplexes containing synthetic 

nucleoside opposite damaged sites, suggest that the secondary duplex structures are 

maintained. Flanking sequence context and modified base pair position determined the 

modified duplex stability and differentiation between adduct and G by Per. Duplex 

formation was seen between oligonucleotide containing Per and complementary 
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oligonucleotide containing O
6
-BnG, at very low concentration.  It is expected that results 

from this study can impact the understanding of how DNA accommodates chemical 

alkylation and in the design of improved molecular probes. 

2.2 Introduction 

 

Figure 2.1 DNA lesions investigated in the present study. (A) O
6
-alkylguanine adducts 

O
6
-BnG and O

6
-MeG. Their putative diazohydroxy-precursors are 1 and 2, biologically 

reactive metabolites of N-nitrosomethylbenzylamine (NBzMA). (B) DNA abasic site and 

its chemically stable analog THF. (Solid bars represent the DNA backbone). 

 

Despite low level occurrences and potential elimination by enzyme-mediated 

repair, chemically-induced DNA damage can initiate mutation and cancer.(2) A common 
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and biologically relevant example of chemically-induced DNA damage is alkylation by 

nitrosamine metabolites at the O
6
-position of guanine bases(57) (Figure 2.1A). 

Nitrosamines are known human carcinogens present in the diet,(58) tobacco smoke,(59, 

60) and drinking water.(61) For example, N-nitrosobenyzlmethylamine (NBzMA) is an 

esophageal carcinogen in rat and is classified by the International Agency for Research 

on Cancer as a possible human carcinogen.(62-64) NBzMA, an unsymmetrical 

nitrosamine, is bio-activated through Cytochrome P-450-mediated hydroxylation α to the 

nitroso group.(65)
,
(66) This process leads to DNA-reactive intermediates 1 and 2, which 

give rise to O
6
-BnG and O

6
-MeG, respectively (Figure 1). Such O

6
-alkylguanine adducts 

are often minor products quantitatively, but can be highly mutagenic and toxic.(67, 68) 

Small molecule probes, in the form of synthetic nucleosides that form stable DNA base 

pairs with O
6
-alkyguanine adducts, are potential chemical tools for the detection and 

mechanistic evaluation of  such adducts. A key initial step in developing effective 

nucleoside probes is to determine duplex stability of DNA containing such synthetic 

nucleosides paired against adducts. 

Evaluating the stability of DNA containing synthetic building blocks has clarified 

the roles of π-stacking, solvation, electrostatic interactions, and shape and size 

complementarity in base pairing.(46, 69) Examples of stable pairs of base surrogates 

based on altered hydrogen bonding, non-polar non-hydrogen-bonding, and/or shape 

complementarity, include difluorotoluene:4-methylbenzimidazole,(70)
,
(71) 7-(2-thienyl)-

imidazo(4,5-b)pyridine:pyrrole-2-carbaldehyde,(72) and methyl methoxybenzene:5-

methylthioisocarbostyril pairs.(73) Furthermore, incorporating aromatic structures such 
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as non-polar thymine, naphthalene, phenanthrene, and pyrene analogs within the DNA 

duplex has provided information regarding the role of stabilizing π-stacking interactions 

in DNA duplexes.(74-77)  

 

 

Chart 2.1 Synthetic nucleoside analogs that form thermally stable pairs with 

physiological DNA lesions in duplex DNA
a
. 

  

 

a
3= Pyrene β-deoxyribonucleoside; 4= Bz-8-oxoG-clamp nucleoside; 4a= Adenosine-1,3-

diazaphenoxazine derived 8-oxoG-clamp nucleoside; 5= Perimidin-2-one 

deoxyribonucleoside (dPer).  Bn: Benzyl; dR: 2’-deoxyribose, Bz: Benzoyl 

 

To our knowledge, there are three types of reported synthetic nucleosides that 

selectively pair with physiological DNA lesions.
15

 Representative nucleosides 3, 4 and 

4a, and 5 form thermally stable pairs with an abasic site, O
6
-benzylguanine, and 8-
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oxoguanine, respectively(52, 54, 56, 78) (Chart 2.1). Additionally, the triphosphates of 

non-hydrogen-bonding pyrene nucleoside 3 and napthyl-indolyl based nucleosides are 

inserted opposite abasic sites by polymerases.(52, 79). Fluorescence of 4 and 4a is 

quenched in organic solvents and in DNA duplex, when paired with 8-oxoguanine.(80, 

81) The Perimidinone-derived nucleoside 5 has been shown to form a thermodynamically 

stable pair with O
6
-BndG in a DNA duplex. However, the influences of adduct structure 

or sequence context on synthetic base pair stabilization were not defined, and this gap in 

knowledge prevents further application of the nucleoside for studying toxicological 

relevance of O
6
-alkylguanine adducts. 

 

Figure 2.2 Duplex oligonucleotide sequences tested in the present study. D1 was used for 

testing thermal stability of Per paired with DNA adducts of varying size; D2-D8 were 

used for systematically testing the influence of sequence context and position on the 

thermal stability of duplexes containing dPer and O
6
-alkylG. X= DNA adduct (O

6
-BnG, 

O
6
-MeG, and THF) or G; P= Per or C; N= O

6
-alkylG or G. 
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In the present study, we evaluated impact of these factors on thermal stability and 

helical properties of DNA duplexes containing a modified pair of 5 (dPer) with canonical 

bases and DNA lesions. We have prepared modified oligodeoxynucleotides and 

evaluated duplex thermodynamic properties and secondary structure as related to pairing 

of the base Per with O
6
-alkylguanine adducts, canonical bases, or an abasic site with Per, 

and as a function of DNA sequence properties. Finally, on the basis of these findings, we 

used a thermodynamically optimized duplex to investigate the relation between thermal 

stabilities for mixed oligonucleotides or diminished target oligonucleotide concentrations. 

The results obtained illustrate how the adduct structure, differences in sequence 

composition, and modified base pair position dictate the stability of modified DNA 

duplexes, and concentration-related information pertinent to probing DNA adducts as 

minority components in natural DNA.  

 

2.3 Results 

2.3.1 Sequences and study design 

Preliminary studies with the Per:O
6
-BnG pair in duplex D1 suggested a favorable 

and selective pairing interaction.(54) D1 sequences containing O
6
-MeG and a THF 

Abasic site analog were prepared and evaluated in this study (Table 1) for direct 

comparison with structurally modified systems. To test the influence of DNA sequence 

context and modified base pair position on duplex stability, however, we evaluated 

variations of two 13mer oligodeoxynucleotide sequences with differing base 

compositions from that of D1 (Table 1). In these test sequences, O
6
-BnG was placed 
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toward the 5’-end of the adducted strand (D2), in the middle of the sequence (D3), and 

toward the 3’-end of the adducted strand (D4). The sequence D5, in which the modified 

base pair was toward the 3’-end of the adducted strand, was synthesized to keep the 

flanking bases of the modified base pair the same (TNG) between the positions toward 

the 5’ and 3’-ends. This meant that the flanking bases for the overall modified pair in the 

duplex remain the same in each sequence variation. Test sequences D6-D8 were prepared 

to further separate the influence of sequence context from position variation. The 

modified duplex stability of sequences D3 and D7 containing O
6
-MeG:Per pair was also 

tested to substantiate the results obtained from evaluation of sequences containing O
6
-

BnG adduct. 

 

 

Table 2.1 Thermal stability of modified DNA duplexes
a 
 

 

X:P
b
 

 

 

Tm (
o
C) 

 

 

X:P
b
 

 

Tm (
o
C) 

 

 

X:P
b
 

 

Tm (
o
C) 

 

O
6
-MeG:A 

 

 

56.3 + 0.3 

 

O
6
-BnG:A 

 

52.3+ 0.2 

 

THF:A 

 

50.7 + 0.4 

O
6
-MeG:G 

 

54.4 + 0.3 O
6
-BnG:G 54.2+ 0.3 THF:G 46.4 + 0.3 

O
6
-MeG:T 

 

53.3 + 0.3 O
6
-BnG:T 54.8+ 0.2 THF:T 47.3 + 0.2 

O
6
-MeG:C 

 

58.0 + 0.3 O
6
-BnG:C 54.6+ 0.2 THF:C 48.4 + 0.2 

O
6
-MeG:Per 58.1 + 0.4 O

6
-BnG:Per 57.8+ 0.3 THF:Per 

 

53.4 + 0.3 

a
All duplex sequences are D1 (Table 1). 

b
Base pairs (X:P) in this table correspond 

with the variable and position indicated in Table 1 with X=O
6
-MeG, O

6
-BnG, or 

THF, and P=A, G, T, C, or Per.  Tm values are given as the average of three 

independent measurements and error values represent 95% confidence intervals. 

For reference, the Tm value of unmodified D1, i.e. X:P = G:C is 63.3 + 0.3 
o
C 
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2.3.2 Influence of adduct structure 

DNA duplexes of sequence D1 (Figure 2.2), in which the structure of the adduct 

X is varied as O
6
-BnG, O

6
-MeG, or THF (a stable abasic site analog), and corresponding 

control sequences were evaluated by Tm analysis of the modified duplexes. The three 

adduct structures, i.e. O
6
-BnG, O

6
-MeG, or THF, were selected to test the potential 

contributions of steric interactions on duplex stability (Results are summarized in Table 

2.1). Duplexes containing O
6
-MeG paired with any natural base were less stable than the 

corresponding unmodified duplex as reflected in a 5-10 
o
C decrease in Tm.  When the 

natural base was replaced by Per, the Tm value increased by 1.1, 3.7, and 4.1 
o
C 

compared to Tm values for duplexes containing O
6
-MeG paired with A, G, and T, 

respectively. Duplexes containing O
6
-MeG:C or O

6
-MeG:Per are equally stable. The 

duplex containing O
6
-MeG:Per exhibited a 5.2 

o
C Tm depression (58.1 + 0.4 

o
C) 

compared to the unmodified duplex (Tm 63.3 + 0.3 
o
C). For duplexes containing O

6
-BnG, 

data are consistent with previously reported values.(54) Briefly, the duplex containing 

O
6
-BnG:Per was more stable than duplexes containing combinations where O

6
-BnG was 

paired against natural bases (ΔTm = 4.6, 2.6, 2.0, and 2.2 
o
C for A, G, T, and C, 

respectively). Thermal stability of D1 containing O
6
-BnG:Per (Tm 57.8 + 0.3 

o
C) is 

diminished by 6.5 
o
C compared to the unmodified duplex (Tm 63.3 + 0.3 

o
C). The Tm for 

D1 containing G:C (X=G; P=C) is different than previously reported, (54) and is more 

consistent with the theoretical Tm for unmodified D1 (62.7 
o
C). (82) The thermal 

stabilities of duplexes containing O
6
-BnG:Per or O

6
-MeG:Per are essentially the same 

(ΔTm 0.6 
o
C). Finally, duplexes containing a stable abasic site analog THF:Per pair in D1 
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were evaluated as a control model that lacks potential for H-bonding or π-stacking 

interactions compared with O
6
-alkylG adducts. Thus, the duplex containing THF:Per was 

the least stable (Tm 53.4 + 0.3 
o
C) amongst all the adduct:Per pairs tested, and had a 9.9 

o
C depression in Tm compared to the duplex containing a G:C pair. Still, the duplexes 

containing THF paired against A, T, G or C were less stable than the duplex containing 

THF:Per as reflected in Tm increases of 2.7, 6.1, 7.0 and 5.0 
o
C, respectively.  

To better understand the origins of modified duplex stability and thermal 

selectivity of Per for O
6
-alkylguanine adducts over the canonical bases, we examined the 

free energy of duplex formation and deconvoluted it into enthalpic and entropic 

contributions (Table 2.2). 

 

Table 2.2 Thermodynamic parameters for modified DNA duplexes
a
 
 
 

Base Pair ΔH 

(Kcal/mol) 

ΔS 

(cal/K.mol) 

ΔG298K 

(Kcal/mol) 

ΔΔG298K 

(Kcal/mol)
b
 

O
6
-MeG:Per -96.8 + 3.3 -266 + 6 -17.52 + 0.3 _ 

O
6
-BnG:Per -93.6 + 2.3 -256 + 3 -17.35 + 0.4 0.17 

Abasic 

site:Per 

-83.9 + 2.1 -231 + 7 -15.06 + 0.1 2.46 

G:Per -84.4 + 2.5 -230 + 7 -15.84 + 0.3 1.68 

a
All duplex sequences are D1 (Table 1). 

b
relative to O

6
-MeG:Per 

 

Duplexes containing O
6
-alkylguanine adducts paired with Per are 

thermodynamically more stable than those containing abasic site or G paired with Per. 

The formation of base pairs O
6
-MeG:Per and O

6
-BnG:Per is enthalpically and 

entropically similar in terms of free-energy changes upon duplex formation (Table 2). 

Overall, the data suggests that in general, the modified DNA duplexes were stabilized 
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when O
6
-alkylG lesions were paired with Per independent of whether alkyl is a methyl or 

a benzyl group. 

 

 

Figure 2.3 Influence of flanking bases and position on the thermal stability of modified 

DNA duplexes.  The corresponding measured Tm for the unmodified duplexes containing 

only canonical base pairs is 63.3 + 0.3 
o
C (calculated, 63.1 

o
C). D2: The modification is 

toward the 5’-end of the adducted strand. D3: The modification is in the middle of the 

duplex. D4: The modification is toward the 3’-end of the adducted strand.  D5: The 

sequence D2 is flipped. Sequences for each are illustrated in Figure 2.2. X and P are 

indicated in the legend. Error bars represent 95% confidence intervals. 

 

2.3.3 Influence of Sequence Context and Position of a Modified Base Pair on duplex 

Stability 

The relative stabilities of DNA duplexes of 13mer duplexes of sequences D2, D3, 

D4, and D5 (Figure 2) containing O
6
-BnG:Per and corresponding control sequences were 

evaluated by measuring Tm values (Figure 3). All modified duplexes with position 

variations (D2, D3, D4, and D5) were destabilized to varying degrees relative to the 

corresponding unmodified (N=G; P=C) duplex (Tm 63.3 + 0.3 
o
C), as evident from an 
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overall Tm depression of about 2-12 
o
C.  Duplexes of sequence D2 placed O

6
-BnG:Per 

towards the 5’-end of the adducted strand. In this case, the flanking sequence context in 

the adducted strand was TNG (N=O
6
-BnG). Further, the modified base pair had a 

neighboring GC repeat and a G:C pair at the nearest terminal position. This sequence D2 

conferred the highest duplex stability (Tm 62.1 + 0.3 
o
C) amongst the four modified test 

sequences (Figure 3).  

Compared to D2, duplex of sequence D3, which places the modified base pair of 

O
6
-BnG:Per in the middle, was relatively less stable (ΔTm 2.3 

o
C). However, D3 

displayed the greatest preference for the O
6
-BnG:Per pair over O

6
-BnG:C or G:Per pairs. 

The duplex D4 with O
6
-BnG:Per toward the 3’-end of the adducted strand was the least 

stable amongst the three variations (Tm 51.3 + 0.2 
o
C) and had a Tm depression of 12 

o
C 

compared to the unmodified duplex. In this case, O
6
-BnG:Per was actually less stable 

than O
6
-BnG:C. However, in D4, the flanking sequence context for O

6
-BnG:Per was 

ANC (N=O
6
-BnG) and there was a neighboring AT repeat. Also in this sequence, the 

base pair at the nearest terminal was an A:T pair. Therefore, we prepared sequence D5, 

which placed the modification toward 3’-end of the adducted strand while maintaining 

flanking sequence context TNG (the same as for the other position variations D2 and D3) 

to explicitly compare the stability changes upon position variation within the sequence. In 

D5, the stability of duplexes containing O
6
-BnG:Per was similar to modified duplexes of 

sequences D2 and D3 (ΔTm 2 and 0.2 
o
C, respectively). 

In addition to the Tm studies presented above, we determined corresponding 

thermodynamic parameters by evaluating the concentration dependence of Tm for 
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duplexes containing O
6
-BnG:Per and G:Per. The thermodynamic data reflects the thermal 

stability data (Table 3). Hybridization of O
6
-BnG:Per was significantly more favorable 

than that of G:Per in D3, as indicated by the free energies for the respective duplexes 

(Table 3). Overall, these data suggest that within a given sequence context, changes in 

position of the modified base pair O
6
-BnG:Per confer little change to duplex stability. 

However, the modified duplex stability is drastically decreased when the flanking 

sequence context of the modified base pair is changed from TNG to ANC, and the nearest 

base pairs are less stable (i.e. GC repeats vs. AT repeats). The findings from this study 

indicate that within a given DNA sequence context, local sequence composition strongly 

dictates the stability of the modified duplex. 

Table 2.3 Thermodynamic parameters for modified DNA duplexes as a function 

of sequence context. 

Duplex N:P ΔH 

(Kcal/mol) 

ΔS 

(cal/K.mol) 

ΔG298K(Kcal/mol) 

D2 G:Per -100.9 + 4.1 -284 + 8 -16.30 + 0.3 

D2 O
6
-BnG:Per -102.9 + 3.3 -283 + 11 -18.56 + 0.3 

D3 G:Per -61.2 + 2.0 -166 + 10 -11.73 + 0.3 

D3 O
6
-BnG:Per -98.8 + 3.1 -272 + 11 -17.14 + 0.2 

D4 G:Per -56.2 + 2.3 -163 + 9 -7.596 + 0.3 

D4 O
6
-BnG:Per -57.7 + 1.3 -163 + 12 -9.19 + 0.2 

D5 G:Per -94.5 + 4.3 -269 + 10 -15.40 + 0.4 

D5 O
6
-BnG:Per -100.8 + 1.6 -282 + 14 -16.80 + 0.3 
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In duplexes D6, D7 and D8, the flanking sequence context for the modified base 

pair O
6
-BnG:Per was kept as TNG throughout and these duplexes had different base 

composition as well as a higher GC content than D2-D5 (Figure 2.2). Therefore, 

evaluation of thermal stabilities of these duplexes was carried out to measure the effect of 

changing sequence context on modified duplex stability (Figure 2.4). In duplexes D6-D8, 

the position of O
6
-BnG:Per is varied from being located at the 5’-end of adducted strand 

(D6), middle of the duplex (D7), and toward the 3’-end of the adducted strand (D8) 

(Figure 2.2). 

 

Figure 2.4 Influence of sequence context and position on the thermal stability of 

modified DNA duplexes. The corresponding measured Tm for the unmodified duplexes 

containing only canonical base pairs is 64.7 + 0.2 
o
C (calculated, 64.8 

o
C). D6: The 

modification is toward the 5’-end of the adducted strand. D7: The modification is in the 

middle of the duplex. D8: The modification is toward the 3’-end of the adducted strand. 

Sequences for each are illustrated in Figure 2.2.  X and P are indicated in the legend. 

Error bars represent 95% confidence intervals. 

 

 Stability of duplexes with O
6
-BnG:Per remained similar upon changing the 

position of this modified base pair in the sequence(Figure 2.4). However, the 
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differentiation between O
6
-BnG:Per and G:Per is strongly influenced by position within 

the sequence. For D7, where the modification is in the middle, there was the largest 

differentiation between O
6
-BnG:Per and G:Per (ΔTm 5 

o
C). For, D6 and D8, the modified 

base pair O
6
-BnG:Per is actually less stable than G:Per. Thermodynamic parameters for 

duplex formation for D6-D8 reflect the melting temperature trends (Table 2.4). Duplex 

D8 with O
6
-BnG:Per is the most stable duplex (∆G -18.02 Kcal/mol) and the other 

modified duplexes D6 and D7 with O
6
-BnG:Per have similar free energies. The least 

stable duplex among the tested duplexes was D7 with G:Per (∆G -15.22 Kcal/mol), but 

the best discrimination between O
6
-BnG:Per and G:Per is observed in this sequence.  

Thus, for D7 the free energy difference is the maximum in favor of O
6
-BnG:Per (∆∆G 

2.66 Kcal/mol) over what?. Overall, the thermal stabilities of duplexes D2-D8  indicate 

that D7, in which the modified base pairs were placed in the middle, provided the best 

discrimination between G:Per and O
6
-BnG:Per, in favor of the latter. 

 

Table 2.4 Thermodynamic parameters for modified DNA duplexes as a function 

of modified base pair position in a different sequence context 

Duplex N:P ΔH 

(Kcal/mol) 

ΔS 

(cal/K.mol) 

ΔG298K(Kcal/mol) 

D6 G:Per -91.94 + 3.0 -250 + 5 -17.35 + 0.3 

D6 O
6
-BnG:Per -99.94 + 4.0 -262 + 7 -17.86 + 0.2 

D7 G:Per -79.12 + 1.3 -214 + 5 -15.22 + 0.3 

D7 O
6
-BnG:Per -100.13 + 2.3 -276 + 8 -17.88 + 0.3 

D8 G:Per -91.01 + 1.8 -243 + 6 -18.59 + 0.2 

D8 O
6
-BnG:Per -100.27 + 2.3 -276 + 4 -18.02 + 0.2 
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 A sequence context study analogous to that carried out for duplexes containing 

O
6
-BnG:Per was performed with duplexes containing the adduct O

6
-MeG paired with Per 

or C. We tested duplex sequences D1, D3 and D7, in which the modified base pair 

positions as well as the sequence composition was varied (Figure 2.2). Modified duplex 

stabilities for D1, D3, and D7 indicated that O
6
-MeG:Per was essentially equally stable 

amongst the tested sequences, independent of the sequence context (Figure 2.5). Based 

on Tm difference, Duplex D3, in which the modified base pair was placed in the middle 

of the sequence, showed the greatest discrimination between O
6
-MeG:Per and O

6
-MeG:C 

(∆Tm 2.2 
o
C) in favor of O

6
-MeG:Per. Moreover, the stabilities of duplexes containing 

O
6
-MeG:Per and O

6
-BnG:Per were similar in D1 and D3. 

  

Figure 2.5 Comparison of thermal stability of modified duplexes containing O
6
-

MeG:Per, O
6
-BnG:Per and O

6
-MeG:C in different sequence contexts. Sequences of D1, 

D3, and D7 are outlined in Figure 2.2. X and P are indicated in the legend. Error bars 

represent 95% confidence intervals. 
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2.3.4 Influence of modifications on duplex secondary structure  

Incorporating modified bases in duplex DNA often alters its secondary 

structure.(83, 84) So, to examine the consequence of inclusion of combinations of 

adduct:probe pairs in oligodeoxyribonucleotide duplexes on DNA secondary structure, 

we compared the CD spectra of D1 duplexes containing O
6
-MeG, O

6
-BnG, and THF 

opposite Per to the CD spectra of unmodified D1 (X=G; P=C) (Figure 2.6). For duplexes 

containing O
6
-alkylguanine:Per, the appearance of a negative peak at 240-250 nm and a 

positive peak near 275 nm is similar to that seen for standard B-DNA,(85) suggesting the 

presence of a right-handed helical turn and minimal, if any, perturbation of duplex 

structure. An unusual feature in the CD spectrum of the duplex containing Per:THF 

appeared at 310 nm, which is not observed in the unmodified duplexes or other modified 

duplexes tested in this study. 
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Figure 2.6 CD spectra of O
6
-BnG, O

6
-MeG, and THF positioned against Per in duplex 

D1. 

 

2.3.5 Discrimination of alkylated from unmodified DNA in a mixture 

To evaluate the possibility for discriminating alkylated DNA from natural DNA, 

on the basis of elevated Tm for O
6
-alkylguanine:Per-containing oligodeoxynucleotide 

duplexes, alkylated DNA from natural DNA, we carried out a series of competitive 

hybridization experiments. Control experiments were carried out with single base pair 

mismatches in duplex variants (D1) comprised of canonical bases only.  Melting 

temperatures of duplex variants comprised of oligonucleotide strand (D1, P= C) and as 

complementary side, strands containing G (D1, X= A) or increasing fractional 

concentrations of strands containing G (D1, X= G), were measured. At a fraction of G= 0 
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(D1, X= A and P= C), the Tm is 52.1 
o
C, and at fraction of G=1 (D1, X= G and P= C), the 

Tm is 64.2 
o
C. In the UV melting curves, appearance of two inflection points was 

observed at 0.1 fraction of G:A and as fractions increased, two distinct inflection points 

could be observed at 0.5 fraction of G:A (Figure S13). Melting temperatures were 

measured for duplex variants comprised of a Per-containing strand (D1, P= Per) and as 

complementary side, a G-containing strand (D1, X= G) or increasing fractional 

concentrations of an O
6
-BnG-containing strand (D1, X= O

6
-BnG). Thus, at a fraction of 

O
6
-BnG= 0 (D1, X= G and P= Per), the Tm is 54.02 

o
C, and that at fraction of O

6
-BnG= 1 

(D1, X= O
6
-BnG and P= Per), the Tm is 57.57 

o
C. However, for all intermediate fractions, 

a single inflection point is observed in the UV melting profiles (Figure S14). The absence 

of expected two distinct inflection points at 0.5 fraction of O
6
-BnG:G indicates that the 

resolution of the experimental analysis is too low to carry out the same analysis as done 

for the control duplexes.   

  

2.3.6 Concentration threshold for observing modified duplex formation 

In light of the enhanced apparent stability of duplexes containing adducts paired 

with the synthetic nucleoside, we tested for a concentration threshold for duplex 

formation as gauged by normal cooperative melting behavior. Adducted oligonucleotides 

(D1, X= O
6
-BnG) were titrated against complementary strands containing Per (D1, P= 

Per). For each concentration of adducted target strands containing O
6
-BnG, a standard 

variable temperature UV analysis was carried out, and the resulting melting curves 

analyzed. As a convenient quantitative indicator of the point at which standard melting 
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behavior could be observed, a non-linear regression analysis was performed relative to 

the sigmoidal profile of the X:P= O
6
-BnG:Per duplex D1. Thus, a plot of r

2
 values, which 

quantify the goodness of the fit to the perfect sigmoidal curve, as a function of 

concentration of O
6
-BnG-containing oligonucleotide strand indicates that duplex 

formation is observable with a threshold of 0.8 µM of oligonucleotides strand containing 

O
6
-BnG (Figure S23).  

 

2.4 Discussion 

On the basis of changes in DNA duplex stability, the synthetic nucleoside dPer 

discriminates canonical nucleobases from toxicologically relevant nucleobase adducts. 

The preparation of and incorporation of Per into duplex oligodeoxyribonucleotides, and 

indication that it forms a thermally stable base-pair with O
6
-BnG has been reported.(54)  

However, little was known regarding structural factors contributing to the observed base 

pair stability.(54) A preliminary model proposed to account for the relative stability of 

DNA duplexes containing Per paired against O
6
-BnG involved a combination of 

hydrogen-bonding and π stacking interactions.(54) The present study offers a more 

comprehensive understanding of relative contributions of non-covalent interactions and 

sequence context/position to modified duplex stability. 
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Figure 2.7 Proposed molecular interactions that govern duplex stability in the modified 

oligonucleotides investigated in this study.  Curved lines represent the sugar-phosphate 

backbone of the DNA duplex. Dashed lines indicate potential H-bonding interactions. 

 

Fewer H-bonds account for duplex DNA destabilization upon O
6
-alkylation of a 

single G.(41, 86) Data in this study demonstrates that for duplexes D1 with the O
6
-

alkylguanine adducts O
6
-MeG or O

6
-BnG at X (Figure 2.2), this destabilization is 

evidenced by a corresponding Tm depression. However, when paired with the synthetic 

nucleoside Per, the modified duplex is stabilized by 4-5 Kcal/mol in terms of free energy. 

These observations are consistent with favorable H-bonding interactions illustrated in 

Figure 8. O
6
-BnG and O

6
-MeG have the same H-bonding capacities but different steric 

properties, and different potential π-stacking capacities. However, the stability of 

duplexes containing O
6
-BnG:Per was similar to that of duplexes with O

6
-MeG:Per in the 
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same sequence. These data suggest that, within the context of adducts and sequences we 

have tested, H-bonding may contribute substantially to duplex stability than putative non-

bonding interactions with the O
6
-alkyl group of the adduct. Duplex DNA containing O

6
-

alkylguanine adducts, when compared to unmodified DNA, has either less H-bonding 

interactions or pseudo-Watson-Crick and wobble base pairs, as suggested by NMR 

data.(87-89) Further, duplexes containing O
6
-MeG:C are more thermally stable than 

those containing O
6
-MeG paired with other canonical bases.(41) Similarly, we found that 

D1 containing O
6
-MeG:Per and O

6
-MeG:C are equally stable, and a possible rationale for 

enhanced O
6
-MeG:C stability is a wobble base pair(41, 86), illustrated in Figure 2.7. 

Based on data obtained in this study, a working model is that Per exhibits higher affinity 

toward O
6
-alkylguanine adducts than to an abasic site or natural bases because of 

favorable H-bonding and a lack of direct contacts with substituent at the O
6
-position 

(Figure 8). It remains unclear, however, how the benzyl group in O
6
-BnG is positioned 

relative to Per in the duplex. Finally, alternative models of intercalation, such as 

intercalative binding(90, 91) cannot be excluded without further structural data regarding 

the specific conformation of O
6
-BnG:Per in DNA duplexes.  

Unlike O
6
-alkylG adducts of varying sizes, an abasic site is devoid of H-bonding 

potential, and was tested as a partner for Per with the expectation that duplexes 

containing this pair would be less thermally stable than those containing the postulated 

H-bond stabilized adduct:Per pairs. Abasic sites are common DNA lesions that result 

from the glycosidic bond hydrolysis,(92) which occurs at a background biological rate of 

about 10,000 abasic sites per cell per day.(93) Abasic sites significantly destabilize DNA 
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duplexes, with reductions in Tm values of THF (abasic site analog) modified 

oligodeoxyribonucleotide duplexes ranging from e.g. 12 to 21 °C relative to unmodified 

duplexes,(94) and the magnitude of destabilization is similar whether the abasic site is 

paired with a purine or a pyrimidine.(95) Likewise the degree of destabilization in duplex 

D1 containing the abasic site analog THF ranged from 14-18 
o
C in this study, 

corresponding with a decrease of  7 Kcal/mol in free energy of formation.(95) Duplex D1 

with THF:Per combination, D1 containing THF:Per is slightly more stable (average ΔTm 

2-5 
o
C and increase in free energy of formation of 5 Kcal/mol) than duplexes containing 

THF paired with A, T, G or C. A possible rationale is that the naphthalene group of Per 

offers an extended aromatic surface area that may partially fill the void created by the 

abasic site, analogous to pyrene nucleoside 3,(52, 96) and hydrophobic bases including 

naphthyl, pyridyl, and phenyl nucleoside analogs that have been shown to exhibit 

increased intra-strand stacking capacities that result in increased duplex stability.(97, 98) 

Thus, an increased intra-strand stacking capacity of the Per naphthyl moiety relative to 

canonical bases may be a stabilizing factor. (99)  

Data from this study reveals how sequence context and position within the 

sequence can influence significantly the discrimination of Per-containing 

oligodeoxyribonucleotides for pairing with natural vs. damaged DNA. Base pair 

conformational changes induced by chemical modifications are known to be influenced 

by DNA sequence context in damaged DNA, and can impact base pair stability(100-102) 

and enzyme-mediated processes such as mutagenesis and repair.(103-106)  Therefore, we 

evaluated stability profiles for sequences containing O
6
-BnG:Per at defined variable 
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positions and contexts. The highest Tm value was observed when the modified base pair 

was toward the 5’-end of an adducted strand, and a G:C pair was present at the 5’-

terminus (D2). The stability of duplex DNA depends on base composition (107) and it is 

also well known that Tm increases linearly with increases in GC content.(108, 109) Thus, 

in D2, the presence of a GC repeat may compensate for the local destabilization induced 

by the modification. Moreover, when the flanking bases of the modified base pair were 

reversed, i.e. changed from TNG to ANC (D2 and D4), the modified duplex was 

drastically destabilized, as reflected in the thermodynamic parameters for the respective 

duplexes. Intrastrand base stacking contributes to native DNA duplex stability.(70, 110, 

111) Likewise, data for the modified DNA duplexes studied here (D2 vs. D4), suggests 

that changing the identities of flanking bases may alter the intrastrand base stacking 

interactions of the modified bases with their adjacent canonical bases, thus decreasing 

duplex stability. Although, across all the duplexes tested for the influence of sequence 

context on the modified duplex stability, the O
6
-BnG:Per pair remained similarly stable, 

the discrimination between O
6
-BnG and G was influenced by the sequence composition . 

Importantly, the position of the modified base pair the O
6
-BnG:Per correlated with the 

difference in the free energies of formation for the duplexes and Tm difference between 

duplexes containing O
6
-BnG:Per and G:Per pairs. The difference in thermodynamic 

parameters ultimately dictates the specificity of the hybridization probe for this particular 

adduct. The information gained in this study is expected to be important for studies, in 

which Per or related analogs, are applied as hybridization probes for evaluating O
6
-

alkylguanine adducts in particular codons of genes. 
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Unlike single nucleotide polymorphisms (SNPs), DNA adducts are formed 

physiologically as minor components in DNA, and are very low in abundance. Therefore, 

a relevant molecular recognition paradigm is the hybridization of a probe oligonucleotide 

with an adducted oligonucleotide in a majority unmodified population of DNA. A 

competitive hybridization experiment was carried out to investigate the discrimination of 

Per-containing oligonucleotides with O
6
-BnG-containing oligonucleotides over those 

with unmodified G. Thus, Tm was measured as a function of fraction of the O
6
-BnG-

containing oligonucleotide in G-containing oligonucleotide. On the basis of our 

understanding of melting behavior of DNA duplexes(112-114), and as was confirmed in 

this study by evaluating mixtures of unmodified oligonucleotides in the same manner as 

the modified sets, an expectation is a UV melting curve with two inflection points. 

Further, in the control experiment with the unmodified oligonucleotides, the relative 

absorbance difference between the two inflection points correlates directly with the 

fraction of the competing target strands. However, in the competitive hybridization 

experiment containing probe and adduct oligonucleotides, we did not observe two distinct 

inflection points on the UV melting curves.  On first approximation, it appears that there 

is one inflection point, however, this is likely due to insufficient resolution of the data.  
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Figure 2.8 Comparison of mathematically generated and experimentally derived UV 

curves for competitive hybridization of duplex mixtures. Curves on the left are 

mathematically generated using Mathematica 8.0.1 software. (a) UV melting curves at 

O
6
-BnG fraction= 0.5 for modified duplex mixture; (b) UV melting curves at G fraction= 

0.5 for unmodified control duplex mixture.  

 

To model the expected melting curves for varying mixtures of duplexes 

containing O
6
-BnG:Per and G:Per, we used the logistic sigmoid function to generate 

sigmoidal curves at various fractions, for the independent duplexes, or sums thereof.  

Thus, the curves shown on the left in Figure 2.8 represent the superposition of the two 

respective sigmoidal curves generated from the fractional concentration of each 

independent curve.  For the control experiment involving only natural bases, the 

experimentally derived data displays two inflection points at fraction of G= 0.5, and 

correlates well with the mathematically derived curve (Figure 2.9b).  However, sigmoidal 

curve for fraction of O
6
-BnG= 0.5 shows only one inflection point whereas the 
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mathematically derived curve does show two inflection point though not as prominent as 

the curve for unmodified mixture (Figure 2.8a). A possible reason is that the data 

generated from UV melting analysis is of low resolution, and the data was collected at 

low sampling frequency (1 
o
C/min.), which may contribute to the observed differences 

between theoretical and experimental curves. Another possible rationale for the 

difference in observing one vs. two inflection points is that the ∆Tm for unmodified 

duplexes with single natural base mismatches (∆Tm for G:C vs. G:A is 11.0 
o
C) are larger 

than the ∆Tm for modified duplexes with O
6
-BnG:Per vs. G:Per (∆Tm 3.8 

o
C). Resolution 

of the current UV melting analysis of a mixture of duplexes may be insufficient to detect 

an inflection for modified duplexes with relatively closer Tm values.  

 

 

2.5 Conclusions 

 

Studies with the Perimidinone-derived synthetic nucleoside (dPer) have been the 

first to examine alkylation-induced DNA adducts with a synthetic nucleoside-based 

strategy. Modified DNA duplexes containing Per paired with O
6
-alkylguanine adducts 

are more stable than duplexes containing the same adducts paired with canonical bases. 

There appears to be no distinction between O
6
-MeG and O

6
-BnG, suggesting that Per 

may be a general partner for O
6
-alkyl adducts induced by diverse chemical species. These 

data suggest that common H-bonding interactions for O
6
-MeG or O

6
-BnG may dictate the 

O
6
-alkylguanine:Per base pair stability. Importantly, sequence, in terms of flanking base 

identity, has a significant impact on the stability of modified duplexes containing 

adduct:Per pairs, and the position of the modified base pair similarly dictates the 
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discrimination between O
6
-alkylG adduct and G. As gauged by increased apparent Tm, 

hybridization of oligodeoxyribonucleotides containing Per with those containing O
6
-BnG 

as a minority component in a mixture with undamaged oligos, is favored. The results 

provide important insight into the influences of adduct structure and DNA sequence on 

the stability of base pairs comprised of synthetic nucleoside and canonical vs. alkylated 

bases in DNA duplexes. These data provide a more complete understanding of relevant 

molecular interactions and concentration-dependence of physical properties, which may 

impact further development and application of Per and related synthetic nucleosides as 

tools for elucidating how alkylation disrupts DNA structure and biochemical processes, 

and as a basis for hybridization-based DNA detection techniques. 

 

2.6 Experimental section 

2.6.1 General experimental methods 

Unless otherwise indicated, reagents were purchased from Sigma Aldrich (St. 

Louis, MO) and used without further purification. 2’-deoxyguanosine was purchased 

from TCI America (Portland, OR). 1-(α)-Chloro-3, 5-di-O-(p-toluoyl)-2-deoxy-D-ribose 

was purchased from Berry & Associates, Inc. (Dexter, MI). 5’-O-dimethoxytrityl 

protected phosphoramidites of natural bases were purchased from Glen Research, Inc. 

(Sterling, VA). Moisture-sensitive reactions, including glycosylation, 5’-O-

dimethoxytrityl protection, and phosphoramidites synthesis were carried out in oven-

dried glassware under a nitrogen atmosphere. Anhydrous pyridine, THF, and CH2Cl2 

were purified by passing them through dry alumina columns in a commercial solvent 
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drying system (MBraun Inc. Stratham, NH) and stored in a nitrogen-filled glove box. 

Oligonucleotides containing O
6
-MeG and a stable THF abasic site analog (dSpacer) were 

purchased from Integrated DNA Technologies (Coralville, IA) and Eurofins MWG 

Operon (Huntsville, AL), respectively. Chromatography was carried out with silica gel 60 

F254 plates with glass or aluminum backing. Column chromatography was performed 

with Silica Gel (32-63 μm). 
1
H, 

13
C, and 

31
P NMR spectra were recorded on a Varian 300 

or Bruker Biospin 400 MHz NMR instrument, and chemical shifts are reported in parts 

per million (ppm, δ) relative to the chemical shift of TMS or the respective NMR solvent. 

Coupling constants are reported in hertz (Hz). High resolution mass spectra were 

recorded on a Bruker BioTOF II mass spectrometer with electrospray ionization. LC-MS 

analysis of oligonucleotides was carried out with an Agilent MSD SL ion trap mass 

spectrometer with electrospray ionization and with Thermo LTQ Velos mass 

spectrometer with electrospray ionization. UV absorptions were measured using a Cary 

100 UV-Vis spectrophotometer equipped with a Peltier thermal programmer and melting 

temperatures were obtained using the Cary Thermal software program (version 3.0). 

 

2.6.2 Synthesis of modified nucleosides 

dPer was synthesized in 76 % yield by previously reported method,(54) involving 

the coupling of tolyl-protected 2’-deoxyribofuranosyl chloride with Perimidinone, 

followed by deprotection. O
6
-BndG was synthesized by previously reported 

methods.(115, 116) Perimidin-2-one deoxyribonucleoside and O
6
-BnG 

deoxyribonucleoside were converted into the corresponding 5’-O-dimethoxytrityl- 
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protected phosphoramidites by previously reported procedures,(54) and incorporated by 

solid phase synthesis into oligonucleotides. 

 

2.6.3 Oligodeoxynucleotide syntheses and characterization  

Oligonucleotides were synthesized on an Applied Biosystems Inc. 394 DNA 

synthesizer or Bioautomation Inc. Mermade 4 DNA synthesizer using standard β-

cyanoethyl phosphoramidite chemistry.(117) Stepwise coupling yields for the 

synthesized bases were all greater than 85%, as determined by the trityl cation 

absorbance. Oligonucleotides were synthesized in DMT-off mode on the 5’-end and 

cleaved from the controlled pore glass (CPG) support by treating with a concentrated 

aqueous ammonia solution at 55 °C for 16 h. The dPer and O
6
-BndG-derived 

phosphoramidites were used within 24 h of synthesis. Oligonucleotides were purified by 

reversed phase HPLC (Agilent 1100) on a Luna 5μm C18 (2) 100 Å 250 mm x 4.60 mm 

column (Phenomenex). The chromatography mobile phases were solvent A: 15 mM 

aqueous (NH4)2CO3 (pH 7.0) and solvent B: acetonitrile. The solvent gradient started 

with 95% Solvent A, increased linearly to 95% solvent B over 20 minutes, and was held 

at 95% B for another 20 min. Fractions corresponding to the oligonucleotide peak were 

collected, lyophilized, and the resulting pure (>95%) oligonucleotides were stored at -20 

o
C. Characterization data for all oligonucleotides (ESI MS, LC UV traces) are in 

supporting information (Appendix 1). 
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2.6.4 Thermal denaturation studies  

Oligonucleotides were dissolved in a buffer solution that contained 0.25 M NaCl, 

0.2mM EDTA, and 20 mM sodium phosphate (pH 7.0). Complementary oligonucleotides 

were combined at equimolar concentration to prepare 8 μM duplex solutions. From the 

duplex stock solutions, 200 μL aliquots were transferred to teflon-stoppered 1 cm path-

length quartz cuvettes (1.5 mL volume). In the sample holder of the UV-vis 

spectrophotometer, duplex solutions were annealed by heating from 25 to 90 °C, at a rate 

of 1 °C/min, and cooling to 25 
o
C over at least 30 minutes. UV absorbance at 260 nm was 

monitored while the temperature was raised from 20 to 90 °C, and lowered from 90 to 20 

°C at a rate of 1 °C/min. Melting temperatures were determined by the derivative method 

using the Cary thermal application software. All measurements were performed in 

triplicate, and the data is presented as the mean ± standard deviation. Raw UV data can 

be found in the supporting information (Appendix 1). Concentration-dependent thermal 

denaturation experiments were carried out at 8.0 μM, 4.0 μM, 2.8 μM, 1.4 μM, and 0.8 

μM final duplex concentrations. Thermodynamic parameters were determined by Van’t 

Hoff method
31

 from linear plots of 1/Tm vs. ln CT where Tm is the duplex melting 

temperature and CT is the final duplex concentration. The linear plots from Van’t Hoff 

analysis are included in the supporting information (Appendix 1). 

 

2.6.5 Competitive hybridization  

The adducted oligonucleotide strand in duplex D1 (Figure 2.2, X= O
6
-BnG) was 

mixed with the corresponding unmodified strand (Figure 2.2, X= G) such that total strand 
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concentration was 16.0 µM. The concentration of oligonucleotide strand with X= O
6
-

BnG in this mixture was varied from 0 to 16.0 µM. Each mixture was hybridized with 

16.0 µM of the complementary probe strand in duplex D1 (Figure 2.2, P= Per) to a final 

theoretical duplex concentration of 8 µM. Aliquots of these mixtures (200 µL, 16 µM 

total oligonucleotide content, 8 µM theoretical duplex concentration) were analyzed by 

variable temperature UV analysis as described in the thermal denaturation studies. 

Control experiments were carried out with mixtures of oligonucleotide strands in D1 with 

X= G or A, paired with a complementary probe strand in duplex D1 (P= C). All UV 

measurements were performed in triplicate. The raw data from variable temperature UV 

analysis and a plot of melting temperature vs. fractions of adducted strand in duplex D1 

are included in the supporting information (Figure S22). 

 

 

2.6.6 Hybridization Threshold 

Adducted oligonucleotide strand in duplex D1 (Figure 2.2, X= O
6
-BnG) was 

titrated with the complementary probe strand in D1 (Figure 2.2, P= Per) at concentrations 

ranging from 0 to 16.0 µM. 200 µL aliquots (16 µM total oligonucleotide content, 8 µM 

theoretical duplex concentration) were analyzed by variable temperature UV analysis as 

described in the thermal denaturation studies. To better visualize the analytical threshold 

for detecting a standard melting curve, we performed a non-linear regression analysis of 

the data obtained for each duplex, and plotted r
2
 values vs. fraction of adducted 
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oligonucleotide strand (X= O
6
-BnG) strand. The data is included in the supporting 

information (Figure S23). 

 

2.6.7 Circular Dichroism Measurements  

Adducted oligonucleotide strand in duplex D1 (Figure 2.2, X= O
6
-BnG or O

6
-

MeG or abasic site analog THF) was annealed with the complementary probe strand in 

D1 (Figure 2.2, P= Per), in a pH 7.0 buffer solution (50 mM sodium chloride, 10 mM 

sodium phosphate buffer), by heating to 90 °C and cooling to 25 
o
C over at least 45 

minutes. CD spectra of duplex solutions (1.8 mL, 8 µM) were measured from 350 to 200 

nm at a wavelength step of 1 nm in a 10 mm path length quartz cuvette on an AVIV 62A 

CD spectrometer. Spectra were obtained as an average of three scans. 

 

 

Supporting Information 

1
H NMR data of modified nucleosides; RP-HPLC UV traces and ESI-MS spectra 

for modified oligonucleotides; Melting curves from the variable temperature UV 

analysis; Van’t Hoff plots for duplexes; Melting curves for competitive hybridization and 

concentration threshold experiments; non-linear regression analysis of UV melting 

curves. Please see Appendix 1. 
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III. Influence of Hydrogen-bonding capacity of synthetic nucleosides on 

modified duplex stability when paired with O
6
-alkylguanine adducts.  

 

3.1 Introduction 

Replacement of natural bases with synthetically derived nucleobases is a possible 

strategy for creating structure-specific molecular probes that can be used as tools to 

address the formation, persistence and biological consequences of DNA adducts.  In 

chapter II, we described dPer as a novel synthetic nucleoside that was incorporated in an 

oligonucleotide and could hybridize with adducted DNA favorably compared to 

unmodified DNA. In these studies, we gained insight regarding the influences and 

relative importance of adduct structure, and sequence context and position in dictating 

modified duplex stability, however a critical gap in understanding concerns specific 

molecular interactions that lead to this favorable binding.  Knowledge of key structural 

requirements for the synthetic nucleoside probes, i.e. structure-stability relationships on 

the basis of varying probe structure, is potentially informative. Therefore, to evaluate the 

possible influences of structural attributes to the stability of base pairs between synthetic 

nucleosides and adducts, we proposed to test nucleoside analogs differing in H-bonding 

capacities, steric, and electronic properties (Chart 3.2).  

Previous studies concerning synthetically derived nucleoside analog  indicated 

that thermally stable DNA duplexes could be formed between modified oligonucleotides 

containing a perimidinone-derived synthetic nucleoside 1 paired with O
6
-alkylguanine 

DNA adducts such as O
6
-BnG and O

6
-MeG (54). To test the influence of altered H-
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bonding capacity and steric properties of synthetic nucleosides on modified duplex 

stability, we have proposed synthesizing a set of structurally varied nucleoside analogs 

(Chart 3.2). Hydrogen-bond donors and acceptors are changed or eliminated, and the size 

of nucleobases is varied by addition or deletion of aromatic rings. Evaluation of these 

structures would provide direct comparison with our previously studied modified 

systems. In this study, we have evaluated thermal stability of modified duplexes 

containing O
6
-alkylguanine adducts O

6
-MeG, O

6
-BnG, and a stable abasic site analog 

THF (Chart 3.1) paired with bicyclic nucleoside analogs 2 and 3 from the proposed panel 

of synthetic nucleosides (Chart 3.2), by measuring Tm and deriving thermodynamic 

parameters for duplex formation.  

 

Chart 3.1 Structures of DNA lesions used in this study
a
 

  

a
solid bars represent the oligonucleotide strand. 
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Chart 3.2 Representative examples of synthetic nucleoside analogs designed to probe the 

role structure variation in pairing with O
6
-alkylguanine lesions in duplex DNA

a
 

 

a
dR= 2'-deoxyribose; R= electron withdrawing or electron donating group 

 

3.2 Results 

3.2.1 Synthesis of modified nucleosides  

O
6
-BndG was synthesized by previously reported methods (118). O

6
-BndG was 

converted to the corresponding 5’-O-dimethoxytrityl- protected phosphoramidite by a 

previously reported procedure (119) and incorporated by solid phase synthesis into 

oligonucleotides. The schemes outlining the synthesis of phosphoramidites from 2 and 3 

are shown (Schemes 3.1 and 3.2).  
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Scheme 3.1
a
 Synthesis of phosphoramidite of nucleoside 2 

 

a
Reagents and conditions: (i) bistoluoyl-protected chloroglycoside, NaH, THF 

(anhydrous); (ii) NaOMe, THF/MeOH (anhydrous); (iii) 4, 4’-dimethoxytrityl chloride, 

Pyridine (anhydrous); (iv) N,N’-diisopropyl-2-O-cyanoethylphosphoramidite chloride, 

N,N’-diisopropylethylamine (DIEA), CH2Cl2. Tol= Toluoyl group; DMTr= 4, 4'-

dimethoxytrityl group. 
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Scheme 3.2
a
 Synthesis of phosphoramidite of nucleoside 3 

  

a
Reagents and conditions: (i) bistoluoyl-protected chloroglycoside, NaH, THF 

(anhydrous); (ii) NaOMe, THF/MeOH (anhydrous); (iii) 4, 4’-dimethoxytrityl chloride, 

Pyridine (anhydrous); (iv) N,N’-diisopropyl-2-O-cyanoethylphosphoramidite chloride, 

N,N’-diisopropylethylamine (DIEA), CH2Cl2. Tol= Toluoyl group; DMTr= 4, 4'-

dimethoxytrityl group. 

 

 

Table 3.1 Sequences of synthesized oligonucleotides (ODNs) for evaluation of influence 

of H-bonding capacities of synthetic nucleosides on duplex stability 

ODNs Sequences
a
 

D1 5’- CCG P TATACCGACAA-3’ 

D2 5’-TTGTCGGTATA N CGG-3’ 
a
P= BIM or Benzi; N= O

6
-MeG, O

6
-BnG, abasic site analog (THF) or canonical bases 

 

 

3.2.2 DNA duplex thermal stability 

Melting temperatures (Tm) of modified duplexes, in which DNA lesions were 

paired with synthetic nucleosides were measured and compared with Tm values of 
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modified duplexes containing a base pair between synthetic nucleosides and canonical 

bases. All these modified duplexes were further compared on the basis of thermal 

stability with the control unmodified duplex containing a G:C pair (Table 3.2). Modified 

duplexes were destabilized, as reflected by ∆Tm ranging from 5.8-17.3 
o
C. When paired 

with an O
6
-alkylguanine adduct such as O

6
-MeG or O

6
-BnG, synthetic nucleobase Benzi 

(3) forms more stable duplex than that containing a base pair of BIM (2) with these 

adducts (∆Tm 2.6 
o
C). Duplex stability was decreased by 2.9 

o
C, 4.8 

o
C, 8.9 

o
C, and 3.9 

o
C, relative to O

6
-MeG:BIM, for combinations of BIM with A, T, C, or G, respectively. 

In cases of duplexes containing Benzi, a similar trend was observed. Combinations 

containing base pairs of A, T, C, and G with Benzi were destabilized by 3.5 
o
C, 5.7 

o
C, 

8.3 
o
C, and 4.6 

o
C, respectively, when compared to O

6
-MeG:Benzi. These Tm 

observations indicated a significant preference for base pair formation between O
6
-

alkylguanine adducts and the synthetic nucleosides BIM and Benzi. Importantly, 

modified duplexes containing O
6
-MeG paired with BIM or Benzi were stabilized more 

than those containing O
6
-BnG paired with BIM or Benzi. O

6
-MeG was a more stable 

partner for both BIM and Benzi than O
6
-BnG, in terms of thermal stabilities of modified 

duplexes (∆Tm 2.4 
o
C with BIM and ∆Tm 2.4 

o
C with Benzi). Modified duplexes 

containing THF:BIM or THF:Benzi were significantly less stable than modified duplexes 

containing or  O
6
-alkylguanine:Benzi (Avg. ∆Tm 4.7 with BIM and 6.4 

o
C with Benzi). 

Overall, all tested modified duplexes were destabilized relative to the natural unmodified 

duplex (∆Tm 5.8-17.3 
o
C) but for duplexes containing BIM or Benzi paired with O

6
-

alkylguanine adducts, the degree of destabilization was less than those containing 
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canonical bases paired with these two nucleosides. These data indicate base pairing 

preference for synthetic nucleosides to pair with the tested O
6
-alkylguanine DNA adducts 

O
6
-MeG and O

6
-BnG. 

 

 

Table 3.2 Thermal stability of modified DNA duplexes
a
 

 

N:P 

 

Tm (
o
C) 

 

N:P 

 

Tm (
o
C) 

A:Benzi 

 

55.1 + 0.3 A:BIM 

 

53.1 + 

0.2 

T:Benzi 

 

52.9 + 0.3 T:BIM 

 

50.2 + 

0.3 

C:Benzi 

 

50.3 + 0.3 C:BIM 

 

47.1 + 

0.2 

G:Benzi 

 

54.0 + 0.3 G:BIM 

 

52.1 + 

0.2 

O
6
-

MeG:Benzi 

 

O
6
-BnG:Benzi 

 
b
THF:Benzi 

58.6 + 0.4 

 

56.2 + 0.1 

 

51.0 + 0.2 

O
6
-MeG:BIM 

 

O
6
-BnG:BIM 

 
b
THF:BIM 

56.0 + 

0.3 

 

53.6 + 

0.2 

 

50.2 + 

0.3 
a
Duplex sequence:  5'-TTGTCGGTATANCGG-3' 

   3'-AACAGCCATATPGCC-5' 
b
THF= abasic site analog 

 

 

3.2.3 Thermodynamics of duplex formation 

To examine how the presence of modified base pairs impacts duplex stability, we 

determined thermodynamic parameters for the formation of duplex DNA incorporating 

base pairs between synthetic nucleosides and DNA lesions or the canonical base G (Table 
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3.3 and Table 3.4). Concentration dependence of Tm values was evaluated and ∆H, ∆S 

were calculated on the basis of intercept and slope in Van’t Hoff plots(120). 

 

Table 3.3 Thermodynamic parameters for duplex formation for modified duplexes 

containing Benzi 

Duplex ∆H 

(Kcal mol
-

1
) 

∆S 

(cal mol
-1

 

K
-1

) 

∆G298K 

(Kcal mol
-

1
) 

∆∆G298K 

(Kcal mol
-

1
) 

 

5’-TTGTCGGTATANCGG-3’ 

3’-AACAGCCATATPGCC-5’ 

N: O
6
-MeG; P: BIM 

 

-87.5 + 2.8 

 

-244  + 5 

 

-14.8 + 0.2 

 

-- 

5’-TTGTCGGTATANCGG-3’ 

3’-AACAGCCATATPGCC-5’ 

N: O
6
-BnG; P: BIM 

-85.6 + 1.9 -241  + 3 -13.8 + 0.2 1.0 

5’-TTGTCGGTATANCGG-3’ 

3’-AACAGCCATATPGCC-5’ 

N: abasic site analog THF; P: BIM 

-64.7 + 3.1 -175  + 5 -12.5 + 0.4 2.3 

5’-TTGTCGGTATANCGG-3’ 

3’-AACAGCCATATPGCC-5’ 

N: G; P: BIM 

-77.3 + 2.7 -216  + 7 -12.9 + 0.3 1.9 

 

 

The enthalpy and entropy values for melting of the modified duplexes reflect 

trends in Tm values of the respective duplexes. Among the tested combinations, modified 

duplex containing O
6
-MeG:Benzi has the highest enthalpy and entropy of duplex 

formation. Thus, the ∆G for this duplex is -16.9 Kcal/mol. The least stable duplex harbors 

the abasic site analog THF:BIM base pair and showed a decrease of 4.5 Kcalmol
-1 

in free 

energy of duplex formation compared to the most stable duplex containing O
6
-
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MeG:Benzi. Further, the differences in free energy of duplex formation indicate 

discrimination between G and O
6
-alkylguanine adducts by the synthetic nucleosides, 

(∆∆G 1.3-2.5 Kcal mol
-1

), arising from increased stability of O
6
-alkylguanine:synthetic 

nucleoside pairs. 

 

Table 3.4 Thermodynamic parameters for duplex formation for modified duplexes 

containing Benzi 

Duplex ∆H 

(Kcal mol
-

1
) 

∆S 

(cal mol
-1

 

K
-1

) 

∆G298K 

(Kcal mol
-

1
) 

∆∆G298K 

(Kcal mol
-

1
) 

 

5’-TTGTCGGTATANCGG-3’ 

3’-AACAGCCATATPGCC-5’ 

N: O
6
-MeG; P: Benzi 

 

-93.2 + 2.1 

 

-256  + 6 

 

-16.9 + 0.2 

 

-- 

5’-TTGTCGGTATANCGG-3’ 

3’-AACAGCCATATPGCC-5’ 

N: O
6
-BnG; P: Benzi 

-89.0 + 1.6 -246  + 6 -15.7  + 

0.2 

1.2 

5’-TTGTCGGTATANCGG-3’ 

3’-AACAGCCATATPGCC-5’ 

N: abasic site analog THF; P: 

Benzi 

-65.5 + 1.5 -175  + 3 -13.4 + 0.1 3.5 

5’-TTGTCGGTATANCGG-3’ 

3’-AACAGCCATATPGCC-5’ 

N: G; P: Benzi 

-82.4 + 2.3 -228  + 5 -14.4 + 0.2 2.5 

 

 

3.2.4 Influence of modifications on duplex helicity.  

Incorporating synthetic nucleosides and DNA lesions may influence duplex 

conformation. To test for possible global conformational disruptions, we evaluated by 
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circular dichroism the variants of modified duplexes formed between complementary 

oligonucleotide strands described in Table 3.1. Duplexes tested contained base pairs of 

O
6
-MeG, O

6
-BnG, abasic site analog THF, and the unmodified G with either BIM or 

Benzi (Figures 3.1 and 3.2). Overall, the CD spectra for the tested modified duplexes 

exhibited absorbance maxima at around 278 nm and absorbance minima at 240 nm. 

Slight blue shifts and strong absorbance were observed for modified duplexes containing 

O
6
-MeG:BIM or O

6
-BnG:BIM pair. The absorbance for these duplexes matched with that 

for the duplex containing G:BIM. Duplexes containing the abasic site analog THF paired 

with BIM showed lower absorbance and slight red shift compared to others. 

 

 

Figure 3.1 CD spectra of modified DNA duplexes containing DNA lesions and 

unmodified base G with BIM. THF is used as the abasic site analog. 
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Figure 3.2 CD spectra of modified DNA duplexes containing DNA lesions and 

unmodified base G with Benzi. THF is used as the abasic site analog. 

 

3.3 Discussion 

Evaluation of thermal stabilities of modified duplex containing a perimidinone-

derived nucleoside 1 (Chart 3.2), lead us to formulate the hypothesis that favorable 

hydrogen bonding and greater intrastrand base stacking capacity of the modified base pair 

with neighboring bases were major contributing factors to the observed duplex stability. 

To further test this hypothesis, we synthesized nucleoside analogs 2 and 3 (Chart 3.2), 

incorporated them in oligonucleotide duplexes, and evaluated thermodynamic outcomes.   
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Figure 3.3 Illustration of possible non-covalent base pair interactions of BIM or Benzi 

with the tested O
6
-alkylguanine adducts in duplex DNA.  

 

3.3.1 Influence of H-bonding capacities of synthetic nucleosides on modified duplex 

stability. 

DNA alkylation results in decreased thermal stabilities of DNA duplexes (86). 

Formation of O
6
-MeG creates a region of localized instability in the duplex on the 

account of fewer hydrogen bonds when paired with any natural base (88, 121, 122). As 

expected, our previous experiments showed destabilization of duplexes containing this 

adduct when paired with canonical bases(54). However, in the current study, when 

synthetic nucleosides BIM (2) and Benzi (3) were paired with O
6
-MeG or O

6
-BnG, 
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duplexes were stabilized relative to those containing these adducts paired with canonical 

bases. Modified duplex containing O
6
-MeG:Benzi is more stable than O

6
-MeG:BIM 

(∆∆G 2.1 Kcalmol
-1

) and data show that duplexes containing Benzi were generally more 

stable than those containing BIM. BIM and Benzi have similar steric properties but differ 

in hydrogen-bonding capacities. As illustrated in figure 3.4, favorable H-bonding of 

Benzi with O
6
-MeG or O

6
-BnG adducts may contribute to the stable base pairing. Benzi 

consists of hydrogen bond donor and acceptor, which are involved in H-bonding with the 

pairing O
6
-alkylguanine adducts whereas BIM has one possible H-bond acceptor so 

fewer H-bonding interaction with these adducts. Distinction between G and O
6
-

methylguanine by Benzi and BIM (Avg. ∆Tm 4.5 
o
C) is an important finding for 

application of oligonucleotides containing these nucleosides as hybridization probes for 

specific recognition of O
6
-alkyguanine adducts from a mixture in physiologically relevant 

conditions. Comparing thermal stability data obtained from previous study with 1 to the 

current data indicates that reduction in the size of the nucleoside probe from a tricyclic 

(with 2 aromatic rings) to bicyclic structure (one aromatic ring) did not influence the base 

pairing with O
6
-MeG or O

6
-BnG. The overall data suggests that hydrogen bonding 

capacity of the synthetic nucleosides rather than the steric properties of adduct, is the 

major contributing factor to the observed duplex stability. 

 

3.4 Conclusions 

In this study, synthetic nucleosides Benzi and BIM, with similar size and 

hydrophobicity, but differing in hydrogen bonding capacities, have been incorporated in 
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deoxyribonucleotide strands and these modified strands hybridized with complementary 

strands containing DNA lesions and canonical bases. Evaluation of thermal stabilities of 

resulting modified duplexes, by means of Tm analyses and evaluation of thermodynamic 

parameters for duplex formation indicated destabilization relative to the unmodified 

control duplex. Synthetic nucleosides exhibited similar base pairing preferences for O
6
-

MeG or O
6
-BnG based on thermal stability data. Thermal stabilities for duplexes 

containing Benzi were more stable than those containing BIM among the tested 

combinations. These observations indicated that hydrogen bonding capacity of synthetic 

nucleosides was a major contributing factor and steric properties of O
6
-alkylguanine 

adducts did not influence the modified duplex stability. Importantly, comparison of 

thermodynamic parameters of modified base pairs showed that synthetic nucleosides 

formed relatively stable base pairs with O
6
-alkylguanine adducts over G. This 

discrimination is an important factor in application of oligonucleotides containing these 

synthetic nucleosides, as hybridization-based probes for selective detection of O
6
-

alkylguanine adducts. Tested duplex modifications did not appear to perturb global 

secondary structure. Data from this study indicate that diminished hydrogen bonding 

capacity of synthetic nucleoside (BIM) led to decreased modified duplex stability. The 

carbonyl oxygen on the synthetic nucleoside seems to be a requirement for favorable H-

bonding with O
6
-alkylguanine adduct. Compared to the previously studied perimidinone-

derived nucleoside probe (Per), Benzi exhibited similar base pair stabilities with adducts. 

However, further evaluation of Benzi probe in varying sequence contexts is needed to 

substantiate the observations from this study. 



 

 61 

3.5 Experimental Section 

3.5.1 General  

Unless otherwise indicated, reagents were purchased from Sigma Aldrich or 

VWR Scientific (Switzerland) and used without further purification. 2’-deoxyguanosine 

was purchased from TCI America (Portland, OR). 1-(α)-Chloro-3, 5-di-O-(p-toluoyl)-2-

deoxy-D-ribose was purchased from Berry & Associates, Inc. (Dexter, MI). Anhydrous 

THF, methanol, and dichloromethane were used as available commercially from a "sure-

seal" bottle. 5’-O-dimethoxytrityl protected phosphoramidites of natural bases were 

purchased from Glen Research, Inc. (Sterling, VA). Moisture-sensitive reactions, 

including glycosylation, 5’-O-dimethoxytrityl protection, and phosphoramidites synthesis 

were carried out in oven-dried glassware under a nitrogen atmosphere. 

Oligodeoxyribonucleotides containing O
6
-MeG and a stable THF abasic site analog 

(dSpacer) were purchased from Midland Certified Reagent Company, Inc. (Midland, TX, 

USA). Chromatography was carried out with silica gel 60 F254 plates with glass or 

aluminum backing. Column chromatography was performed with Silica Gel (32-63 μm). 

1
H, 

13
C, and 

31
P NMR spectra were recorded on Bruker Biospin 400 MHz NMR 

instrument, and chemical shifts are reported in parts per million (ppm, δ) relative to the 

chemical shift of the respective NMR solvent. Coupling constants are reported in hertz 

(Hz). High resolution mass spectra were recorded on Thermo Scientific Exactive mass 

spectrometer with electrospray ionization. Mass spectrometry of 

oligodeoxyribonucleotides was carried out with Thermo LTQ Velos mass spectrometer 

with electrospray ionization. UV absorptions were measured using a Cary 100 UV-Vis 
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spectrophotometer equipped with a Peltier thermal programmer and Varian WinUV 

software. Melting temperatures of duplexes were obtained using the Cary Thermal 

software program (version 3.0). 

 

3.5.2 Oligodeoxynucleotide Synthesis  

Oligodeoxynucleotides were synthesized on Mermade 4 DNA synthesizer 

(Bioautomation Corporation) using standard β-cyanoethyl phosphoramidite chemistry 

and in trityl-off mode on the 5’-end. Stepwise coupling yields for the synthesized bases 

were all greater than 85%, as determined by trityl cation absorbance. After synthesis, 

products were cleaved from controlled pore glass (CPG) solid support and deprotected 

with 30% ammonium hydroxide (2 mL), at 55 °C for 16 h. Crude 

oligodeoxyribonucleotides were purified by reversed phase HPLC (Agilent 1200) on a 

Luna 5μm C18 (2) 100 Å 250 mm x 10 mm column (Phenomenex). The chromatography 

mobile phases were solvent A: 15 mM aqueous (NH4)2CO3 (pH 7.0) and solvent B: 

acetonitrile. The solvent gradient started with 95% Solvent A, increased linearly to 95% 

solvent B over 20 minutes, and was held at 95% B for another 20 min. Fractions 

corresponding to the oligodeoxynucleotide peak were collected, lyophilized, and the 

resulting >95% pure oligodeoxynucleotides were characterized by ESI- Mass 

spectrometry, and stored at -20 
o
C. 
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3.5.3 Thermal Denaturation Studies  

Complementary oligodeoxyribonucleotide solutions (from stock solution in an 

aqueous solution of 250 mM NaCl, 0.2 mM EDTA, and 20 mM phosphate buffer pH 

7.0). were combined in equimolar concentrations to prepare 8 µM duplex solutions. 200 

µL aliquots of duplex solutions were heated to 80 °C and allowed to slowly cool to 20 °C 

at a rate of 1 °C/min. Melting temperature analyses were carried out in Teflon-stoppered 

1 cm path length quartz cells on a Varian Cary 100 Bio UV-Vis spectrophotometer 

equipped with thermal programmer and Peltier temperature controller. Thermal software 

(version 3.0) was used for setting up the temperature program. UV absorbance was 

monitored at 260 nm. Melting temperatures (Tm) were determined by analysis of 

temperature-dependent UV absorbance data by the first derivative method using the 

recalculation application in the Cary Thermal software (version 3.0). All measurements 

were performed in triplicate, and data are presented as mean ± standard deviation. UV 

melting curves are shown in the supporting information (Appendix 2).. Thermodynamic 

parameters for duplex formation were determined by Van’t Hoff analysis from linear 

plots of 1/Tm vs. ln[CT] by measuring Tm as a function of concentration (120). For this, 

concentration-dependent thermal denaturation experiments were carried out at 8.0 μM, 

4.0 μM, 2.8 μM, 1.4 μM, and 0.8 μM final duplex concentrations.  The linear plots are 

included in the supporting information (Appendix 2). 
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3.5.4 Circular Dichroism Measurements 

CD spectra were recorded on a JASCO J-815 spectropolarimeter equipped with a Peltier 

temperature controller. Oligodeoxyribonucleotides containing G, O
6
-BnG, O

6
-MeG, and 

the abasic site analog THF, were annealed with complementary strand containing 1 or 2 

in a pH 7.0 buffer solution (50 mM sodium chloride, 10 mM sodium phosphate buffer), 

by heating to 90 °C and cooling to 25 
o
C over at least 45-60 minutes. 1.8 mL aliquots of 8 

µM Duplex solutions were analyzed by scanning 320 to 200 nm at a wavelength step of 1 

nm in a 10 mm path length quartz cuvette. Spectra were obtained as an average of three 

scans. 

3.5.5 ((2R, 3S, 5R)-5-(1H-benzo[d]imidazol-1-yl)-3-(benzoyloxy)tetrahydrofuran-2-

yl)-methyl-4-methyl benzoate (2a) NaH (305 mg, 12.69 mmol) was added to a solution 

of Benzimidazole (1.5 g, 12.7 mmol) in THF (100 mL) at -78 
o
C. After 15 min, 

bistoluoyl-chloroglycoside (2.47 mg, 6.35 mmol) was added in one portion. The resulting 

suspension was stirred at 0 
o
C for 3h. The reaction was quenched by adding H2O (15 

mL).  The resulting solution was extracted with 2 x 200 mL ethyl acetate. The combined 

organic layers was washed successively with saturated aqueous NaCl and H2O, and dried 

with anhydrous Na2SO4. Solvent was evaporated under reduced pressure and crude 

brown residue was purified by flash chromatography (10% EtOAc/CH2Cl2) yielding 2a 

(1.9 g, 32%) as a white foamy solid. HRMS (ESI) calculated for C28H26N2O5: [M+H]
+
 

m/z 470.1842; found: 470.1846. 
1
H NMR (400 MHz, acetone-d6) δ 2.36 (s, 3H), 2.42 (s, 

3H), 2.90 (m, 1H), 3.22 (m, 1H), 4.78 (m, 3H), 5.89 (m, 1H), 6.71 (d, J = 6.2 Hz, 1H), 

7.16 (t, J = 7.2 Hz, 1H), 7.25 (d, J = 6.0 Hz, 1H), 7.38 (m, 4H), 7.74 (d, J = 6.5 Hz, 1H), 
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7.78 (d, J = 6.0 Hz, 1H); 7.98 (m, 4H), 8.38 (s, 1H) 
13

C NMR (400 MHz, acetone-d6) δ 

21.8, 37.9, 65.0, 76.4, 83.8, 86.2, 111.8, 121.4, 123.1, 124.2, 127.0, 131.2, 133.4, 142.5, 

145.0, 167.3 

 

 

3.5.6 (2R,3S,5R)-5-(1H-benzo[d]imidazol-1-yl)-2-(hydroxymethyl)tetrahydrofuran-

3-ol (2) 2a (584 mg, 1.25 mmol) was dissolved in 20 mL of 1:1 mixture of anhydrous 

THF and anhydrous MeOH. To this was added NaOMe (148 mg. 2.73 mmol). The 

resulting mixture was stirred at 25 
o
C for 3 h. The reaction was quenched with H2O (5 

mL). Solvent was removed under reduced pressure and the crude residue was purified by 

flash chromatography (5% MeOH/CH2Cl2) yielding 2 (170 mg, 58%) as a white foamy 

solid. HRMS (ESI) calculated for C12H14N2O3: [M+H]
+
 m/z 234.1004; found: 250.101. 

1
H NMR (400 MHz, DMSO-d6) δ 2.37 (m, 1H), 2.57 (m, 1H), 3.51 (m, 2H), 4.47 (s, 

1H), 5.1 (s, 1H), 5.42 (m, 1H), 6.44 (m, 1H), 7.36 (m, 2H), 7.75 (m, 2H), 8.28 (s, 1H).
13

C 

NMR (400 MHz, DMSO-d6) δ 61.3, 71.4, 84.0, 87.2, 112.4, 118.2, 122.1, 123.3, 133.2, 

143.0, 143.9 

 

3.5.7 (2R,3S,5R)-5-(1H-benzo[d]imidazol-1-yl)-2-((bis(4-

methoxyphenyl)(phenylmethoxy) methyl tetrahydrofuran-3-ol (2b) 2 (100 mg, 0.43 

mmol) was dissolved in anhydrous pyridine (2 mL ) and to the solution, was added 4, 4’-

dimethoxytrityl chloride (DMTr-Cl) (205 mg, 0.60 mmol). The resulting mixture was 

stirred at 25 
o
C for 18 h. Solvent was removed under reduced pressure and the residue 

was purified by flash chromatography (10% EtOAc/5% Et3N/CH2Cl2) yielding 2b (129 
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mg, 56% yield) as a white solid. HRMS (ESI) calculated for C33H32N2O5: [M+H]
+
 m/z 

536.2311; found: 536.2314. 
1
H NMR (400 MHz, acetone-d6) δ 2.37 (m, 1H), 2.69 (m, 

4H), 3.66 (s, 6H), 4.08 (s, 1H), 4.56 (m, 1H), 6.34 (m, 1H), 6.63 (m, 4H), 7.15 (m, 5H), 

7.21 (m, 4H), 7.33 (m, 2H), 7.58 (m, 2H), 8.2 (s, 1H) .
13

C NMR (400 MHz, acetone-d6) δ 

42.2, 47.4, 66.0, 72.1, 86.2, 88.7, 112.2, 114.2, 122.2, 123.6, 124.2, 127.5, 129.2, 132.2, 

136.4, 142.9, 160.1 

 

 3.5.8(2R,3S,5R)-5-(1H-benzo[d]imidazol-1-yl)-2-

((bis(4methoxyphenyl)(phenyl)methoxy)methyltetrahydrofuran-3-yl(2-cyanoethyl) 

diisopropylphosphoramidite (2c) 2b (75 mg, 0.14 mmol) was dissolved in 2 mL 

CH2Cl2, and to this solution was added DIEA (88 mg, 0.68 mmol) and cyanoethyl N,N’-

diisopropylchlorophosphoramidite (49 mg, 0.21 mmol). This mixture was stirred at 25 
o
C 

for 8 h. Solvent was removed under reduced pressure and the crude residue was purified 

by flash chromatography (10% EtOAc/5% Et3N/CH2Cl2) yielding 2c (78 mg, 77%) as a 

white sticky solid. HRMS (ESI) calculated for C42H49N4O6P: [M+H]
+
 m/z 736.3390; 

found: 736.3395. 
1
H NMR (400 MHz, acetone-d6) δ 1.07 (m, 4H), 2.06 (m, 1H), 2.49 (t, 

J= 6.4, 2H), 2.69 (t, J= 7.1 , 2H), 3.18 (m, 2H), 3.64 (m, 6H), 3.79 (m, 3H), 4.34 (s, 2H), 

5.12 (m, 2H), 5.80 (s, 3H), 5.91 (s, 1H), 6.42 (m, 1H), 6.72 (d, J= 6.5, 1H), 7.02 (m, 4H), 

7.23 (m, 4H), 7.34 (m, 5H), 7.61 (m, 1H), 7.72 (m, 2H), 7.81 (m, 2H), 8.23 (s, 1H).
13

C 

NMR (400 MHz, acetone-d6) δ 20.0, 24.3, 39.0, 52.5, 56.2, 58.5, 63.0, 78.7, 95.2, 110.6, 

115.5, 117.2, 120.2, 122. 3, 125.1, 127.2, 128.0, 129.3, 132.9, 134.2, 143.6, 159.3
 31

P 

NMR (400 MHz, acetone-d6) δ 149.0, 149.6  
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 3.5.9 Synthesis of ((2R,3S,5R)-3-((4-methylbenzoyl)oxy)-5-(2-oxo-2,3-dihydro-1H-

benzo[d]imidazol-1-yl) tetrahydrofuran-2-yl)methyl 4-methylbenzoate (3a). 

Benzimidazol-2-one (1.0 g, 7.5 mmol) was dissolved in 80 mL dry THF and the solution 

was cooled to -78 
o
C. To this, NaH (450 mg, 18.75 mmol) was added at -78 

o
C. After 15 

min, dry bistoluoyl-chloroglycoside (2.9 g, 7.5 mmol) was added in one portion. The 

resulting suspension was stirred at 0 
o
C for 3 h. The reaction was quenched by the 

addition of H2O (15 mL) and extracted with 2x200 mL ethyl acetate. The organic layer 

was washed successively with saturated aqueous NaCl and H2O and dried with anhydrous 

Na2SO4. The organic solvent was evaporated under reduced pressure. The crude brown 

residue was purified by flash chromatography (10% EtOAc/CH2Cl2) yielding 3a (1.6 g, 

44%) as a white foamy solid. HRMS (ESI) calculated for C28H26N2O6: [M+H]
+
 m/z 

486.1791; found: 486.1795. 
1
H NMR (400 MHz, acetone-d6) δ 2.33 (s, 3H), 2.42 (s, 3H), 

2.48 (s, 1H), 2.58 (m, 2H), 3.24 (m, 1H), 4.4 (m, 1H), 4.55 (m, 1H), 4.65 (m, 1H), 5.72 

(d, J= 6.2,  1H), 6.28 (m, 1H), 6.62 (m, 1H), 6.8 (m, 1H), 6.9 (m, 1H), 7.25 (m, 5H), 7.82 

(m, 3H). 
13

C NMR (400 MHz, acetone-d6) δ 21.3, 34.0, 66.2, 76.1, 82.1, 83.1, 110.4, 

112.7, 122.1, 123.1, 127.4, 130.6, 132.2, 146.8, 152.5, 168.2 

3.5.10 Synthesis of 1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-

yl)-1H-benzo[d]imidazol-2(3H)-one (3). 3a was dissolved in 20 mL of 1:1 mixture of 

dry THF and anhydrous MeOH. To this was added NaOMe (98 mg. 1.81 mmol). The 

resulting mixture was stirred at 25 
o
C for 3 h. The reaction was quenched with H2O (5 

mL). Solvent was removed under reduced pressure and the crude residue was purified by 

flash chromatography (5% MeOH/CH2Cl2) yielding 3 (140 mg, 68%) as a white foamy 
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solid. HRMS (ESI) calculated for C12H14N2O4: [M+H]
+
 m/z 250.0954; found: 250.096. 

1
H NMR (400 MHz, DMSO-d6) δ 1.98 (m, 1H), 2.62 (m, 1H), 3.17 (s, 1H), 3.61 (m, 

2H), 3.71 (m, 1H), 4.3 (m, 1H), 4.8 (s, 1H), 5.3 (s, 1H), 6.2 (t, J= 6.8, 1H), 6.94 (m, 3H), 

7.4 (m, 1H), 10.9 (s, 1H).
13

C NMR (400 MHz, DMSO-d6) δ 37.0, 48.2, 62.7, 71.3, 82.2, 

86.2, 109.2, 111.4, 121.6, 122.2, 128.0, 153.7 

3.5.11 Synthesis of 1-((2R,4S,5R)-5-((bis(4-

methoxyphenyl)(phenyl)methoxy)methyl)-4-hydroxy-tetrahydrofuran-2-yl)-1H-

benzo[d]imidazol-2(3H)-one (3b). 3 (134 mg, 0.54 mmol) was dissolved in 2 mL 

pyridine and to this solution was added 4, 4’-dimethoxytrityl chloride (DMTr-Cl) (254 

mg, 0.75 mmol). The mixture was stirred at 25 
o
C for 18 h. Solvent was removed under 

reduced pressure and the residue was purified by flash chromatography (10% EtOAc/5% 

Et3N/CH2Cl2) yielding 3b (210 mg, 70%) as a white solid. HRMS (ESI) calculated for 

C33H32N2O6: [M+H]
+
 m/z 552.2260; found: 552.2256. 

1
H NMR (400 MHz, acetone-d6) δ 

2.02 (m, 1H), 2.36 (m, 3H), 2.67 (m, 2H), 3.22 (m, 1H), 3.25 (m, 1H), 3.64 (s, 6H) , 3.81 

(m, 1H), 4.57 (s, 1H), 6.18 (m, 1H), 6.61 (m, 1H), 6.70 (m, 3H), 6.78 (m, 2H), 7.23 (m, 

3H), 7.32 (m, 4H), 7.42 (m, 2H) 
13

C NMR (400 MHz, acetone-d6) δ 37.1, 47.1, 56.0, 

65.2, 83.5, 87.4, 88.2, 111.2, 113.5, 122.1, 123.1, 127.0, 128.4, 129.6, 131.2, 136.1, 

147.0, 161.7 

3.5.12 Synthesis of (2R,3S,5R)-2-((bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-5-

(2-oxo-2,3-dihydro-1H-benzo[d]imidazol-1-yl)tetrahydrofuran-3-yl(2-cyanoethyl) 

diisopropylphosphoramidite (3c). 3b (135 mg, 0.24 mmol) was dissolved in 2 mL 

CH2Cl2 and to this was added DIEA (158 mg, 1.22 mmol) and cyanoethyl N,N-
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diisopropylchlorophosphoramidite (87 mg, 0.37 mmol). This mixture was stirred at 25 
o
C 

for 8 h. Solvent was removed under reduced pressure and the crude residue was purified 

by flash chromatography (10% EtOAc/5% Et3N/CH2Cl2) yielding 3c (104 mg, 56%) as a 

white sticky solid. HRMS (ESI) calculated for C42H49N4O7P: [M+H]
+
 m/z 752.3339; 

found: 752.3345. 
1
H NMR (400 MHz, acetone-d6) δ 1.08 (m, 4H), 2.09 (m, 1H), 2.48 (t, 

J= 6.4, 2H), 2.73 (t, J= 7.1 , 2H), 3.22 (m, 2H), 3.64 (m, 6H), 3.79 (m, 3H), 4.21 (s, 2H), 

4.98 (m, 2H), 5.86 (s, 3H), 5.91 (m, 1H), 6.32 (m, 1H), 6.74 (d, J= 6.5, 1H), 7.02 (m, 

4H), 7.23 (m, 4H), 7.34 (m, H), 7.41 (m, 1H), 7.48 (m, 2H), 7.58 (m, 2H), 7.63 (s, 

1H).
13

C NMR (400 MHz, acetone-d6) δ 21.2, 23.3, 38.1, 52.2, 56.5, 57.5, 63.1, 78.3, 

84.1, 93.1, 94.3, 108.0, 115.1, 117.2, 125.2, 126.7, 127.7, 129.0, 133.5, 136.2, 143.4, 

151.4, 161.4. 
31

P NMR (400 MHz, acetone-d6) δ 149.2, 149.6 

 

Supporting Information 

NMR data of modified nucleosides; RP-HPLC UV traces and ESI-MS spectra for 

modified oligonucleotides; Melting curves from the variable temperature UV analysis; 

Van’t Hoff plots for duplexes.  These data are contained in Appendix 2. 
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IV. Synthesis of Modified Oligodeoxynucleotides for Structural 

Evaluation of Synthetic Nucleoside:DNA Adduct Interactions in Duplex 

DNA 
 

4.1 Introduction 

We have taken up the approach of developing hybridization based oligonucleotide 

probes to recognize low abundance O
6
-alkylguanine DNA adducts(51, 54). In previous 

experiments, we observed higher thermal stability of modified duplexes containing O
6
-

alkylguanine adduct:synthetic nucleoside pair compared to those containing these adducts 

paired with canonical bases (54). Although we demonstrated favorable base pairing 

between O
6
-alkylguanine adducts and synthetic nucleosides, detailed information about 

the structural interactions on the molecular level could not be gathered from such thermal 

stability studies. Therefore, use of structural analyses was necessary to provide a 

molecular basis for the favorable base pairing.    

Multidimensional NMR is a well-established procedure for determining the three 

dimensional structure of macromolecules such as DNA duplexes (123-125), although 

structure determination of nucleic acids by NMR tends to be more difficult and with 

fewer examples than for proteins (126, 127). The relatively low proton density in DNA, 

together with the absence of a globular fold and NOE restraints between protons on 

residues far apart in the nucleic acid sequence, makes the NMR study of DNA more 

challenging(128). 
13

C and 
15

N labeling of nucleobases has greatly expanded the power of 

DNA structure determination by NMR by  simplification of spectral assignment and NOE 

analyses steps (129). Nucleic acid structures are relatively flexible and conformation can 
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be altered by crystallization, therefore accurate structure determination largely depends 

on NMR.  

The unique dodecamer sequence d(CGCGAATTCGCG)2 is convenient for 

evaluating local structural interactions in duplex DNA by NMR and X-ray 

crystallography(130-133). We selected this sequence and prepared modified 

oligonucleotides that contain a model O
6
-alkylguanine adduct O

6
-BnG, and a synthetic 

perimidinone-derived nucleoside dPer. We synthesized a set of variants that have a single 

site-specifically placed modification or multiple modifications in the dodecamer 

sequence (Table 4.1). We have explored strategies involving incorporating halogenated 

nucleosides to overcome challenges encountered in the X-Ray analysis of the dodecamer 

sequence, and (134) the brominated nucleoside derivatives were critical in crystal 

structure refinement(135). Thus, we have incorporated 5-bromo-2’-deoxyuridine in the 

modified oligodeoxynucleotides along with O
6
-BnG and dPer (Table 4.1). 

The synthesis and structural analysis of these modified oligonucleotides would 

provide a tool to design structurally optimized nucleoside probes, based on the 

information gathered from these analyses. The fine tuning of specific structural attributes 

such as H-bond donors and acceptors, and steric properties of nucleoside probes can be 

done based on observation of molecular interactions between the probe and adduct by 

NMR and crystallography. Therefore, in collaboration with Ewa Kowal in Prof. Michael 

Stone's laboratory at Vanderbilt University, USA, we have been working on generating a 

structural model for base pair interactions in modified duplexes. Here, we report the 
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synthesis, characterization of modified oligonucleotides and thermodynamic evaluation 

of these modified duplexes. 

 

 

 

Chart 4.1 Structures of modified nucleosides used in this study
a
. 

 
a
O

6
-BndG= O

6
-benzyl-2’-deoxyguanine; dPer= Perimidin-2-one-2’-deoxyribose; 5-

BrdU= 5-bromo-2’-deoxyuridine. 

 

Table 4.1 Oligodeoxynucleotides for NMR and X-Ray studies
a
. 

Duplex Sequence 

D1 5'-CGCNAATTCGCG-3' 

3'-GCGCTTAANCGC-5' 

D2 5'-CGCGAATTYGCG-3' 

3'-GCGYTTAAGCGC-5' 

D3 5'-CGCNAATTYGCG-3' 

3'-GCGYTTAANCGC-5' 

D4 5'-CGCNAAZTYGCG-3' 

3'-GCGYTZAANCGC-5' 

D5 5'-CGCNAATZYGCG-3' 

3'-GCGYZTAANCGC-5' 
a
Modifications: N= O

6
-BnG; Y= Per; Z= 5-bromo-2'dU 

 

 

 

4.2 Results 

4.2.1 Synthesis of modified oligonucleotides 

 O
6
-BndG and synthetic nucleoside dPer was site specifically incorporated in 

oligonucleotides corresponding to the Dickerson dodecamer sequence (Table 4.1). 5-
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bromo-2’-deoxyuridine was incorporated in place of thymines in D4 and D5 at 7 and 8 

positions, respectively (Table 4.1), to aid in crystal structure refinement. 

 

Table 4.2 Melting temperatures (Tm) of modified duplexes. 

Duplex Tm (
o
C) ∆Tm_1 (

o
C)

a
 ∆Tm_2 (

o
C)

b
 

D1 49.2 + 0.2 - -12.5 

D2 50.1 + 0.2 0.9 -11.6 

D3 55.3 + 0.1 6.1 -6.4 
a
∆Tm_1 corresponds to the difference in destabilization among modified duplexes relative 

to D1  
b
∆Tm_2 corresponds to the difference in destabilization of modified duplexes 

relative to the unmodified duplex (Tm 61.7 
o
C). Negative values correspond to a greater 

destabilization of the duplex in ∆Tm_2 column, and positive values indicate stabilization 

in ∆Tm_1 column. 

 

4.2.2 Thermodynamic properties of modified duplexes  

To examine how the presence of DNA adduct O
6
-BnG and synthetic nucleoside 

dPer affects duplex stability, we determined by variable temperature UV analysis the 

thermodynamic parameters for the formation of duplex DNA harboring O
6
-BnG, dPer, 

and both these modifications (D1, D2, and D3, respectively). Thermodynamic parameters 

∆H and ∆S were calculated from the intercept and slope from Van’t Hoff plots (Appendix 

3 figure S53). Modified duplexes examined in this study were destabilized, as evidenced 

by Tm reductions of 6.4-12.5 
o
C (Table 2) relative to the unmodified dodecamer duplex. 

The thermodynamic analysis indicates that duplexes D1 and D2, which contain O
6
-BnG 

or dPer paired with canonical bases, were destabilized by 2.7 and 2.9 kcal/mol free 

energy at 25 
o
C, respectively, compared to the duplex containing two O

6
-BnG:Per pairs 

(D3) (Table 4.3). 
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Table 4.3 Thermodynamic parameters for modified duplexes. 

Duplex ∆H (Kcal mol
-1

) ∆S (cal K
-1

 mol
-1

) ∆G298K (Kcal mol
-

1
) 

D1 -76.4 + 0.2 -212 + 4 -13.2 + 0.1 

D2 -73.6 + 0.2 -202 + 3 -13.0 + 0.1 

D3 -93.7 + 0.1 -260 + 6 -15.9 + 0.2 

 

 

4.3 Discussion 

4.3.1 Thermodynamics of duplex formation 

 Greater stability of duplex DNA containing O
6
-BnG:Per relative to those 

containing O
6
-BnG:C and G:Per is a key thermodynamic requirement for hybridization-

based probes, therefore  evaluation of thermodynamic stabilities of duplexes precedes 

studying the molecular level interactions by NMR and crystallography.(87, 134, 135). 

Within the set of modified duplexes examined in this study, D3 (containing O
6
-BnG:Per) 

has an increased ∆G for duplex formation compared to the other modified duplexes D1 

and D2 (avg. ∆∆G 2.8 Kcal/mol). In our previous studies with modified oligonucleotides, 

duplexes containing O
6
-BnG:Per were shown to be more stable than duplexes containing 

base pairs of O
6
-BnG:C or G:Per(54). Thus, in D3, the presence of two O

6
-BnG:Per base 

pairs may explain the increased stability of this duplex compared to D1 and D2, which 

contain two O
6
-BnG:C and G:Per pairs, respectively.  

 

 

4.3.2 Structural information from NMR and X-ray diffraction crystallography 

NMR analysis was performed on modified duplexes containing modified base 

pairs. 2D nuclear Overhauser spectroscopy (2D NOESY) was difficult to carry out for 

analysis of duplex containing O
6
-BnG:Per pairs. Broad cross peaks of the O

6
-BnG adduct 

and Per synthetic base were observed. Because both O
6
-BnG and Per have aromatic 
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hydrogens, chemical shifts were very similar and made the correct peak assignment 

difficult. In order to perform a correct NMR assignment, duplex containing only one 

modified base at the time was used (D2). The NMR analysis of duplex D2 shows that Per 

is located in the major grove of DNA and forms a wobble base pair with the opposite G 

(Figure 4.4), which is supported by a strong cross peak between imino protons of both 

bases in the NOESY spectrum collected in H2O. Figure S54 (Appendix 3) 

 

 
Figure 4.1 Refined structure of dPer opposite G in D2 

  

 In light of ongoing difficulties in interpretation of NMR data, in parallel we 

pursued X-ray crystallography to gain further insight regarding interactions stabilizing 

the O
6
-BnG:Per pair.  Initial efforts yielded viable crystals; however, the resolution was 

low (3.5 Angstrom). Thus, we incorporated brominated nucleoside derivatives to improve 

crystal structure refinement. Dodecamer duplex containing O
6
-BnG:Per and 5-BrdU at 7-
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position, was crystallized and single crystal was grown in the buffer containing BaCl2 

salt. Single wavelength anomalous dispersion (SAD) data was collected. Phasing was 

carried from SAD diffraction data collected using signal from Ba. Model of the 

unmodified DNA was placed in the electron density map generated and we could see that 

it fits well. After initial round of refinement and simulated annealing, based on electron 

density maps, we could then locate where the O
6
-BnG and Per bases are located.   

 

 

Figure 4.2 Electron density map of duplex D4 crystals containing O
6
-BnG:Per. Strand on 

the left contains O
6
-BnG and strand on the right contains Per. 

 

The electron density map shows that there is no Watson-Crick hydrogen bonding 

between O
6
-BnG and Per base (Figure 4.2). Both bases stay in the duplex, and Per is 

intercalated between O
6
-BnG and next base pair, which agree with the UV melting 

temperature findings, which show that incorporation of Per opposite the O
6
-BnG 

stabilizes duplex (Table 4.2). Results from crystal structure agree with the NOESY 

spectrum for O
6
-BnG:Per, collected in H2O, in which imino peak of Per was not observed 
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(Appendix 3 Figure S55). Further refinement of the crystal structure is ongoing. In our 

previous studies to evaluate the modified duplex stability based on Tm observations 

(Chapter II and III), we hypothesized a model for O
6
-BnG:Per involving favorable H-

bonding interactions. The X-ray structure in the current study indicates a different 

interaction, where there is no H-bonding at all. However, sequence context might be 

important in dictating the interaction of O
6
-BnG:Per, so the influence of neighboring base 

pairs and intra-strand stacking interactions needs to be evaluated. Modified duplexes 

containing O
6
-MeG:Per could be used for NMR analysis to eliminate the problem of  

broad aromatic cross peaks and it would lead to a correct assignment.  

 

4.4 Conclusions 

  To gain a detailed understanding of the non-covalent interactions between an O
6
-

BnG adduct and synthetic nucleoside Per, which form a thermo-stable base pair, we have 

prepared modified oligodeoxynucleotides of a specific sequence (Dickerson dodecamer).  

Thermodynamics of duplex formation indicated that presence of O
6
-BnG:Per stabilized 

the modified duplex. Site specific incorporation of halogenated nucleoside enabled 

improved crystal structure refinement. Successful synthesis of oligonucleotides harboring 

multiple modifications affords comparison of structural interactions between synthetic 

nucleotides and DNA adducts or canonical bases by NMR and X-ray diffraction 

crystallography. Initial data from NMR indicate a wobble base pair between G:Per, and 

X-ray crystallography analysis on duplexes containing O
6
-BnG:Per indicates a model 
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where Per is intercalated and H-bonding is absent. Further refinement of crystal structure 

is necessary to have a definitive model for the base pair interaction.   

 

4.5 Experimental Section 

4.5.1 General  

Chemicals and reagents were purchased from Sigma-Aldrich (St Louis, MO, USA 

and Switzerland) and VWR Scientific (Switzerland), unless otherwise specified and used 

without further purification. Reagents for solid-phase DNA synthesis were obtained from 

Glen Research Co. (Sterling, VA, USA) and Link technologies Ltd. (Lanarkshire, 

Scotland). 5’-O-dimethoxytrityl protected phosphoramidites of natural bases were 

purchased from Glen Research Co. (Sterling, VA, USA) and Link technologies Ltd. 

(Lanarkshire, Scotland). 5’-O-dimethoxytrityl protected phosphoramidite of 5-bromo-2'-

deoxyUridine was purchased from Glen Research Co. (Sterling, VA, USA). 2’-

deoxyguanosine was purchased from TCI America (Portland, OR). Moisture-sensitive 

reactions such as 5’-O-dimethoxytrityl protection, and phosphoramidites synthesis were 

carried out in oven-dried glassware under a nitrogen atmosphere. Chromatography was 

carried out with silica gel 60 F254 plates with glass or aluminum backing. Column 

chromatography was performed with Silica Gel (32-63 μm). 
1
H, 

13
C, and 

31
P NMR 

spectra were recorded on Bruker Biospin 400 MHz NMR instrument, and chemical shifts 

are reported in parts per million (ppm, δ) relative to the chemical shift of the respective 

NMR solvent. Coupling constants are reported in hertz (Hz). High resolution mass 

spectra were recorded on Thermo Scientific Exactive mass spectrometer with 

electrospray ionization. Mass spectrometry on oligodeoxynucleotides was carried out 
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with Thermo LTQ Velos mass spectrometer with electrospray ionization or with Agilent 

MSD ion trap mass spectrometer with electrospray ionization. UV absorptions were 

measured using a Cary 100 UV-Vis spectrophotometer equipped with a Peltier thermal 

programmer and Varian WinUV software. Melting temperatures of duplexes were 

obtained using the Cary Thermal software program (version 3.0). 

 

 

4.5.2 Oligonucleotide Synthesis  

Oligonucleotides were synthesized on Mermade 4 DNA synthesizer 

(Bioautomation Corporation) using standard β-cyanoethyl phosphoramidite chemistry. 

Stepwise coupling yields for the synthesized bases were all greater than 85%, as 

determined by the trityl cation absorbance. Cleavage from the controlled pore glass 

(CPG) solid support and final deprotection were achieved by treatment with 30% 

ammonium hydroxide at 55 °C for 16 h. Oligonucleotides were synthesized in trityl-off 

mode on the 5’-end. Crude oligonucleotides were purified by reversed phase HPLC 

(Agilent 1200) on a Luna 5μm C18 (2) 100 Å 250 mm x 10 mm column (Phenomenex). 

The chromatography mobile phases were solvent A: 15 mM aqueous (NH4)2CO3 (pH 7.0) 

and solvent B: acetonitrile. The solvent gradient started with 95% Solvent A, increased 

linearly to 95% solvent B over 20 minutes, and was held at 95% B for another 20 min. 

Fractions corresponding to the oligonucleotide peak were collected, lyophilized, and the 

resulting pure (>95%) oligonucleotides were stored at -20 
o
C. Oligonucleotides 

containing 5-bromo-2’-deoxyuridine were prepared conventionally with the exception 
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that deprotection was carried out in ammonium hydroxide at room temperature for 24 

hours (under these conditions, degradation of the halogen group was less than 2%). All 

modified oligonucleotides were characterized by ESI-mass spectrometry. RP-HPLC and 

ESI-MS profiles of the modified nucleotides are included in the supporting information 

(Appendix 3). 

 

4.5.3 Thermal Denaturation Studies  

Oligonucleotides were dissolved in a buffer solution that contained 0.25 M NaCl, 

0.2mM EDTA, and 20 mM sodium phosphate (pH 7.0). Complementary 

oligodeoxynucleotide solutions were combined in equimolar concentrations to prepare 8 

µM duplex solutions (final concentration). 200 µL aliquots of duplex solutions were 

heated to 80 °C and allowed to slowly cool at a rate of 1 °C/min to 20 °C. The melting 

temperature analyses were carried out in teflon-stoppered 1 cm path length quartz cells 

on a Varian Cary 100 Bio UV-Vis spectrophotometer equipped with thermal 

programmer. UV absorbance was monitored at 260 nm. The data were analyzed to derive 

melting temperatures (Tm) by the first derivative method using the recalculation 

application in the Cary Thermal software application. All measurements were performed 

in triplicate, and the data is presented as the mean ± standard deviation. Thermodynamic 

parameters for duplex formation were determined by Van’t Hoff method from linear plots 

of 1/Tm vs. ln[CT] by measuring Tm as a function of total oligonucleotide 

concentration(120). Thus, Concentration-dependent thermal denaturation experiments 

were carried out at 8.0 μM, 4.0 μM, 2.8 μM, 1.4 μM, and 0.8 μM final duplex 
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concentrations. Error limits for ∆G, ∆H and ∆S derived from fitted parameters were 

calculated by using the previously described equations(136). 

 

4.5.4 Synthesis of modified nucleosides 

O
6
-BndG was synthesized by a previously reported method (118). Synthetic 

nucleosides dPer and O
6
-BndG (Chart 4.1) were converted into the corresponding 5’-O-

dimethoxytrityl-protected phosphoramidites by previously reported procedures and 

incorporated by solid phase synthesis into oligonucleotides (119). 

 

Supporting Information 

RP-HPLC UV traces and ESI-MS spectra for modified oligonucleotides; Melting 

curves from the variable temperature UV analysis; Van’t Hoff plots for duplexes, Imino 

proton regions for modified base pairs from 2D NOESY NMR analysis. See Appendix 3. 
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V. Toward application of modified oligonucleotides as hybridization 

probes for alkylated DNA 

5.1 Introduction 

DNA hybridization is a fundamental process in molecular biology. A critical 

aspect of this process is the specificity of molecular recognition of one strand by the 

other, and single base changes are sufficient to enable discrimination of short 

oligodeoxynucleotides. Thus, hybridization probes are useful in the molecular analysis of 

point mutations in genes(139, 140). However, the stability difference between a perfectly 

matched complement and a complement mismatched at only one base can be quite small, 

corresponding to as little as 0.5 
o
C differences in their respective Tms (duplex melting 

temperatures)(141, 142). Moreover, the longer the target oligonucleotide of interest, the 

smaller is the effect of a single-base mismatch on the overall duplex stability(143). Thus, 

the differential duplex stability of a perfectly matched target versus a mismatch 

constitutes the fundamental limitation of sensitivity of hybridization-based techniques for 

specific recognition of a target strand. This limitation in discrimination has become one 

of the major hurdles in the development and application of hybridization related DNA 

assays e.g. polymerase chain reaction (PCR)(144). 

In this chapter, we propose two potential strategies for hybridization-based 

detection of modified DNAs that are built on principles of molecular beacons or 

nanoparticle strategies that have been established recently for detecting natural DNA 

sequences or single nucleotide polymorphisms (SNPs).  A brief description of each 

strategy is presented. Preliminary results are described regarding the synthesis of 
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modified oligonucleotides needed to test the proposed strategies.  Finally, the discussion 

section presents an outlook on future studies that may be pursued on the basis of these 

preliminary results.    

 

5.1.1 Molecular beacons as fluorescence based hybridization probes 

 A molecular beacon (MB) is a type of fluorescent hybridization probe used for 

specific detection of DNA targets(145). Fluorescence-based methods for DNA analysis 

were earlier dependent on fluorescent dyes that can complex the duplex DNA by means 

of non-covalent forces(146). Then, nucleoside building blocks containing covalently 

linked fluorophores were used(147). Later on, sequence specific complementary binding 

of short synthetic oligonucleotides containing fluorescent tags have been used in DNA 

analysis(148). Today such fluorescent oligonucleotides, called hybridization probes, play 

a very significant role in qualitative and quantitative analysis of SNPs(149). The 

conventional molecular beacon consists of a stable hairpin (stem-loop) oligonucleotide 

carrying a fluorophore at one end (usually 5') and a quencher attached at the other end. In 

the hairpin or closed form the fluorophore is quenched due to its close proximity to the 

quencher. When the fluorophore and quencher are close to each other there is efficient 

fluorescence resonance energy transfer (FRET) between them. In presence of target DNA 

(complementary to the loop of the hairpin), the MB undergoes a conformational 

transformation from closed (hairpin) to open (linear) structure(145). This process is 

associated with an increase in fluorescence. Hence, the presence of the target is 

characterized by a sharp increase in fluorescence intensity.  
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The conventional MB design has been modified to improve its function, resulting 

in a range of modified MBs with varied designs, fluorophores and quenchers(150). The 

functions considered for improvement include eliminating false signals, increasing 

specificity of the MB towards the target and enhanced detection limit. It is reported that 

background fluorescence intensity could be reduced significantly by using super 

quenchers (SQs) in place of normal quenchers(151). An array of three-quencher 

molecules is assembled at molecular level to produce SQs with a quenching efficiency of 

99.7% and the signal-to-background ratio is also enhanced significantly. Several types of 

stem-modified beacons have been reported to address the issues of stability of the stem 

structure, unintended binding with the loop sequence, and unintended hybridization with 

the target(152). It has been shown that the original design constraint of a nucleobase-

paired stem is not compulsory. Such ‘‘stemless beacons’’ possess sufficient signal-to-

noise (S/N) ratio for some in vivo applications(153). Similar to conventional MB, the 

quenching of fluorophore in stemless beacon occurs through FRET. Hence, for better 

activity, the fluorophore and quencher are chosen in such a way that there is maximum 

spectral overlap. Hybrid molecular probe (HMP) is yet another modification of the MB, 

where the oligonucleotides strand containing the fluorophore and the oligonucleotide 

strand containing the quencher are linked by means of synthetic polymers such as 

PEG(154). The false positive signals in nucleic acids monitoring are reported to be 

reduced in case of HMPs. Recently it has been shown that fluorescent hairpin 

oligonucleotides can function as MB even without the attachment of additional quencher 

moiety and such probes can be called quencher-free molecular beacons (QF-MBs)(155). 
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In these molecular beacons, the loop structure is modified in that a single fluorophore is 

incorporated in the loop sequence. The QF-MBs have been be used successfully for 

detection of SNP in oligonucleotides.  

There is a potential for applying the elegance and flexibility of the MB design and 

inherent sensitivity of fluorescence to DNA adduct detection. Therefore, we propose a 

modified molecular beacon design for adduct detection purpose. A synthetic nucleoside 

probe will be incorporated in the loop region of the beacon and the discrimination by the 

molecular beacon between adducted and unmodified targets would be based on the 

differential hybridization of the modified loop region with the target strands. We 

hypothesize that based upon different thermal stabilities of duplexes formed upon target 

binding would produce different fluorescence signal, thus leading to discrimination.  

  

5.1.2 Nanoparticle-based hybridization probes 

Gold nanoparticles have a high affinity for biomolecules and since their 

introduction in 1996(156), oligonucleotide-functionalized Gold (Au) nanoparticles have 

been studied extensively for their utility in diagnostic(157), therapeutic(158), intracellular 

RNA quantification(159), and gene regulation(160), and materials synthesis 

applications(161). Further, nanoparticle-oligonucleotides conjugates are an important 

class of hybridization probes that combine the unique surface properties of Gold (Au) 

nanoparticles (NPs) with the highly specific recognition ability of DNA(156, 162). Over 

the past few years, systems using nanoparticle linked oligodeoxynucleotides for 

hybridization-based recognition and differentiation of oligodeoxynucleotide targets 
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containing single base imperfections have been reported(163-165). A typical 

nanoparticle-based hybridization probe system for DNA detection comprises of Au 

nanoparticles that are modified with alkanethiol-capped oligonucleotides as reporter 

groups. Gold nanoparticles chemically functionalized with alkanethiol-capped 

oligonucleotides are highly stable and bind complementary nucleic acids in a very 

selective and cooperative manner(166). Their equilibrium association constants can be 

more than two orders of magnitude greater than those observed for unmodified 

oligonucleotides and their complements. The sequence specific hybridization with 

intended DNA target results not only in the binding of the oligonucleotide probe to the 

target sequence, but also in the formation of an extended polymeric network (aggregates), 

in which the reporter units are interlocked by multiple, short duplex segments. The signal 

for hybridization is governed by the optical properties of the nanoparticles, which depend 

in part on their spacing within the polymeric aggregate. Nanoparticle aggregates with 

inter-particle distances substantially greater than the average particle diameter appear red, 

but as the inter-particle distances in these aggregates decrease to less than approximately 

the average particle diameter, the color becomes blue. The latter is exactly the case upon 

hybridization of these probes with target DNA, thus leading to a color shift from red to 

blue. This shift is attributed to the surface plasmon resonance of the Au 

nanoparticles.(165) According to the Mie theory, for a spherical nanoparticle much  

smaller than the  wavelength of light, an electromagnetic field at a certain frequency 

induces a resonant, coherent oscillation of the metal free electrons across the 

nanoparticle. This oscillation is known as the surface plasmon resonance(SPR). The 
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surface plasmon oscillation of the metal electrons results in a strong enhancement of 

absorption and scattering of electromagnetic radiation in resonance with the SPR 

frequency of the noble metal nanoparticles, giving them intense colors and interesting 

optical properties. The frequency and cross-section of SPR absorption and scattering is 

dependent on the nanoparticle size and shape, dielectric properties of the surrounding 

medium/substrate and presence of inter-particle interactions.  

It has been shown that nucleic acid targets can be detected by methods based on 

hybridization of oligonucleotide-functionalized gold nanoparticles at attomolar levels, 

thereby affording sensitivity greater than the fluorescence based nucleic acid detection 

techniques(167). Thus, these systems exhibit desirable features including rapid detection, 

a colorimetric response, good selectivity, and little or no required instrumentation(156). 

Further, the observation that the oligodeoxynucleotide with one base insertion or deletion 

can be differentiated from the complementary target upon linking probe oligonucleotides 

to nanoparticles is striking, considering the complete complementarity of the one base 

mismatch target with the two probe sequences and very small Tm differences in duplex 

stabilities(168). Thus, nanoparticle-based hybridization probes offer considerable 

increase in sensitivity over conventional un-conjugated oligonucleotide probes for DNA 

detection. 

Previously, we have synthesized short modified oligonucleotide probes containing 

synthetic nucleosides for specific recognition of O
6
-alkylguanine adduct(54). Evaluation 

of thermal stabilities and thermodynamic parameters have shown that upon hybridization 

of these probes with adducted strands exhibit significantly higher Tm than those for 
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duplexes formed upon hybridization of probes with strands containing unmodified 

guanine, thus demonstrating specificity for damaged DNA(54). However, specificity of 

this approach could be improved in terms of greater sensitivity for adducted DNA at very 

low concentrations and in complex physiological samples. Here, by combining the 

sensitivities and specificities of nanoparticle based and synthetic nucleoside bases 

systems, we describe an approach to increase the discrimination of adducted DNA targets 

in hybridization by means of nanoparticle linked modified oligodeoxynucleotides. We 

report the synthesis of modified oligodeoxynucleotides for use in such Au nanoparticle-

based hybridization probe system. 

 

 

Chart 5.1 Modified nucleosides used in this study. 

 

 

5.2 Results 

5.2.1 Sequence design 

To test detection of oligonucleotide targets containing O
6
-BnG by nanoparticle-

linked oligonucleotide probes, we prepared a set of modified and unmodified 
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oligonucleotides (Table 5.1). O
6
-BnG was placed in the middle of 13mer target 

oligonucleotides OD1 and OD3. Control strands contained G in the middle. Modified 

linker oligonucleotides contained Per in the middle (OD2 and OD4) whereas the 

corresponding control strands contained C. Unmodified 15mer 5'-and 3'-thiol-capped 

oligonucleotides (OD7 and OD8), and a 16mer 5'-thiol capped oligonucleotide strand 

(OD6), were prepared for functionalization of nanoparticles. A 16mer 3'-thiol-capped 

oligonucleotide containing Per (OD5) was also synthesized for functionalization of 

nanoparticles. 

 

Table 5.1 Sequences of modified oligonucleotides used as target and linker strands, and 

thiol-capped oligonucleotides
a
 

ODN Sequence 

OD1 5'-GTG GGT NGA AGC T-3’ 

OD2 5'-AGC TTC PAC CCA C-3' 

OD3 5'-AAT ATT NTA ACA A-3' 

OD4 5'-TTG TTA PAA TAT T-3' 

OD5 5’-PCT TCG A(A)10-SH-3’                      

OD6 5’-HS-(A)10CAC CCA-3’ 

OD7 5’-HS-ATC CTT ATC AAT ATT-3’ 

OD8 5’-TAA CAA TAA TCC CTC-SH-3’ 
a
ODN= oligodeoxynucleotide; N= O

6
-BnG or G; P= Per or C.  

 

5.3 Discussion 

5.3.1 Nanoparticle-based hybridization probes for alkylated DNA 

Modification of the gold nanoparticle surface with oligodeoxynucleotides leads to 

enhanced cooperative binding of the target and, by using chemically modified 

oligonucleotides, offers a means for introducing diverse functional groups (169). There 

are a number of practical considerations to account for incorporating modified 

oligonucleotides onto nanoparticle surfaces, such as difficulty of modified 
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oligonucleotide synthesis, conjugate stability and solubility (170). For example, gold 

nanoparticles functionalized with peptide nucleic acids (PNA) have reduced stability in 

aqueous media, particularly with high salt concentration(171). From DNA damage 

detection standpoint, a method that would make use of gold nanoparticles functionalized 

with oligonucleotides containing an adduct specific synthetic nucleoside can combine the 

sensitivity of fluorescence detection and specificity of modified oligonucleotide probes. 

 

 

Scheme 5.1 Illustrations of nanoparticle based adducted DNA recognition  

 

Our proposed assay design (Scheme 5.1) is not just an extension of the classical 

nanoparticle based hybridization assays for detection of nucleic acids but it represents 

arguably the first attempt to apply the classical assay to alkylated DNA detection. 

Aggregates of oligonucleotide-functionalized Au nanoparticles are formed after addition 

of a linker oligonucleotide containing synthetic nucleoside dPer, sequence of which is 



 

 91 

complementary to the sequence of oligonucleotides on the nanoparticles. Upon addition 

of an O
6
-alkylguanine containing-target oligonucleotide strand that is complementary to 

the linker strand, it is proposed that the greater degree of hybridization between the target 

and linker strands, a duplex will be formed leading to separation of the linker 

oligonucleotide from the functionalized nanoparticle aggregates. The changes in surface 

plasmon resonance of Au nanoparticles upon hybridization and dehybridization would be 

reflected in color changes of the nanoparticle solutions i.e. red-blue-red (Scheme 5.1).  

In an effort to further make this method more sensitive and reduce the steps in the 

assay, we have synthesized 3'-alkanethiol capped oligodeoxynucleotides containing the 

synthetic nucleoside dPer. Direct attachment of this modified oligodeoxynucleotide to 

gold nanoparticles will eliminate the need for a linker to form nanoparticle aggregate 

structures (Scheme 5.2). Importantly, it will make this assay simpler and more sensitive 

by relying upon only single color change monitoring (red-blue). 

 

Scheme 5.2 Simpler assay design for nanoparticle based adducted DNA  
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5.3.2 Molecular beacon probe for alkylated DNA 

A molecular beacon based hybridization probe containing a synthetic nucleoside 

can be used for specific detection of O
6
-alkylguanine adducts in selected target gene 

sequences. The modified molecular beacon would incorporate an adduct specific 

synthetic nucleoside in the loop region and the sequence of this loop region will be 

complementary to the target (Scheme 5.3). Sequence selection would be based on the 

thermal stability data obtained on target:probe duplexes. While maintaining that the stem 

region would harbor the fluorophore and quencher moieties, this modified design would 

provide added specificity to adducted DNA detection, based upon the discrimination by 

synthetic nucleoside between O
6
-alkylguanine adducts and unmodified bases. 

 

Scheme 5.3 Modified molecular beacon probe for alkylated DNA.  

  

5.3.3 Probing nitrosamine genotoxicity through hybridization-based probes  

Alkylation of DNA resulting from nitrosamine exposure is a physiologically 

significant process in carcinogenesis that leads to formation of O
6
-alkylguanine adducts 

that are minority components in DNA(172, 173). These adducts can lead to carcinogenic 

mutations in genes involved in cell cycle regulation(174, 175). The tumor repressor gene 

p53 is known to be a major target of nitrosamine induced DNA adduct formation and 
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related carcinogenic mutations(32, 34, 35). Interestingly, the mutations in the p53 tumor 

suppressor gene are not distributed randomly, but rather accumulate within exons 5-8 and 

correlate with nitrosamine induced tumors(176). Therefore specific hot spot p53 gene 

sequences in this region can be selected as targets to probe alkylation by using 

hybridization probs. Hybridization probes based on nanoparticles-oligonucleotide 

conjugates and molecular beacons can be used to target O
6
-alkylation in p53 in vitro and 

then can be translated to established animal models for nitrosamine genotoxicity. 

Amplification techniques such as PCR can be used further for understanding monitoring 

O
6
-alkylation adducts, their repair, and mutagenic consequences in cancer related genes 

and animal models. 

 

5.4 Conclusions 

 Nanoparticle-oligonucleotide conjugates and molecular beacons are established 

hybridization probes for sensitive nucleic acid detection. We have reported the synthesis 

of modified oligodeoxynucleotides containing DNA adduct O
6
-BnG and synthetic 

nucleoside dPer. These oligodeoxynucleotides would be used in a sensitive hybridization-

based assay for detection of adducted DNA targets by making use of oligonucleotide-

functionalized gold nanoparticles. The color changes associated with hybridization and 

dehybridization of oligonucleotide-functionalized gold nanoparticles with target adducted 

DNA would serve as a direct indicator of target recognition by probe 

oligodeoxynucleotides. To improve the sensitivity of this assay and to make the assay 

design simpler, we have successfully synthesized and characterized 3'-thiol capped 
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oligodeoxynucleotides containing the synthetic nucleoside dPer, for direct 

functionalization on the gold nanoparticles. To probe nitrosamine induced genotoxicity in 

the form of O
6
-alkylguanine adducts, assays based on nanoparticle-oligonucleotide 

conjugates and modified molecular beacons could be formulated. 

 

5.5 Experimental Section 

5.5.1 General 

Unless otherwise specified, chemicals and reagents were purchased from Sigma-

Aldrich (St Louis, MO, USA and Switzerland) and VWR Scientific (Switzerland), and 

used without further purification. Reagents for solid-phase DNA synthesis were obtained 

from Glen Research Co. (Sterling, VA, USA) and Link technologies Ltd. (Lanarkshire, 

Scotland). 5’-O-dimethoxytrityl protected phosphoramidites of natural bases were 

purchased from Glen Research Co. (Sterling, VA, USA) and Link technologies Ltd. 

(Lanarkshire, Scotland). Thiol-Modifier C3 S-S CPG columns and 5'-Thiol-Modifier C6-

phosphoramidite reagent were purchased from Glen Research Co. (Sterling, VA, USA). 

2’-deoxyguanosine was purchased from TCI America (Portland, OR). Moisture-sensitive 

reactions such as 5’-O-dimethoxytrityl protection, and phosphoramidites synthesis were 

carried out in oven-dried glassware under a nitrogen atmosphere. Chromatography was 

carried out with silica gel 60 F254 plates with glass or aluminum backing. Column 

chromatography was performed with Silica Gel (32-63 μm). 
1
H, 

13
C, and 

31
P NMR 

spectra were recorded on Bruker Biospin 400 MHz NMR instrument. High resolution 

mass spectra were recorded on Thermo Scientific Exactive mass spectrometer with 
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electrospray ionization. High performance liquid chromatography (HPLC) was 

performed using Agilent 1200 HPLC instrument equipped with Agilent 1200 series 

fraction collector. Mass spectrometry on oligodeoxynucleotides was carried out with 

Thermo LTQ Velos mass spectrometer with electrospray ionization or with Agilent MSD 

ion trap mass spectrometer with electrospray ionization. UV absorptions were measured 

using a Cary 100 UV-Vis spectrophotometer. 

 

5.5.2 Synthesis of modified nucleosides 

O
6
-BndG was synthesized by previously reported method(118). Synthetic nucleosides 

dPer and O
6
-BndG (Chart 5.1) were converted into the corresponding 5’-O-

dimethoxytrityl- protected phosphoramidites by previously reported procedures and 

incorporated by solid phase synthesis into oligonucleotides of different sequences(119) 

(Table 1). 

 

5.5.3 Oligonucleotide Synthesis  

Oligonucleotides were synthesized on Mermade 4 DNA synthesizer 

(Bioautomation Corporation) using standard β-cyanoethyl phosphoramidite chemistry. 

Stepwise coupling yields for the synthesized bases were all greater than 85%, as 

determined by the trityl cation absorbance. Cleavage from the controlled pore glass 

(CPG) solid support and final deprotection were achieved by treatment with 30% 

ammonium hydroxide at 55 °C for 16h. Oligonucleotides were synthesized in trityl-off 

mode on the 5’-end. Crude oligonucleotides were purified by reversed phase HPLC 
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(Agilent 1200) on a Luna 5μm C18 (2) 100 Å 250 mm x 10 mm column (Phenomenex), 

unless specified otherwise. The chromatography mobile phases were solvent A: 15 mM 

aqueous (NH4)2CO3 (pH 7.0) and solvent B: acetonitrile. The solvent gradient started 

with 95% Solvent A, increased linearly to 95% solvent B over 20 minutes, and was held 

at 95% B for another 20 min. Fractions corresponding to the oligodeoxynucleotide peak 

were collected, lyophilized, and the resulting pure (>95%) oligodeoxynucleotides were 

stored at -20 
o
C. 

 

 

5.5.4 Synthesis, purification and characterization of 3'-alkanethiol modified 

oligodeoxynucleotide 

The 3'-alkanethiol 17-mer oligodeoxynucleotide (OD5) was synthesized on a 1 

µmol scale using standard phosphoramidite chemistry with a Thiol-Modifier C3 S-S CPG 

solid support. The final dimethoxytrityl (DMT) protecting group was removed. After 

synthesis, the supported oligonucleotide was placed in 1 mL of concentrated ammonium 

hydroxide for 16 h at 55 °C to cleave the oligonucleotide from the solid support and 

remove the protecting groups from the bases. Cleavage from the solid support via the 

succinyl ester linkage produced a mixed disulfide composed of the (mercaptopropyl)-

oligonucleotide and a mercaptopropanol linker. After evaporation of the ammonia, the 

modified oligodeoxynucleotide was purified by semi-preparative reverse-phase HPLC 

using a Phenomenex Luna RP column (5μm C18 (2) 100 Å 250 mm x 10 mm). The 

chromatography mobile phases were solvent A: 0.03 M triethylammonium acetate 
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(TEAA), pH 7.0 and solvent B: Acetonitrile. The solvent gradient started with 95% 

Solvent A, increased linearly to 65% solvent B over 30 minutes, and was held at 65% B 

for another 5 min. The gradient was then increased to 95% solvent B in 5 minutes and 

held there for another 5 minutes. The UV signal was monitored at 254 nm. The retention 

time of the modified 17-mer oligodeoxynucleotide was 25 min. The fractions were 

collected and lyophilized. After evaporation of the solvent by lyophilization, the 

oligodeoxynucleotide was redispersed in 400 µL of a 0.1 M DTT, 0.17 M phosphate 

buffer (pH 8) solution at room temperature (25 
o
C) for 2 h to cleave the 3'-mixed 

disulfide. Purity of the product was assessed by injecting 100 µL aliquots to perform 

semi-preparative reverse-phase HPLC as described above. Two major peaks with 

retention times (Rt) of 20.8 and 24.4 min were observed. The fractions were collected, 

lyophilized, and characterized by ESI-mass spectrometry using negative mode ionization 

by direct infusion (Figure 3). The single peak at 24.4 min has been attributed to the 3'-

alkanethiol 17-mer oligodeoxynucleotide. The second peak at 20.8 min has been 

attributed to a disulfide formed from two (mercaptopropyl) oligodeoxynucleotides. 

 

5.5.5 Synthesis, purification and characterization of 5'-alkanethiol modified 

oligodeoxynucleotide 

The 5'-alkanethiol 16-mer oligodeoxynucleotide (OD6) was synthesized on a 1 µmol 

scale using standard phosphoramidite chemistry. The final trityl group was not removed. 

After synthesis, the trityl-oligodeoxynucleotide derivative was cleaved from the solid 

support and protecting groups on the bases were removed by treating with 1 mL of 
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concentrated ammonium hydroxide for 16 h at 55 °C. After evaporation of the ammonia, 

the trityl protecting group was cleaved by adding 150 µL of a 50 mM AgNO3 solution to 

the dry oligodeoxynucleotide sample and letting it stand for 30 min, which resulted in a 

milky white suspension. The excess silver nitrate was removed by adding 200 µL of a 10 

mg/mL solution of DTT and letting it stand for 5 minutes. The reaction immediately 

formed a yellow precipitate that was removed by centrifugation (10000rpm for 1 minute). 

The supernatant was removed and the precipitate was washed with 200 µL of 0.1M 

TEAA. Upon centrifugation, this wash solution and supernatant were combined. The 

final purity of the resulting 5'-(alkanethiol) oligodeoxynucleotide was assessed using the 

same RP-HPLC purification as described above for 3'-(alkanethiol) 

oligodeoxynucleotide. Two major peaks were observed by RP-HPLC with retention 

times of 20.8 min and 23.7 min. The fractions were collected, lyophilized, and 

characterized by ESI-mass spectrometry using negative mode ionization by direct 

infusion (Figure 3). The peak at 20.8 min corresponds to the 5'-alkanethiol modified 

deoxyoligonucleotide. To avoid oxidative dimerization to the disulfide the 

oligonucleotide was stored at -20 
o
C. 

 

Supporting Information 

RP-HPLC UV traces and ESI-MS spectra for modified oligonucleotides 

(Appendix 4). 
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VI. Modified oligodeoxynucleotides as structural probes for human 

APOBEC3G protein 

 

6.1 Introduction 

The ability to incorporate modified bases in oligonucleotides has advanced 

research in a variety of scientific areas including carcinogenesis studies(177, 178), SNP 

detection techniques(179), investigation of gene expression(180), and characterization of 

protein-DNA interaction(181). Studies presented in Chapters 1-5 involved the synthesis 

of short oligonucleotides containing specifically incorporated modifications such as DNA 

adducts and synthetic nucleosides(54), however, scientific aims were oriented toward the 

study of DNA adducts important in understanding carcinogenesis. In this chapter is 

presented data concerning the synthesis of modified oligonucleotides for application as 

structural probes in elucidating the structure of the DNA deaminase domain of the HIV-1 

restriction enzyme APOBEC3G. 

APOBEC3 (A3) is member of a family of apolipoprotein B mRNA-editing 

enzyme catalytic polypeptide-like deaminase (APOBEC) genes, together with those that 

encode APOBEC1 (A1), APOBEC2 (A2), APOBEC4 (A4), and APOBEC3A-H (A3A-

H)(182). Human apolipoprotein B messenger-RNA editing enzyme, catalytic 

polypeptide-like 3G (APOBEC3G) is a single strand DNA deaminase that inhibits the 

replication of human immunodeficiency virus-1 (HIV-1) and other retroviruses(183, 

184). APOBEC3G anti-viral activity is inhibited by most retroviral elements, such as 

through degradation by HIV-1 virus infectivity factor (Vif7)(185). APOBEC3G is a 

member of a family of polynucleotide cytosine deaminases, several of which also target 
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distinct physiological substrates. Although structures of other family members exist, none 

of these proteins has elicited polynucleotide cytosine deaminase or anti-viral activity(186, 

187). Previous reports on the solution structure of the human APOBEC3G catalytic 

domain show five α-helices, including two that form the zinc-coordinating active site, 

arranged over a hydrophobic platform consisting of five β-strands(188, 189). 

Experimental data such as NMR DNA titration, computational modeling, and Escherichia 

coli-based activity assays suggest a DNA binding model in which a cluster of positively 

charged residues positions the target cytosine for catalysis(189). Detailed information 

regarding the structure of the APOBEC3G catalytic domain will help us to understand 

functions of other family members and interactions that occur with pathogenic proteins 

such as HIV-1 Vif. 

 

Figure 6.1 NMR structure of catalytic domain of APOBEC3G(189). 

 The proposed strategy will use disulfide cross linking to link ssDNA with enzyme 

for elucidation of cytidine deaminase domain of APOBEC3G. Information about the 
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molecular contacts between ssDNA and enzyme from cross linking would offer a 

rationale for substrate specificity of this enzyme for ssDNA over RNA. Earlier, 

transition-state analogs of cytidine deaminase inhibitors (CDA) tetrahydrouridines 

(THUs), dihydrouridines (DHUs) were used to probe the deaminase domain but due to 

poor stability of these analogs, this strategy was not successful(190). As an alternative 

strategy, there are a number of examples of how chemical cross-linking has been used to 

probe the structure and function of proteins(191-193). Single stranded DNA or double 

stranded DNA is cross-linked with DNA using disulfide modified cytosine, or thiol-

tethered cytosine(194). This method is an equilibrium process that relies on protein-DNA 

interactions, and would enable us to trap and isolate homogeneous APOBEC3G-DNA 

complexes for structural characterization (195).  

We have synthesized and purified variants of single-stranded DNA with a thiol-

tethered cytosine (C*) was synthesized. A two-carbon thiol tether, protected with 2-

aminoethanethiol mixed disulfide, was introduced into C* by a convertible nucleoside 

methodology(196). Mutation of one of the amino acids in the deaminase domain to a 

Cystine, would allow a disulfide cross-link between this engineered Cys residue and 

thiol-tethered cytosine of DNA. In this chapter is presented data supporting the synthesis 

and characterization of modified oligonucleotides containing a thiol-tethered cytosine as 

cross linking probes to study the structure of the catalytic domain cysteine of 

APOBEC3G. 
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Table 6.1 Sequenced of synthesized oligonucleotides in this study
a
. 

ODN Sequence 

OD1 5'-AAA GGG AGA CCC* AAA GAG GA-3' 

OD2 5'-ATT C*CC AAT T-3' 

OD3 5'-C*CC A-3' 

a
ODN: Oligodeoxynucleotide; C*= thol-tethered dC. 

 

 

6.2 Results 

6.2.1 Synthesis of modified oligodeoxynucleotides with a thiol-tethered cytosine  

We introduced a 2-aminoethanethiol mixed disulfide on cytosine by convertible 

nucleoside methodology (Scheme 6.1). Incorporation of the convertible nucleoside N
4
-

triazolyl-dU in oligodeoxynucleotides was achieved by standard phosphoramidite 

chemistry and treatment of these oligonucleotides with cystamine hydrochloride solution 

lead to modified oligonucleotides containing the desired thiol-tethered cytosine (C*). We 

prepared modified oligonucleotides of lengths varying from 4-20 bases (Table 1). Crude 

modified oligonucleotides were desalted and purified with RP-HPLC. 
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Scheme 6.1 Convertible nucleoside strategy: Conversion of N
4
-triazolyl-dU to thiol-

tethered-dC
a
 

 

a
1= oligo containing N

4
-triazolyl-dU; 2= oligo containing thiol-tethered dC; curvy lines 

represent ssDNA. 

 

 

6.3 Discussion 

Introduction of disulfide cross-links into protein-DNA interface makes use of a 

combination of site specific protein modification and site specific oligonucleotide 

modification(192). The resulting disulfide cross-linked complexes have proven to be 

useful in structure determination by X-ray diffraction crystallography and NMR 

spectroscopy, whereas the corresponding non-covalent complexes had proven to be 

difficult in structure determination by standard methods(197, 198). In a typical disulfide 

cross-linking, a Cysteine residue is introduced by site-directed mutagenesis into the 

DNA-binding surface of a protein, and usually an alkanethiol tether is incorporated at a 

nearby site in the protein-binding surface of the DNA through synthetic chemistry(195). 

Application of this technology requires knowledge about contact points in the protein and 
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DNA. Several convenient methods are employed to introduce the thiol tether 

functionality at various positions in DNA(195). We have made use of the convertible 

nucleoside N
4
-triazolyl-dU. Convertible nucleosides permit attachment of thiol tethers to 

the exocyclic amines of A, C, and G (N
6
-thioalkyl-A, N

4
-thioalkyl-C, and N

2
-thioalkyl-G, 

respectively)(191, 199, 200). All three of these modifications maintain Watson-Crick 

hydrogen bonding and have a negligible effect on the structure of DNA. There are several 

advantages of performing protein-DNA cross-linking through disulfide linkages(193). 

Although disulfide bonds are thermodynamically stable, they are labile toward exchange 

in the presence of a free thiol at pH 8 and above. Therefore, disulfide bond formation can 

be carried out under conditions of thiol/disulfide equilibration, so as to avoid the 

formation of strained cross-links and prevent adventitious oxidation of the protein. 

Further, the cross-linked product can usually be obtained in yields greater than 80%, and 

the product can be readily separated from unreacted DNA and protein by anion-exchange 

chromatography. 

 
 

 

Figure 6.2 Strategy for cross-linking of thiol-tethered oligo with active site cysteine of 

APOBEC3G. C*= thiol-tethered dC. Curvy lines represent ssDNA. 
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We have applied this advantageous disulfide cross-linking methodology (Figure 

6.1) to study the structure of the active site of human APOBEC3G enzyme 

(apolipoprotein B messenger-RNA editing enzyme, catalytic polypeptide-like 3G). 

Successful synthesis, purification of oligodeoxynucleotides containing a thiol tethered 

cytosine (C*) and further cross-linking with APOBEC3G to explore the active site of this 

enzyme would be helpful in rationalizing specificity of APOBEC3G and related family 

members for single-strand DNA (ssDNA). We have synthesized modified 

oligonucleotides, in which the sequence contains the APOBEC3G deamination hotspot 

5'-CCCA-3'. Inclusion of this sequence motif would be a direct indicator of protein-DNA 

interaction by means of NMR chemical shift perturbations upon deamination. In our 

initial attempts to cross link ssDNA (20mer) with the enzyme, Cystine residues bound to 

Zinc in the deaminase domain were thought to react with and tethered-cytosine, and gave 

rise to non-specific cross linking.  Therefore, shorter ssDNA (10mer and 4mer) were 

prepared to ensure the specific binding of active site Cystine residues to the tethered-

cytosine.  

 

6.4 Conclusions 

 We have successfully synthesized and characterized a set of modified 

oligonucleotides varying in lengths (4mer to 20mer), and sequences containing a thiol 

tethered cytosine. We have used the convertible nucleoside method(198) to prepare thiol-

tethered oligonucleotides. Future studies will entail applications of these modified 
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oligonucleotides for structural characterization of the active site of the APOBEC3G 

protein by chemical cross-linking. 

 

 

6.5 Experimental Section 

6.5.1 General 

Unless otherwise specified, chemicals and reagents were purchased from Sigma-

Aldrich (St Louis, MO, USA and Switzerland) and VWR Scientific (Switzerland), and 

used without further purification. Reagents for solid-phase DNA synthesis were obtained 

from Glen Research Co. (Sterling, VA, USA) and Link technologies Ltd. (Lanarkshire, 

Scotland). 5’-O-dimethoxytrityl protected phosphoramidites of natural bases were 

purchased from Glen Research Co. (Sterling, VA, USA) and Link technologies Ltd. 

(Lanarkshire, Scotland). 5’-O-dimethoxytrityl protected phosphoramidites of N
4
-

Triazolyl-deoxyuridine was purchased from Glen Research Co. (Sterling, VA, USA). 

Desalting of synthesized oligodeoxynucleotides was done using Illustra NAP-10 columns 

from GE healthcare UK Ltd. (Buckinghamshire, UK). High performance liquid 

chromatography (HPLC) was performed using Agilent 1100 series HPLC instrument or 

using Agilent 1200 series HPLC instrument equipped with a Agilent 1200 series fraction 

collector. Mass spectrometry on oligodeoxynucleotides was carried out with Thermo 

LTQ Velos mass spectrometer with electrospray ionization or with Agilent MSD ion trap 

mass spectrometer with electrospray ionization. UV absorptions were measured using a 

Cary 100 UV-Vis spectrophotometer. 
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6.5.2 Oligodeoxynucleotide Synthesis 

Oligodeoxynucleotides were synthesized on Mermade 4 DNA synthesizer 

(Bioautomation Corporation) or on Applied Biosystems ABI 394 DNA synthesizer, using 

standard β-cyanoethyl phosphoramidite chemistry. Synthesis was done on 1µmole scale. 

Stepwise coupling yields for the synthesized bases were all greater than 85%, as 

determined by the trityl cation absorbance. Oligodeoxynucleotides were synthesized in 

trityl-off mode on the 5’-end. Cleavage of oligodeoxynucleotides containing N
4
-triazolyl-

dU from the controlled pore glass (CPG) solid support and final deprotection were 

achieved with 180uL of 50% cystamine in water. Normally the deprotection was done at 

room temperature (25 
o
C) for 18-20h or at 37 

o
C for 16h. Crude oligodeoxynucleotides 

were purified by reversed phase HPLC (Agilent 1200) on a Luna 5μm C18 (2) 100 Å 250 

mm x 10 mm column (Phenomenex) or on a Jupiter 4µm Proteo C12 90 Å 250mm x 10 

mm column (Phenomenex). The chromatography mobile phases were solvent A: 50 mM 

aqueous (NH4)2CO3 (pH 7.0) and solvent B: 50% acetonitrile in water. For purification 

with Phenomenex Luna column, the solvent gradient started with 90% solvent A, 

increased linearly to 50% solvent B over 25 minutes, and was held at 50% B for another 

5 min. Then the solvent gradient was increased to 90% solvent B over 15 minutes and 

was held there for another 5 minutes. For purification with Phenomenex Jupiter column, 

the solvent gradient started with 95% solvent A, increased linearly to 30% solvent B over 

15 minutes and held there for 2 minutes. Then the solvent gradient was increased to 50% 

solvent B in 3 minutes and held there for 2 minutes. Fractions corresponding to the 

oligodeoxynucleotide peak were collected and desalted to remove cystamine. The 
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desalted oligodeoxynucleotide solutions were lyophilized and the resulting pure (>95%) 

oligodeoxynucleotides were stored at -20 
o
C. 

 

Supporting Information 

RP-HPLC UV traces and ESI-MS spectra for modified oligonucleotides 

(Appendix 5) 
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VII. Summary and Conclusions 

Despite their low abundance and potential elimination by enzymatic repair, O
6
-

alkylguanine DNA adducts can cause mutation and cancer. Synthetically derived 

hybridization probes for this class of adducts can provide chemical perspective to test the 

formation and consequences of these adducts in cancer related genes. In this report, we 

have evaluated the differential base pair interactions between adducted DNA and 

oligonucleotide probes containing synthetic nucleosides. We have tested the influence of 

base structure and sequence context on the stabilities of modified duplexes containing 

adducted DNA and synthetic nucleosides, using thermodynamic analysis of duplex 

formation by measuring melting temperatures (Tm).  

Studies with the Perimidinone-derived synthetic nucleoside (dPer) are the first to 

examine alkylation-induced DNA adducts with a synthetic nucleoside-based strategy. 

Modified DNA duplexes containing Per paired with O
6
-alkylguanine adducts are more 

stable than duplexes containing the same adducts paired with canonical bases. These data 

suggest that common H-bonding interactions for O
6
-MeG or O

6
-BnG may dictate the O

6
-

alkylguanine:Per base pair stability. The results provide important insight into the 

influences of adduct structure and DNA sequence on the stability of base pairs comprised 

of synthetic nucleoside and canonical vs. alkylated bases in DNA duplexes.  

Synthetic nucleosides Benzi and BIM, with similar size and hydrophobicity, but 

differing in hydrogen bonding capacities, were tested against O
6
-alkylguanine adducts or 

canonical bases. These synthetic nucleosides exhibited similar base pairing preferences 

for O
6
-MeG or O

6
-BnG based on thermal stability data. Thermal stabilities for duplexes 
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containing Benzi were more stable than those containing BIM among the tested 

combinations. These observations indicated that hydrogen bonding capacity of synthetic 

nucleosides was a major contributing factor and steric properties of O
6
-alkylguanine 

adducts did not influence the modified duplex stability. Tested duplex modifications did 

not appear to perturb global secondary structure. Data from this study indicate that 

diminished hydrogen bonding capacity of synthetic nucleoside (BIM) led to decreased 

modified duplex stability. The carbonyl oxygen on the synthetic nucleoside seems to be a 

requirement for favorable H-bonding with O
6
-alkylguanine adduct.  

To gain a detailed understanding of the non-covalent interactions between O
6
-

BnG and Per, which form a thermo-stable base pair, we have prepared modified 

oligonucleotides. Thermodynamics of duplex formation indicated that presence of O
6
-

BnG:Per stabilized the modified duplex. Site specific incorporation of halogenated 

nucleoside enabled improved crystal structure refinement. Successful synthesis of 

oligonucleotides harboring multiple modifications affords comparison of structural 

interactions between synthetic nucleotides and DNA adducts or canonical bases by NMR 

and X-ray diffraction crystallography  

We synthesized modified oligodeoxynucleotides containing DNA adduct O
6
-BnG 

and synthetic nucleoside dPer to be used in a sensitive hybridization-based assay for 

detection of adducted DNA targets by making use of oligonucleotide-functionalized gold 

nanoparticles. We successfully synthesized and characterized 3'-thiol capped 

oligodeoxynucleotides containing the synthetic nucleoside dPer, for direct 

functionalization on the gold nanoparticles. To probe nitrosamine induced genotoxicity in 
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the form of O
6
-alkylguanine adducts, assays based on nanoparticle-oligonucleotide 

conjugates and modified molecular beacons would be formulated. 

We used the convertible nucleoside method to prepare thiol-tethered 

oligonucleotides. These oligonucleotides are to be used as structural probes of the active 

site of the APOBEC3G protein through chemical cross-linking. 

Overall, these data provide a detailed understanding of contribution of relevant 

molecular interactions and sequence properties to modified duplex stability, which may 

impact further development and application of synthetic nucleosides as tools for 

elucidating how alkylation disrupts DNA structure and biochemical processes. The 

current work demonstrates that successful synthesis of modified oligonucleotides 

containing synthetic nucleosides and adducts is key to analysis of chemical interactions 

between the modified bases, and application of synthetic nucleoside probes. The 

proposed application of synthetic nucleosides in nanoparticle and molecular beacon-

based adduct detection assays would form a basis for hybridization-based monitoring of 

nitrosamine genotoxicity. 
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IX. Appendix: Supporting Information 

Appendix 1. Chapter II supporting information 

 

 

 

Figure S1 
1
H NMR spectrum of dPer 
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Figure S2 
1
H NMR spectrum of O

6
-BndG 
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Figure S3 Reversed-phase HPLC chromatogram (Phenomenex Luna 5μm C18 (2) 100 Å 

250 mm x 4.60 mm column) of D1 probe strand 5’-CCG PTA TAC CAA CGA-3’; P= 

Per 

 

Figure S4 Reversed-phase HPLC chromatogram (Phenomenex Luna 5μm C18 (2) 100 Å 

250 mm x 4.60 mm column) of D1adducted strand 5’-TCG TTG GTA TAX CGG-3’; X= 

O
6
-BnG 
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Figure S5 Reversed-phase HPLC chromatogram (Phenomenex Luna 5μm C18 (2) 100 Å 

250 mm x 4.60 mm column) of D3 adducted strand 5’-GTN GGT GGA AGC T-3’; N= 

O
6
-BnG 

 

Figure S6 Reversed-phase HPLC profile (Phenomenex Luna 5μm C18 (2) 100 Å 250 

mm x 4.60 mm column) of D3 probe strand 5’-AGC TTC CAC CPA C-3’; P= Per 
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Figure S7 ESI-MS spectra of modified oligonucleotides used in sequence context 

studies. P= Per 

 

 

5’-AGP TTC CAC CCA C-3’ 

5’-AGC TTC PAC CCA C-3’ 

5’-AGC TTC CAC CPA C-3’ 

5’-CCG PTA TAC CAA CGA-3’ 
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Figure S8 ESI-MS spectra of modified oligonucleotides. N= O
6
-BnG 

 

 

 

 

 

5’-GTG GGT NGA AGC T-3’ 

5’-GTG GGT GGA ANC T-3’ 

5’-GTG GGT NGA AGC T-3’ 

5’-TCG TTG GTA TAX CGG-3’ 
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Oligonucleotide Sequence
a
  Mol. Wt.  

(Calculated) 

Mol. Wt.  

(Observed) 

5’-TTGTCGGTATANCGG-

3’ 

4727.9 4724.8 

5’-GTNGGTGGAAGCT-3’ 4159.6 4156.4 

5’-GTGGGTNGAAGCT-3’ 4159.6 4156.4 

5’-GTGGGTGGAANCT-3’ 4159.6 4156.4 

5’-TCGAAGGTGGNGG-3’ 4159.6 4156.4 

5’- GTNGGTGGATGGG -3’ 4215.6 4212.8 

5’- GTGGGTNGATGGG -3’ 4215.6 4212.8 

5’- GTGGGTGGATNGG -3’ 4215.6 4212.8 
a
N= O

6
-BnG 

 

 

 

Oligonucleotide Sequence
a
  Mol. Wt.  

(Calculated) 

Mol. Wt.  

(Observed) 

5’-CCGPTATACCGACAA-

3’ 

4577.9 4575.2 

5’-AGCTTCCACCPAC-3’ 3911.5 3909.0 

5’- AGCTTCPACCCAC -3’ 3911.5 3909.0 

5’- AGPTTCCACCCAC -3’ 3911.5 3909.0 

5’-CAPCCACCTTCGA-3’ 3911.5 3909.0 

5’- CCCATCCACCPAC -3’ 3856.4 3854.3 

5’- CCCATCPACCCAC -3’ 3856.4 3854.3 

5’- CCPATCCACCCAC -3’ 3856.4 3854.3 
a
P= Per 
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Figure S9 Melting curves obtained from variable temperature UV analysis of 8 µM 

oligonucleotide duplex D1 (260 nm, 0.25 M NaCl, 0.2mM EDTA, 20 mM sodium 

phosphate, pH 7.0). X:P (a) G:C; (b) O
6
-BnG:C; (c) G:Per; (d) O

6
-BnG:Per 

 

 

Figure S10 Melting curves obtained from variable temperature UV analysis of 8 µM 

oligonucleotide duplex D1 (260 nm, 0.25 M NaCl, 0.2mM EDTA, 20 mM sodium 

phosphate, pH 7.0). X:P (a) G:C; (b) O
6
-MeG:C; (c) G:Per; (d) O

6
-MeG:Per 

(a) (b) 

(c) 
(d) 

(a) (b) 

(c) (d) 
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Figure S11 Melting curves obtained from variable temperature UV analysis of 8 µM 

oligonucleotide duplex D1 (260 nm, 0.25 M NaCl, 0.2mM EDTA, 20 mM sodium 

phosphate, pH 7.0). X:P (a) G:C; (b) THF:C; (c) G:Per; (d) THF:Per 

 

 

Figure S12 Melting curves obtained from variable temperature UV analysis of 8 µM 

oligonucleotide duplex D2 (260 nm, 0.25 M NaCl, 0.2mM EDTA, 20 mM sodium 

phosphate, pH 7.0). N:P (a) G:C; (b) O
6
-BnG:C; (c) G:Per; (d) O

6
-BnG:Per 

 

(d) (c) 

(a) (b) 

(a) (b) 

(c) (d) 
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Figure S13 Melting curves obtained from variable temperature UV analysis of 8 µM 

oligonucleotide duplex D3 (260 nm, 0.25 M NaCl, 0.2mM EDTA, 20 mM sodium 

phosphate, pH 7.0). N:P (a) G:C; (b) O
6
-BnG:C; (c) G:Per; (d) O

6
-BnG:Per 

 

Figure S14 Melting curves obtained from variable temperature UV analysis of 8 µM 

oligonucleotide duplex D4 (260 nm, 0.25 M NaCl, 0.2mM EDTA, 20 mM sodium 

phosphate, pH 7.0). N:P (a) G:C; (b) O
6
-BnG:C; (c) G:Per; (d) O

6
-BnG:Per 

 

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 
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Figure S15 Melting curves obtained from variable temperature UV analysis of 8 µM 

oligonucleotide duplex D5 (260 nm, 0.25 M NaCl, 0.2mM EDTA, 20 mM sodium 

phosphate, pH 7.0). N:P (a) G:C; (b) O
6
-BnG:C; (c) G:Per; (d) O

6
-BnG:Per 

 

 

Figure S16 Melting curves obtained from variable temperature UV analysis of 8 µM 

oligonucleotide duplex D6 (260 nm, 0.25 M NaCl, 0.2mM EDTA, 20 mM sodium 

phosphate, pH 7.0). N:P (a) G:C; (b) O
6
-BnG:C; (c) G:Per; (d) O

6
-BnG:Per 

 

 

 

(c) (d) 

(a) (b) 

(a) (b) 

(c) (d) 



 

 144 

 

Figure S17 Melting curves obtained from variable temperature UV analysis of 8 µM 

oligonucleotide duplex D7 (260 nm, 0.25 M NaCl, 0.2mM EDTA, 20 mM sodium 

phosphate, pH 7.0). N:P (a) G:C; (b) O
6
-BnG:C; (c) G:Per; (d) O

6
-BnG:Per 

 

 

Figure S18 Melting curves obtained from variable temperature UV analysis of 8 µM 

oligonucleotide duplex D8 (260 nm, 0.25 M NaCl, 0.2mM EDTA, 20 mM sodium 

phosphate, pH 7.0). N:P (a) G:C; (b) O
6
-BnG:C; (c) G:Per; (d) O

6
-BnG:Per 

 

(c) 

(a) 

(d) 

(b) 

(a) 

(c) 

(b) 

(d) 
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Figure S19 Competitive hybridization experiment. Melting curves obtained from 

variable temperature UV analysis of 8 µM oligonucleotide duplex D1. X=G or A, P=C. 

(260 nm, 0.25 M NaCl, 0.2mM EDTA, 20 mM sodium phosphate, pH 7.0). Fractions of 

G-containing oligo strands in the target mixture: (a) 0.1 (b) 0.25 (c) 0.5 (d) 1 

 

Figure S20 Competitive hybridization experiment. Melting curves obtained from 

variable temperature UV analysis of 8 µM oligonucleotide duplex D1. X= O
6
-BnG or G, 

P=Per. (260 nm, 0.25 M NaCl, 0.2mM EDTA, 20 mM sodium phosphate, pH 7.0). 

Fractions of O
6
-BnG-containing oligo strands in the target mixture: (a) 0.1 (b) 0.25 (c) 

0.5 (d) 1 

 

(a) 
(b) 

(c) (d) 

(a) (b) 

(c) (d) 
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Figure S21 Hybridization threshold experiment. Melting curves obtained from variable 

temperature UV analysis of 8 µM oligonucleotide duplex D1 (260 nm, 0.25 M NaCl, 

0.2mM EDTA, 20 mM sodium phosphate, pH 7.0). Concentrations of O
6
-BnG-

containing oligo strands: (a) 0.8µM (b) 2µM (c) 4µM (d) 8µM. 

 

 

 

 

 

 

 

 

(a) 

(c) 

(b) 

(d) 
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Figure S22 Thermodynamic analysis via Van´t Hoff plots of 1/Tm versus ln(CT), where 

Tm is the melting temperature and CT is the total strand concentration. THF:Per, O
6
-

BnG:Per, and O
6
-MeG:Per represent the base pair combinations in duplexes of sequence 

D1. See text for duplex sequence. Standard enthalpy and entropy (ΔH and ΔS) were 

obtained from the slope and y-intercept using equation, Tm
-1

= R[ln(CT)]/ ΔH + (ΔS – 

Rln4)/ ΔH, where R is the universal gas constant 

 

Figure S23 Thermodynamic analysis via Van´t Hoff plots of 1/Tm versus ln(CT), where 

Tm is the melting temperature and CT is the total strand concentration. D2, D3, D4, and 

D5 are duplexes containing varied position of O
6
-BnG:Per. See text for duplex 

sequences. Standard enthalpy and entropy (ΔH and ΔS) were obtained from the slope and 

y-intercept using equation, Tm
-1

= R[ln(CT)]/ ΔH + (ΔS – Rln4)/ ΔH, where R is the 

universal gas constant 
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Figure S24 Thermodynamic analysis via Van´t Hoff plots of 1/Tm versus ln(CT), where 

Tm is the melting temperature and CT is the total strand concentration. D2, D3, D4, and 

D5 are duplexes containing varied position of G:Per. See text for duplex sequences. 

Standard enthalpy and entropy (ΔH and ΔS) were obtained from the slope and y-intercept 

using equation, Tm
-1

= R[ln(CT)]/ ΔH + (ΔS – Rln4)/ ΔH, where R is the universal gas 

constant 

 

Figure S25 Thermodynamic analysis via Van´t Hoff plots of 1/Tm versus ln(CT), where 

Tm is the melting temperature and CT is the total strand concentration. D6, D7, and D8 are 

duplexes containing varied position of O
6
-BnG:Per. See text for duplex sequences. 

Standard enthalpy and entropy (ΔH and ΔS) were obtained from the slope and y-intercept 

using equation, Tm
-1

= R[ln(CT)]/ ΔH + (ΔS – Rln4)/ ΔH, where R is the universal gas 

constant 
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Figure S26 Thermodynamic analysis via Van´t Hoff plots of 1/Tm versus ln(CT), where 

Tm is the melting temperature and CT is the total strand concentration. D6, D7, and D8 are 

duplexes containing varied position of G:Per. See text for duplex sequences. Standard 

enthalpy and entropy (ΔH and ΔS) were obtained from the slope and y-intercept using 

equation, Tm
-1

= R[ln(CT)]/ ΔH + (ΔS – Rln4)/ ΔH, where R is the universal gas constant 

 

Figure S27 Thermodynamic analysis via Van´t Hoff plots of 1/Tm versus ln(CT), where 

Tm is the melting temperature and CT is the total strand concentration. D7 and D3 are 

duplexes containing O
6
-MeG:Per in the middle but have different sequence composition. 

See text for duplex sequences. Standard enthalpy and entropy (ΔH and ΔS) were obtained 

from the slope and y-intercept using equation, Tm
-1

= R[ln(CT)]/ ΔH + (ΔS – Rln4)/ ΔH, 

where R is the universal gas constant 
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Figure S28 Non-linear regression analysis of UV melting curves at each concentration of 

target strand containing O
6
-BnG. Complementary strands containing O

6
-BnG and Per 

from duplex sequence D1 were used for hybridization 
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Appendix 2. Chapter III supporting information 

 

 
Figure S29 

1
H-NMR spectrum of 2 

 

Figure S30 
13

C-NMR spectrum of 2 
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Figure S31 
1
H-NMR spectrum of 3 

 

 

Figure S32 
13

C-NMR spectrum of 3 
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Figure S33 Reversed-phase HPLC profile of modified oligodeoxyribonucleotide strand 

containing BIM.                                    Sequence: 5’-CCGPTATACCGACAA-3’; P= 

BIM 

 

 

Figure S34 Reversed-phase HPLC profile of modified oligodeoxyribonucleotide strand 

containing Benzi. Sequence: 5’-CCGPTATACCGACAA-3’; P= Benzi 
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Figure S35 Reversed-phase HPLC profile of modified oligodeoxyribonucleotide strand 

containing O
6
-BnG. Sequence: 5’-TTGTCGGTATANCGG-3’; N= O

6
-BnG 

 

 

Oligodeoxyribonucleotide 

Sequence
a
 

Mol. Wt.  

(Calculated) 

Mol. Wt.  

(Observed) 

5’-CCG2TATACCGACAA-

3’ 

4512.0 4509.2 

5’-CCG3TATACCGACAA-

3’ 

4528.0 4524.0 

5’-TTGNCGGTATA 4 CGG-

3’ 

4727.9 4724.8 

a
N= O

6
-BnG; 2= BIM; 3= Benzi. 
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Figure S36 ESI-MS spectrum of modified oligodeoxyribonucleotide strand containing 

BIM. Sequence: 5’-CCGPTATACCGACAA-3’; P= BIM 

 

Figure S37 ESI-MS spectrum of modified oligodeoxyribonucleotide strand containing 

Benzi. Sequence: 5’-CCGPTATACCGACAA-3’; P= Benzi 

 

Figure S38 ESI-MS spectrum of modified oligodeoxyribonucleotide strand containing 

O
6
-BnG. Sequence: 5’-TTGTCGGTATANCGG-3’; N= O

6
-BnG 
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Figure S39 UV melting curves from variable temperature analysis of modified duplexes.                             

N:P (a) O
6
-MeG:BIM; (b) O

6
-BnG:BIM; (c) THF:BIM; (d) G:BIM 

 

 

Figure S40 UV melting curves from variable temperature analysis of modified duplexes.                             

N:P (a) O
6
-MeG:Benzi; (b) O

6
-BnG:Benzi; (c) THF:Benzi; (d) G:Benzi 

 

 

 

 

 

 

 

(a) 

(b) 

(c) 

(d) 

(a) 

(d) 

(c) 

(b) 
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Figure S41 Thermodynamic analysis of modified duplexes containing BIM paired with 

DNA lesions (see legend), via Van´t Hoff plots of 1/Tm versus ln(CT), where Tm is the 

melting temperature and CT is the total strand concentration. Standard enthalpy and 

entropy (ΔH and ΔS) were obtained from the slope and y-intercept using equation, Tm
-1

= 

R[ln(CT)]/ ΔH + (ΔS – Rln4)/ ΔH, where R is the universal gas constant 

 

Figure S42 Thermodynamic analysis of modified duplexes containing Benzi paired with 

DNA lesions (see legend), via Van´t Hoff plots of 1/Tm versus ln(CT), where Tm is the 

melting temperature and CT is the total strand concentration. Standard enthalpy and 

entropy (ΔH and ΔS) were obtained from the slope and y-intercept using equation, Tm
-1

= 

R[ln(CT)]/ ΔH + (ΔS – Rln4)/ ΔH, where R is the universal gas constant 
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Appendix 3. Chapter IV supporting information 

 

 

Figure S43 RP-HPLC profile of modified oligonucleotide. Sequence: 5’-

CGCNAAXZYGCG-3’; N= O
6
-BnG, X= T, Z= T, Y= C 

 

Figure S44 RP-HPLC profile of modified oligonucleotide. Sequence: 5’-

CGCNAAXZYGCG-3’; N= G, X= T, Z= T, Y= Per 
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Figure S45 RP-HPLC profile of modified oligonucleotide. Sequence: 5’-

CGCNAAXZYGCG-3’; N= O
6
-BnG, X= T, Z= T, Y= Per 

 

Figure S46 RP-HPLC profile of modified oligonucleotide. Sequence: 5’-

CGCNAAXZYGCG-3’ N= O
6
-BnG, X= 5-BrdU, Z= T, Y= Per 
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Figure S47 RP-HPLC profile of modified oligonucleotide. Sequence: 5’-

CGCNAAXZYGCG-3’; N= O
6
-BnG, X= T, Z= 5-BrdU, Y= Per 

 

 

Oligodeoxyribonucleotide 

Sequence
a
 

Mol. Wt.  

(Calculated) 

Mol. Wt.  

(Observed) 

5’- CGCNAATTCGCG -3’ 3735.3 3733.6 

5’- CGCGAATTYGCG -3’ 3718.3 3715.5 

5’- CGCNAATTYGCG -3’ 3808.3 3805.8 

5'-CGCNAAZTYGCG-3' 

5'-CGCNAATZYGCG-3' 

3873.4 

3873.4 

3870.5 

3870.5 
a
Modifications: N= O

6
-BnG; Y= Per; Z= 5-bromo-2'dU 
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Figure S48 ESI-MS spectrum of modified oligonucleotide. Sequence: 5’-

CGCNAAXZYGCG-3’; N= O
6
-BnG, X= T, Z= T, Y= C 

 

Figure S49 ESI-MS spectrum of modified oligonucleotide. Sequence: 5’-

CGCNAAXZYGCG-3’; N= G, X= T, Z= T, Y= Per 
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Figure S50 ESI-MS spectrum of modified oligonucleotide. Sequence: 5’-

CGCNAAXZYGCG-3’ N= O
6
-BnG, X= 5-BrdU, Z= T, Y= Per 

 

Figure S51 ESI-MS spectrum of modified oligonucleotide. Sequence: 5’-

CGCNAAXZYGCG-3’; N= O
6
-BnG, X= T, Z= T, Y= Per 
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Figure S52 ESI-MS spectrum of modified oligonucleotide. Sequence: 5’-

CGCNAAXZYGCG-3’; N= O
6
-BnG, X= T, Z= 5-BrdU, Y= Per 

 

 

 

 

Figure S53 Thermodynamic analysis of modified dodecamer duplexes used in structural 

studies, via Van´t Hoff plots of 1/Tm versus ln(CT), where Tm is the melting temperature 

and CT is the total strand concentration. See text for duplex sequences. Standard enthalpy 

and entropy (ΔH and ΔS) were obtained from the slope and y-intercept using equation, 

Tm
-1

= R[ln(CT)]/ ΔH + (ΔS – Rln4)/ ΔH, where R is the universal gas constant 
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Figure S54 Imino proton region from the NOSEY spectrum in H2O, of duplex containing 

G:Per. Duplex sequence used is D2 (see chapter IV text). NMR spectrum courtesy of Ewa 

Kowal, Vanderbilt University. 

 

Figure S55 Imino proton region from the NOSEY spectrum in H2O, of duplex containing 

O
6
-BnG:Per. Duplex sequence used is D3 (see chapter IV text). NMR spectrum courtesy 

of Ewa Kowal, Vanderbilt University. 
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Appendix 4. Chapter V supporting information 

 

 

Figure S56 RP-HPLC profile of modified oligodeoxynucleotide. Sequence: 5'-

GTGGGTNGAAGCT-3’; N= O
6
-BnG 

 

Figure S57 RP-HPLC profile of modified oligodeoxynucleotide. Sequence: 5'-

AGCTTCPACCCAC-3'; P= Per 
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Figure S58 RP-HPLC profile of modified oligodeoxynucleotide. Sequence: 5'-

AATATTNTAACAA-3'; N= O
6
-BnG 

 

 

Figure S59 RP-HPLC profile of modified oligodeoxynucleotide. Sequence: 5'-

TTGTTAPAATATT-3'; P= Per 
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Figure S60 RP-HPLC profile spectrum of modified oligodeoxynucleotide. Sequence: 5’-

PCT TCG A(A)10-SH-3’; P= Per 

 

 

Figure S61 RP-HPLC profile of modified oligodeoxynucleotide. Sequence: 5’-HS-(A)10 

CAC CCA-3’ 
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Oligodeoxyribonucleotide 

Sequence
a
 

Mol. Wt.  

(Calculated) 

Mol. Wt.  

(Observed) 

5'-GTGGGTNGAAGCT-3’ 4159.6 4157.2 

5'-AGCTTCPACCCAC-3' 3911.5 3909.4 

5'-AATATTNTAACAA-3' 4054.6 4051.6 

5'-TTGTTAPAATATT-3' 4010.5 4007.6 

5’-PCT TCG A(A)10-SH-3’ 5412.2 5410.8 

5’-HS-(A)10 CAC CCA-3’ 5048.2 5047.68 
a
N= O

6
-BnG; P= Per 

 

 

 

Figure S62 ESI-MS spectrum of modified oligodeoxynucleotide. Sequence: 5'-

GTGGGTNGAAGCT-3’; N= O
6
-BnG 
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Figure S63 ESI-MS spectrum of modified oligodeoxynucleotide. Sequence: 5'-

AGCTTCPACCCAC-3'; P= Per 

 

Figure S64 ESI-MS spectrum of modified oligodeoxynucleotide. Sequence: 5'-

AATATTNTAACAA-3'; N= O
6
-BnG 

 

Figure S65 ESI-MS spectrum of modified oligodeoxynucleotide. Sequence: 5'-

TTGTTAPAATATT-3'; P= Per 
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Figure S66 ESI-MS spectrum of modified oligodeoxynucleotide. Sequence: 5’-PCT 

TCG A(A)10-SH-3’; P= Per 

 

 

Figure S67 ESI-MS spectrum of modified oligodeoxynucleotide. Sequence: 5’-HS-(A)10 

CAC CCA-3’ 
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Appendix 5. Chapter VI supporting information 

 

 

Figure S68 RP-HPLC profile of synthesized modified oligonucleotide. Sequence: 5'-

AAA GGG AGA CCC* AAA GAG GA-3'; C*= Thiol-tethered cytosine 

 

 

Figure S69 RP-HPLC profile of synthesized modified oligonucleotide. Sequence: 5'-

ATT C*CC AAT T-3'; C*= Thiol-tethered cytosine 
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Figure S70 RP-HPLC profile of synthesized modified oligonucleotide. Sequence: 5'-

C*CC A-3'; C*= Thiol-tethered cytosine 

 

 

Oligodeoxyribonucleotide 

Sequence
a
 

Mol. Wt.  

(Calculated) 

Mol. Wt.  

(Observed) 

5'-AAA GGG AGA CCC* 

AAA GAG GA-3' 

6376.1 6372.0 

5'-ATT C*CC AAT T-3' 3095.9 3092.7 

5'-C*CC A-3' 1119.4 1116.5 
a
C*= thiol-tethered Cytosine 

 

 

 

 

Figure S71 ESI-MS profile of synthesized modified oligonucleotide. Sequence: 5'-AAA 

GGG AGA CCC* AAA GAG GA-3'; C*= Thiol-tethered cytosine 
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Figure S72 ESI-MS profile of synthesized modified oligonucleotide. Sequence: 5'-ATT 

C*CC AAT T-3'; C*= Thiol-tethered cytosine 

 

 

Figure S73 ESI-MS profile of synthesized modified oligonucleotide. Sequence: 5'-C*CC 

A-3'; C*= Thiol-tethered cytosine 

 

 

 


