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ABSTRACT 

 

DNA damage occurs regularly and results in various biological consequences, 

including cancer. One specific type of DNA damage is the formation of adducts, which 

arise from various sources, including cigarette smoke and pesticides. The local helical 

structure of adducted DNA is dictated by the chemical composition of the lesion. 

Furthermore, various known conformations of adducted DNA have been shown to 

differentially impact DNA repair and replication. Although this underscores how the lesion 

dictates biological outcomes, structure–function relationships have yet to be fully explored. 

Thus, this thesis uses computational modelling to examine the complex interplay between 

the adduct chemical composition (e.g., bulky moiety shape, adduct linker type, and lesion 

number) and the resulting damaged DNA structure and lesion mutagenicity. Overall, novel 

trends in the helical conformation and lesion repairability as a function of the chemical 

structure of the DNA adduct are uncovered, which have implications in the severity of the 

long-term biological consequences. 
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Chapter 1: Introductiona 

1.1 General Overview 

Deoxyribonucleic acid (DNA) plays a critical role in cells, containing genetic 

information that is passed from one generation to the next. Unfortunately, the fidelity of 

the genetic code is frequently compromised as DNA is regularly damaged by various 

sources, including UV light, industrial chemicals and pollutants.1, 2 One specific type of 

damage is the chemical formation of bulky nucleobase addition products (adducts).2 These 

DNA adducts are known to change the local DNA structure, impacting the interactions 

between DNA and various DNA-binding biomolecules.3-5 As a result, DNA damage 

modulates numerous biological processes including replication, transcription and DNA 

folding/packing. By disrupting these key processes, DNA damage has the potential to cause 

significant biological harm, including aging and cancer in humans.6 Fortunately, numerous 

DNA repair pathways have evolved to minimize the consequences of DNA damage.7 

Through the use of computational methods, this thesis considers the factors that dictate 

adducted DNA structure and its interaction with critical cellular machinery, including DNA 

repair enzymes. The following sections will discuss the structure of DNA, the origin and 

structure of damaged DNA, bulky nucleobase adducts, the replication and repair of 

adducted DNA, and previous uses of computational chemistry to study DNA damage.  

1.2 DNA Structure  

 DNA is a biopolymer consisting of nucleotide subunits. Each DNA nucleotide 

contains a phosphate group, a 2′-deoxyribose sugar and one of the four canonical nucleo-

bases, namely adenine (A), guanine (G), thymine (T) and cytosine (C, Figure 1.1A). The 
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nucleobases can be classified as the two-ringed purines (A and G) and the one-ringed 

pyrimidines (T and C). Within cells, DNA naturally exists as a double-stranded duplex 

(Figure 1.1B) containing two antiparallel and complementary strands in which the 

nucleobases selectively hydrogen bond. Specifically, the bases form Watson-Crick (WC) 

hydrogen bonds, with A:T base pairs containing two strong hydrogen bonds and the G:C 

pairs forming three (Figure 1.2). In order for the WC faces of the nucleobases to interact 

with each other, the nucleotides adopt an anti glycosidic orientation (χ 

(∠(O4′−C1′−N9−C4) for the purines and ∠(O4′−C1′−N1−C2) for the pyrimidines) = 180° 

± 90°). B-DNA has two grooves in the backbone of the helix, with the major groove being 

the larger gap and the minor groove being the smaller gap (Figure 1.1B). Under cellular 

conditions, DNA duplexes adopt the B-form that is characterized by a 36° twist (Figure 

1.3), a rise between the base pairs of 3.3 Å, and a C2′-endo sugar pucker.  

 Maintaining the structure of DNA is critical to preserve interactions with other 

biomolecules and promote various cellular processes. For example, deviations from the 

canonical structure could lead to improper folding of DNA around histone proteins and 

hinder the formation of chromosomes.8 Modifications to the structure of DNA can also 

impact transcription, leading to mutations during protein synthesis.9 Additionally, 

structural disruptions to the double helix can impede DNA replication, potentially resulting 

in severe cellular and biological consequences, including cancer and other severe 

illnesses.10 However, as discussed in the next section, DNA can be damaged, which can 

cause significant changes to the helical structure. 
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Figure 1.1: Structures of A) the four canonical nucleotides, including atom numbering 

and the χ dihedral angle (defined as ∠(O4′−C1′−N9−C4) for purines and 

∠(O4′−C1′−N1−C2) for pyrimidines) and B) a double-stranded B-DNA duplex, 

highlighting the major and minor grooves. 

 

 

Figure 1.2: Structures of the WC A:T (left) and G:C (right) base pairs. 
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Figure 1.3: DNA structures extracted from duplexes, highlighting the twist and rise 

helical parameters. 

 

1.3 DNA Damage  

 DNA damage is a common occurrence in cells, with estimates that damage arises 

up to 60,000 times per day for a human cell.11 DNA damage can occur from numerous 

endogenous and exogenous sources, including pesticides, hormones, UV radiation, 

industrial agents, environmental pollutants and anticancer drugs.2 The nature of the 

resulting damage is chemically variable, leading to products such as nucleobase oxidation 

(e.g., G to 8-oxoguanine),12 alkylation (e.g., A to ethenoadenine),13 and deamination (e.g., 

C to uracil),14 DNA single and double strand breaks,15 DNA crosslinks (e.g., cyclobutane 

pyrimidine dimer),16 and bulky nucleobase or phosphate adducts (e.g., G to 

pentachlorophenol-dG, Figure 1.4).2, 17 Since the structure of the damage widely varies, the 

cellular and biological outcomes range considerably. For example, DNA damage can have 

no effect on an individual’s health or lead to cell death, cancer, or neurodegenerative 

diseases.2, 4, 6 To help mitigate the negative effects of DNA damage, cells have evolved 

DNA repair pathways and alternative replication processes, which increase organism 
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survivability.7 This thesis focuses on the helical structural impact and repair of DNA 

nucleobase adducts, which are further detailed in the next subsection.  

Figure 1.4: Structures of sample DNA damage products, with the damaged portion shown 

in red. 

 

1.3.1 DNA Nucleobase Adducts  

Bulky nucleobase adducts are primarily formed upon covalent binding of 

chemically reactive species to a DNA nitrogenous nucleobase.2, 18 The origins of the 

corresponding damaging agents vary, with some being naturally found in cells (e.g., 

hormones) and others arising from the environment (e.g., cigarette smoke).2, 18 For 

example, one class of known DNA damaging agents that are highly toxic to mammals is 

aromatic amines (AAs), which are chemically activated in cells to form highly unstable 

nitrenium complexes that in turn bind to DNA.19, 20 Depending on the chemical agent, the 

structure of the resulting bulky group can vary, including its size, shape, charge, 

presence/absence of heteroatoms, and type of linker connecting the moiety to the damaged 

base (Figure 1.5). Further adding to the complexity of the DNA adduct chemical space, 
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there are numerous sites that can be damaged on each of the four canonical nucleobases, 

including C8-dA, N7-dA, N6-dA, C8-dG, O2-dT, O4-dT, O2-dC, N7-dG, O6-dG and N2-

dG (Figure 1.1A).2 Although adducts can arise at different nucleotide sites, the formation 

of adducts at the C8 site of G is among the most prevalent.2, 18, 21 C8-dG adducts are known 

to form from various chemical groups including AAs (tobacco smoke, charred red meat 

and deiseal exhaust), polyaromatic hydrocarbons (PAHs, automobile exhaust), aryl 

hydrazines (edible mushrooms) and phenoxyls (pesticides).2, 18 This thesis focuses on a 

structurally diverse range of C8-dG adducts. 

Figure 1.5: Structures of sample DNA adducts, highlighting the diversity in chemical 

structures. The bulky group is shown in red. 

 

As with adducts in general, the chemical composition and mutagenic outcomes of 

C8-dG adducts can vary significantly. For example, aniline, which forms ANdG adducts, is 

considered nonmutagenic,22 whereas both pentachlorophenol and 4-aminobiphenyl (ABP), 
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the precursors to the PCPdG and ABPdG adducts, are considered carcinogenic to humans 

(Group 1) by the International Agency for Research on Cancer (IARC).23, 24 Thus, the 

chemical makeup of the adduct dictates the downstream biological consequences, likely 

because of changes in the structure of the duplex and its interactions with DNA repair and 

replication enzymes. 

 

Figure 1.6: Example structures of C8-dG adducted DNA, in the major groove (B, left), 

minor groove wedge (W, center) and intercalated stacked (S, right) conformations. The 

damaged and pairing bases are shown in green, flanking bases in blue and bulky group in 

red. 

 

Despite the range in the chemical composition of known C8-dG adducts, three 

broad structural categories have been identified for C8-dG adducted DNA (Figure 1.6).2, 18, 

25 Specifically, the bulky group can be positioned in the larger major groove, the smaller 

minor groove, or the interhelical space. The major groove (B) conformation of C8-dG 
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adducted DNA has the bulky group in the major groove, with the damaged nucleotide 

adopting an anti orientation, which allows the canonical WC face of the damaged base to 

hydrogen bond with the pairing strand (Figure 1.7). In contrast, for the wedge (W) 

conformation, the Hoogsteen hydrogen-bonding face is exposed to the pairing strand when 

the bulky moiety is positioned in the minor groove of the helix due to the syn orientation 

of the adduct (Figure 1.7). Finally, the syn orientation is also adopted at the lesion site when 

the damaged DNA is in an intercalated stacked (S) conformation, which positions the bulky 

group in the interhelical space and prevents hydrogen bonding between the adducted G and 

pairing C. Notably, even within each of these conformations, the exact structure of 

adducted DNA can vary in the degree of helical distortion, the hydrogen bonds formed at 

the lesion site and the bulky group orientation with respect to the damaged base. 

 

Figure 1.7: Structures of a generic C8-dG adduct (R = bulky group) in the anti (left) and 

syn (right) orientations, which expose the WC (blue) and Hoogsteen (red) face of the 

damaged G to the opposing strand, respectively. 

 

A significant volume of research has been completed to understand the structure of 

adducted DNA, particularly through the use of computer modelling (primarily molecular 

dynamics (MD) simulations)2, 26-29 and advanced nuclear magnetic resonance (NMR) 

techniques (such as 19F-NMR using fluorine-labeled adducts).30-34 As expected, the 
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chemical makeup of the bulky moiety has been shown to have a large impact on the 

conformational heterogeneity of the damaged DNA.2, 18, 25 Multiple factors are known to 

affect the exact conformational structure of adducted DNA, including the bulky group size, 

charge, and presence/absence of heteroatoms, and sequence context.2, 18, 25-27, 30, 32-35 

Consequently, DNA adducts have a range of mutagencities, with some precursors being 

carcinogenic to humans, while others are classified as nonmutagenic.23, 24 Therefore, a 

significant portion of this thesis focuses on the how the C8-dG adduct chemical structure 

impacts the conformational heterogeneity of adducted DNA and the resulting cellular 

consequences. Since the long-term mutagenicity of an adduct is dependent on the ability of 

the cell to repair the damage and to perform error-free bypass of the lesion should it be 

replicated before being repaired, general concepts related to the replication and repair of 

DNA adducts are discussed in the following sections. 

1.4 Replication of DNA Adducts 

 Replication of DNA occurs during cell division and passes genetic information from 

one cell generation to the next. For canonical DNA, this is carried out by highly accurate 

replicative polymerases, with error rates of < 10-9 per base pair.10 In order to maintain DNA, 

replicative polymerases rely on the interactions between the DNA template strand and the 

incoming 2′-deoxynucleotide triphosphate (dNTP).4, 10 These standard polymerases have 

evolved to form tightly bound complexes at the active site when the nucleotide is correctly 

paired, affording small misincorporation rates. However, the active site of a standard 

replicative polymerase is often significantly disrupted when bound to adducted DNA. As a 

result, replication stalls and the translesion synthesis (TLS) response is initiated. This 

process includes the recruitment of specialized TLS polymerases that have more flexible 
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active sites, which allows bypass of noncanonical DNA, but at a much greater error rate 

(10-3 to 10-4 per base pair) than standard polymerases, even for undamaged regions.4, 10 By 

modifying the interactions between the template strand and the incoming dNTP to 

accommodate the damage (e.g., by changing the anti/syn preference of the adducted 

nucleotide or repositioning the damaged base at the replication fork), mutations can occur 

during TLS. Depending on the adducted DNA and TLS polymerase, certain types of 

mutations occur with greater frequencies, with point mutations (i.e., the insertion of a 

noncomplementary nucleotide across from the damage site) and frameshift mutations (i.e., 

the insertion or deletion of bases into the growing strand) being the most common (Figure 

1.8).2, 36, 37 Notably, the formation of deletion mutations is believed to be correlated with 

the ability of adducted DNA to stabilize a Streisinger slippage mutagenic intermediate 

(SMI) complex in which the pairing strand is two bases shorter than the adducted strand, 

resulting in two unpaired bases at the lesion site.38 Notably, this thesis investigates the 

structures of several SMI complexes  to help rationalize differences in lesion toxicity. 

Additionally, the glycosylic orientation of the adduct can impact the replication outcomes, 

with the lesions that induce the canonical anti orientation less likely to cause replicative 

errors than the promutagenic syn conformation.22 Thus, this thesis examines the anti:syn 

ratio of damaged nucleotides as an indicator for mutational frequency. Overall, prior to 

replication, damaged DNA would ideally be repaired through one of the pathways 

discussed in the following section. 
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Figure 1.8: Crystal structures of C8-dG adducted DNA duplexes containing a deletion 

frameshift mutation around AFdG (left, PDB ID: 1AX6) or a C to A point mutation 

opposite APdG (right, PDB ID: 1AXU; black arrow points to the mispaired base). G 

nucleosides are in blue, C nucleosides in green, A nucleosides in yellow and T 

nucleosides in cyan. The bulky group is shown in red. 

 

1.5 Repair of DNA Adducts 

 Cells have evolved multiple repair pathways to revert damaged DNA to its 

canonical form. Each of these repair pathways specializes in the treatment of different 

lesions. For example, DNA alkylation can be repaired by the direct repair pathway,39 

oxidized nucleobases can be repaired through base excision repair (BER),40 and bulky DNA 

adducts are removed via the complex nucleotide excision repair (NER) pathway.41, 42 NER 

is especially interesting due to the wide variety of lesions recognized and excised by this 

process.41 In addition to bulky DNA adducts, mismatched DNA nucleotides, DNA damage 

induced by UV light and DNA crosslinks are all recognized and cleaved by NER.41 NER 
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is subdivided into two pathways, namely global genome NER (GG-NER) and transcription 

coupled NER (TC-NER).41, 42 The difference between these pathways lies in the process of 

recognizing the damaged site.43 Despite the functional diversity of GG-NER and TC-NER, 

both pathways share the same process for damage incision, repair and ligation.43 As the 

names suggest, TC-NER is focused on repairing actively-expressed genes, whereas GG-

NER is responsible for repairing both transcribed and nontranscribed regions of DNA. The 

GG-NER recognition process is thought to proceed through a “kinetic gating” mechanism 

in which the diffusion of the repair enzymes along DNA is faster than the binding of 

unmodified DNA.44 Consequently, noncanonical DNA is more prone to complexation, 

allowing for the localized binding of repair proteins at damaged sites. There are several 

factors that are believed to impact the efficiency of protein binding and damage recognition, 

including changes in the local stacking and hydrogen-bonding interactions, increases in the 

helical dynamics and increases in the helical distortion at the lesion site.44-54 Notably, the 

presence of DNA adducts is known to cause all of these structural changes.  

After NER damage recognition, the damaged strand is cleaved by an endonuclease, 

which removes a short section (24–32 nucleotides) of single-stranded DNA containing the 

lesion.55 Subsequently, the missing nucleotides are replaced by DNA polymerases. Finally, 

DNA ligases seal the nicks in the sugar-phosphate backbone on both sides of the newly 

inserted strand. Overall, the rate-limiting step in the NER pathway is the identification of 

the lesions. Therefore, the repairability of damaged DNA is largely dependent on the local 

structure at the lesion site. Part of this thesis investigates how the structure of adducted 

DNA impacts the NER recognition process and overall repairability of the adducted DNA, 

using the modelling techniques briefly described in the following section.  
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1.6 Computer Modelling of DNA Adducts 

Computer modelling is a useful tool to provide valuable atomic level information 

about the structure of chemical systems. Computational techniques have become a common 

approach for studying biomolecules, including nucleic acids and proteins.56-58 Previously, 

both quantum mechanical (QM) and molecular mechanical (MM) methods have been used 

to study adducted DNA.2, 26, 28, 29, 33, 35, 59-61 Specifically, QM calculations have been used 

to understand the inherent structure of damaged DNA by modelling isolated nucleobases, 

nucleosides and nucleotides.2, 35, 59 This work has shown the preferential orientations of the 

bulky group with respect to the nucleobase and the intrinsic anti/syn glycosidic preferences. 

MM methods have primarily been used to study the structure and stability of short 

oligomeric chains (both single stranded and double stranded) containing adducts, including 

time-dependent molecular dynamics (MD) techniques.2, 26, 28, 29, 33 MD work has primary 

been used to characterize the conformational space of adducted DNA duplexes, as well as 

to understand the interactions between adducted DNA and replicative60, 61 or repair 

proteins.48, 49 Such work has been essential for advancing our understanding of the impact 

of adduct structure on the mutagenic outcomes of DNA damage. My work will use these 

established computational methods to investigate the structure of a range of C8-dG 

adducted DNA strands, including in the context of NER machinery, and increase our 

knowledge of the factors that determine adducted DNA structure and mutagenicity.  

1.7 Thesis Overview 

This thesis uses computational chemistry to understand the structure and repair of 

adducted DNA. To start, Chapter 2 uses a multiscale approach to investigate the impact of 

bulky group size and shape on a systematic set of seven N-linked C8-dG adducts that 
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contain from one to four aryl rings. These adducts were chosen to identify the origin of the 

mutagenicity differences between the one-ringed ANdG adduct and the four-ringed APdG 

adduct. Specifically, damaged nucleobase and nucleoside models were considered using 

QM methodology (density functional theory (DFT)) to understand the inherent structural 

preferences of isolated adducts. Furthermore, adducted DNA helical models were studied 

using all-atom MD simulations to probe the conformational preferences and helical features 

induced by the different adducts. This work highlights the effects of both lesion size and 

shape on the structure of damaged DNA. Next, Chapter 3 studies the mutagenic effect upon 

ring cyclization by examining two N-linked C8-dG cyano-aniline adducts using MD 

simulations. Notably, these azo dye-derived lesions are substituted versions of the single-

ringed ANdG adduct studied in Chapter 2. This chapter models the conformational 

preferences of fully paired duplexes, as well as the SMI complexes that cause frameshift 

mutations. By studying the ortho and para cyano-substituted C8-dG N-linked aniline 

adducts, this work highlights the impact of functional group position on the structure of 

adducted DNA. 

 By investigating a set of 14 systematic lesions corresponding to the C-linked and 

O-linked versions of the seven adducts considered in Chapter 2, Chapter 4 further explores 

the impact of the lesion size and shape as well as newly considers the effect of the linkage 

type on the preferred adducted DNA structure. Following the approach taken in Chapter 2, 

nucleobase and nucleoside models were considered, along with fully paired DNA duplexes. 

Although this work shows that the linkage type and bulky group shape impact the adduct 

orientation within the duplex, the bulky group size is highlighted as the primary factor that 

determines the conformational preferences. Chapter 5 uses MD simulations and 19F-NMR 
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to further probe the impact of linkage type and lesion size by examining the F-labelled 

phenyl and biphenyl C-linked C8-dG adducts. Although these lesions are equivalent to the 

N-linked biphenyl adducts studied in Chapter 2 and experimentally investigated by other 

groups,19, 32 the C-linked analogues were studied as potential fluorescent probes of DNA 

damage. This work highlights the significant effect of adding a second aromatic ring 

through (4-) para substitution of the aryl group of C-linked adducts on the structures of 

fully paired and SMI duplexes.  

The vast majority of work on DNA adducts, including the first portion of this thesis, 

has studied DNA containing a single local lesion (monoadducted DNA). However, 

evidence suggests that more than one adduct may be formed within short sequences of 

DNA (e.g., diadducted DNA) under certain circumstances.37, 62-64 Chapters 6 and 7 add the 

number of lesions to the list of factors that affect the preferred helical conformation by 

considering the structural and associated biological consequences of three N-linked C8-dG 

adducts within a short DNA sequence. Specifically, Chapter 6 considers monoadducted and 

diadducted DNA duplexes containing the one-ringed and four-ringed ANdG and APdG 

adducts considered in Chapter 2 due to their differing mutagencities,24, 65 while Chapter 7 

studies the model ABPdG adduct that is a known indicator of bladder cancer and displays 

unique conformational heterogeneity in select monoadducted DNA sequences.25, 30, 32 

These chapters represent the first in-depth structural studies of diadducted DNA and reveal 

important lesion separation effects. Notably, it is uncovered that a second damaging event 

may increase or decrease lesion mutagenicity as well as the severity of the resulting 

biological consequences depending on the adduct sizes and separation. Lastly, Chapter 8 

uses comprehensive advanced MD sampling methods to probe the GG-NER damage 
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recognition process for the N-linked C8-dG AAFdG adduct, which was chosen due to the 

availability of repair data for both monoadducted and diadducted duplexes.66 Beyond 

providing the first structural look at the repair of AAFdG adducted DNA, this study is the 

first to compare the binding pathways for monoadducted DNA in the major groove and 

intercalated conformations, and the first to investigate the binding pathway of diadducted 

DNA. Overall, this chapter supports the previously proposed “kinetic gating” mechanism44 

and expands our understanding of the repair of bulky DNA adducts. Combined, my work 

unveils novel trends in how the adduct chemical composition dictates damaged DNA 

structure and repairability as well as the resulting toxicity of C8-dG nucleobase adducts. 
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Chapter 2: Effect of the Size and Shape of Nitrogen-Containing 

Aromatics on the Conformational Preferences of DNA Containing 

Damaged Guaninea,b,c 

2.1 Introduction 

Nitrogen containing aromatics (NCAs), such as aromatic amines, heterocyclic 

aromatic amines and nitroaromatic compounds, are well known to impact the environment 

and human health.1 A number of potentially carcinogenic NCAs are proven chemical 

mutagens, and originate from a variety of sources such as food products,2 cigarette smoke3 

and automobile waste.4 In living cells, NCAs undergo bioactivation to yield reactive 

nitrenium ion intermediates that covalently bind to specific sites on the DNA nucleobases.5-

6 Of the four canonical nucleobases (adenine (A), cytosine (C), guanine (G) and thymine 

(T)), the electron-rich G is the most common site for nitrenium ion attachment.7 An 

abundant damage product arises from the direct attachment of the activated nitrogen atom 

of the nitrenium ion to the C8-site of 2-deoxyguanosine (dG).8-9 The resulting N-linked C8-

dG adducts (addition products) contain a C–N–C linkage between the nucleobase and the 

aromatic moiety (Figure 2.1).10  

 N-linked C8-dG adducts have been shown to originate from a variety of NCAs that 

exhibit a range in carcinogenic potential including, but not limited to, 2-aminofluorene 

(AF),11 2-acetylaminofluorene (AAF),12 aniline (AN),13 4-aminobiphenyl (ABP),14 2-

amino-3-methylimidazo[4,5-f]quinolone (IQ),15 2-amino-1-methyl-6-phenylimidazo[4,5-

b]pyridine (PhIP),15 1-nitropyrene (1NP),16 2-naphthylamine (2NP)17 and 3-
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nitrobenzanthrone (3NBA).18 For example, ANdG  (Figure 2.1A) is derived from AN,19 

which is used to manufacture dyes13 and is considered to not be classifiable as a human 

carcinogen (group 3) by the International Agency for Research on Cancer (IARC). 

Alternatively, 2NAP, the precursor of a ring-opened C8-dG lesion,17 was also previously 

used to manufacture azo dyes, but is a group 1 (human) carcinogen. On the other hand, 1NP 

is an abundant aromatic compound in the environment that has been associated with 1APdG 

(Figure 2.1A) formation,16 and has been classified as a group 2B (possible human) 

carcinogen. 

 

Figure 2.1: Structures and chemical numbering of N-linked DNA adducts at the C8-site of 

2-deoxyguanosine. (A) Biologically-relevant (authentic) adducts and (B) model adducts 

considered in the present work. 
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Figure 2.2: MD representative structures of the major groove (B, left), wedge (W, middle) 

and base-displaced stacked (S, right) conformations of DNA containing N-linked C8-dG 

adducts. 1APdG adducted DNA is shown as an example. 

 

Despite substantial progress in understanding the impact of NCAs on human health, 

significant gaps exist in our knowledge of their mechanism of toxicity in living cells. In 

attempts fill this void, the structures of the associated C8-dG adducted DNA have been 

under investigation for many years. The vast majority of these studies have focused on 

adducts originating from AAF and AF (AAFdG and AFdG, respectively), with NMR 

spectroscopy and computational chemistry being particularly pivotal to these 

investigations.10, 20-33 Collectively, these studies have led to the identification of three 

general damaged DNA conformational themes. Specifically, the B-DNA type (B) 

conformation (Figure 2.2, left) locates the NCA-substituent in the DNA major groove and 

the damaged dG adopts the anti glycosidic orientation (described by the dihedral angle  = 

180 ± 90, Figure 2.1). Alternatively, the damaged dG adopts a syn glycosidic orientation 

( = 0 ± 90) in the wedge (W) conformation (Figure 2.2, middle), which locates the NCA 

moiety in the DNA minor groove. Although the syn orientation is also adopted by the 

damaged dG in the base-displaced stacked (S) conformation (Figure 2.2, right), this 

conformation intercalates the aromatic moiety between the flanking base pairs, thereby 
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displacing the damaged guanine moiety and the opposing base toward the DNA major 

groove.  

Since N-linked C8-dG adducts originate from NCAs that differ considerably in 

terms of their chemical structure, there is remarkable variation in the size and shape of the 

C8-moieties in the associated adducts (Figure 2.1A). Furthermore, the structure of the 

adducted DNA and the mutagenic potential associated with these adducts fluctuate 

significantly. For example, the 4ABPdG adduct is associated with both substitution and 

frameshift mutations, and induces a dominant B conformation34 and a secondary S 

conformation31  of damaged DNA. However, PhIPdG mainly causes substitution 

mutations,35 and induces a mixture of the B and S conformations.36 On the other hand, AFdG 

mainly causes base substitution mutations,37-38 and induces a mixture of B and S damaged 

DNA conformations,36 whereas AAFdG mainly promotes frameshift mutations,39-40 and a 

small amount of substitution mutations,40 but induces a mixture of the B, W and S DNA 

conformations.21 Finally, 1APdG predominantly induces frameshift mutagenesis in 

bacteria,41 and results in the S conformation of damaged DNA.42   

Despite previous efforts towards elucidating the relationship between adduct 

structure and mutagenicity for individual N-linked C8-dG lesions,22, 24-25, 42-43 systematic 

attempts to understand the effects of the size and shape of the NCA moiety on the structural 

characteristics of damaged (adducted) DNA are scarce. In fact, to the best of our 

knowledge, only one such study used molecular mechanics energy minimizations to study 

three related adducts (ANdG, AFdG and 1APdG, Figure 2.1A) in two 9-mer DNA sequences 

(5-TGAXGCCG and 5-GAATXGTG, X = modified nucleotide).44 This work revealed 

that ANdG distorts the DNA structure less than the larger lesions, which rationalized its 
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observed weaker mutagenicity. However, these lesions do not reflect systematic size 

expansion since the NCA moiety of AFdG contains a methylene bridge between the two 

aromatic rings, a chemical characteristic absent in the other adducts. Furthermore, although 

the previous study provides some insights into the effects of ring size, the effects of the 

shape of the NCA moiety on the conformational features of damaged DNA are not known. 

A systematic understanding of the effects of both ring size and shape is critical for 

developing meaningful hypotheses regarding the relationship between the structures 

adopted by damaged DNA and the mutagenic potential of the associated lesions.     

To fill this critical void in the damaged DNA literature, the present work employs 

density functional theory and classical explicit-solvent molecular dynamics (MD) 

simulations are used to systematically study the influence of adduct composition on the 

structural and energetic characteristics of three plausible (i.e., B, S and W) conformations 

of N-linked C8-dG adducted DNA. We computationally design a range of model adducts 

(Figure 2.1B) to analyze the effects of incremental N-linked ring expansion at the C8-

position of dG, and carefully assess the conformational features of the resulting modified 

DNA. Specifically, the smallest lesion (ANdG) contains a single phenyl ring, which is 

subsequently extended through addition of a second 6-membered aromatic ring through  

(2,3-) or β (3,4-) fusion to yield the uniquely shaped 1ANPdG or 2ANPdG adducts, or through 

(3-) substitution to form the 3ABPdG adduct (Figure 2.1B). To further extend the aromatic 

system, a naphthalene ring was added to ANdG through  or β fusion to generate the 

differently shaped 1APHNdG or 3APHNdG (Figure 2.1B). Finally, 1APdG includes all four 

aromatic ring locations adopted in the smaller adducts (Figure 2.1B). Although our primary 

criteria for the design of these model adducts was to systematically study the effects of the 
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size and shape of the aromatic amine moiety on the structural properties of damaged DNA, 

the adducts investigated include DNA lesions that have been experimentally verified to 

exhibit varied mutagenic and carcinogenic outcomes, namely ANdG13 and 1APdG.41 Our 

computational analysis reveals that the effects of incremental ring expansion on the 

conformational properties of damaged DNA depend on the size and shape of the NCA 

moiety. In addition to providing valuable structural data for authentic DNA lesions, our 

work complements a growing body of literature that has used model DNA adducts to probe 

the structure of damaged DNA27, 45-46 and/or polymerase function,45, 47-48 and will inspire 

future experimental studies that further develop the relationship between adduct structure 

and mutagenicity. 

2.2 Computational Methods 

2.2.1 DFT Calculations 

To analyze the intrinsic conformational preferences of the adducts, the potential 

energy surface was mapped as a function of the  ((N9–C8–N10–C11)) and  ((C8–

N10–C11–C12)) dihedral angles using nucleobase models, and as a function of  ((O4′–

C1′–N9–C4)) and  using nucleoside models for representative (ANdG, 1ANPdG, 3APHNG and 

1APdG) adducts (Figure 2.1). Specifically, surfaces were generated using B3LYP/6-31G(d) 

optimizations by altering and constraining each dihedral angle from 0° to 350° in 10° 

increments. The nucleoside model was built from the lowest energy conformation obtained 

for the nucleobase model by replacing H9 with 2'–deoxyribose in the B-DNA conformation 

obtained in a previous conformational analysis49 (i.e., C2-endo pucker, β ((H–O5′–O5′–

C5′–C4′)) dihedral angle fixed to 180°, and the dihedral angle at the 3′ terminus ((H–O3′–

C3′–H3′)) locked to 60°). Minima identified from these scans were subsequently fully 
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optimized using B3LYP and B3LYP-D3(BJ) with the 6-31G(d) basis set, which led to 

similar structural parameters. Relative energies were obtained with B3LYP-D3(BJ)/6-

311+G(2df,p), and include scaled (0.9813) zero-point vibrational energy (ZPVE) 

corrections. All DFT calculations were performed using Gaussian 09 (revision D.01).50 

2.2.2 MD Simulations 

MD simulations were carried out by reiteratively incorporating each adduct (ANdG, 

1ANPdG, 2ANPdG, 3ABPdG, 1APHNdG, 3APHNdG or 1APdG, Figure 2.1B) at the X position in the 

5′-CTCGGCXCCATC-3′ oligonucleotide and paired opposite C in the complementary 

strand. This oligomer contains the NarI sequence (underlined) that is a well-known hotspot 

for deletion mutations induced by NCA carcinogens.23, 51 Starting structures were generated 

from representative MD structures of damaged DNA in the B, W and S conformations 

containing the previously studied structurally-related, O-linked C8-phenoxyl-dG adduct.52 

To delineate the conformational features of the damaged DNA, two rotamers with respect 

to  (i.e., ~ 0 and ~ 180) must be considered for ANdG ( ~ 0), while four rotamers with 

respect to  and  (i.e.,  ~ 0 and  ~ 0,  ~ 0 and  ~ 180,  ~ 180 and  ~ 0, and  

~ 180 and  ~ 180) must be considered for each of the 6 remaining adducts, for each of 

the B, W and S conformations (Figure 2.2). The natural nucleotides were treated with the 

AMBER14SB force field,53 while the General Amber Force Field (GAFF)54 parameters 

were used to supplement the AMBER14SB force field for the adducts using antechamber.55 

The R.E.D. program (version III.4)56 was used to calculate the partial charges of the 

adducted nucleotides using the B3LYP/6-31G(d) optimized structures of the anti and syn 

nucleoside. The assigned atom types and charges are provided in Tables A.14–A.20 in 

Appendix A. 
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Each DNA system was neutralized with 22 sodium ions using the tleap module of 

AMBER 14.57 The damaged DNA was then solvated using an octahedral TIP3P58 water 

box, with a minimum distance of 8 Å between the DNA and the edge of the box. The DNA 

hydrogen atoms were constrained using the SHAKE algorithm. A cut off distance of 8 Å 

was used for nonbonded interactions, and the particle-mesh Ewald method along with 

periodic boundary conditions was used to describe Coulombic interactions. While 

restraining DNA atoms with a 500 kcal mol–1 Å–2 force constant, each system was 

minimized using 500 steps of the steepest descent (SD) minimization algorithm, followed 

by 500 steps of the conjugate gradient (CG) minimization algorithm. The DNA was 

subsequently energy minimized without constraints using 1000 steps of SD minimization 

and 1500 steps of CG minimization. Subsequently, each system was heated to 300 K for 

20 ps under conditions of constant volume using the Langevin thermostat (γ = 1), while 

imposing a weak (10 kcal mol–1 Å–2) constraint on DNA. Finally, production simulations 

were performed on each DNA system at constant temperature (300 K) and pressure (1 atm) 

using the Langevin and Berendsen algorithms, respectively. A 2 fs time step was used for 

the production runs, with the trajectory sampled every 2.5 ps. During the production phase, 

a 25 kcal mol–1 Å-2 harmonic distance restraint, with an average heavy atom distance of 3.0 

Å, was used on the Watson-Crick hydrogen bonds in the terminal base pairs to prevent 

unravelling.  

Due to the large number of resulting DNA systems that must be considered (78 in 

total), preliminary analysis was done on DNA containing the smallest ANdG or largest 

1APdG adduct to identify a suitable MD sampling protocol. Specifically, eighteen 20 ns trial 

simulations were generated for ANdG and 1APdG adducted DNA (i.e., two and four 

simulations for each of ANdG and 1APdG adducted DNA in each of the B, W and S 
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conformations, respectively). Additional 20 ns trial simulations were subsequently initiated 

from representative structures of all unique damaged DNA conformations isolated from the 

preliminary calculations. The 20 ns production simulations were extended to 120 ns for the 

18 stable conformations identified from the iterative set of trial simulations. The most stable 

B, W and S conformations according to molecular mechanics Poisson Boltzmann surface 

area (MM/PBSA) calculations identified from the 20 and 120 ns production simulations 

are highly similar (Table A.1, Appendix A). Furthermore, two additional independent 20 

ns replicas were obtained for the lowest energy B and S conformations of ANdG and 1APdG 

adducted DNA using a different set of initial velocities for each trajectory. These replicas 

were also subsequently extended to 120 ns. All replicas yield the same structural and 

energetic conclusions regardless of the simulation length (Table A.2, Appendix A), with 

standard deviations between replicas for the average structural features and lesion-site 

interaction energies (LSIE) energies reported in the main text being less than 14.3° and 6.2 

kJ mol–1, respectively. Therefore, the conformational themes of DNA containing the 

remaining adducts were investigated using the same rigorous pre-production phase 

conformational sampling approach, followed by 20 ns production simulations. All resulting 

DNA conformations were ranked with respect to their conformational free energies 

deduced from MM/PBSA calculations59 and normal mode analysis for the enthalpy and 

entropy components, respectively, using a total of 400 frames of the water and sodium free 

trajectories. We acknowledge the shortcomings associated with MM/PBSA calculations; 

however, it was necessary to reduce the large number of conformations generated in our 

rigorous pre-production sampling step in some fashion, and it was anticipated that 

inaccuracies in the methodology would be relatively consistent across systems due to the 

overall similarities in the structures considered. This is supported by consistent MM/PBSA 



32 

conformational free energies across replicas (standard deviation in the average across 

replicas < 7 kJ mol, Table A.2, Appendix A). In total, our detailed approach involved over 

4.5 μs of production simulation time (excluding trial simulations). All MD simulations 

were conducted using the PMEMD module of AMBER 14.57, 60  

The lowest energy DNA structure corresponding to each conformational theme for 

each adduct was further analyzed. Structural analysis was carried out using the ptraj and 

cpptraj modules of AMBER14. Hydrogen bonding occupancies were calculated using a 

cut-off of 3.4 Å for the donor–acceptor distance and 120° for the donor–hydrogen–acceptor 

angle. The desired number of representative structures from the simulations, as determined 

based on the dihedral plots for each system, were obtained by clustering the MD 

simulations with respect to atoms constituting the ,  and  dihedral angles using the 

hieragglo algorithm. LSIE were calculated as the sum of the interactions between the 

adduct and the opposing base, the interactions between the bases of the flanking base pairs, 

and the interaction of the adducted base pair and the flanking base pairs using linear-

interaction energy (LIE) of cpptraj. Therefore, the LSIE is a sum of the hydrogen bonding 

of three G:C base pairs and stacking energy of 2 base steps. DNA helical parameters were 

examined using the Curves+/Canal program,61 modelling the lesion as G. 
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2.3 Results and Discussion 

2.3.1 DFT Calculations Reveal that the Shape of the NCA Moiety has a Greater 

Influence on the Intrinsic Adduct Structure than the Size 

2.3.1.1 Structure at the Guanine–NCA Linkage 

Contour plots of the DFT nucleobase energy as a function of the conformation at the (C–

N–C) linkage connecting the NCA moiety and G (defined by the  and  dihedral angles, 

Figure 2.1) reveal intrinsic structural differences in the N-linked adducts with differently 

shaped NCA moieties (Figure A.1, Appendix A). Specifically, despite differing in the size 

of the NCA moiety, ANdG and 3APHNG adopt stable conformations at both  ~ 0 and 180 

(Figure A.1A and B, Appendix A), with minima exhibiting less than 20 deviations from 

planarity (Figures 2.3A, and A.2–A.3, Appendix A). In contrast, 1ANPdG and 1APdG adopt 

similar stable conformations at  ~ 0, while conformations with  ~ 180 exhibit steric 

repulsion between hydrogens on the -fused ring and the nucleobase moiety (Figure A.1C 

and D, Appendix A), which induces significant (65 – 75) twist within the NCA moiety in 

the corresponding set of stable structures (Figures 2.3B and A.4–A.5, Appendix A). This 

distortion will prevail in any adduct in the series with an -fused ring, and may limit the 

stable conformations available to the adducts within DNA duplexes. Nevertheless, 

irrespective of the type of ring fusion, stable conformations were obtained at two distinct  

orientations for all adducts corresponding to ~ 0 and ~ 180 (Figures A.1–A.5, Appendix 

A). Overall, these results emphasize that the shape of the NCA moiety significantly affects 

the structure at the nucleobase–carcinogen linkage. 
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Figure 2.3: Effect of ring-fusion on the  torsion angle, illustrated using the 

approximately planar 3APHNdG (A, C) and nonplanar 1ANPdG (B, D) nucleobase (A, B) and 

nucleoside (C, D) adducts. 

 

2.3.1.2 Structure at the Glycosidic Linkage 

Contour plots of the DFT nucleoside energy as a function of the conformation at 

the guanine–deoxyribose glycosidic (N–C) linkage (defined by the  dihedral angle, Figure 

2.1) and the guanine–NCA (C–N) linkage (defined by ) reveal that all adducts intrinsically 

prefer the anti glycosidic orientation irrespective of the size of the NCA moiety or type of 

ring fusion ( = 226 – 228, Figures A.6 – A.10, Appendix A). However, a low (40 kJ mol–

1) anti/syn rotational barrier affords reasonable flexibility at the glycosidic linkage (Figure 



35 

A.6, Appendix A), which suggests both the anti and syn conformations may be feasible 

when the adduct is incorporated into DNA. More importantly, unlike the nucleobase–NCA 

linkage, the intrinsic structural features at the glycosidic linkage are not significantly 

affected by the size or shape of the C8-moiety (Figure 2.3C and D, and A.6–A.10, Appendix 

A) since the N-linker spatially separates the aromatic moiety from the sugar. 

 

2.3.2 MD Simulations Illustrate how the DNA Structural Characteristics and 

Conformational Preferences Depend on the Size and Shape of the NCA Moiety 

2.3.2.1 General Structural Features of DNA Conformational Themes 

MD simulations reveal characteristic differences in the structural features of the B, 

W and S conformations that occur irrespective of the chemical composition of the adduct 

(Figures A.11 – A.17, Appendix A). Specifically, in the B conformation, three persistent 

Watson-Crick (WC) hydrogen bonds are formed between the lesion and the opposing 

cytosine (C), and an additional interaction occurs between the linker N–H and O4 of the 

damaged nucleotide (Figure 2.4A and Table A.6, Appendix A), which is intrinsic to the 

damaged nucleosides (Figure 2.3C and D). Due to the extrahelical (major groove) location 

of the C8-moiety, this conformation minimally disrupts the overall B-DNA geometry of the 

helix (Table A.7, Appendix A), and maintains average lesion-site noncovalent interactions 

(LSIE = –475 ± 2 kJ mol–1) that are equivalent to the corresponding natural DNA oligomer 

(~ –472 kJ mol–1, Table A.8, Appendix A). In contrast, the W conformation involves 

Hoogsteen hydrogen bonding between the lesion and the opposing C, and an interaction 

between the linker N–H group and the O4 of the nucleotide 3 with respect to the lesion 

(Figure 2.4B and Table A.9, Appendix A). With the exception of an increase in roll (by up 
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to 6 for the pseudostep composed of the base pairs flanking the lesion site), the W 

conformation does not significantly affect the lesion-site structural parameters, despite the 

syn adduct conformation (Table A.7, Appendix A). However, the lesion-site noncovalent 

interactions in this conformation (up to –372 kJ mol–1) are significantly weaker than the B 

conformation, as well as the control (undamaged) helix (Table A.8, Appendix A), mainly 

due to weaker hydrogen bonding within the lesion base pair. In contrast, the S conformation 

is characterized by intercalation of the C8-moiety and the loss of lesion interstrand hydrogen 

bonding due to the displacement of the opposing C, which interacts with the phosphate 

oxygen of the nearest nucleotide present on its 3-side (Figure 2.4C and Table A.10, 

Appendix A). Due to the absence of hydrogen bonding between the lesion and the opposing 

base, the lesion-site interaction energy (up to –358 kJ mol–1) is weaker for this conformation 

compared to the other conformations and the control helix (Table A.8, Appendix A). 

Furthermore, the intercalation of the NCA moiety increases the roll (up to 13) and duplex 

untwisting (up to 21) at the lesion site compared to natural DNA (Table A.7, Appendix 

A). Despite lesion-site structural differences, the B, S and W conformations associated with 

all adducts maintain WC hydrogen bonding within the base pairs flanking the lesion 

(Figures A.11 – A.17, and Tables A.6, A.9 and A.10, Appendix A). 

 

 
Figure 2.4: Discrete hydrogen-bonding interactions observed during MD simulations on 

the (A) B, (B) W and (C) S conformations of DNA containing N-linked C8-dG adducts. 
2ANPdG adducted DNA is shown as an example. 
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2.3.2.2 The shape of the NCA moiety affects the lesion structural characteristics in DNA  

Despite overall similarities in the global structural features of adducted DNA in the 

three conformational themes, MD simulations reveal a marked dependence of several 

adduct structural characteristics on the shape of the NCA moiety. First, although all adducts 

adopt consistent  orientations in the B (average  (av) of 216 – 231) and W (av = 64 – 

71) conformations (Table A.11, Appendix A) that align with the DFT predicted lowest 

energy anti and syn structures for the isolated nucleosides (Figures A.7 – A.10, Appendix 

A), the orientation of the damaged G about the glycosidic bond in the S conformation 

depends on the shape of the C8-moiety. Specifically, the three adducts that expand upon 

single-ringed ANdG through single ring substitution (3ABPdG) or naphthalene ring fusion 

(1APHNdG or 3APHNdG) adopt a noticeably different glycosidic orientation (av = 119 – 132) 

compared to other adducts (av = 38 – 48, Table A.11, Appendix A), which are more 

similar to the inherent nucleoside syn conformation. This difference occurs to most 

efficiently stack the aromatic C8-systems within the helix (Figure A.18, Appendix A). 

Second, although all adducts are nearly planar about the guanine–NCA linkage (average  

(av) = 180 ± 26) in the S conformation to maximize the stacking interactions of the C8-

moiety within DNA, and the guanine and NCA rings are almost orthogonal (av = 62 – 76) 

in the W conformation to accommodate the C8-moiety in the narrow DNA minor groove, 

the -orientation in the B conformation depends on the shape of the C8-moiety (Table A.11, 

Appendix A). Specifically, adducts with -ring fusion are more planar (av = 165 – 175) 

than the other adducts (av = 125 – 140), which permits (albeit weak) hydrogen bonding 

between the -fused ring and the DNA backbone (Figure A.19, Appendix A). Third, all 

adducts in the B conformation adopt a consistent -orientation within the NCA moiety 
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(average  (av) of 3 – 18); however, in the W and S conformers, adducts without an -

fused ring adopt  ~ 180 (except the W conformation of 3APHNdG; Table A.11, Appendix 

A), while adducts with an -fused ring adopt  ~ 0 to minimize steric repulsion with the 

backbone (Figure A.20, Appendix A). Overall, these results suggest that despite little size 

dependence, the N-linked lesions possess specific shape-dependent conformational 

signatures in duplex DNA.  

2.3.2.3 The Size and Shape of the NCA Moiety Affect Lesion-Site Noncovalent Interactions 

Although the structural distortion (nonplanarity) in the adduct about the guanine–

NCA linkage in the B conformation depends on the shape of the NCA moiety, the lesion-

site interactions are similar for all adducts (within 2.3 kJ mol–1) due to the major groove 

location of the bulky moiety (Figure 2.5A). Nevertheless, the size and shape of the C8-

moiety significantly affects the magnitude of lesion-site noncovalent interactions in the W 

conformation (Figure 2.5B). Specifically, despite a small (up to 3 kJ mol–1) effect of 

inclusion of a second ring through  or β-ring fusion to the single phenyl moiety of ANdG 

(i.e., 1ANPdG and 2ANPdG) on the lesion-site stabilization, a larger (~ 10 kJ mol–1) 

enhancement occurs upon phenyl ring substitution (i.e., 3ABPdG). On the other hand, 

although the addition of a naphthalene ring to ANdG through -fusion (i.e., 1APHNdG) 

significantly decreases the lesion-site stabilization (by ~ 14 kJ mol–1), naphthalene addition 

by β-fusion leads to similar stabilization (i.e., ANdG and 3APHNdG lesion-site interactions 

differ by only ~ 2 kJ mol–1). Nevertheless, the largest 1APdG adduct leads to slightly greater 

stabilization compared to the smallest ANdG lesion (by ~ 6 kJ mol–1). Thus, although NCA 

moieties of all sizes and shapes are well accommodated in the major groove in the B 

conformation, there is a complicated dependence of the lesion-site stability on both the size 
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and shape of the C8-moiety for the W conformation due to steric constraints within the 

narrow minor groove.   

In comparison to the B and W conformations, the S conformation exhibits larger 

and more systematic size- and shape-dependent effects on the lesion-site stabilization. 

Specifically, in terms of shape (Figure 2.5C), although the position of the second phenyl 

ring in the C8-system has a relatively small (~ 6 kJ mol–1) effect on the lesion-site 

interactions, stronger shape effects occur upon addition of naphthalene to the first phenyl 

ring. Indeed, -fusion of naphthalene to ANdG (1APHNdG) on average provides ~ 21 kJ mol–

1 greater stabilization compared to β-fusion (3APHNdG, Figure 2.5C and Table A.8, 

Appendix A). In terms of size effects (Figure 2.5D), ring addition through initial -fusion 

exhibits a consistent increase (up to 23 kJ mol–1) in lesion-site stabilization upon addition 

of the first and second rings, as well as a subsequent increase for addition of the third ring 

(~ 10 kJ mol–1). However, the effects of ring extension through β-fusion are less systematic, 

with addition of the third ring destabilizing the system compared to the second ring (Figure 

2.5D). Overall, due to differences in stacking between the lesion and the flanking base 

pairs, ring expansion through -fusion contributes more significantly and systematically to 

lesion-site stabilization in the S conformation compared to β-fusion. 

2.3.2.4 The Shape of the NCA Moiety Affects its Solvent Accessibility 

 In addition to variations in lesion-site noncovalent interactions, the extent of 

energetic destabilization caused by solvation (hydration) of the hydrophobic NCA moiety 

will depend on the size and shape of the C8-moiety, and the conformation of damaged DNA. 

Specifically, the relative extent of hydrophobic destabilization can be assessed in terms of  
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Figure 2.5: Effect of size and shape of the C8-moiety on the lesion-site interaction energy 

(LSIE) within the B, W and S conformations of damaged DNA containing an N-linked 

dG adducts 
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the solvent accessible surface area (SASA) of the NCA moieties (Figure 2.6 and Table 

A.12, Appendix A).  In the B or W conformations, which solvent expose the NCA-moiety 

in the DNA (major or minor) groove, expansion from a single phenyl ring (ANdG) by ring 

fusion (1ANPdG and 2ANPdG) slightly increases the solvent accessibility (up to ~ 31 Å2), 

while a much greater increase (at least 67 Å2) occurs upon ring substitution (3ABPdG). This 

increase is consistently maintained for the largest adducts (1APHNdG, 3APHNdG and 1APdG), 

which all contain the same ring substitution position. Therefore, the larger lesions may 

induce greater DNA destabilization compared to smaller adducts. Regardless of the size or 

shape, the NCA moieties within the S conformation are significantly less solvent exposed 

compared to the B and W conformations (Figure 2.6). These features may have implications 

for the relative stability of the three damaged DNA conformations (vide infra).  

 

 
Figure 2.6: Dependence of the solvent accessible surface area (SASA, Å2) on the 

shape and size of the hydrophobic NCA for the B (red), W (blue) and S (green) 

conformations of damaged DNA containing N-linked dG adducts. 
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2.3.2.5 The Size and Shape of the NCA Moiety Affect the Relative Stability of Different DNA 

Conformations 

Analysis of the combined effect of (stabilizing) noncovalent interactions at the 

lesion site and (destabilizing) hydrophobic interactions of the NCA moiety provides clues 

into the conformational preferences of damaged DNA possessing differently sized and 

shaped NCA moieties. Our analysis reveals that since the W conformation has much 

weaker lesion-site interactions than the B conformation (Table A.8, Appendix A) and 

maintains substantial hydrophobic destabilization of the C8-moiety (Table A.12, Appendix 

A), the relative contribution of the W conformation for all studied adducts is likely 

marginal, regardless of the NCA moiety size or shape. Indeed, the proposed inaccessibility 

of the W conformation for the studied adducts is supported by the fact that this 

conformation has been observed experimentally only for DNA containing the AAFdG lesion 

that contains a substituent on the N-linker atom,21 and for DNA containing AFdG paired 

against mismatches.26, 29, 62 

Although the lesion-site interactions in the B conformation are independent of the 

C8-moiety size or shape, the small size of the NCA moiety in the single-ringed ANdG lesion 

results in significantly less solvent accessibility compared to any other adduct (Figure 

2.7A), and hence less pronounced destabilization of the B conformation occurs due to 

hydrophobic interactions. Furthermore, ANdG leads to significantly weaker lesion-site 

interactions in the S conformation compared to any other lesion (Figure 2.7B). When 

coupled with the significantly greater lesion-site stabilization provided by ANdG to the B 

conformation compared to the S conformation, these features suggest that DNA containing 

the ANdG adduct will exclusively prefer the B conformation. This conclusion aligns with 

the previously suggested B conformational preference for ANdG adducted DNA of a 
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different sequence,44 which suggests that the B conformation dominates irrespective of 

sequence context. 

 
Figure 2.7: Dependence of the solvent accessible surface area (SASA, Å2) and lesion-site 

interaction energy (LSIE, kJ mol-1) on the shape and size of the hydrophobic C8-moiety 

for the (A) B and (B) S conformations of DNA damaged by N-linked dG adducts. 

 

In contrast to the smallest ANdG adduct, although the B conformation of DNA 

adducted with 1APHNdG or the largest 1APdG lesion possess a significant lesion-site 

interaction energy, the associated bulky moieties are among the most solvent exposed, and 

thereby most significantly destabilize the B conformation (Figure 2.7A). Furthermore, 

despite substantial solvent exposure of the bulky moieties in the S conformation, the overall 

solvent accessibility is less for the S than the B conformation. In addition, the large bulky 

moieties of 1APHNdG and 1APdG lead to substantial lesion-site stabilization in the S 

conformation through enhanced stacking with the flanking base pairs (Figure 2.7B), being 

the largest amongst all model adducts. This suggests that only the S conformation is 
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accessible for adducted DNA containing 1APHNdG and 1APdG. This proposal is supported at 

least in part by previous NMR studies, which revealed that 1APdG adopts an S conformation 

in solution in a sequence context similar to the one considered in the present study.42 

Regardless, comparison of ANdG, 1APHNdG and 1APdG illustrates the effect of NCA size on 

the preferred DNA conformation. 

The remaining 4 adducts (1ANPdG, 2ANPdG, 3ABPdG and 3APHNdG) display a similar 

balance between the stability provided to the lesion site and the solvent accessibility of the 

bulky moiety in the S conformation (Figure 2.7B). Specifically, in all cases, the solvent 

accessibility of the C8-moiety is lower than for the 1APHN and 1AP moieties, while the 

lesion-site interactions are greater than for the single-ringed AN. This suggests that the S 

conformation may also be accessible to DNA containing these polycyclic adducts, 

regardless of the size or shape of the NCA moiety. Nevertheless, subtle size and shape 

effects will likely dictate the B:S ratio for these intermediate sized adducts. Specifically, 

the bulky moieties containing two fused rings (1ANPdG and 2ANPdG) are significantly less 

solvent exposed in the B conformation (Figure 2.7A), suggesting a greater preference for 

the B conformation for these adducts compared to 3ABPdG and 3APHNdG, and further 

highlighting the influence of the C8-moiety shape (i.e., 1ANPdG versus 3ABPdG) and size (i.e., 

2ANPdG versus 3APHNdG). Additionally, for 1ANPdG and 2ANPdG, the greater solvent 

accessibility in the B conformer, the lower solvent accessibility in the S conformer, and the 

larger average lesion-site interaction energies in the S conformer suggests 2ANPdG may lead 

to the S conformation more frequently than 1ANPdG, further illustrating the effect of NCA 

shape. Thus, overall, the B:S ratio likely decreases as 1ANPdG > 2ANPdG >> 3ABPdG  

3APHNdG for these intermediate sized adducts. In addition, the relative solvent accessibility 
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of these adducts in the B conformer of damaged DNA suggests the smaller 1ANPdG and 

2ANPdG lesions will predominantly adopt the B conformation, while 3ABPdG and 3APHNdG 

will predominantly adopt the S conformation. 

In summary, this comparison clearly emphasizes that both the extent (size) and 

direction (shape) of ring expansion affect the damaged DNA conformations associated with 

N-linked adducts. Specifically, the conformation adopted is determined by a balance in the 

stabilization provided by lesion-site interactions and destabilization due to hydrophobic 

effects arising from solvent exposure of the NCA moiety. Thus, the smallest N-linked 

adduct with a single-ringed NCA moiety (ANdG), as well as the two adducts containing 

NCA moieties with two fused rings (1ANPdG and 2ANPdG), may preferentially induce a B 

conformation, with ANdG exhibiting the greatest propensity to induce the B conformation. 

On the other hand, DNA adducted with a biphenyl-type double-ring system (3ABPdG) or 

larger (3 or 4-) ringed systems (3APHNdG, 1APHNdG and 1APdG) may predominantly adopt 

the S conformation, with 1APHNdG and 1APdG exhibiting the greatest propensity to induce 

the S conformation.  

2.3.3 Implications to the repair propensity and mutagenicity of N-linked C8-dG 

adducts 

 The persistence and mutagenicity of bulky DNA adducts depend on their 

propensity to be recognized and repaired in cells. Bulky lesions are typically repaired by 

nucleotide excision repair (NER), which removes 24–32 nucleotides from the damage-

containing strand.63 It is widely believed that lesion sensing by recognition factors involved 

in the initial NER steps is influenced by changes in the thermodynamic stabilization at the 

site of the DNA lesion, which can, in turn, be influenced by a number of factors, including 

impaired Watson-Crick hydrogen bonding,64-65 decreased stacking,66-67 increased helical 



46 

distortions,68-69 and increased helical70-71 and backbone dynamics,68 compared to natural 

(undamaged) DNA.72 In this context, a crystal structure of Rad4, the yeast ortholog of the 

eukaryotic NER recognition factor (XPC-Rad23) bound to damaged DNA revealed that 

lesion recognition is accompanied by insertion of a -hairpin into the DNA major groove 

at the damage site, along with simultaneous flipping of the lesion and opposing base out of 

the helix.73 Further studies have proposed that lesion-site structural and thermodynamic 

perturbations facilitate repair by increasing the residence time of the recognition factor, 

decreasing the opening time associated with opposing base flipping, and influencing the 

rate of DNA untwisting and nucleotide flipping.73-76 On the basis of these experimental 

observations, recent computational studies have further proposed that (i) lesion recognition 

involves a correlated motion involving scanning of the locally destabilized region by the 

recognition factor, -hairpin insertion and lesion eviction,77 (ii) lesion recognition and 

flipping of the opposing base by XPC-Rad23B is enhanced by decreased lesion-site 

stacking,78 and (iii) a pre-flipped opposing base can foster binding of the recognition factor 

to damaged DNA.79  

Due to a similar lesion-site structure, including intact Watson-Crick hydrogen 

bonding and stacking stabilization comparable to undamaged DNA, our results suggest that 

the ANdG, 1ANPdG and 2ANPdG adducts that preferentially induce the B conformation will 

have similar repair propensities. Since the β-hairpin of the recognition factor is inserted at 

the lesion site through the DNA major groove, it is possible that the favored major groove 

positioning of the NCA moieties of these adducts may obstruct the insertion of the  

hairpin, and hence repair. However, even if left unrepaired, the associated damaged DNA 

may behave similar to undamaged DNA since the B conformation will allow the Watson-
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Crick edge of the damaged guanine to pair with complementary cytosine during replication. 

Therefore, these lesions will likely be weakly mutagenic. This proposal aligns with the fact 

that the smallest (ANdG) lesion has been previously reported to induce the B conformation 

and evidence that AN is a weak mutagen.13  

In contrast, due to greater lesion site changes, including disrupted Watson-Crick 

pairing, increased helical distortions (i.e., lesion-site untwisting, Table A.7, Appendix A) 

and the flipped-out location of the opposing base, the 1APHNdG, 1APdG, 3APHNdG and 3ABPdG 

adducts that preferentially induce the S conformation are more likely be recognized 

compared to the lesions that prefer the B conformation. However, the lesion site in the S 

conformation of 1APHNdG and 1APdG adducted DNA is substantially (at least 18.5 kJ mol–1) 

more stable compared to 3APHNdG and 3ABPdG adducted DNA, mainly due to enhanced 

stacking interactions. This greater lesion-site stability may provide resistance to NER 

recognition and repair for 1APHNdG and 1APdG compared to 3ABPdG and 3APHNdG. 

Comparison of 1APHNdG and 1APdG to 3APHNdG highlights that an -fused ring is important 

for imparting NER resistance to larger polycyclic lesions that induce the S conformation of 

adducted DNA.  

Overall, the predicted differences in the relative repair propensities of 1ANdG and 

1APdG illustrate the effect of the size of the NCA moiety on NER recognition, whereas the 

difference in the repair propensities of 1APHNdG and 3APHNdG demonstrates the influence of 

the NCA moiety shape on imparting NER resistance. Furthermore, the anticipated relative 

repair propensities suggests that the studied lesions will have different survival rates, and 

thereby differential mutagenic outcomes in cells. This proposal correlates with previous 

experimental replication outcomes for a series of size-expanded N2-linked dG adducts (see, 
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for example, 80-82). However, to fully appreciate the mutagenic outcomes associated with 

C8-dG lesions, and further probe the structure-activity relationship related to lesion size and 

shape, the polymerase processing of adducted DNA must be investigated.  

2.4 Conclusion 

In summary, combined quantum mechanical and molecular dynamics calculations 

are used to examine seven NCA containing C8-dG adducts, and thereby assess the effect of 

adduct size and shape on DNA structure. DFT calculations demonstrate the significant 

effect of the NCA moiety shape on the geometry at the nucleobase–carcinogen linkage. 

MD simulations substantiate that the adducts can be divided based on the B:S ratio of 

damaged DNA conformations, with the smallest ANdG adduct displaying the greatest 

propensity for the B conformation, the largest APdG adduct having the greatest propensity 

for the S conformation, and the remainder of the adducts falling between the two extremes, 

with the ratio dictated by the size and shape of the bulky moiety. Taken together, the present 

contribution highlights an emerging theme of the effect of the bulky moiety shape on the 

damaged DNA conformational and associated repair outcomes,45 which complements 

previously established effects in the literature such as size,44, 83 linker type,84 ionization 

state84 and exocyclic substituents20, 27, 84 of the C8-linked aromatic moiety. Furthermore, the 

incremental structural effects our work uncovers for the systematic series of N-linked 

adducts suggests that these model systems can serve as useful biochemical tools to further 

probe the cellular processing of DNA adducted by potential carcinogens that are ubiquitous 

in our environment. Importantly, this work provides the necessary groundwork for future 

computational studies of these model adducts interacting with polymerases and repair 

enzymes to fully characterize their mutagenic effects. 
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Chapter 3: Structure of an Unusual Tetracyclic Deoxyguanosine Adduct: 

Implications for Frameshift Mutagenicity by Ortho‒Cyano 

Nitroanilinesa,b,c 

3.1 Introduction 

Polycyclic nitroaromatics and arylamines exhibit potent mutagenicity,1,2 while 

monocyclic analogs are usually much less potent and are regarded as borderline 

carcinogens.3-5 Both undergo bioactivation to afford nitrenium ion electrophiles that react 

at the C8-site of guanine in DNA to generate covalently N-linked C8-2ʹ-deoxyguanosine 

(C8-dG) lesions.1-5 However, the polycyclic N-linked C8-dG adducts can adopt the 

promutagenic syn conformation, which permits favorable stacking interactions between the 

planar polycyclic aromatic moiety and the flanking base-pairs, generating an intercalated 

base-displaced stacked (S) conformer in a fully paired (FP) duplex.6-8 They also induce a 

higher frequency of GC deletion mutations in bacterial mutagenesis within the Escherichia 

coli NarI endonuclease sequence (5′-CGGCGC-3′) containing a GpC repeat.9-11 Their 

ability to stabilize a slipped mutagenic intermediate (SMI) that contains the C8-dG adduct 

and the 5ʹ-flanking C within a two-nucleotide bulge in the template strand provides a 

mechanism for –2 frameshift mutagenesis.12-14 In contrast, single-ringed N-linked C8-dG 

adducts typically adopt the anti conformation for efficient base pairing with the 

complementary C to produce the major-groove B-type conformer with minimal impact on 
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the B-form duplex.15 Consequently, monocyclic nitroaromatics and arylamines are only 

weakly mutagenic and generally lack an ability to induce –2 frameshift mutagenesis.3-5 

Nitroaniline (NA) derivatives containing a cyano substituent are components of azo 

dyes and have recently been found to display potent mutagenicity in the Ames test using 

the frameshift-sensitive tester strain TA98.16,17 The potency of 2-cyano-4-nitroaniline 

(CNNA) in TA98 is ~ 2,500-fold higher than 4NA, while 2,6-dicyano-4-nitroaniline 

(CNCNNA) is ~ 49,000-fold higher than 4NA and is a more potent mutagen in TA98 than 

the polycyclic derivatives nitropyrene and 2-nitrofluorene.17 Possible mechanisms for the 

observed “cyano effect” include the impact of the cyano substituent on the structure of the 

N-linked C8-dG lesion.17 For both CNNA and CNCNNA, metabolic activation to the 

nitrenium ion would generate an N-linked C8-dG adduct bearing an ortho-CN substituent. 

According to Baldwin’s rules of ring closures,18 it would be favorable for the N-linked C8-

dG adduct to undergo a cyclization process involving N7 of dG and the ortho-CN group of 

the C8-attached aryl moiety to generate a quinazolinimine ring19,20 as part of a fused 

tetracyclic C8,N7-dG adduct structure.17 Such an unusual polycyclic C8-dG adduct derived 

from a monocyclic NA precursor may exhibit potent frameshift mutagenicity.  

To test the above hypothesis, two model isomeric N-linked C8-aniline-dG adducts 

derived from 2- and 4-aminobenzonitrile were chemically synthesized using Pd-catalyzed 

Buchwald-Hartwig cross-coupling (Scheme 3.1).4,21 Our results clearly demonstrate 

formation of the closed C8,N7-dG cyclic adduct 1 from attachment of 2-aminobenzonitrile, 

while attachment of the 4-isomer affords the open analog 2, since it is not feasible for the 

para-CN to undergo cyclization with N7 of the dG moiety. The cyclic analog 1 displays 

impressively bright blue fluorescence in water, while the open analog 2 is devoid of 

fluorescent properties. IR and 13C NMR of adduct 1 confirm formation of the 
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quinazolinimine ring with conversion of the ortho-CN substituent into the exocyclic imine 

with a downfield NH resonance that suggests intramolecular H-bonding with the O6 

carbonyl of the dG moiety. The cyclic adduct 1 is also more resistant to acid-catalyzed 

deglycosylation than the open isomer 2. The NMR spectral features of the two C8-aniline-

dG adducts also demonstrate a conformational change with the open derivative 2 favoring 

the anti conformation, while the closed polycyclic derivative 1 adopts the promutagenic 

syn conformation. To test the propensity of the adducts to induce frameshift mutagenesis, 

they were both modeled within the reiterated G3 site of the NarI sequence (5ʹ-

CTCTCGGCXCCATC, X = C8-aniline-dG), which is a hotspot for –2 frameshift mutations 

mediated by polycyclic N-linked C8-dG adducts.9-11 MD simulations predict that only the 

fused tetracyclic C8,N7-dG adduct 1 is able to stabilize the promutagenic S conformer in 

the FP duplex, while the FP duplex containing the open adduct 2 is more likely to maintain 

the canonical B-form. Adduct 1 is also better able to stabilize a planar syn conformation 

within a SMI duplex. Overall, our findings provide an important rationale for the observed 

“cyano effect” in mutagenicity assays performed on nitrobenzonitriles.  

 

Scheme 3.1: Synthesis of closed, cyclic adduct (1) and open, para adduct (2) from 2-

aminobenzonitirle and 4-aminobenzonitrile, respectively. 
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3.2 Experimental Procedures 

3.2.1 Materials and Methods 

All reagents purchased from commercial sources were used without further 

purification unless otherwise noted. Infrared spectra were recorded using FT-IR-ATR 

Bruker Alpha equipped with diamond crystal and the data was processed using OPUS 7.5 

spectroscopy software. All UV–vis absorbances (A) were measured on a Cary 300-Bio UV-

Vis spectrophotometer equipped with a 6 × 6 Multicell Block Peltier, stirrer and 

temperature controller with Probe Series II. Measurements were carried out using 10 mm 

light path quartz glass cells with a baseline correction. Stock solutions of the adducts were 

prepared at 5 mM using spectroscopic DMSO, prior to dilution with other solvents for 

spectrophotometric measurements wherein the concentration of DMSO was assumed to be 

negligible. Fluorescence measurements were recorded using an Edinburgh Instrument 

Spectrofluorometer FS5. Both excitation and emission spectra were measured in quartz 

cells (108.002F-QS) with a path length of 10 mm at 25 °C (298K) and both excitation and 

emission slit widths were kept constant at 3 nm. The quantum yield was calculated using 

the comparative method with quinine bisulfite in 0.5 M H2SO4 (Φf = 0.54) serving as 

fluorescent standard. Mass spectra were acquired on either a quadrupole ion trap or on a Q-

TOF high-resolution (HRMS) instrument, both using an electrospray ionization source. 

Acid-catalyzed kinetics of hydrolysis for adducts 1 and 2 were obtained 

spectrophotometrically, using procedures previously reported for O-linked22 and C-linked 

C8-dG adducts.23 Reactions were initiated by addition of 10 μL of DMSO stock solutions 

of 1 and 2 to 1990 μL of either 0.1 M HCl or 0.2 M HCl/KCl buffer, pH 2, for a final adduct 

concentration of 25 μM. Spectral measurements were taken at various time intervals at 

37.2°C (for 0.1 M HCl) and 48.4 °C (for 0.2 M HCl/KCl buffer) until no further change 
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was observed in the absorbance spectrum indicating that deglycosylation was complete. 

Formation of the deglycosylated product was then verified using mass spectrometry. NMR 

spectra were recorded on Bruker Avance DPX 300, 400, or 600 MHz spectrometers in 

DMSO-d6 at 25 °C. One-dimensional (1D) 1H experiments were typically performed with 

16 scans and a relaxation delay of 10 seconds between scans, for a total acquisition time of 

3.3 minutes, while one-dimensional 13C experiments were typically performed with 256 

scans and a relaxation delay of 5 seconds between scans, for a total acquisition time of 26 

minutes. 1H-13C HSQC experiments were collected with 384 increments spanning 165 ppm 

in the indirect dimension, a relaxation delay of 1.5 seconds between scans, and 2 scans per 

increment, for a total acquisition time of ~ 20 minutes. 1H-13C HMBC experiments were 

collected with 256 increments spanning 220 ppm in the indirect dimension, a relaxation 

delay of 1.5 seconds between scans, and 4 scans per increment, for a total acquisition time 

of 30 minutes. The 1H-13C HMBC experiments were optimized for a long-range coupling 

constant of 8 Hz, while a one-bond filter was used to attenuate one-bond J-couplings 

between 130-180 Hz. ROESY NMR spectra were collected on a Bruker AVANCE III 600 

MHz spectrometer equipped with a 5 mm “TXI” probe. The sample temperature was 

regulated at 298 ± 1 K. 1D selective ROESY spectra were acquired using 

the selrogp sequence provided by Bruker using a mixing time of 200 ms 

3.2.2 Synthesis 

8-Bromo-3′,5′-O-bis(tert-butyldimethylsilyl)-O6-(trimethylsilylethyl)-2′-deoxy-

guanosine (3, Scheme 3.1) was prepared as previously reported.22 Compound 3 (613 mg, 

0.91 mmol), 2-aminobenzonitrile or 4-aminobenzonitrile (215 mg, 1.82 mmol), Pd2dba3 

(167 mg, 0.182 mmol), and rac-2,2ʹ-bis(diphenylphosphino)-1,1ʹ-binaphthyl (BINAP, 340 
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mg, 0.546 mmol) were placed in a 50 mL oven-dried round bottom flask fitted with a 

condenser. The flask was evacuated and purged with argon several times. Dry, degassed 

toluene (5 mL) was added to the flask and the reaction vessel was heated to 80°C. After the 

mixture was stirred for 20 minutes, lithium bis(trimethylsilyl)amide (1.0 M in THF, 1.82 

mL, 1.82 mmol) was added and the vessel was heated to 110°C. The reaction was stirred 

for 2 hours and then cooled to room temperature. The crude mixture was diluted with 

dichloromethane and filtered through Celite. The filtrate was dried over sodium sulphate, 

filtered and concentrated in vacuo and subjected to silica flash chromatography, eluting in 

dichloromethane with 10% methanol (adduct 1) and hexane with 20% ethyl acetate (adduct 

2). Crude fractions were collected, concentrated and redissolved in anhydrous THF (5 ml). 

Tetrabutylammomium fluoride (880 uL, 0.88 mmol) was added to the reaction and the 

mixture was stirred for 17 hours at room temperature under an argon atmosphere. The 

mixture was then concentrated and diluted with 30 mL of methanol before being placed in 

the freezer at -20°C. After 3 hours, a precipitate had formed. The suspension was 

centrifuged, and the pellet was washed twice with dichloromethane and thrice with 

methanol. The pellet was dried in vacuo to yield 20 mg of compound 1 as a light green 

powder (6% yield) and 185 mg of compound 2 as a white powder (52% yield, see Appendix 

B Figures B.1-B.4 and B.6-B.10 for NMR spectra). 

Adduct 1. 1H NMR (300 MHz, DMSO-d6): δ = 15.51 (bs, 1H, NH), 10.12 (bs, 1H, 

N1H), 8.38 (d, J = 8.34 Hz, 1H, H15) 7.84, (t, J = 7.51 Hz, 1H, H13), 7.62 (d, J = 8.19 Hz, 

1H, H12), 7.48 (t, J = 7.16 Hz, 1H, H14), 6.65 (m, 1H, H1ʹ), 6.15 (bs, 2H, NH2), 5.40 (m, 

1H, 5ʹOH), 5.27 (d, J = 3.79 Hz, 1H, 3ʹOH), 4.53 (m, 1H, H3ʹ), 3.93 (m, 1H, H4ʹ), 3.76, 

3.60 (m, 2H, H5ʹ,5ʺ), 3.22 (m, 1H, H2ʹ), 2.08 (m, 1H, H2ʺ). 13C NMR (150 MHz, DMSO-
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d6): signals missing for C2 and C6 due to line broadening, δ = 152.2 (C4), 151.3 (C13), 

146.2 (C11), 141.8 (C8), 135.0 (C13), 126.4 (C12), 125.2 (C15), 124.7 (C14), 99.6 (C5), 

88.6 (C4ʹ), 83.2 (C1ʹ), 72.1 (C3ʹ), 63.0 (C5ʹ), 36.6 (C2ʹ). HRMS (ESI/Q-TOF) calcd for 

C17H18N7O4
+ [M+H+] 384.1420, found 384.1415. 

Adduct 2: 1H NMR (600 MHz, DMSO-d6): δ = 10.60 (s, 1H, N1H), 9.17 (s, 1H, 

N10H), 7.90 (d, J = 8.92 Hz, 2H, H12,17), 7.72 (d, J = 8.99 Hz, 2H, H13,16), 6.42 (bs, 2H, 

NH2), 6.33 (dd J = 9.51, 5.81 Hz, 1H, H1ʹ), 6.02 (bs, 1H, 5ʹOH), 5.35 (d, J = 3.66 Hz, 1H, 

3ʹOH), 4.42 (m, 1H, H3ʹ), 3.94 (m, 1H, H4ʹ), 3.76 (m, 2H, H5ʹ,5ʺ), 2.50 (m, 1H, H2ʹ), 2.05 

(m, 1H, H2ʺ). 13C NMR (100 MHz, DMSO-d6): δ = 156.2, 153.6, 150.0 (C4), 145.3 (C11), 

142.2 (C8), 133.6 (C13,16), 120.1 (C15), 117.6 (C12,17), 112.7 (C5), 102.2 (C14), 87.7 

(C4ʹ), 83.4 (C1ʹ), 71.7 (C3ʹ), 61.8 (C5ʹ), 39.2 (C2ʹ). HRMS (ESI/Q-TOF) calcd for 

C17H18N7O4
+ [M+H+] 384.1420, found 384.1417. 

3.3 Computational Details 

3.3.1 DFT Calculations 

Nucleobase models of the adducts derived from 2-aminobenzonitrile and 4-

aminobenzonitrile, 1 and 2, respectively, were built using GaussView 6.0.24 The structures 

were optimized with B3LYP-D3(BJ)/6-31G(d,p) and scaled (0.955) zero-point vibrational 

energy corrected B3LYP-D3(BJ)/6-311++G(2df,2p) energies were obtained. 

Subsequently, nucleoside models were built by replacing the N9 hydrogen in the global 

minima for the nucleobase models with 2′-deoxyribose. A C2′-endo puckered sugar was 

used based on a previously published conformational analysis.25 Scans were performed for 

rotation about the χ glycosidic dihedral angle (∠(O4′−C1′−N9−C4)) from χ = 0° to 350° in 
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10° increments using constrained B3LYP-D3(BJ)/6-31G(d,p) optimizations. Nucleoside 

scans were repeated with the 5′ and 3′-hydroxy groups constrained such that 

∠(H−O5′−C5′−C4′) = 180° and ∠(H−O3′−C3′−H3′) = 60°, which corresponds to the 

hydroxy groups interacting with solvent rather than intramolecular hydrogen bonding with 

the nucleobase. Nucleoside minima and transition states (TS) identified from the scans were 

fully optimized using B3LYP-D3(BJ)/6-31G(d,p) and relative energies determined with 

B3LYP-D3(BJ)/6-311++G(2df,2p), which include scaled B3LYP-D3(BJ)/6-31G(d,p) 

zero-point vibrational energy corrections. Single-point calculations were also performed in 

water using the IEF-PCM implicit model. All DFT calculations were performed using 

Gaussian 16.26  

3.3.2 MD Simulations 

To gain greater insight into the conformational space of the free nucleosides in 

water, solvated models of the 1 and 2 nucleosides were built based on the DFT optimized 

structures. Furthermore, initial structures of FP duplex and SMI complex models containing 

adducts 1 and 2 were generated from those for similar C8-dG adducts27 using GaussView 

6.0. The adducts were placed at the G3 (X) position in the NarI containing sequence 5′-

CTCTCGGCXCCATC. The complementary sequence was 3′-GAGAGCCGCGGTAG for 

the FP duplex model and 3′-GAGAGCCGGTAG for the SMI complex. Within the FP 

systems, the damaged DNA was modelled in the B, W and S conformations that have been 

reported for other C8-dG aromatic-amine derived leisons.28,29 Within the SMI complex, 

simulations were performed with the damaged nucleotide in the anti and syn orientations. 

Thus, in total, 10 modified DNA systems were considered, as well as two free nucleoside 

models. Natural DNA was described using the parmbsc1 force field within Amber18, while 
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the description of the modified bases was supplemented using GAFF parameters.30,31 The 

partial charges for the adducts were calculated at the HF/6-31G(d) level within the RESP 

charge fitting scheme using the R.E.D. (Version III.4) software package.32 Information 

about the resulting atom types and partial charges can be found in the Supporting 

Information. 

Each system was prepared by neutralizing the solute with sodium cations and 

solvating the solute in a TIP3P water box using the tleap module in Amber 18, such that 

there was a minimum distance of 10 Å between the solute and the edge of the water box in 

each direction. Each system was minimized over four stages that consisted of 2500 steps 

of steepest decent proceeded by 2500 steps of conjugate gradient. In the first three stages, 

a 100 kcal/(mol Å2) restraint was added to the solute atoms, then the heavy atoms and then 

the solute atoms, respectively. The heating process was similarly divided into six 20 ps 

stages during which the temperature was raised from 10 to 310 K, each step increasing the 

temperature by 50 K. During heating, the system was treated as constant volume, with the 

solute restrained by 25 kcal/(mol Å2). After heating, the systems were equilibrated over 

five 20 ps stages during which the restraint force on the solute was decreased from 20 to 

15, 10, 5 and finally 1.5 kcal/(mol Å2).  

For the free nucleosides, umbrella sampling was performed to assess the rotational 

barrier about the glycosidic bond (χ dihedral angle). Specifically, simulations were 

completed on sampling windows generated every 8° between 0° and 360°. After the 

equilibration steps described above, each system was further equilibrated for 6 ns with a 30 

kcal/(mol rad2) restraint placed on the atoms defining the χ torsion angle (O4′, C1′, N9, and 

C4). Each window was then simulated for 15 ns with the same restraint on the χ torsion 
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angle and data was collected every 0.1 ps, which resulted in adequate sampling between 

the windows (Figure B.24, Appendix B). The potential of mean force (PMF) was generated 

for rotation about the glycosidic bond using the weighted histogram analysis method 

(WHAM) and a tolerance of 0.01 kcal/mol.33  

For each of the 10 unique modified DNA systems, five MD production replicas 

were generated using the same initial structure and different initial velocities. Each replica 

was run for 1 μs, resulting in a total of 50 μs MD production simulation time. Each replica 

was analyzed every 100 ps using the cpptraj module within Amber 18. The backbone root 

mean square deviation (RMSD) was calculated with respect to the initial structure of the 

MD production simulation (Table B.2, Appendix B). Key dihedral angles of the lesion were 

monitored, including χ, as well as θ (∠(N9−C8−N10−C11)) and φ (∠(C8−N10−C11−C12)) 

for 2, which determine the position of the bulky group with respect to the base (Table B.3, 

Appendix B). Additionally, the H-bonding occupancies for the lesion site and flanking base 

pairs were determined using a heavy-atom distance cut-off of 3.4 Å and angle cut-off of 

120°. For each system, the trajectories were clustered based on the atoms in the adduct and 

flanking base pairs using the hieragglo algorithm to obtain representative structures. The 

interplanar angle was calculated between the ring atoms of the neighboring base pair 5′ 

(i.e., G7 and its pairing base) and 3′ (i.e., C10 and its pairing base) with respect to the two 

unpaired bases (i.e., the adducted G and its 5′ neighboring C) for the SMI structures in the 

syn orientation using an in-house script. The interplanar angle was also determined between 

each flanking base pair and the aromatic ring atoms of the lesion for the FP conformations 

containing the syn adduct conformations. 
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3.4 Results and Discussion  

3.4.1 Spectral Properties and Hydrolytic Stability 

Comparative analysis of the spectra of 1 and 2 provided diagnostic information to 

support the structure of the cyclic adduct 1 (Figures 3.1-3.3). Firstly, nitrile groups produce 

a prominent infrared (IR) stretch at ~2250 cm-1.34 This signature band was present in the 

IR spectrum of 2 (red trace, Figure 3.1), but was absent for 1 (black trace, Figure 3.1), 

which was consistent with the proposed cyclic structure. 1H-NMR evidence also supports 

formation of the cyclic “closed” state of 1. Typically, N-linked dG adducts such as 2 

produce a singlet between δ 7.5 - 9.5 ppm in 1H-NMR spectra, due to the proton on the C8-

linked sp3-hybridized nitrogen (C8-NH, red trace for 2, Figure 3.2).4,5 This singlet was 

absent from the 1H-NMR of 1 (black trace, Figure 3.2) and instead a broad singlet at ~ δ 

15.5 ppm was observed, which was assigned to the exocyclic imino proton produced from 

cyclization (Figure B.1, Appendix B). Its downfield shift was ascribed to its participation 

in an intramolecular H-bond with O6 of the dG moiety.  

 

Figure 3.1: IR spectral overlay traces of 1 and 2 depicting the CN stretch for adduct 2. 
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Figure 3.2: 1H NMR spectra of 1 and 2 displaying aromatic peaks and C8-NH for 2. 

 

The optical character of adducts 1 and 2 also provided additional reinforcement of 

adduct structure. The para adduct 2 produced a single broad absorption peak at λmax = 312 

nm (red trace, Figure 3.3A), while the cyclic adduct 1 generated two absorption peaks with 

a sharp absorbance at λmax = 290 nm and a broad red-shifted absorbance at λmax = 369 nm 

(black trace, Figure 3.3A). This difference in absorbance was also accompanied by a 

significant difference in fluorescent character. Adduct 2 did not produce any appreciable 

fluorescence in water or CH3CN, while the cyclic adduct 1 displayed pronounced blue 

emission with λem = 457 nm following excitation at 369, or 290 nm, with a quantum yield 

(Φfl) of 0.68 in water (Figures 3.3B/C). The fluorescence of 1 was not influenced by solvent 

polarity, showing similar emission intensity in water, CH3CN or CH2Cl2. Cyclization 

would produce a rigid, planar structure devoid of free rotation, which would explain the 

solvent-independent fluorescence of 1.  
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Figure 3.3: (A) UV spectral overlay traces of 1 (black trace) and 2 (red trace). (B) 

Excitation and emission spectra of 1 in water. (C) Picture highlighting the blue 

fluorescence of 1 (right) and lack of fluorescence for adduct 2 (left). 

 

Table 3.1: Diagnostic 13C-NMR Chemical Shifts in DMSO. 

δ (ppm)a C5 C8 Imino CN C2ʹ 

dG 116.8 136.0 ‒ ‒ 39.5 

8-oxo-dGb 98.5 151.6 ‒ ‒ 35.6 

1 99.7 141.8 151.4 ‒ 36.6 

2 112.8 142.3 ‒ 120.1 39.2 

aChemical shifts are given in ppm measured at 150 MHz 

at ambient temperature in DMSO-d6. bChemical shifts for 

8-oxo-dG taken from Cho.36 

 

Diagnostic 13C-NMR chemical shifts of 1 and 2 (Table 3.1) were obtained through 

1H-13C correlations (Figures B.3, B.4, B.8, B.9, Appendix B) and confirmed covalent bond 
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formation between the ortho-CN substituent and N7 of the dG nucleobase to afford 1. The 

chemical shifts of C5 reveal a change in N7-hybridization. The unmodified nucleobase dG 

contains an sp2-hybridized N7 and the adjacent C5 atom resonates at 116.8 ppm.35 N-

Linked adducts such as 2 do not induce a change in N7-hybridization and the C5 chemical 

shift of 2 (112.8 ppm) was similar to dG. In contrast, the oxidized 8-oxo-dG lesion adopts 

the keto-tautomer, which contains an sp3-hybridized N7. The C5 atom of this oxidized 

lesion resonates upfield at 98.5 ppm.36 Adduct cyclization to produce 1 would also induce 

an sp3-hybridized N7, and its C5 chemical shift (99.7 ppm) was similar to the corresponding 

chemical shift within 8-oxo-dG. The downfield shift of C8 in adducts 1 (141.8), 2 (142.3) 

and 8-oxo-dG (151.6) relative to unmodified dG (136.0) was representative of adduction at 

C8. Cyclization was also evidenced by the diagnostic 13C-NMR peaks associated with the 

nitrile and imino groups. Aromatic nitriles possess a 13C chemical shift ~120 ppm,37 which 

was observed for adduct 2 (120.1 ppm). In adduct 1 the cyano group is converted into an 

exocyclic imine,19 which resonates downfield at 151.4 ppm.  

Rates of acid-catalyzed hydrolysis of adducts 1 and 2 were determined using a 

spectrophotometric procedure, as previously carried out for C-linked,23 O-linked22 and 

other N-linked C8-dG adducts.38 For 2, the deglycosylated nucleobase displays greater 

absorbance at ~ 320 nm in 0.1 M HCl at 37 °C (Figure 3.4A) than the starting nucleoside, 

while for 1 the greatest change in absorbance occurred at ~ 250 nm, with the deglycosylated 

nucleobase exhibiting a decrease in absorbance (insert, Figure 3.4B). That the observed 

spectral changes were due to acid-catalyzed hydrolysis of the starting nucleosides was 

confirmed by ESI‒-MS (Figures B.12-B.15, Appendix B). The changes in absorbance as a 

function of time were utilized to determine apparent first-order rate constants (kobs (min-1)) 
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and half-lives (t1/2 (min)) for 1 and 2 in 0.1 M HCl at 37.2 °C and in 0.2 M HCl/KCl pH 2.0 

buffer at 48.4 °C, in order to draw direct comparisons to the corresponding rates for 

unmodified dG (Table 3.2).39 In acidic media, the first step of dG hydrolysis involves 

protonation at N7 (N7H+-dG, pKa ~ 2.3440) followed by rate-limiting unimolecular 

cleavage of the glycosidic bond. In general, C8-dG adducts are more reactive than dG, with 

C-linked and O-linked adducts being ~ 4- to 45-fold more reactive than dG under acidic 

conditions,22,23 while N-linked adducts are only 2- to 5-fold more reactive.38 Relief of steric 

strain, stabilization of the developing negative charge at N9 upon removal of the sugar 

moiety, and the influence of the C8-substituent on the proton affinity of N7, influence the 

relative rates of depurination for C8-dG adducts compared to dG.22,23,38 In the present case, 

1 and 2 were ~ 5-fold more reactive than dG in 0.1 M HCl at 37.2 °C, as expected for N-

linked C8-dG adducts.38 However, at pH 2 (48.4 °C), the cyclic adduct 1 was more stable 

to hydrolysis than dG, while the open analog 2 was still more reactive (~ 2-fold, Table 3.2). 

Thus, the open adduct 2 is 2- to 5-fold more reactive than dG to hydrolysis in acidic media, 

as reported previously for other N-linked C8-dG adducts,38 while the cyclic adduct 1 is 

more resistant to hydrolysis than both dG and 1 at pH 2.0. Clearly, the involvement of N7 

in formation of the quinazolinimine ring of 1 changes the anticipated site of protonation to 

the imine N-atoms of the attached C8-aryl moiety, which likely plays a key role in the 

hydrolytic stability of 1 in pH 2 buffer compared to dG and 2. 
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Figure 3.4: Changes in absorbance spectra of (A) adduct 2 and (B) adduct 1 in 0.1 M HCl 

at 37 °C recorded in ~ 1 min intervals (dashed red traces, initial trace in black). 

 

Table 3.2: Summary of Rate Data for Acid-Catalyzed Hydrolysis of 1 and 2. 

Adduct kobs (min-1), t1/2(min)a k/k(dG) kobs (min-1), t1/2(min)b k/k(dG) 

1 0.172 ± 0.005, 4.03 4.4 0.029 ± 0.001, 23.9 0.83 

2 0.214 ± 0.005, 3.24 5.5 0.062 ± 0.003, 11.2 1.8 

dGc 0.0391, 17.7 1 0.035, 19.7 1 

aDetermined in 0.1 M HCl at 37.2 °C. bDetermined in 0.2 M HCl/KCl pH 2.0 buffer at 

48.4 °C.cData for dG taken from ref. 39. 

 

3.4.2 Conformation 

The mutagenic potential of a C8-dG adduct is associated with its ability to adopt 

the promutagenic syn conformation.2,6 Discrimination of the syn and anti conformations 

through 13C- and 1H-NMR chemical shifts have been reported in the literature.35,36 A switch 

from anti to syn is correlated with a downfield shift of H2ʹ from ~ 2.5 to 3.2 ppm and an 
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upfield shift of C2ʹ from ~ 39.0 to 36.0 ppm. These signature shifts are displayed in the 1H-

NMR and 13C-NMR spectra (Figures B.1-B.4, B.6-B.9, Appendix B) of 1 and 2, and 

indicate that 1 preferentially adopts the syn conformation with H2ʹ and C2ʹ resonating at 

3.19–3.26 ppm and 36.6 ppm (Table 3.1), respectively. Conversely, 2 adopts an anti 

conformation with H2ʹ and C2ʹ resonating at 2.47–2.52 ppm and 39.2 ppm. 

 

Figure 3.5: Selective 1D ROESY spectrum of 1 in DMSO-d6 at ambient temperature 

highlighting the cross-peak from the sugar H1ʹ to the aromatic H12 proton for a syn 

conformational preference. 

 

Further evidence of adduct conformation was obtained by collecting 1D selective 

ROESY spectra. The cyclic adduct 1 displays a diagnostic ROESY cross-peak from the 

sugar H1ʹ to the aromatic H12 (Figure 3.5), which is consistent with the chemical shift data 

for the syn preference. In contrast, the open adduct 2 exhibits a ROESY cross-peak from 

the sugar H5ʹ to the aromatic H12 proton (Figure B.10, Appendix B), which is consistent 

with an anti preference.   
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Figure 3.6: B3LYP-D3(BJ)/6-31G(d,p) anti (left) and syn (right) minima for the free 

nucleosides of A) 1 with no constraints, B) 2 with no constraints, C) 1 with the 5′-OH 

constrained, and D) 2 with the 5′-OH unconstrained. 

Additional insight into adduct structure and conformation was obtained through 

DFT calculations. The two nucleosides were built from minima obtained at the nucleobase 

level. Notably, within the nucleobase model for 1, the energetically favored orientation 

contains a N–H···O6 intramolecular hydrogen bond (Figure B.16, Appendix B), which is 
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consistently maintained within all DFT calculations and MD simulations (occupancy > 90 

%). For 2, we observed that all three minima obtained were within 3 kJ/mol, with the most 

stable structure positioning the bulky group and nucleobase in the same plane (Figure B.17, 

Appendix B). In contrast to the NMR data, gas-phase DFT calculations that scan about the 

χ dihedral angle in the isolated nucleosides suggest that 2 is more stable in the syn 

orientation (χ = 57.0°) by 13.2 kJ/mol, while the anti orientation of 1 (241.2°) is slightly 

stabilized (by 1.0 kJ/mol, Figures 3.6, B.18-B.21, Appendix B). However, these models 

likely overestimate the stability provided by a O5′–H···N sugar–nucleobase hydrogen bond 

between the terminal 5′–hydroxy group of the sugar and the nucleobase adduct. Indeed, 

when the 5′–hydroxy group is constrained away from the nucleobase to mimic stronger 

sugar–solvent interactions, the syn orientation (253.9°) is slightly more stable than anti 

(56.6°) for 1 (by 0.8 kJ/mol) and completely destabilized for 2 (no syn minimum isolated, 

and anti occurs with χ = 225.3°; see Figures B.19, B.21-B.23, Appendix B). Implicit water 

further stabilizes syn 1 (from 0.8 kJ/mol to 2.1 kJ/mol, Table B.1, Appendix B). To further 

assess the impact of solvent–nucleoside interactions on the preferential stabilization of the 

syn orientation of the lesions, umbrella sampling was used to characterize the 

conformational space of the isolated nucleoside adducts in a water box (Figure B.24, 

Appendix B). In explicit solvent, both nucleosides 1 and 2 have anti and syn minima at χ ~ 

220° and ~ 50°, respectively (Figure 3.7), and adopt a range of sugar puckerings (Table 

B.2, Appendix B). For 1, the syn orientation is more stable than the anti conformation by 

1.5 kJ/mol, whereas the anti orientation is more stable for 2 by 0.6 kJ/mol. This trend also 

agrees with the NMR data, although the small relative energies and low rotational energy 

barriers (< 15 kJ/mol) suggest conformational flexibility.  
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Figure 3.7: PMF for the rotation about the glycosidic bond (χ = ∠(O4′−C1′−N9−C4)) for 

the free nucleoside adduct 1 (blue) and 2 (green) in water. 

 

3.4.3 MD Simulations of Adducted NarI 

The NMR predicted and computationally supported syn preference of the adduct 1 

nucleoside has important implications for mutagenicity as the lesion may stabilize the SMI 

complex to promote frameshift mutations. To investigate this possibility, anti and syn 

adducts 1 and 2 were modelled in the reiterated G3 (X) site of the NarI sequence (5ʹ-

CTCTCG1G2CXCCATC, X = 1 or 2) within SMI and FP duplexes. When each anti lesion 

is modelled in the SMI complexes, the structural differences between the duplexes are 

minimal, although both lesions adopt a range of sugar puckers (Tables B.3-B.5, Appendix 

B). Specifically, both lesions position the bulky moiety in the major groove and the 

Watson-Crick (WC) face of the adducted G is directed towards the opposing strand (Figures 

B.25 and B.26, Appendix B). In fact, the adduct forms WC hydrogen bonds with the 5′-

flanking C in the opposing strand, causing the identity of the unpaired base to shift to the 

neighboring or next-nearest neighboring 5ʹ-G (Tables B.6 and B.7, Appendix B). Notably, 

the sequence will therefore have a significant impact on the location of the unpaired G, as 

the damaged G3 base can pair with the C originally opposite G2 in the sequence considered 
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in the present work, which in turn can pair with the C across from G1 (leaving G1 unpaired). 

Therefore, either G1, G2, or the adducted G3 can be unpaired as there are only two Cs in 

the pairing strand. However, periodically during the simulations, a single C also 

simultaneously interacts with two Gs (see, for example, Figure B.27, Appendix B). 

Regardless of the specific unpaired G, either the unpaired anti lesion or the other unpaired 

G is positioned to stack in the helix, which can lead to narrowing of the DNA helix. The 

resulting helical narrowing disrupts multiple base pairs 5′ to the lesion (Figure B.28, 

Appendix B). Overall, the distorted structures for the SMI containing anti 1 and 2 suggest 

that the anti adduct orientations destabilize the complex.  

In contrast to the anti lesion orientation, MD simulations indicate that the SMI 

duplexes containing the syn adducts adopt two conformations that can be classified based 

on the interplanar angle between the base pairs flanking the unpaired bases as bent (> 40°) 

or planar (< 40°) (Figures 3.8, B.29-B.31, Appendix B). Stacking between the adduct and 

surrounding nucleobases is a significant stabilization factor for both conformations due the 

lack of hydrogen bonding between the lesion and surrounding bases (Table B.8, Appendix 

B). Nevertheless, the base pairs flanking the lesion site are maintained (Table B.9, 

Appendix B). Although both lesions adopt both conformations, adduct 1 is better able to 

stabilize the planar conformation than the bent, with the average lifetime of each state 

before switching conformations (i.e., the residence time (RT)) being larger for the planar 

conformation (596 ps compared to 468 ps; Tables B.10 and B.11, and Figure B.32, 

Appendix B). In contrast, adduct 2 favors the distorted conformation (RT = 406 ps) over 

the planar conformation (RT = 306 ps; Tables B.10, B.11 and Figure B.33, Appendix B). 

In addition to differences in the identity of the most stable conformation, 1 has overall 
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larger residence times compared to 2, implying that 2 is less able to stabilize the SMI. The 

greater ability of the closed adduct 1 to stabilize the SMI in the syn orientation likely arises 

due to more stable π–π stacking interactions between the lesion bulky moiety and flanking 

base pairs in the preferred planar conformation. 

 

Figure 3.8: Representative SMI structures. A) Distorted SMI containing 1 in the anti 

conformation, B) planar, stabilized SMI containing 1 in the syn conformation, C) 

distorted SMI containing 2 in the anti conformation, and D) distorted SMI containing 2 in 

the syn conformation. 

 

As seen for the SMI complexes, the structures of the FP helices are similar when 

either adduct 1 or 2 adopts the anti conformation, which places the bulky moiety in the 

major groove, maintains the structural features of canonical B-DNA, and allows the lesion 

site sugar to adopt a range of conformations (Table B.5, Appendix B). Indeed, both lesions 

maintain WC base pairing with the opposing C, with minimal helical distortions (Figures 

3.9, B.34, B.35, and Tables B.12 and B.13, Appendix B). However, when the lesions are 

in the syn orientation, the FP duplexes adopt either a base-displaced stacked (S) or wedge 

(W) conformation (Figures 3.9, B.36-B.39, Appendix B). Specifically, the S conformation 
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displaces the adducted G and pairing C bases towards the major groove such that no 

hydrogen bonds exist between these bases. Instead, the S conformation is stabilized by 

stacking between the adduct and the flanking base pairs. In the W conformation, although 

the adduct is also in the syn orientation, the bulky group is located in the minor groove and 

the Hoogsteen face of the adduct is available to hydrogen bond with the opposing C. The 

dominant conformation of the damaged FP duplexes is dictated by the ability of the adduct 

to stack with the flanking base pairs. 

 

Figure 3.9: Representative structures of the FP duplexes containing adduct 1 in the A) B 

conformation or B) S conformation or containing adduct 2 in the C) B conformation or D) 

W conformation. 

 

Regardless of whether simulations on the FP duplex containing adduct 2 are 

initiated from an S or W conformation, a similar structure is obtained that positions the 

bulky group in the minor groove and contains one or two hydrogen bond(s) between the 

damaged G and the opposing C (> 40% occupancy, Tables B.14-B.17, Appendix B). Since 

the bulky moiety is considerably nonplanar with respect to the flanking base pairs (average 



79 

interplanar angle = 55.5° ± 6.8°, Figures B.40, B.41 and Table B.18, Appendix B), no 

significant stabilization is obtained from stacking interactions involving the bulky moiety 

of the syn adduct. When coupled with the undistorted B-conformation of damaged FP 

duplexes containing the anti lesion, it can be concluded that adduct 2 is more likely to 

maintain the canonical B-form duplex. In contrast, syn 1 is nicely positioned between the 

flanking base pairs to form stabilizing stacking interactions in the FP duplexes in 

simulations initiated from the S conformation, with an average interplanar angle between 

the lesion and flanking base pairs of 12.5° ± 0.7° (Table B.18, Appendix B). Moreover, for 

the majority of the FP duplex simulations initiated from a W conformation, the bulky group 

repositions to intercalate within the helix and stack with the flanking base pairs. In instances 

where the bulky moiety remains in the minor groove, only one hydrogen bond occurs 

between the lesion and the opposing C with low occupancy (on average 17%; Table B.17, 

Appendix B). This suggests that 1 likely primarily adopts the S conformation when in the 

syn orientation. Nevertheless, the adduct also stabilizes in the B conformation of damaged 

DNA, suggesting that there may be conformational heterogeneity for FP duplexes 

containing this lesion.  

3.5 Conclusions 

Our work highlights the involvement of an ortho-cyano substituent in formation of 

an unusual polycyclic N-linked C8,N7-dG adduct. The resulting planar fluorescent adduct 

1 adopts the promutagenic syn conformation. In contrast, adduct 2 derived from para-

cyano-aniline maintains the anti conformation and is devoid of fluorescent properties. MD 

simulations demonstrate that while 1 and 2 both lead to distorted SMI helices regardless of 

the anti or syn glycosidic orientation, only syn 1 stabilizes the SMI as evidenced by a 
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persistent non-distorted planar duplex structure that benefits from stacking interactions 

between the lesion and surrounding nucleobases. Furthermore, although both anti 1 and 2 

are well accommodated and maintain interstrand WC pairing in the B conformation of the 

FP duplexes, syn 2 is unable to stabilize the S conformation of damaged FP duplexes, while 

syn 1 preferentially stabilizes an intercalated lesion conformation. Thus, the MD 

simulations suggest that only 1 is able to stabilize the promutagenic S conformation in FP 

and SMI duplexes, likely due to a greater potential of the closed polycyclic ring to stack 

with the flanking base pairs. Thus, the “cyano effect” noted for the potent mutagenicity of 

cyano-nitroanilines in the Ames test utilizing frame-shift sensitive strains may stem from 

the ability of the monocyclic nitroaniline precursor to produce a polycyclic adduct that 

features the structural attributes of N-linked C8-dG adducts derived from polycyclic 

nitroaromatic and arylamine precursors that are potent frame-shift mutagens.  

 

3.6 References 

(1) Josephy, P. D., and Mannervik, B. (2006) Molecular Toxicology, 2nd ed., pp 517-

518, Oxford University Press, Inc., New York. 

(2) Cho, B. (2010) Structure-function characteristics of aromatic amine-DNA adducts, in 

The Chemical Biology of DNA Damage (Geacintov, N. E. and Broyde, S., Eds) pp. 217-

238, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany. 

(3) Skipper, P. L., Kim, M. Y., Sun, H.-L. P., Wogan, G. N., and Tannenbaum, S. R. 

(2010) Monocyclic aromatic amines as potential human carcinogens: old is new again. 

Carcinogenesis 31, 50-58.  

(4) Böge, N., Gräsl, S., and Meier C. (2006) Synthesis and properties of oligonucleotides 

containing C8-deoxyguanosine arylamine adducts of borderline carcinogens. J. Org. Chem. 

71, 9728-9738.  

(5) Naiman, K., Dračínský, M., Hodek, P., Martínková, M., Schmeiser, H. H., Frei, E., 

and Stiborová, M. (2012) Formation, persistence, and identification of DNA adducts 



81 

formed by the carcinogenic environmental pollutant o-anisidine in rats. Toxicol. Sci. 127, 

348-359. 

(6) Patel, D. J., Mao, B., Gu, Z., Hingerty, B. E., Gorin, A., Basu, A. K., and Broyde, S. 

(1998) Nuclear magnetic resonance solution structures of covalent aromatic amine‒DNA 

adducts and their mutagenic relevance. Chem. Res. Toxicol. 11, 391-407. 

(7) Mao, B., Hingerty, B. E., Broyde, S., and Patel, D. J. (1998) Solution structure of the 

aminofluorene [AF]-intercalated conformer of the syn-[AF]-C8-dG adduct opposite dC in 

a DNA duplex. Biochemistry 37, 81-94.  

(8) Wang, F., DeMuro, N. E., Elmquist, C. E., Stover, J. S., Rizzo, C. J., and Stone, M. 

P. (2006) Base-displaced intercalated structure of the food mutagen 2-amino-3-

methylimidazo[4,5-f]quinoline in the recognition sequence of the NarI restriction enzyme, 

a hotspot for −2 bp deletions. J. Am. Chem. Soc. 128, 10085-10095. 

(9) Fuchs, R. P. P., Schwartz, N., and Daune, M. P. (1981) Hot spots of frameshift 

mutations induced by the ultimate carcinogen N-acetoxy-N-2-acetylaminofluorene. Nature 

294, 657-659. 

(10) Burnouf, D., Koehl, P., and Fuchs, R. (1989) Single adduct mutagenesis: strong 

effect of the position of a single acetylaminofluorene adduct within a mutation hot spot. 

Proc. Natl. Acad. Sci. 86, 4147-4151. 

(11) Broschard, T. H., Koffel-Schwartz, N., and Fuchs, R. P. (1999) Sequence-dependent 

modulation of frameshift mutagenesis at NarI-derived mutation hot spots. J. Mol. Biol. 288, 

191-199. 

(12) Milhe, C., Fuchs, R. P. P., and Lefevre, J. F. (1996) NMR data show that the 

carcinogen N-2-acetylaminofluorene stabilises an intermediate of −2 frameshift 

mutagenesis in a region of high mutation frequency. Eur. J. Biochem. 235, 120-127. 

(13) Xu, L., and Cho, B. P. (2016) Conformational insights into the mechanism of 

acetylaminofluorene-dG-induced frameshift mutations in the NarI mutational hotspot. 

Chem. Res. Toxicol. 29, 213-226.  

(14) Hoffmann, G. R., and Fuchs, R. P. P. (1997) Mechanisms of frameshift mutations: 

insight from aromatic amines. Chem. Res. Toxicol. 10, 347-359.  

(15) Shapiro, R., Ellis, S., Hingerty, B. E., and Broyde, S. (1998) Effect of ring size on 

conformations of aromatic amine‒DNA adducts: The aniline‒C8 guanine adduct resides in 

the B-DNA major groove. Chem. Res. Toxicol. 11, 335-341.  

(16) Josephy, P. D., Zahid, M., Dhanoa, J., de Souza, G. B. D., Groom, H., and Lambie, 

M. (2016) Potent mutagenicity in the Ames test of 2-cyano-4-nitroaniline and 2,6-dicyano-

4-nitroaniline, components of disperse dyes. Environ. Mol. Mutagen. 57, 10-16.  



82 

(17) Josephy, P. D., Dhanoa, J., Elzawy, G., Heney, K., Petrie, L., and Senis C. (2018) 

Structure-activity investigation of the potentiating effect of cyano substitution on 

nitroaniline mutagenicity in the Ames test. Environ. Mol. Mutagen. 59, 114-122.  

(18) Baldwin, J. E. (1976) Rules for ring closure. J. Chem. Soc., Chem. Commun. 734-

736.  

(19) Quintero, C., Valderrama, M., Becerra, A., Daniluc, C. G., and Rojas, R. S. (2015) 

Synthesis of 4(3H)quinazolinimines by reaction of (E)-N-(aryl)-acetimidoyl or -

benzimidoyl chloride with amines. Org. Biomol. Chem. 13, 6183-6193.  

(20) Ramanathan, M., Liu, Y.-H., Peng, S.-M., and Liu, S.-T. (2017) Synthesis of 

substituted quinazolin-4(3H)-imines from aryldiazonium salts, nitriles and 2-cyanoanilines 

via a metal-free tandem approach. Org. Lett. 19, 5840-5843. 

(21) Elmquist, C. E., Stover, J. S., Wang, Z., and Rizzo, C. J. (2004) Site-specific 

synthesis and properties of oligonucleotides containing C8-deoxyguanosine adducts of the 

dietary mutagen IQ. J. Am. Chem. Soc. 126, 11189-11201.  

(22) Kuska, M. S., Yazdi, M. M., Witham, A. A., Dahlmann, H. A., Sturla, S. J., 

Wetmore, S. D., and Manderville, R. A. (2013) Influence of chlorine substitution on the 

hydrolytic stability of biaryl ether nucleoside adducts produced by phenolic toxins. J. Org. 

Chem. 78, 7176-7185.  

(23) Schlitt, K. M., Sun, K. M., Paugh, R. J., Millen, A. L., Navarro-Whyte, L., Wetmore, 

S. D., and Manderville, R. A. (2009) Concerning the hydrolytic stability of 8-aryl-2ʹ-

deoxyguanosine nucleoside adducts: implications for abasic site formation at physiological 

pH. J. Org. Chem. 74, 5793-5802. 

(24) Dennington, R., Keith, T. A., and Millam, J. M. (2016) Gaussview 6.0, Semichem 

Inc. Shawnee Mission KS.  

(25) Millen, A. L., McLaughlin, C. K., Sun, K. M., Manderville, R. A., and Wetmore, S. 

D. (2008) Computational and experimental evidence for the structural preference of 

phenolic C-8 purine adducts. J. Phys. Chem. A 112, 3742-3753. 

(26) Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A., 

Cheeseman, J. R., Scalmani, G., Barone, V., Petersson, G. A., Nakatsuji, H., Li, X., 

Caricato, M., Marenich, A. V., Bloino, J., Janesko, B. G., Gomperts, R., Mennucci, B., 

Hratchian, H. P., Ortiz, J. V., Izmaylov, A. F., Sonnenberg, J. L., Williams; Ding, F., 

Lipparini, F., Egidi, F., Goings, J., Peng, B., Petrone, A., Henderson, T., Ranasinghe, D., 

Zakrzewski, V. G., Gao, J., Rega, N., Zheng, G., Liang, W., Hada, M., Ehara, M., Toyota, 

K., Fukuda, R., Hasegawa, J., Ishida, M., Nakajima, T., Honda, Y., Kitao, O., Nakai, H., 

Vreven, T., Throssell, K., Montgomery Jr., J. A., Peralta, J. E., Ogliaro, F., Bearpark, M. 

J., Heyd, J. J., Brothers, E. N., Kudin, K. N., Staroverov, V. N., Keith, T. A., Kobayashi, 

R., Normand, J., Raghavachari, K., Rendell, A. P., Burant, J. C., Iyengar, S. S., Tomasi, J., 

Cossi, M., Millam, J. M., Klene, M., Adamo, C., Cammi, R., Ochterski, J. W., Martin, R. 



83 

L., Morokuma, K., Farkas, O., Foresman, J. B., and Fox, D. J. (2016) Gaussian 16 Rev. 

C.01, Wallingford, CT.  

(27) Berger, F. D., Sturla, S. J., Kung, R. W., Montina, T., Wetmore, S. D., and 

Manderville, R. A. (2018) Conformational preference and fluorescence response of a C-

linked C8-biphenyl-guanine lesion in the NarI mutational hotspot: evidence for enhanced 

syn adduct formation. Chem Res Toxicol. 31, 37-47.  

(28) Wilson, K. A., Kung, R. W., and Wetmore, S. D. (2016) Chapter Seven - Toxicology 

of DNA adducts formed upon human exposure to carcinogens: insights gained from 

molecular modeling. In Advances in Molecular Toxicology, Fishbein, J. C.; Heilman, J. M., 

Eds. Elsevier: Vol. 10, pp 293-360.  

(29) Millen, A. L., Sharma, P., and Wetmore, S. D. (2012) C8-linked bulky guanosine 

DNA adducts: Experimental and computational insights into adduct conformational 

preferences and resulting mutagenicity. Future Med. Chem. 4, 1981-2007.  

(30) Ivani, I., Dans, P. D., Noy, A., Pérez, A., Faustino, I., Hospital, A., Walther, J., 

Andrio, P., Goñi, R., Balaceanu, A., Portella, G., Battistini, F., Gelpí, J. L., González, C., 

Vendruscolo, M., Laughton, C. A., Harris, S. A., Case, D. A., and Orozco, M. (2015) 

Parmbsc1: a refined force field for DNA simulations. Nature Methods 13, 55.  

(31) Case, D. A., Ben-Shalom, I. Y., Brozell, S. R., Cerutti, D. S., Cheatham, T.E., 

Cruzeiro, V. W. D., Darden, T. A., Duke, R. E., Ghoreishi, D., Gilson, M. K., Gohlke, H., 

Goetz, A. W., Greene, D., Harris, R., Homeyer, N., Izadi, S., Kovalenko, A., Kurtzman, T., 

Lee, T. S., LeGrand, S., Li, P., Lin, C., Liu, J., Luchko, T., Luo, R., Mermelstein, D. J., 

Merz, K. M., Miao, Y., Monard, G., Nguyen, C., Nguyen, H., Omelyan, I., Onufriev, A., 

Pan, F., Qi, R., Roe, D. R., Roitberg, A., Sagui, C., Schott-Verdugo, S., Shen, J., 

Simmerling, C. L., Smith, J., Salomon-Ferrer, R., Swails, J., Walker, R. C., Wang, J., Wei, 

H., Wolf, R. M., Wu, X., Xiao, L., York, D. M., Kollman, P. A. (2018) Amber 2018, 

University of California: San Francisco.  

(32) Dupradeau, F.-Y., Pigache, A., Zaffran, T., Savineau, C., Lelong, R., Grivel, N., 

Lelong, D., Rosanski, W., and Cieplak, P. (2010) The R.E.D. tools: advances in resp and 

esp charge derivation and force field library building. Phys. Chem. Chem. Phys. 12, 7821-

7839.  

(33) Grossfield, A., WHAM: an implementation of the weighted histogram analysis 

method, http://membrane.urmc.rochester.edu/wordpress/?page_id=126, version 2.0.9.1. 

(34) Kitson, R. E., and Griffith, N. E. (1952) Infrared absorption band due to nitrile 

stretching vibration. Anal. Chem. 24, 334-337.  

(35) Rankin, K. M., Sproviero, M., Rankin, K., Sharma, P., Wetmore, S. D., and 

Manderville, R. A. (2012) C8-Heteroaryl-2′-deoxyguanosine adducts as conformational 

fluorescent probes in the NarI recognition sequence. J. Org. Chem. 77, 10498-10508.  



84 

(36) Cho, B. P. (1993) Structure of oxidatively damaged nucleic acid adducts: pH 

dependence of the 13C NMR spectra of 8-oxoguanosine and 8-oxoadenosine. Mag. Reson. 

Chem. 31, 1048-1053.  

(37) Bailey, W. F., and Cioffi, E. A. (1987) Carbon-13 NMR chemical shifts of 

representative nitriles and nitro compounds. Magn. Reson. Chem. 25, 181-183. 

(38) Novak, M., Ruenz, M., Kazerani, S., Toth, K., Nguyen, T.-M., and Heinrich, B. 

(2002) Kinetics of hydrolysis of 8-(arylamino)-2ʹ-deoxyguanosines. J. Org. Chem. 67, 

2303-2308. 

(39) Hevesi, L., Wolfson-Davidson, E., Nagy, J. B., Nagy, O. B., and Bruylants, A. 

(1972) Contribution to the mechanism of the acid-catalyzed hydrolysis of purine 

nucleosides. J. Am. Chem. Soc. 94, 4715-4720.  

(40) Da Costa, C. P., and Sigel, H. (2003) Acid-base and metal ion binding properties of 

guanylyl(3ʹ→5ʹ)guanosine (GpG‒) and 2ʹ-deoxyguanosine[d(GpG)‒] in aqueous solution. 

Inorg. Chem. 42, 3475-3482. 

  



aThe Journal of American Chemical Society Reference Style is used in this Chapter. 
bAdapted from Kung. R.W.; Deak, T.K.; Bykowski, J.F.; Wetmore, S.D., Effect of 

Guanine Adduct Size, Shape and Linker Type on the Conformation of Damaged DNA: A 

Molecular Dynamics Study, [in preparation]. 
cR.W.K. and S.D.W. designed the project. R.W.K. generated adduct forcefield parameters 

and created initial starting structures. J.F.B. and R.W.K. performed DFT calculations. 

J.F.B. and T.K.D. performed molecular dynamics simulations and analyzed the 

trajectories. R.W.K. interpreted the data and wrote the first draft of the manuscript. 

85 

Chapter 4: Effect of Guanine Adduct Size, Shape and Linker Type on the 

Conformation of Damaged DNA: A Molecular Dynamics Studya,b,c 

4.1 Introduction 

DNA damaging agents are ubiquitous in our environment and include sources such 

as cigarette smoke, vehicle exhaust, pesticides and industrial agents.1 In cells, key 

molecular components of these agents undergo bioactivation to form highly reactive 

species that attack various DNA positions to form adducts (addition products). Although 

cells have several DNA repair mechanisms,2, 3 some forms of damage persist for long 

periods of time, leading to severe biological consequences, including several diseases.4 

Indeed, the formation of bulky nucleobase adducts is highly correlated with many cancers, 

including breast, liver and lung cancers.1, 5-8 Previous work has hinted at a complex 

relationship between the chemical structure of the damaged nucleotide, the conformational 

preference of the adducted duplex, and the overall lesion mutagenicity or toxicity.9-13 

Numerous factors have been suggested to influence the conformational preference of 

damaged DNA, including the lesion size, shape, and aromaticity, length of chain 

connecting the damage moiety to the nucleobase, presence and location of heteroatoms, 

linker type and nucleobase binding site.1, 10, 14-19 Nevertheless, the complex 

interconnectivity between the chemical composition of the lesion and DNA conformational 

outcomes is still poorly understood.  
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Although DNA adducts have been discovered for each of the four canonical 

nucleobases (adenine (A), cytosine (C), guanine (G) and thymine (T)), G adducts are the 

most prevalent in cells.1 Bulky moieties can add to different guanine sites (N1, N2, O6, N7 

and C8), with N2 and C8 being the most susceptible positions for attack.16 To date, many 

C8-dG lesions have been identified that differ in how the carcinogen is linked to the C8 

site. For example, 2-acetylaminofluorenyl-guanosine (AAFdG), 2-aminofluorenyl-dG 

(AFdG), 4-aminobiphenyl-dG (4ABPdG), 1-aminopyrenyl-dG (APdG) and analine-dG (ANdG) 

have N-linkages.1, 10, 14, 16 On the other hand, the pentachlorophenyl-dG (PCPdG) and 

phenolic-dG (OPhdG) adducts have O-linkages,1, 16, 20 while phenyl-dG (PhdG), ochratoxin 

A-dG (OTA-dG) and tolyl-dG (TodG) have direct C-linkages between the bulk of the 

damage and the adducted G.1, 13, 16, 21 

Despite sharing a common G binding site, a range of biological outcomes are 

associated with the precursors to C8-dG lesions, even for those with the same linkage type.1, 

16 For example, PCP, the precursor to PCPdG, was used as a pesticide and disinfectant in the 

20th century, but has been heavily regulated following the International Agency for 

Research on Cancer (IARC) labelling PCP as carcinogenic to humans (group 1).22 In 

contrast, phenol, the precursor to O-linked OPhdG, is not labeled as classifiable as 

carcinogenic to humans (group 3).23 Alternatively, 4ABP, which is found in tobacco and 

dyes and leads to N-linked ABPdG, has been classified as a group 1 carcinogen due to strong 

connections to the formation of bladder cancer.24 Unfortunately, other compounds still lack 

sufficient evidence to be definitively labelled as carcinogenic or non-carcinogenic. For 

example, 1-nitropyrene, a precursor to N-linked APdG, has been classified as probably 

carcinogenic to humans (group 2A).25 Therefore, despite many compounds sharing a 
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common nucleobase binding position following metabolic activation, the associated C8-

dG adducts have diverse biological consequences. 

The toxicity of a lesion is at least partially linked to the ability of DNA repair 

enzymes to revert the associated damaged DNA to its undamaged state and the capacity of 

replication enzymes to duplicate DNA without errors. Repair of bulky DNA lesions is 

accomplished through the nucleotide excision repair (NER) pathway,26  whereas the 

replication of bulky DNA adducts is generally accomplished by the translesion synthesis 

(TLS) response.27  Several helical structural factors have been identified to impact lesion 

recognition and overall NER efficiency, including disruption of canonical Watson–Crick 

(WC) hydrogen bonding, changes in the base pair stacking interactions, and helical 

backbone distortions.28-36 Additionally, changes in the local structure around the damage 

site, including rotation about the glycosidic bond, are believed to promote mutations during 

replication.1, 19, 37 Collectively, these works illiterate that the impact of adduct composition 

on DNA repair and replication is dependent on the conformation of the adducted DNA.  

Previous works in the field have primarily used nuclear magnetic resonance (NMR) 

spectroscopy and computational modelling to determine the conformational preferences of 

adducted DNA.1, 10, 38-45 Although NMR methods, specifically 19F NMR using F-labelled 

adducts, have been effectively utilized to determine the conformational ratios of damaged 

helices,13, 17, 18, 46-48 the atomic information provided by these techniques is limited. 

Therefore, computational methods have been used to obtain complementary structural 

details of adducted DNA. Previous literature on several common N-linked C8-dG lesions 

(AFdG, AAFdG and ABPdG) has outlined three general conformational themes of the 

associated adducted duplexes (Figure 4.1).14, 15, 17, 18, 46-50 In the major groove (B) 
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conformation, the bulky group is located in the DNA major groove such that the damaged 

nucleoside adopts an anti orientation (χ = 180° ± 90°) and WC hydrogen bonding occurs 

between the adduct and the pairing dC. The wedge (W) conformation places the bulky 

moiety in the DNA minor groove as the damaged nucleoside adopts the syn orientation (χ 

= 0° ± 90°), which exposes the Hoogsteen binding face of the adduct to the opposing strand. 

The adduct also adopts the syn orientation in the base-displaced stacked (S) conformation, 

but positions the bulky group in the interstrand space to π–π stack with the flanking base 

pairs. Consequently, both the damaged and opposing bases are displaced into the major 

groove in the S conformer. Multiple studies have highlighted that the adducted duplexes 

often adopt more than a single conformation with the exact conformational heterogeneity 

depending on the system. 1, 16-18, 42, 43, 49 Although these conformations have been observed 

for several C8-dG lesions,1, 10, 14, 16-19, 42, 43, 49, 51 the impact of the size and shape of the bulky 

group, and the type of aryl–base linker on the preferred helical structure is still unclear.  

 

Figure 4.1: General conformational themes for C8-dG adducted DNA as shown using 

MD representative structures of PydG adducted DNA in the major groove (B, left), wedge 

(W, middle), and base-displaced stacked (S, right) conformations. 

To probe the effect of bulky moiety composition on the helical conformational 

heterogeneity of damaged DNA, prior computational work studied a systematic series of 

seven N-linked aromatic amine C8-dG adducts, with bulky groups incrementally increasing 
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in size from one to four aromatic rings (Figure 4.2).14 The two-ringed lesions were chosen 

based on the addition of an aromatic ring to ANdG through α (2,3-) fusion (1ANPdG), β (3,4-

) fusion (2ANPdG) or (3-) substitution (3ABPdG, Figure 4.2). Correspondingly, the three-

ringed moieties were generated by the addition of a naphthyl group by α fusion (1APHNdG) 

or β fusion (3APHNdG). All six of these adducts are composed of subcomponents of the bulky 

group associated with the final four-ringed APdG lesion. For each lesion, density functional 

theory (DFT) calculations and MD simulations were used to analyze the impact of the 

varying bulky moieties on the intrinsic structural preferences of the adducted site and the 

overall duplex. These data demonstrated the impact of both lesion size and shape on the 

preferred helical conformation. Specifically, APdG and 1APHNdG show the greatest 

propensity for the S conformation, while the smaller one and two ringed systems (ANdG, 

1ANPdG and 2ANPdG) preferentially induced a B-type conformation. Finally, the 3ABPdG and 

3APHNdG adducts were predicted to lead to a conformational heterogeneous mixture of the  

 
Figure 4.2: Structures, chemical numbering and nomenclature for model N, O and C-

linked DNA adducts at the C8-site of 2′-deoxyguanosine. Key dihedral angles for the C-

linked (χ ( (O4′–C1′–N9–C4)) and θ ( (N9–C8–C10–C11))) and O-linked (χ ( (O4′–

C1′–N9–C4)), θ ( (N9–C8–O10–C11)) and ϕ ( (C8–O10–C11–C12))) adducts defined 

for representative lesions. 
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B and S conformers. Although this study provided valuable insight into the effects of both 

adduct size and shape on the adopted helical conformation, more information is needed to 

validate whether the noted size and shape effects are consistent across different types of 

linkages due to the variety of nucleobase–carcinogen linkers observed in biological 

systems.1, 16  

Since computer modelling has proven to be an invaluable tool to draw connections 

between the bulky group chemical composition and the structure of adducted DNA 

containing C8-dG lesions,1, 14, 16, 20, 33, 46, 52 the present study uses a computational approach 

to consider 14 unique C-linked and O-linked C8-dG adducts (Figure 4.2). Specifically, DFT 

was used to study isolated nucleobase and nucleoside models of eight representative 

adducts that vary in adduct size, shape and linkage type, which uncovers the intrinsically 

preferred nucleobase-bulky moiety orientations. Subsequently, specific helical features and 

general conformational preferences of a 12-mer DNA oligomer containing each adduct at 

the G3 site of the NarI sequence (5′–G1G2CG3CC) were revealed using MD simulations. 

Overall, the present data highlights key differences in the preferred placement of the bulky 

moiety with respect to the nucleobase upon varying the lesion shape and type of aryl–base 

linker. Additionally, the greater influence of adduct size than shape on the conformation 

heterogeneity of the adducted duplex previously reported for N-linked adducts is confirmed 

for the C-linked and O-linked analogues. Overall, this work provides the first systematic 

investigation into the impact of the nucleobase–carcinogen linkage type (C vs O vs N) on 

the behavior of the adduct as a free nucleobase, nucleoside and within a DNA helix. Such 

information can be applied to better predict the toxicity of novel bulky DNA adducts and 
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potentially allow for the design of better anticancer drugs that more effectively damage the 

DNA of cancer cells.2, 53 

4.2 Materials and Methods 

4.2.1 DFT Calculations 

To understand the inherent structures of O and C-linked damaged G, the potential 

energy surface (PES) was initially mapped for the nucleobase and nucleoside models as 

previously described for other C8-dG adducts.14, 20, 52, 54, 55 Initial structures were built by 

modifying those previously published for the corresponding N-linked C8-dG adducts using 

Gaussview 5.0.56 The nucleoside models adopt the biologically-relevant C2′-endo 

puckering, and the 5′ and 3′ terminal hydroxy groups were constrained to the approximate 

values expected for B-DNA (namely Ð(H−O5′−C5′−C4′) = 180° and Ð(H−O3′−C3′−H3′) 

= 60°). For the O-linked nucleobase adducts, the PES was considered as a function of both 

θ (Ð(N9–C8–O10–C11)) and f (Ð(C8–O10–C11–C12)), while the PES of each C-linked 

nucleobase adduct was considered as a function of θ (Ð(N9–C8–C10–C11)). The impact 

of the relative orientation of the nucleobase and sugar was also considered in nucleoside 

models by searching the PES as a function of θ and χ (Ð(O4′–C1′–N9–C4)). In each case, 

the dihedral angles dictating the orientation of the bulky group with respect to the 

nucleobase and the nucleobase with respect to the sugar were constrained in 10° steps from 

0–350° and the rest of the system optimized with B3LYP/6-31G(d). Each minimum 

identified from the PES scans was subsequently fully optimized using B3LYP-D3(BJ)/6-

31G(d). Reported energies were obtained at the B3LYP-D3(BJ)/6-311+G(2df,p) level of 

theory and include scaled (0.9813) zero-point vibrational corrections. These calculations 

were performed for the phenyl, 1-naphthyl, 3-pheanthrenyl and 1-pyrenyl C and O-linked 
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adducts (Figure 4.2), which provides a representative set of adducts to study the effects of 

the bulky moiety size and shape on the preferred damaged nucleobase and nucleoside 

orientations. All DFT calculations were done using Gaussian 09 (revision D.01).57  

4.2.2 MD Simulations 

A total of 14 C-linked and O-linked C8-dG adducts were considered (Figure 4.2), namely 

the C-linked PhdG, 1-naphthyl-dG (1NPdG), 2-naphthyl-dG (2NPdG), 3-biphenyl-dG (3BPdG), 

1-phenanthrenyl-dG (1PHNdG), 3-phenanthrenyl-dG (3PHNdG), and 1-pyrenyl-dG (PydG) 

adducts, and the O-linked OPhdG, 1-naphthol-dG (1ONPdG), 2-naphthol-dG (2ONPdG), 3-

biphenol-dG (OBPdG), 1-phenanthrenol-dG (1OPHNdG), 3-phenanthrenol-dG (3OPHNdG), and 

1-pyrenol-dG (OPydG) adducts. Each adduct was incorporated at the X position opposite C 

in the 5′-CTCGGCXCCATC-3′ DNA sequence, which contains the NarI mutational 

hotspot (underlined).58 Each adducted duplex was modelled in the B, W and S helical 

conformations, with the starting structures generated from representative structures of the 

corresponding N-linked adducted DNA in the relevant conformation.14 For a given adduct 

and duplex conformation, multiple rotamers with respect to θ and ϕ (when applicable) were 

considered, with the exception of PhdG, which was considered with respect to θ due to 

symmetry. Specifically, for each damaged DNA conformation, the remaining 6 C-linked 

adducts and O-linked OPhdG were modelled with two possible θ values (i.e., ~ 0° and ~ 

180°), while four rotamers (i.e., θ ~ 0° and ϕ ~ 0°, θ ~ 0° and ϕ ~ 180°, θ ~ 180° and ϕ ~ 

0°, and θ ~ 180° and ϕ ~ 180°) were modelled for the remaining six O-linked adducts. 

The AMBER14SB force field was used to describe the canonical DNA bases,59 

while the general amber force field (GAFF) was used to supplement the AMBER 

parameters for the damaged nucleotides.60 Charges for non-standard residues were 
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developed using the R.E.D. program (version III.4)61 to ensure compatibility with the 

AMBER force field. B3LYP-D3(BJ)/6-31G(d) optimized nucleotides in the anti and syn 

orientations were used as the R.E.D. input structures. Using the tleap module of the 

AMBER 14 program,62 each damaged DNA duplex and the corresponding canonical helix 

were solvated in an octahedral TIP3P water box such that there was a minimum of 8 Å 

between the DNA and the edge of the box in all directions. Twenty-two sodium ions were 

added to neutralize the solute. The systems were minimized over 4 stages. First, the solvent 

was optimized using 500 steps of steepest decent (SD) minimization, with a 500 kcal mol-

1 Å-2 force restraint on DNA atoms. This was followed by 500 steps of the conjugate 

gradient (CG) algorithm with the same restraint on DNA. The third stage involved 1000 

steps of unconstrained SD energy minimization. Finally, the entire system was minimized 

without constraints using 1500 steps of the CG procedure. The systems were then heated 

to 300 K under constant volume for 20 ps. The Langevin thermostat (γ = 1) was 

implemented during heating along with a 10 kcal mol-1 Å-2 restraint on the DNA. 

Subsequently, MD production simulations were performed on each system for 100 ns with 

a constant pressure of 1 atm (implemented using the Langevin algorithm) and a constant 

temperature of 300 K (maintained by the Berendsen procedure). Three 120 ns replicas on 

select N-linked adducts suggested that structural and energetic conclusions were consistent 

with the 100 ns timescale.14 The heavy atoms involved in each WC hydrogen bond in the 

terminal base pairs were restrained to 3.0 Å using a 25 kcal mol-1 Å-2 harmonic restraint to 

prevent unraveling during the production simulation. An 8 Å cutoff was used for 

nonbonded interactions and supplemented with the particle-mesh Ewald method for 

Coulombic interactions. During all MD production simulations, SHAKE was applied to the 

hydrogens and a time step of 2 fs was implemented. The periodic boundary condition was 
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used during every stage of the MD procedure as implemented using the PMEMD module 

of AMBER 14.62 Each trajectory was saved and analyzed every 2.5 ps. 

As previously done for the analogous N-linked adducts,14 the multiple damaged 

DNA conformations for each (anti and syn) glycosidic orientation of the damaged 

nucleotide were ranked with respect to the free energies as determined using MM/PBSA 

and normal mode analysis calculations. The MM/PBSA calculations were performed on 

1000 frames of solvent and sodium free trajectories. We acknowledge that errors have been 

observed with using MM/PBSA energies, but we anticipate that errors within the 

MM/PBSA protocol are minimized when comparing the highly similar structures in the 

present work. Due to the large number of adducts and conformations considered in the 

present work, our analysis focused on the one adduct rotamer per lesion glycosidic 

conformation that yields the most stable adducted DNA helix. 

Structural analysis was performed using the CPPTRAJ module in AMBER.63 

Specifically, the hydrogen-bonding occupancies were calculated using a 3.4 Å heavy-atom 

cutoff distance and a 120° donor-hydrogen-acceptor angle. Key dihedral angles within the 

damaged nucleotide (χ, θ, and ϕ) were also determine as well as the DNA backbone RMSD 

and solvent accessible surface area (SASA) of the bulky group. Representative structures 

were generated for each trajectory by clustering with respect to the χ, θ, and ϕ dihedral 

angles using the heiragglo algorithm. Lesion-site interaction energies (LSIEs) were 

calculated using the linear-interaction energy (LIE) command in CPPTRAJ. Specifically, 

the average hydrogen-bond strengths were determined for the adducted base pair and the 

flanking base pairs, while the average stacking interactions were calculated between the 
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adduct or pairing C and the four flanking nucleobases. The reported LSIE is the sum of 

these average hydrogen-bonding and stacking energies.  

4.3 Results 

4.3.1 DFT Calculations Suggest that the Shape, but not Size, of the Bulky Moiety 

Impacts the Inherent Structural Preferences of C-linked dG Adducts 

4.3.1.1 Structure at the Aryl–Nucleobase Linker 

The intrinsic structural preferences for the θ dihedral angle describing the rotation 

about the bond connecting the bulky group and damaged G show significant bulky group 

shape effects for C-linked nucleobase adducts (Figure C.1, Appendix C). Notably, the PESs 

are almost identical for one-ringed PhG and β-fused three-ringed 3PHNG, showing a planar 

preference between the aryl group and G (minima at θ ∼0° and ∼180°, Figures C.2, C.3, 

Appendix C). In contrast, the α-fused ring containing two-ringed 1NPG and four-ringed PyG 

adducts have four minima that are twisted by 25–40° from planar in either direction 

(Figures C.4, C.5, Appendix C), which is caused by steric repulsion between the α-fused 

ring and N7 (θ ≈ 0°) or N9 (θ ≈ 180°) of G. The larger degree of twist (~36°) near θ = 180° 

compared to θ = 0° (twist of ~25°) is likely due to greater steric repulsion between the α-

fused ring and N9–H than N7. This also suggests that the degree of twisting may be larger 

in larger (duplex) models due to the increased bulk around N9. Overall, this highlights that 

key differences in the orientation about the C-linkage in C8-dG adducts prevail due to the 

shape, but not size, of the aryl group. 
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4.3.1.2 Preferred Glycosidic Orientation of C-linked Nucleosides 

The DFT energy as a function of the guanine–bulky moiety linkage (defined by θ) 

and nucleobase–sugar linkage (defined by χ) for the four C-linked nucleoside adducts 

reveals a clear adduct shape dependence. Consistent with the nucleobase model, the α-fused 

ring containing adducts (1NPdG and PydG) have a high-energy ridge at θ ≈ 180° (green, 

Figures C.6, Appendix C) due to steric clashes between the α-fused ring and the sugar 

moiety. In contrast, the PhdG and 3PHNdG adducts have additional minima (θ = 180° ± 40°), 

which include the global minimum. Despite this difference, all adducts can adopt stable 

anti (χ = 230° – 250°) and syn (χ = 80° – 90°) glycosidic orientations, with anti being 

thermodynamically preferred by < 12 kJ/mol in all cases and a small (~ 20 kJ/mol) barrier 

separating the anti and syn energetic valleys (Figures C.7-C.10, Appendix C). Overall, 

although the shape of the adduct impacts the preferred orientation about the nucleobase–

bulky moiety linker, neither the shape nor the size significantly affect the adduct glycosidic 

conformational flexibility.  

4.3.2 MD Simulations Reveal that Bulky Moiety Shape and Size Impact the C-linked 

Adducted DNA Conformational Preference 

4.3.2.1 Overall Helical Features are Independent of C-linked Adduct 

MD simulations reveal that damaged DNA containing each of the 7 C-linked 

adducts in the B, W and S conformations have consistent structural features (Figures C.11-

C.18, Appendix C). Regardless of the specific adduct or conformation, the hydrogen 

bonding at the terminal base pairs and the base pairs flanking the adduct site maintain WC 

hydrogen bonding for the majority of the trajectories, with the average hydrogen-bonding 
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occupancy of the three G:C hydrogen-bonds being > 90% for all systems (Table C.1, 

Appendix C). For the B conformation, three strong WC hydrogen bonds occur between the 

adducted G and the pairing C (occupancy ≥ 98%, Table C.2, Appendix C). The W 

conformation has considerably weaker hydrogen bonding than the B conformer or natural 

base pairs at the adduct site, with two periodic hydrogen bonds between the syn Hoogsteen 

face of the adduct and the pairing C (occupancies > 75%, Figure 4.3, Table C.2, Appendix 

C). In the S conformation of damaged DNA, although no hydrogen bonding occurs between 

the damaged G and the pairing C since the two bases are extrahelical, most systems have a 

transient hydrogen bond (average occupancy ≈ 60%) between N4–H of the displaced C and 

the 5′-phosphate group (Table C.2, Appendix C). Instead, the bulky group of the adduct 

stacks within the DNA duplex. Overall, the structural features of DNA containing C-linked 

adducts is generally independent of the aryl moiety shape and size.  

 

 

Figure 4.3: Hydrogen-bonding interactions at the lesion site in the (A) B, (B) W and (C) S 

conformations of adducted DNA, using 2NPdG adducted DNA as examples for the C-

linked systems (top) and 2ONPdG adducted DNA as examples for the O-linked systems 

(bottom). 
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4.3.2.2 C-linked Adduct Orientation is Dependent on Lesion Shape 

Within each of the three adducted DNA conformations, the average χ (χavg) and θ 

(θavg) are comparable for all seven C-linked adducts (Table C.3, Appendix C). Specifically, 

the lesion-site glycosidic orientation is consistent for damaged DNA in the B (χavg = 219° 

– 244°), S (37° – 53°) and W (40° – 72°) helical conformations. In contrast, θavg in the B 

(3° – 13°), S (343° – 358°) and W (180° – 204°) duplex conformations shows a notably 

aryl shape effect on the linker orientation. As seen for the DFT models, bulky moieties 

lacking an α-ring (PhdG, 2NPdG, 3BPdG and 3PHNdG) are consistently more planar (θavg ≈ 5°) 

than those containing an α-ring (θavg = 10° – 25°, 1NPdG, 1PHNdG and PydG). Thus, overall, 

the χ dihedral angle is independent of the C-linked lesions size and shape, whereas the 

shape of the bulky group dictates the twist in aryl-G linkage.  

4.3.2.3 Nonbonded Lesion-Site Interactions are Dependent on the Damaged DNA 

Conformation as well as the Bulky Group Size and Shape, Particularly for the syn Adduct 

Orientation 

The stability of the lesion site is modulated by both hydrogen bonding between the 

adducted nucleobase and the pairing C, and their stacking interactions with the flanking 

base pairs. Within the B conformation, the maximum difference in the LSIEs between any 

two C-linked adducts systems being ≥ 7 kJ/mol, with an average LSIE (LSIEavg) of ~ –479 

kJ/mol (Figure 4.4, Table C.4, Appendix C). The LSIE is significantly less in the W (LSIE 

= –335 to –378 kJ/mol) than the B conformation. Interestingly, although the LSIE fluctuates 

with the adduct for the W conformer, with 1NPdG being the least stable and 1PHNdG being 

the most stable (Figure 4.4, Table C.4, Appendix C), there is no clear lesion shape or size 

effects.  
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Figure 4.4: Effect of C8-moiety A) size and shape in the B conformation, B) size and 

shape in the W conformation, C) shape in the S conformation, and D) size in the S 

conformation on the lesion-site interaction energy (LSIE) for damaged DNA containing a 

C-linked dG adduct. 
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In the S conformation, the PhdG adduct results in the smallest LSIE (–247.1 kJ/mol, 

Table C.4, Appendix C). Adding a second ring increases the LSIEs from PhdG adducted 

DNA, with fused rings resulting in a smaller LSIE increase (~ –49 kJ/mol) than ring 

substitution (–70.4 kJ/mol, Figure 4.4C). The three-ringed lesions have greater lesion-site 

stability than the two-ringed lesions, with the LSIEs increasing by ~ –80 kJ/mol for 1PHNdG 

and 3PHNdG. Finally, the largest four-ringed PydG adduct leads to the greatest increase in 

the LSIE of PhdG in the S damaged DNA conformation (–92.3 kJ/mol). Overall, although 

the LSIEs of C-linked adducted DNA have no clear adduct dependence for the B and W 

conformations, the LSIE fir the S conformation of damaged DNA has a minor aryl moiety 

shape impact (ring-substitution ≫ α-ring fusion > β-ring fusion). The lesion size 

significantly influences the strength of the lesion-site interactions, with the LSIE increasing 

with bulky group size (Figure 4.4D). 

4.3.2.4 Lesion Size Affects the Solvent Exposure of the Aryl Group 

Due to the hydrophobic nature of the aryl groups, increased solvent exposure of the 

bulky moiety of the adducts considered in the present work is anticipated to destabilize the 

local helical structure. For C-linked adducted DNA in all three conformations, the smallest 

phenyl-derived PhdG systems have the lowest average SASA (SASAavg), although the B 

(98 Å2) and W (78 Å2) conformations are significantly more solvent exposed than the S 

conformation (42 Å2, Figure 4.5, Table C.5, Appendix C). Interestingly, despite DNA in 

the B conformation having similar SASAavg values after adding an α- or β-fused ring to the 

single-ringed system (~ 131 Å2), α fusion results in greater solvent exposure for adducted 

DNA in the S (1NPdG = 56 Å2 and 2NPdG = 45 Å2) and W (1NPdG = 137 Å2 and 2NPdG = 107 

Å2) conformations. An even larger SASA value occurs upon ring substitution (3BPdG) for 
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both the B (178 Å2) and W (153 Å2) conformations, resulting in the most solvent exposed 

adduct for both conformations. Notably, the solvent exposure for the largest 1PHNdG, 

3PHNdG and PydG adducts are similar (~ 168 Å2) when the DNA adopts the B conformation, 

whereas the phenanthrenyl adducts are more solvent exposed (~ 147 Å2) than PydG (136.6 

Å2) for W adducted. Interestingly, 3BPdG has a SASA value between the two naphthyl 

lesions for the S conformation of damaged DNA. Adducted DNA in the S conformation 

shows an increase in solvent exposure from the smaller moieties as the number of aryl rings 

in the bulky group increases to three (~ 67 Å2) or four (92 Å2). Remarkably, the most 

exposed PydG adduct in the S conformation of DNA is still more shielded than the smallest 

PhdG lesion in the B conformation, highlighting the large degree of solvent shielding in the 

intercalated orientation. Overall, there is no consistent lesion shape effect on the SASAavg 

although the aryl group size does impact the solvent exposure, with the incremental 

increase in solvent exposure with the number of rings in the bulky moiety being particularly 

evident for the S conformation.  

 

Figure 4.5: Dependence of the solvent accessible surface area (SASA, Å2) on the shape 

and size of the hydrophobic NCA for the B (red), W (blue) and S (green) conformations 

of damaged DNA containing a C-linked dG adduct. 
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4.3.2.5 The Preferred Conformation of C-linked Adducted DNA is Impacted by Lesion 

Shape and Size 

By considering both the favorable nonbonded interaction energies (LSIE) and the 

unfavorable bulky group solvent exposure (SASA), information about the conformational 

preferences of adducted DNA can be inferred. For the seven C-linked adducts considered, 

the W damaged DNA conformation has weaker nonbonded interactions than the B 

conformation and high degree of solvent exposure compared to the S conformation, 

suggesting this conformation lacks strong lesion-site interactions to offset significant bulky 

moiety solvation (Figures 4.4, 4.5). Indeed, the W conformation is only known to be 

adopted when a C is paired across from AAFdG17 or AFdG is mispaired.64-66 Since the W 

conformation is unlikely to be adopted for DNA containing the C-linked lesions, we focus 

our discussion on the B and S conformations.  

Although there are minor changes in the LSIEs of DNA containing different C-

linked adducts in the B conformation (less than 7 kJ/mol), the SASA increases with lesion 

size according to PhdG ≪ 1NPdG ≈ 2NPdG ≪ 1PHNdG ≈ 3PHNdG ≈ PydG < 3BPdG (Figure 4.6). 

Thus, the stability of the B conformation will decrease for the larger (ring-substituted) 

adducts. However, the stability of the S conformation must be considered to understand the 

conformational heterogeneity of adducted DNA. Although PhdG adducted DNA in the S 

conformation is only minimally destabilized by the hydrophobic interactions of the aryl 

moiety, the weaker nonbonded interactions at the lesion site compared to the B 

conformation (< –250 kJ/mol) suggest that PhdG adducted DNA is exclusively stabilized in 

the B conformation. In contrast to the smallest lesion, the largest PydG adduct is associated  
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Figure 4.6: Dependence of the solvent accessible surface area (SASA, Å2) and lesion-site 

interaction energy (LSIE, kJ/mol) on the shape and size of the hydrophobic C8-moiety for 

the (A) B and (B) S conformations of DNA containing a C-linked dG adduct. 

 

with the greatest lesion-site interactions in the S conformation of adducted DNA and the 

greatest degree of solvent shielding compared to the B conformer, suggesting that the S 

conformation is adopted for the vast majority of DNA duplexes containing PydG. Although 

1PHNdG and 3PHNdG have smaller SASAs than PydG, the nonbonded interactions are weaker 

when the adducted duplexes are in the S conformation, suggesting that the two C-linked 

phenanthrenyl derived adducts likely have similar propensities to preferentially induce the 

S over the B conformation. Despite the lower SASA, 3BPdG exhibits more than a 20 kJ/mol 

decrease in the lesion-site interactions compared to PydG in the S conformer, suggesting a 

lower propensity for 3BPdG adducted DNA to adopt an S conformation. Therefore, we 

propose that the 3BPdG adduct will result in an equal or greater level of the B conformation 
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compared to S. Lastly, the 1NPdG and 2NPdG adducts lack strong nonbonded interactions in 

the S conformation, being > 20 kJ/mol less than those for 3BPdG. When coupled with the 

significantly smaller destabilization of the 1NPdG and 2NPdG damaged DNA B conformer 

due to decreased solvation of the bulky group compared to 3BPdG, the two naphthyl-derived 

lesions likely preferentially induce the B conformation, with the β-fused 2NPdG likely 

promoting a greater occupancy of the S conformation due to less hydrophobic 

destabilization than α-fused 1NPdG. 

In summary, the one-ringed and two-fused-ringed adducts likely primarily adopt 

the B conformation, with PhdG-containing DNA exclusively adopting B and the β-fused 

ring lesion inducing a greater S preference. In contrast, DNA containing the two-ringed 

substituted 3BPdG adduct will likely prefer the B conformation with some portion of S. 

Conversely, the largest four-ringed PydG adduct likely predominately induces the S 

conformation, while three-ringed 1PHNdG and 3PHNdG mainly cause the S conformation, 

with a small percentage of the B orientation. In other words, the B:S conformational ratio 

is predicted to decrease as PhdG ≫ 1NPdG > 2NPdG ≫ 3BPdG ≫ 1PHNdG ~ 3PHNdG > PydG.  

4.3.3 DFT Calculations Show that the Aryl-G Linker Orientation Preferences are 

Dependent on Lesion Shape and not Size for O-linked dG Adducts 

4.3.3.1 Structure at the Aryl–O–Nucleobase Linker 

DFT energy as a function of the θ and ϕ dihedral angles for the OPhG, 1ONPG, 3OPHNG 

and OPyG nucleobase adducts shows common features despite notable lesion shape effects 

(Figure C.18, Appendix C). For all four O-linked nucleobase adducts considered, θ = 0° ± 

90° is destabilized compared to θ = 180° ± 90°, due to repulsion between the linking O and 
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N7 of G, and the aryl group and N9–H. As a result, the global minima for these lesions 

maintains planarity between the aryl group and the damaged G with θ ≈ 180° (Figures C.19-

22, Appendix C). Despite this commonality, the O-linked lesions show a clear bulky moiety 

shape effect. Specifically, lesions that lack an α-fused ring (OPhG and 3OPHNG) have two 

minima at θ ≈ 180° and ϕ ≈ 0° or 180° (Figures C.19, C.20, Appendix C). In contrast, the 

α-fused ring containing adducts (1ONPG and OPydG) have a stable minimum at θ ≈ 180° and 

ϕ ≈ 0° (Figures C.21-C.22, Appendix C) and two higher energy minima at ϕ = 180° ± 30° 

because of steric clashes between C–H of the α-fused ring and N9–H. Therefore, despite 

all four O-linked adducts being structurally similar for ϕ = 0° ± 90°, the energy landscape 

when ϕ = 180° ± 90° is dependent on the lesion shape.  

4.3.3.2 Preferred Glycosidic Orientation of O-linked Nucleosides 

The energy as a function of the sugar–nucleobase linkage (χ) and the O–C8 linker 

(θ) were also calculated for the four O-linked adducts that vary in both bulky group size 

and shape (Figure C.23, Appendix C). As with the O-linked nucleobase model, all adducts 

prefer θ = 180° ± 90° over θ = 0° ± 90°. Despite the low anti/syn conversion barrier (≤ 20 

kJ/mol), all four damaged nucleosides have an anti global minimum (χ = 233 – 257°) and 

syn minima (χ = 67 – 115°) that are only slightly less stable (< 11 kJ/mol higher in energy, 

Figures C.24 – C.27, Appendix C). Overall, neither the bulky group size nor shape affect 

the glycosidic conformational preferences of the O-linked adducts, with both the anti and 

syn orientations, being thermodynamically and kinetically accessible.  
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4.3.4 MD Simulations Show that the O-linked Adducted DNA Structural 

Preferences are Dictated by the Aryl Moiety Shape and Size 

4.3.4.1 Overall Helical Features are Independent of O-linked Adduct  

For O-linked adducted DNA, the WC hydrogen bonding in the terminal and 

flanking base pairs is maintained regardless of duplex the conformation (occupancy > 90%, 

Table C.1, Appendix C). Additionally, damaged duplexes in the B conformation maintain 

WC hydrogen bonding at the adduct site (≥ 98% occupancy, Figures C.28-34, Table C.2, 

Appendix C). Comparatively, the W conformation has sporadic hydrogen bonding between 

the adducted G and pairing C (occupancy > 90% but < 125%, Figure 4.3, Table C.2, 

Appendix C). OPydG containing DNA in the W conformation is unique due to the presence 

of another hydrogen bond between N4–H of the pairing C and O6 of the 3′ flanking G 

(Figure C.35, Table C.2, Appendix C). In the S conformation, as with the N-linked 

adducts,14 the previously noted hydrogen bond between the displaced C and the 3′ 

neighboring phosphate group is present (up to ~ 74% occupancy, Table C.2, Appendix C), 

except for the 1OPHNdG system for which the interaction was not present.  

4.3.4.2 O-linked Adduct Orientation is Affected by Aryl Moiety Shape 

The glycosidic bond orientation is independent of the O-linked adduct, with χavg 

being highly conserved in the B (230° – 240°), S (45° – 55°) and W (40° – 50°) 

conformations (Table C.3, Appendix C). Within the B conformation, the O-linked adducts 

without an α-fused ring (OPhdG, 2ONPdG, OBPdG and 3OPHNdG) are less planar (θavg of 142.4° 

to 147.6°) than other (1ONPdG, 1OPHNdG and OPydG) adducts (θavg of 160.2° to 162.6°, Table 

C.3, Appendix C). However, in the W conformation, the presence of an α-fused ring has 
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the opposite effect, with O-linked adducts lacking the α-ring being less planar (θavg of 

196.0° to 198.9°) than those with an α-fused ring (θavg of 176.6° to 187.3°). Within the S 

conformation, there is no clear trend in lesion planarity with respect to bulky group size or 

shape (θavg between 173.7° and 207.1°). Notably, the unfavourable steric interactions for θ 

= 0° ± 90° seen for the DFT models (Figures C.18, C.23, Appendix C) are consistent with 

the θ values seen in the helical models. Unlike θ, the average ϕ (ϕavg) in O-linked adducted 

DNA is only consistent for the B conformer (ϕavg = 81° ± 10°), varying in the S (7.8° to 

325.5°) and W (321.7° to 47.7°) conformations with no straightforward lesion size or shape 

effect. 

4.3.4.3 The Strength of Nonbonded Lesion-Site Interactions are Dependent on the Bulky 

Group Size and Shape for O-linked Adducts, Especially in the syn Orientation 

DNA in the B conformation containing O-linked adducts have comparable 

nonbonded interactions, with a LSIEavg of –490 ± 4 kJ/mol (Figure 4.7, Table C.6, 

Appendix C). Within the W conformation, lesions containing a substituted ring (OBPdG, 

1OPHNdG, 3OPHNdG and OPydG) have stronger adduct-site interactions (–393 to –400 kJ/mol) 

than those lacking ring substitution (–380 to –387 kJ/mol, Figure 4.7, Table C.6, Appendix 

C). Beyond this aryl-moiety shape effect, in the B and W conformations the O-linked 

adducts have no clear lesion shape trends.  

For the O-linked adducts in the S DNA conformation, the one-ringed OPhdG lesion 

results in the smallest LSIE (–265.4 kJ/mol, Figure 4.7, Table C.6, Appendix C). Notably, 

adding a second ring strengthens the nonbonded interactions, with the addition of an α-

fused ring (1ONPdG) being less stabilizing (–28.6 kJ/mol) than a β-fused ring (2ONPdG =  
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Figure 4.7: Effect of C8-moiety A) size and shape in the B conformation, B) size and 

shape in the W conformation, C) shape in the S conformation, and D) size in the S 

conformation on the lesion-site interaction energy (LSIE) for damaged DNA containing 

an O-linked dG adduct. 
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–49.8 kJ/mol) or ring substitution (OBPdG = –63.5 kJ/mol). The three ringed phenanthrenyl 

systems further increase the stability (by –62.3 kJ/mol and –69.6 kJ/mol for 1OPHNdG and 

3OPHNdG, respectively). Lastly, the four-ringed OPydG adduct leads to the greatest increase 

in LSIE (–83.3 kJ/mol) out of the seven O-linked systems considered. Overall, there is a 

clear dependence of the LSIE for the S conformer on the bulky group size (Figure 4.7D) 

and shape (Figure 4.7C).  

4.3.4.4 The Lesion Size Rather Than Shape Primarily Determines Solvent Exposure of the 

Aryl Group for O-linked Adducts 

Since the O-linked and C-linked adducts both have the same hydrophobic aryl 

substituents, a larger SASA will similarly result in duplex destabilization for the O-linked 

adducts as discussed for the C-linked lesions. The single-ringed OPhdG lesion has the 

smallest SASA among the O-linked adducts in the B (118.5 Å2), S (29.4 Å2) and W (64.4 

Å2) conformations (Figure 4.8, Table C.5, Appendix C). For the B and W conformations, 

the 1ONPdG and 2ONPdG adducts are 25 to 32 Å2 more solvent exposed than OPhdG. 

Interestingly, the largest OPydG adduct is the least solvent exposed of the four remaining 

adducts in the B (179.3 Å2) and W (120.3 Å2) orientations, whereas OBPdG is the most 

solvent exposed (187.8 Å2 for the B conformer and 139.9 Å2 for the W). Notably, the O-

linked phenanthrenyl adducts have similar SASA values when comparing the α-fused 

adducts to the β-fused version in the B (~ 183 Å2) and W (~ 125 Å2) conformations.  
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Figure 4.8: Dependence of the solvent accessible surface area (SASA, Å2) on the shape 

and size of the hydrophobic NCA for the B (red), W (blue) and S (green) conformations 

of damaged DNA containing an O-linked dG adduct. 

 

O-linked adducted DNA in the S conformation shows a clear size pattern on the 

adduct, with the degree of solvent exposure being proportional to the number of aromatic 

rings in the lesion (Figure 4.8, Table C.5, Appendix C). Specifically, one-ringed OPhdG is 

the most solvent shielded, the four-ringed OPydG adduct is the most solvent exposed (104.2 

Å2), and the three-ringed 1OPHNdG (89.2 Å2) and 3OPHNdG (85.6 Å2) adducts are the next 

most exposed adducts in the S conformation. Out of the two-ringed adducts, 2ONPdG is the 

most solvent shielded (38.9 Å2), while 1ONPdG and OBPdG have similar solvent exposure (~ 

63 Å2). Notably, the least shielded adduct in the S conformation (OPydG) is less solvent 

exposed than the one-ringed OPhdG adduct in the B conformation. Overall, the SASA of the 

O-linked adducts is primarily dictated by lesion size with the shape having minimal impact. 

4.3.4.5 The Shape and Size of the O-linked Adduct Impacts the Helical Conformational 

Preferences 

Analysis of both the stabilizing nonbonded interaction at the lesion site and 

destabilizing hydrophobic effect of the hydrocarbon bulky moiety can be used to suggest 
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the conformational preferences of O-linked adducted DNA (Figure 4.9). For the O-linked 

adducts, adducted DNA in the W conformation lacks the large degree of solvent shielding 

of the S conformation (Figure 4.8) and the strong lesion-site interactions of the B 

conformation (Figure 4.7), suggesting that the W conformation will not be a dominant 

conformation of O-linked adducted DNA as seen for most C8-dG lesions.1, 10, 14, 19, 51 

Despite this, due to the O-linked adducts having reasonable lesion-site interaction strengths 

(~ –390 kJ/mol) and aryl-group solvent exposures (less than in the B conformation but 

greater than S) compared to the C-linked and N-linked versions of the adducts,14 it is 

plausible that these adducts may stabilize W DNA conformation for a greater occupancy 

than the other linker types when paired with a non-canonical nucleotide.  

 

Figure 4.9: Dependence of the solvent accessible surface area (SASA, Å2) and lesion-site 

interaction energy (LSIE, kJ/mol) on the shape and size of the hydrophobic C8-moiety for 

the (A) B and (B) S conformations of DNA containing an O-linked dG adduct. 
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Due to consistent LSIEs, the stability of the B DNA conformer of O-linked 

adducted DNA can be subdivided into three groups based on the adduct SASAs, which is 

directly related to the size of the bulky group. Specifically, in the B conformation, the one 

ringed OPhdG is the least destabilized by bulky group hydrophobic interactions, which is 

followed by the naphthyl derived adducts, while the remaining four adducts have the 

highest solvent exposure levels. In the S conformation, both OPhdG and 1ONPdG result in the 

weakest interactions at the lesion site, suggesting that OPhdG and 1ONPdG will exclusively 

adopt the B conformation. In contrast, the largest OPydG adduct has the strongest nonbonded 

adduct-site interactions in the S conformation and is significantly more solvent shielded 

than in the B conformation, indicating that the four-ringed adduct will extensively stabilize 

the S conformation. The 3OPHNdG adduct also has large LSIE in the S conformation, being 

only ~ 15 kJ/mol less than that of OPydG, and the bulky group is significantly solvent 

shielded in the S conformer compared to in the major groove orientation. Thus, 3OPHNdG 

adducted DNA likely adopts the S conformation to a similar extent as DNA containing the 

largest OPydG. In contrast, 1OPHNdG adducted DNA will likely have a smaller S preference 

than 3OPHNdG because of a smaller LSIE compared to 1OPHNdG, although 1OPHNdG will still 

predominately induce the S conformation. Finally, 2ONPdG and OBPdG likely induce 

conformational heterogeneity. DNA containing the β-fused ring naphthyl adduct probably 

adopts the B conformation in most cases due to the 2ONPdG adduct being better shielded 

from solvent and having stronger nonbonded interactions in the S conformation. Despite 

the OBPdG containing DNA having high LSIE values in the B conformation, the biphenyl 

moiety has a large degree of solvent shielding in the S conformation, and a large LSIE (–

329 kJ/mol), suggesting that damaged DNA containing OBPdG will likely induce the S 

conformation of adducted DNA more than the B. Thus, the B:S ratio of O-linked adducted 
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DNA likely decreases with helices containing OPhdG ≈ 1ONPdG ≫ 2ONPdG ≫ OBPdG ≫ 

1OPHNdG > 3OPHNdG ≈ OPydG.  

4.4 Discussion  

4.4.1 The Linker Type has a Subtle Effect on the Preferred Damaged DNA 

Conformation Due to the Unique Inherent Structural Features of C, O and N-linked 

C8-dG Adducts 

Comparison of the inherent structural properties of the systematic set of C and O-

linked adducts considered in the present work coupled with those previously uncovered for 

the analogous N-linked variants14 can provide important insights into the dependence of 

the damaged DNA conformations on the nature of the chemical linker between the dG 

nucleobase and the bulky aryl moiety. The O and N-linked adducts are structurally related 

due to the presence of a heteroatom in the nucleobase–bulky group linker. As a result, the 

aryl moieties in the O and N-linked nucleobase and nucleoside adducts possess similar 

conformational flexibility with respect to the nucleobase. Nevertheless, the amine linker 

affords unique noncovalent interactions compared to an oxygen atom, which stabilizes 

different conformations of the aryl group relative to the nucleobase. Indeed, the amine 

linker forms a N–H•••O5′ hydrogen bond at the nucleoside level,14 while the corresponding 

orientations of the O-linked adducts are unstable due to intramolecular repulsion involving 

the linker oxygen atom (Figures C.18-C.27, Appendix C). The C-linked adducts are distinct 

from the O and N-linked variants due to the direct covalent attachment of the aryl group to 

C8 of G, which reduces the number of energetically accessible nucleobase and nucleoside 

conformations. Regardless, all N, O and C-linked nucleoside adducts are preferentially 

stabilized in the anti glycosidic conformation and have thermodynamically and kinetically 
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accessible syn orientations, suggesting that multiple conformations of damaged DNA may 

be possible for all linker types. 

Although the global structural features of the most prevalent B and S conformations 

of damaged DNA are preserved for all adducts regardless of the linker type, the differences 

in the inherent structural features of the C, O and N-linked nucleobase and nucleoside 

adducts are maintained in the DNA helix. As a result, despite the inherent flexibility of the 

adducts, the bulky aryl group is differentially positioned with respect to the damaged dG 

depending on the nucleobase–aryl moiety linker type. This in turn results in subtle 

differences in the stabilizing noncovalent interactions at the damage site and destabilizing 

hydrophobic interactions of the aryl group with the identity of the linker (Figure 4.10, 

Tables C.7, C.8, Appendix C). For example, a direct C–C linkage of the bulky moiety to 

dG reduces the overall adduct size for the C-linked variants regardless of the aryl group or 

(B/S) damaged DNA conformation, which results in the bulky moiety being less solvent 

exposed (Figure 4.10A,B, Table C.7, Appendix C). While the magnitude of the lesion-site 

interactions in the B helical conformation are similar for C and N-linked adducts (Figure 

4.10C, Table C.8, Appendix C), the reduced flexibility about the nucleobase–aryl group C-

linkage leads to a stark reduction in the bulky group stacking potential in the S 

conformation (Figure 4.10D, Table C.8, Appendix C), suggesting that the C-linked adducts 

are less likely to induce the S conformation of damaged DNA than the N-linked 

counterparts. Notably, work on other C8-dG lesions has shown the reverse effect for the 

analogous (4-) substituted N-linked FABPdG and C-linked FBPdG adducted helices, which 

exhibit a greater B conformational preference for the N-linked (67%) than C-linked (20%) 

lesions. Despite similar linker lengths and flexibility as well as solvent accessibility of the 
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aryl group, the unique orientation of the bulky moiety results in slightly greater lesion-site 

interactions for the O-linked adducts compared to the N-linked variants in the B 

conformation, but significantly reduced lesion-site nonbonded interactions in the S 

conformation of damaged DNA, especially for the smaller one and two-ringed adducts. 

Therefore, the S conformation of O-linked damaged DNA is likely less favorable than for 

N-linked damaged DNA. Although the lesion-site interactions are consistently stronger for 

the O-linked adducts than the C-linked analogues in both the B and S conformations, C-

linked adducts built based on ring substitution (i.e., biphenyl, phenanthrenyl and pyrenyl 

systems) are more solvent shielded in the S conformation than the O-linked counterparts, 

which suggests a marginally greater S preference for larger O-linked adducts compared to 

the C-linked versions. Thus, the differential intramolecular interactions in the nucleoside 

units arising from changes in adduct flexibility and/or hydrogen-bonding properties of the 

linkage result in a linker-dependent nucleobase–aryl group relative orientation in DNA 

duplexes, which in turn impacts the relative populations of the B and S conformations of 

damaged DNA. Furthermore, the O-linked adducts have stronger LSIEs and lower SASAs 

in the W conformation compared to either the C-linked or N-linked versions,14  suggesting 

that in mispaired sequences the occupancy of the W conformation will be highest for DNA 

containing O-linked adducts. Overall, this suggests that the highest occupancy of the S 

conformation will be for DNA containing N-linked adducts, followed by O-linked adducts, 

with C-linked lesions having the greatest propensity for the B conformer.  
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4.4.2 The Shape of the Aryl Group Affects the Conformations Intrinsically Accessible 

to the C8-dG Adducts and therefore the Local Helical Structure of Damaged DNA 

The model adducts considered in the present study afford the unique opportunity to 

systematically investigate the impact of lesion shape on the adducted DNA structure 

(Figure 4.2). Specifically, α and β ring fusion was considered for adducts with two or three 

fused rings, while the biphenyl lesions allow comparison of ring fusion and ring 

substitution. In isolated nucleobase and nucleoside adducts, the presence of an α-fused ring 

heavily impacts the structural landscape due to steric interactions with the damaged 

nucleobase and/or sugar moiety (Figures C.1, C.6, C.18, C.23, Appendix C).14  This 

translates to restricted conformations about the nucleobase–aryl moiety linker (i.e., θ = 180° 

is inaccessible for C-linked adducts and ϕ = 180° is inaccessible for O-linked and N-linked 

analogues),14 which is preserved in DNA duplexes. Therefore, although the solvent 

accessible surface area is generally highly similar regardless of ring fusion, the lesion shape 

affects the magnitude of the lesion-site interactions in both the damaged DNA B and S 

conformations. However, the impact of the directionality of ring expansion is dependent on 

linker type. Specifically, for the C-linked adducts, the stabilizing lesion-site interactions in 

the B conformation of adducted DNA are slightly less for systems with an α-fused ring than 

a β-fused ring, while the noncovalent interactions are highly similar in the S conformer, 

suggesting that damaged DNA containing a β-fused system (2NPdG and 3PHNdG) may have 

a slightly greater B:S ratio. In contrast, O-linked adducts with β-fused rings significantly 

increase the lesion-site interactions in the S conformation and decrease aryl group solvation 

(especially for the naphthyl moiety), which decreases the B:S ratio for the corresponding 

damaged DNA. The shape dependence of the damaged DNA conformation is much more 
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complicated for N-linked adducts,14 with the lesion size also playing a role. Specifically, 

although there is essentially no shape impact on the lesion-site interactions in the B 

conformation of damaged DNA, β fusion of two rings or α fusion of three rings increases 

the lesion-site interactions in the S conformation. In contrast to aryl group expansion 

through ring fusion, ring substitution of the single ring systems to yield the biphenyl 

adducts results in similar solvent exposure to the largest lesions for B damaged DNA and 

solvent exposure more similar to that of the two ring fused systems for S damaged DNA 

for all linkage types (Figure 4.10, Table C.7, Appendix C). Furthermore, for the C and O-

linked lesions, although the biphenyl substituent results in only slightly greater lesion-site 

interactions than ring fusion in the B damaged DNA conformer, the interactions are 

significantly greater in the S conformation, suggesting an increase in the presence of the S 

conformer upon adduct expansion through ring substitution compared to ring fusion. 

Although the S conformer is likely also more prevalent for N-linked biphenyl lesions than 

naphthyl aryl groups, the behavior is likely more similar to α-ring fusion due to increased 

solvent exposure of the aryl group in the B conformer of damaged DNA and decreased 

stabilizing lesion-site interactions in the S conformer for 3ABPdG compared to 1ANPdG and 

2ANPdG. Overall, the shape of the bulky group can significantly impact the lesion site 

interactions, especially in the S conformer of damaged DNA, which in turn affects the 

conformational heterogeneity of adducted DNA.  

4.4.3 The Bulky Group Size has an Even Larger Effect on Damaged DNA Structure 

than Shape and Linker Type 

The model lesions investigated in the present work systematically increase the size  
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Figure 4.10: Effect of aryl moiety size on the SASA (A and B) and LSIE (C and D) for 

the B (A and C) and S (B and D) conformations, averaged over C8-dG adducts with a C-

linker (Green), O-linker (Red) or N-linker (Blue). 
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of the aryl moiety from a single phenyl ring to the four-ringed pyrenyl group. With the 

exception of the biphenyl moiety, the larger adducts are generated by extending the smallest 

system through α (2,3-) or β (3,4-) fusion of two, three, or four rings. No major structural 

deviations occur to the damaged DNA upon increasing the bulky group size. In the B 

conformation of damaged DNA, the stabilizing lesion-site interactions are negligibly 

impacted by the aryl ring size, while there is an increase in the destabilizing hydrophobic 

interactions as a single ring bulky moiety is expanded to two or three fused rings, with the 

addition of a fourth ring not further increasing the solvent exposure. Although the adduct 

solvent exposure does not rise as sharply with bulky moiety expansion for the S 

conformation, the stabilizing lesion-site interactions significant increase with an increase 

in the aryl group size (Figure 4.10, Tables C.7, C.8, Appendix C). However, the increase 

in the lesion-site stability due to ring expansion is dependent on the linker type, decreasing 

according to C (–92 kJ/mol) > O (–83 kJ/mol) > N (–58 kJ/mol). Nevertheless, regardless 

of linker type, damaged DNA containing a single-ring adduct likely exclusively adopts the 

B conformation, while the S conformer will be preferred for DNA containing the largest 

four-ringed adduct. Furthermore, the B:S ratio will decrease as the phenyl adducts are 

increased in size through two- or three-ring fusion. This ratio change is primarily due to an 

increase in the magnitude of the lesion-site interaction energies for the S conformer as the 

phenyl group is expanded to naphthyl (average increase across all systems of ~ 40 kJ/mol) 

to phenanthryl (average increase of approximately 22 kJ/mol) and finally pyrenyl (average 

increase of 16 kJ/mol, Table C.8, Appendix C). Notably, by systematically increasing the 

number of aryl rings in the bulky group, our work complements and correlates with 

previous work on N-linked and C-linked adducts that show that larger bulky groups 

decrease the B:S conformational ratio for C8-dG adducts.13, 14, 19  In summary, despite the 
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dependence of the adducted DNA conformation on the lesion shape and linker type, the 

size of the aryl moiety clearly drives the B:S ratio, which is smallest for the largest lesions.  

4.5 Conclusion 

In summary, the present work used a combination of quantum mechanics and 

molecular dynamics simulation to investigate 14 unique C-linked and O-linked C8-dG 

adducts. When coupled with previous conclusions on the 7 analogous N-linked adducts,14 

this comprehensive systematic series of model lesions provides a thorough understanding 

of the effect of the bulky moiety shape and size, and the nucleobase–aryl moiety linker type 

on the structure and conformational preference of adducted DNA. The C-linked lesions are 

inherently less flexible due to the absence of a linker atom between the aryl group and G, 

whereas the O-linked adducts have fewer stable minima compared to the N-linked systems 

due to changes in the hydrogen-bonding properties of the linker. These differences are 

preserved in the DNA helices and impact the stabilizing lesion site interactions and 

destabilizing bulky group solvent exposure, which in turn shifts in the helical 

conformational heterogeneity such that N-linked and O-linked adducts have a greater 

preference for the S and W conformers, respectively. We theorize that the greater W 

stability could partly arise from the lack of hydrogen bonding donor on the linking atom, 

as the N-linked AAFdG adduct that is known to adopt the W conformer10, 18 has an acetyl 

group on the linking amine. Despite the shape of the bulky group, specifically the presence 

of an α- or β-fused ring, significantly impacting the dihedral angle preferences that dictate 

the position of the aryl group with respect to the damaged nucleobase, the conformational 

stabilities are generally independent of bulky moiety shape. Comparatively, the number of 

aryl rings in the bulky group generally does not affect the helical structure, but does 
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significantly decrease the B:S conformational ratio as the aryl ring size increases. Thus, 

this work adds to the current literature on DNA adducts by underscoring the impact of 

lesion size and shape on helical conformation and adds the aryl–nucleobase linker type to 

the list of adduct features that affect adducted DNA structure, which in turn have significant 

biological consequences including changing the repair and replication outcomes.  

Overall, this comprehensive incremental series of model adducts can be used in 

future works to better understand the interactions between adducted DNA and various 

cellular processes. Specifically, upcoming studies can selectively choose adducts that cover 

a wide range of B:S ratios to study a variety of repair and replication outcomes. By 

controlling the structure of adducted DNA, valuable insight into the relationship between 

adduct structure and biological outcomes, including specific mechanisms and potential 

outcomes of DNA repair and replication, will be obtained.  
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Chapter 5: Conformational Preference and Fluorescence Response of a 

C-Linked C8-Biphenyl-Guanine Lesion in the NarI Mutational Hotspot: 

Evidence for Enhanced Syn Adduct Formationa,b,c 

5.1 Introduction 

Endogenous and exogenous electrophiles can damage DNA to produce bulky 

covalent DNA adducts (addition products). If adducts evade DNA repair, they may initiate 

mutagenesis and ultimately carcinogenesis.1,2 Bulky adducts at the C8-site of 2′-

deoxyguanosine (C8-dG) are commonly produced by chemical carcinogens.3 Examples 

include aromatic amines, such as 2-aminofluorene (AF), N-acetylaminofluorene (AAF) 

and 4-aminobiphenyl (ABP), which undergo metabolic activation to afford N-linked C8-

dG adducts (Figure 5.1A).4,5 Phenolic toxins, can produce O-linked C8-dG adducts 6-9 or 

C-linked C8-dG adducts10-13 upon oxidative metabolism. C-linked varieties are also 

produced by the phenolic food toxin ochratoxin A (OTA)11-15, the polycyclic aromatic 

hydrocarbon (PAH) benzo[a]pyrene16 or carcinogenic aryl hydrazines.17,18 
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Figure 5.1: A) N-linked AF-dG, AAF-dG and ABP-dG adducts, B) C-linked FBP-dG 

adduct and C) sequences of the fully paired and slippage mutagenic intermediate (SMI) 

duplexes, where N:M=C:G, G:C, A:T or T:A in the fully paired duplex, and N=C, G, A 

or T in the SMI duplex; N:M=C:G represents the fully paired 12-mer NarI sequence. 

 

Attachment of the bulky aryl moiety at the C8-site of dG can shift the glycosidic 

angle from the preferred anti-conformation for unmodified dG to the syn-conformation for 

C8-aryl-dG, which disrupts Watson-Crick (W-C) H-bonding with the opposite cytosine 

within the DNA duplex.4,5 For duplexes containing a C8-aryl-dG, three unique 

conformations have been described:19 the major-groove B-type conformer, in which the 

modified-dG adopts an anti conformation, and the aryl moiety resides in the major 

groove;20 the intercalated base-displaced stacked (S) conformer,21,22 in which the glycosidic 

linkage of the modified-dG adopts the syn orientation and the aryl moiety is intrahelical; 
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and the minor-groove wedge (W) conformer,23-25 in which the adduct also adopts a syn 

glycosidic linkage, but the aryl moiety resides in the minor groove. The relative occupancy 

of each conformer depends on different helical twisting and π-stacking interactions, 

induced by the different linkage (C vs. N vs. O),26,27 the size and planarity of the aryl 

moiety,28-30 and the flanking sequence.25,31,32 ABP-dG and AF-dG, examples for N-linked 

C8-dG adducts, exhibit S/B-heterogeneity, with AF-dG displaying a higher proportion of 

the population in the S-state due to increased planarity of the aryl moiety compared to the 

twisted biphenyl of ABP-dG.33,34 AAF-dG, with an acetyl group attached to the C8-N atom, 

exhibits an even stronger syn preference than AF-dG leading to both S and W conformers.34 

In general, AF-dG and AAF-dG are more mutagenic than ABP-dG due to increased aryl 

planarity and stronger tendency to adopt the promutagenic syn conformation.19,33-35 

The Escherichia coli NarI endonuclease sequence (5′-CG1G2CG3C-3′) has 

commonly been used to study the mutagenic potential of N-linked adducts. Adducts and 

the resulting conformational distortion of the helix influence the mutation frequency and 

characteristic in the NarI sequence. Insertion of AAF-dG at the G3-site is well known to 

induce a higher frequency of GC deletion mutations in bacterial mutagenesis via a two-

base slippage mechanism.36,37 AAF-dG strongly stabilizes the so-called Streisinger 

slippage mutagenic intermediate (SMI, Figure 5.1C), which provides a rationale for its 

tendency to induce −2 deletion mutations.38-40  

C-linked aryl rings lack the flexible tether, which results in different impacts on the 

DNA duplex conformation in the NarI sequence context. Smaller aryl moieties, such as the 

phenyl-dG (Ph-dG), favor the B-type conformation and lack the ability to stabilize the SMI 

duplex.29 However, adducts with linearly-extended bulkier aryl moieties, such as the 
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pyrene-dG (Py-dG), distort the duplex more and can stabilize the SMI duplex.30 These 

studies were assisted by fluorescent properties of C-linked aryl-dG adducts, which 

permitted insight into the conformational change induced by the adducts. Py-dG in duplex 

DNA displayed dramatic changes in excitation wavelength compared to the single-strand 

form, as it was feasible for the pyrene moiety to engage in strong stacking interactions 

inside the duplex.30 This suggested the potential design of a new probe to serve as a 

fluorescent reporter for predicting base flipping and SMI formation on the basis of changes 

in emission intensity and/or wavelength. To serve this purpose, aryl-dG adducts should be 

able to stabilize the SMI duplex, and exhibit emission that is sensitive to solvent polarity. 

Unfortunately, Py-dG is not suitable for this purpose, as the adduct lacks strong 

fluorescence solvatochromism and failed to exhibit fluorescence that was sensitive to the 

adduct conformation.30   

Donor-acceptor biphenyls are aromatic chromophores that exhibit strong 

fluorescence solvatochromism.41,42 Attachment of electron donating and electron 

withdrawing groups at each end of the biphenyl system affords push-pull dyes with high 

sensitivity toward the polarity of the environment. This knowledge prompted the synthesis 

of a C-linked dG, containing a 4-fluoro-biphenyl moiety (FBP-dG, Figure 5.1B), in which 

dG could serve as the donor, while the fluoro-phenyl ring would act as the acceptor. 

Furthermore, the biphenyl system extends the phenyl ring in a linear fashion for predicted 

SMI duplex stabilization30 and the fluorine atom permits the use of 19F NMR spectroscopy 

to define adduct conformation within the duplex.31,34 This probe allows direct comparison 

with the properties of the corresponding N-linked ABP-dG adduct.20,34 FBP-dG was 

incorporated into the NarI sequence at the G3-site containing various bases (N) 5′ to the 
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lesion site of the adduct (Figure 5.1). Additionally, the fluorophenyl-dG (FPh-dG, Figure 

5.1) was synthesized for 19F NMR studies to complement the data on Ph-dG and permit full 

comparison to FBP-dG. By a combination of experimental and computational approaches, 

we determined the conformational preference of FBP-dG within the NarI duplex, and 

furthermore determined the ability of FBP-dG to stabilize the SMI duplex and distinguish 

the SMI duplex from the fully paired duplex using fluorescence spectroscopy. These data 

demonstrate the propensity of C-linked C8-F-biphenyl-dG to adopt an intercalated (I) 

structure and exhibit B/I-heterogeneity within the NarI duplex and furthermore suggest 

FBP-dG as a chemical probe for monitoring SMI formation by fluorescence spectroscopy. 

5.2 Materials and Methods 

5.2.1 Materials 

Boronic acids (4fluorobiphenylboronic acid and 4-fluorophenyl boronic acid), 

Pd(OAc)2, 3,3′,3″-phosphinidynetris-(benzenesulfonic acid) trisodium salt (TPPTS), N,N-

dimethylformamide diethyl acetal, 4,4′-dimethoxytrityl chloride, 2-cyanoethyl N,N-

diisopropyl-chlorophosphoramidite, and other commercial products used for the synthesis 

of FBP-dG and FPh-dG phosphoramidites were used as received. All unmodified 

phosphoramidites (bz-dA-CE, ac-dC-CE, dmf-dG-CE and dT-CE), activator (0.25 M 5-

(ethylthio)-1H-tetrazole in CH3CN), oxidizing agent (0.02 M I2 in THF/pyridine/H2O, 

70/20/10, v/v/v), deblock (3% dichloroacetic acid in dichloromethane), cap A (THF/2,6-

lutidine/acetic anhydride), cap B (methylimidazole in THF),and 1000 Å controlled pore 

glass (CPG) solid supports were purchased from Glen Research (Sterling, VA). 

Unmodified oligonucleotides were purchased from Sigma Genosys (Oakville, ON). 
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5.2.2 Methods 

Suzuki cross-coupling reactions of boronic acids with 8-Br-dG to afford FBP-dG 

and FPh-dG were performed as described previously for other C-linked C8-dG adducts.29,30 

NMR spectra were recorded in CDCl3 or DMSO-d6 on 300 and 600 MHz Bruker 

spectrometers, chemical shift were referenced to TMS (0 ppm) or the respective residual 

solvent peak. Full synthetic details and NMR Spectra for modified phosphoramidites, NMR 

spectra and ESI-MS analysis of modified NarI oligonucleotides are available in Appendix 

D. All adducted NarI oligonucleotide substrates were prepared on a 1 μmol scale using a 

BioAutomation MerMade 12 automatic DNA synthesizer using standard or modified β-

cyanoethylphosphoramidite chemistry.  

The DNA concentration was determined by UV absorption, the extinction 

coefficient was calculated using the IDT calculator at 

http://eu.idtdna.com/analyzer/applications/oligoanalyzer assuming the same absorbance 

properties for dG and FBP-dG and FPh-dG (ε(5ʹ-CTCGGCGCCATC)=102100 

L/(mole·cm)). Thermal stability of NarI oligonucleotides were measured by variable 

temperature UV analysis using a Cary 300-Bio UV-Vis spectrophotometer equipped with 

a 6x6 multicell Peltier block-heating unit and Hellma 114-QS 10 mm light path cells. Tm 

values were determined as previously outlined.29,30 Oligonucleotide samples were prepared 

in 50 mM phosphate buffer, pH 7, with 100 mM NaCl, using equivalent amounts (6.0 μM) 

of the unmodified or FPh-dG and FBP-dG modified NarI oligonucleotide and its 

complementary strand. Circular dichroism (CD) spectra were recorded on a Jasco J-815 

CD spectropolarimeter equipped with a 1x6 Multicell block thermal controller and a water 

http://eu.idtdna.com/analyzer/applications/oligoanalyzer
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circulator unit. Spectra were collected at 10 oC between 200 and 400 nm, with a bandwidth 

of 1 nm and scanning speed of 100 nm/min, as previously described.29,30 All fluorescence 

spectra were recorded on a Cary Eclipse Fluorescence spectrophotometer equipped with a 

1x4 Multicell block Peltier stirrer and temperature controller. Both excitation and emission 

spectra were recorded for the FPh-dG and FBP-dG modified NarI oligonucleotide 

hybridized to its complementary strand at 10 oC.  

For dynamic 19F NMR experiments, the single-stranded DNA (ssDNA) samples 

containing FPh-dG and FBP-dG were dissolved in a 100% D2O solution, and filtered. A 

stoichiometric amount of the complementary strand was added to form double-stranded 

DNA (dsDNA). 19F NMR experiments were performed for both modified duplexes at 

temperatures ranging from 10-70 °C on a 16.4 T Bruker Avance III HD NMR spectrometer. 

Each experiment was carried out using proton decoupling, with 10k scans and a sweep 

width of 250 ppm. The spectra were analyzed and figures prepared using the MestReNova 

software.  

Molecular dynamics (MD) simulations were conducted on the fully paired and SMI 

NarI duplexes (N=C) bearing FPh-dG and FBP-dG at the G3 position. The modified fully 

paired duplexes were examined in major-groove, wedge, intercalated and base-displaced 

conformations, while FPh-dG and FBP-dG were considered in the anti and syn orientations 

in the SMI. Each system was placed in an octahedral TIP3P water box with charge 

equivalencing sodium ions. A total of 100 ns of production MD simulations were 

performed for each system using the PMEMD module of AMBER14.43 The amber14SB 

force field was used,43 which was supplemented by GAFF parameters44 as required for the 
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adducts. Key dihedral angles at the lesion sight, backbone RMSD, and representative 

structures were obtained using the cpptraj module of AMBERTOOLS.45 Free energies were 

calculated using the MMPBSA method.46 Full details of the simulations are provided in the 

Appendix D. 

5.3 Results 

5.3.1 Optical Properties of FBP-dG in NarI  

FBP-dG and FPh-dG containing NarI 12-mer were synthesized using standard solid 

phase synthesis (Scheme D.1, Appendix D). Solvatochromic properties of the FBP-dG 

nucleoside were determined, as well as the conformational influence of FBP-dG in the 12-

mer NarI sequence, using UV-VIS spectroscopy, fluorescence and CD. NarI bearing FPh-

dG was used for 19F NMR studies.  

On the basis of UV derived thermal melting parameters of the various 12-mer NarI 

duplexes, FBP-dG appeared to strongly destabilized all four fully paired duplexes 

compared to their unmodified duplex, whereas FBP-dG stabilized the SMI duplex (Table 

5.1). When the 5′-flanking base was a G or C, the degree of the destabilization was slightly 

less (ΔTm=−10.0 °C for G, -12.5 °C for C) than observed with an A or T 5′-flanking base 

(ΔTm=-14.5 °C for A, -14.0 °C for T, Table 5.1). In the 12-mer NarI duplex (N:M=C:G), 

FBP-dG was less destabilizing than Ph-dG (ΔTm=-15.7 ºC) in the same sequence context.29 

In the SMI duplexes containing FBP-dG, the modified duplexes were more stable when the 

5′-flanking base was a pyrimidine (ΔTm=+7.0 °C for T,+6.0 °C for C) versus a purine 

(ΔTm=+4.5 °C for A, 1.5 °C for G).  
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Table 5.1: Thermal Melting Parameters of FBP-dG modified NarI. 

5′-CTC-GGN-X-CCA-TC-3′               5′-CTC-GG-NX-CCA-TC-3′ 

3′-GAG-CCM-C-GGT-AG-5′               3′-GAG-CC----GGT-AG-5′ 

Fully Paired Duplex Tm (°C)a ΔTm (°C)b SMI Duplex Tm (°C) ΔTm (°C) 

N:M=C:G, X=dG 63.5 / N=C, X=dG 39.5 / 

N:M=C:G, X=FBP-dG 51.0 −12.5 N=C, X=FBP-dG 45.5 + 6.0 

N:M=G:C, X=dG 62.0 / N=G, X=dG 41.0 / 

N:M=G:C, X=FBP-dG 52.0 −10.0 N=G, X=FBP-dG 42.5 +1.5 

N:M=A:T, X=dG 61.0 / N=A, X=dG 38.0 / 

N:M=A:T, X=FBP-dG 46.5 −14.5 N=A, X=FBP-dG 42.5 +4.5 

N:M=T:A, X=dG 61.0 / N=T, X=dG 38.0 / 

N:M=T:A, X=FBP-dG 47.0 −14.0 N=T, X=FBP-dG 45.0 +7.0 

aTm values of duplexes (6 μM) measured in 50 mM sodium phosphate buffer, pH 7, with 

0.1 M NaCl, a heating rate of 1 °C/min and are reproducible within 3%. bΔTm = Tm 

(modified duplex) – Tm (unmodified duplex). 

 

The quantum yield and fluorescence properties of the FBP-dG nucleoside were 

initially determined in H2O, CH3CN and CHCl3 for comparison to the solvatochromic 

properties of other C-linked nucleosides (Table D.1, Appendix D).29 FBP-dG in the free 

nucleoside form is strongly emissive in H2O (λmax=286 nm, λem=424 nm, Φfl=0.52) and is 

weakly sensitive to solvent polarity. These characteristics were also noted for the simple 

Ph-dG nucleoside (λmax=277 nm, λem=395 nm, Φfl=0.44) that lacks donor-acceptor (D-A) 

character.29 Biphenyl systems that exhibit D-A character typically display quenched 

emission in water, and light-up in non-polar solvents. A red-shift in emission wavelength 

(λem), as observed for FBP-dG is a typical behavior for biphenyl systems (Table D.1, 

Appendix D).41  
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Figure 5.2: Excitation and emission spectra of FBP-dG-modified 12-mer NarI 

oligonucleotides in the single-strand (black dashed-dotted traces), fully paired duplex 

(solid black traced) and SMI duplex (dotted red traces). All spectra of oligonucleotides (6 

mM) were recorded in 50 mM sodium phosphate buffer, pH 7, with 0.1 M NaCl at 10 °C. 
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Inserting FBP-dG into the 12-mer NarI sequence caused a 29 nm red-shift in 

excitation wavelength and little change in emission wavelength (Figure 5.2, Table D.2, 

Appendix D), suggesting formation of a more planar biphenyl adduct structure. Emission 

from FBP-dG hybridized to the fully paired complementary strand was slightly quenched, 

when the 5′-flanking base was a pyrimidine (N=C or T), whereas virtually no change in 

emission intensity was observed when the 5′-flanking base was a purine (N=G or A) (Figure 

5.2). The λex in the fully paired duplexes a red-shifted 4-12 nm relative to the ssDNA was 

observed, suggesting increased π-stacking interactions (Table D.2, Appendix D). While λem 

was blue-shifted, up to -4 nm, suggesting placement of FBP-dG in a less polar environment 

(Table D.2, Appendix D). Comparing the emission intensity of the fully paired duplex to 

the SMI duplex, a 4.2-fold increase for the sequences containing a 5′-flanking pyrimidine, 

and a 2.0-fold increase containing 5′-flanking purine was observed (Figure 5.2). This 

fluorescence response suggested a decrease in in π-stacking interactions and less exposure 

of the biphenyl to the polar aqueous solvent.  

 

Table 5.2: MM-PBSA relative energies (kJ/mol) for different conformations of FPh-dG- 

and FBP-dG-adducted fully paired NarI duplex. 

Aryl 

group 

Major-

groove 

Wedge Stacked Intercalated 

FPh 0.0 24.8 65.0 60.8 

FBP 0.0 43.4 36.4 2.3 

 

5.3.2 Conformational Analysis of FBP-dG in NarI 

In order to determine the conformational preference of FBP-dG within the fully 

paired and SMI NarI duplex (N=C), MD simulations were carried out on both duplex 
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structures and comparison was drawn to the corresponding structures determined for the 

smaller FPh-dG. Previous calculations indicate that the unsubstituted Ph-dG strongly 

favors the B-type conformation in the fully paired NarI duplex structure.29 In the SMI 

duplex, Ph-dG adopts the anti conformation (favored by 15.1 kJ/mol relative to the syn 

conformation). The fully paired NarI duplexes containing FBP-dG or FPh-dG were also 

analyzed using variable temperature 19F NMR spectroscopy, to highlight the influence of 

the biphenyl on the duplex conformation. 

MD simulations isolated four unique stable conformations for duplexes containing 

FPh-dG or FBP-dG (Figures 5.3, 5.4, Table 5.2 and Table D.4, Appendix D). In all  

 

Figure 5.3: FBP-dG adducted NarI (N=C) in the A) major-groove conformation in which 

the biphenyl moiety is in the major groove, while the damaged G is in the anti 

conformation and maintains Watson-Crick hydrogen bonding with the opposing C, B) 

wedge conformation in which the bulky moiety is in the minor groove, while the 

adducted G is syn and forms two Hoogsteen interactions with the pairing C, C) 

intercalated conformation in which the damaged G is syn, and the biphenyl moiety and 

opposing C are intercalated within the helix, and D) base-displaced intercalated 

conformation in which the adducted G is syn and the bulky moiety displaces the opposing 

C into the extrahelical major groove location. Only the three base pairs about the lesion 

are shown for clarity, with the damaged G and opposing C in green, the bulky moiety in 

red, and flanking base pairs in blue. 
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Figure 5.4: FPh-dG adducted NarI (N=C) in the A) major-groove conformation in which 

the phenyl moiety is in the major groove, while the damaged G is in the anti 

conformation and maintains Watson-Crick hydrogen bonding with the opposing C, B) 

wedge conformation in which the bulky moiety is in the minor groove, while the 

adducted G is syn and forms two Hoogsteen interactions with the pairing C, C) 

intercalated conformation in which the damaged G is syn, and the phenyl moiety and 

opposing C are intercalated within the helix, and D) base-displaced intercalated 

conformation in which the adducted G is syn and the bulky moiety displaces the opposing 

C into the extrahelical major groove location. Only the three base pairs about the lesion 

are shown for clarity, with the damaged G and opposing C in green, the bulky moiety in 

red, and flanking base pairs in blue. 

 

conformations, the Watson-Crick hydrogen bonding in the base pairs flanking the adduct 

remains intact, indicating that any structural deviations occur solely at the modified dG. In 

the major-groove or B-type conformation, FBP-dG adopts the anti glycosidic orientation. 

The bulky moiety is located in the major groove and adopts a planar arrangement about the 

guanine–aryl bond (, Figures 5.3A and 5.4A, Table D.4, Appendix D), which minimizes 

helical distortion and maintains three stable Watson-Crick hydrogen bonds at the lesion site 
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(> 95% occupancy). The fluorine atom exclusively interacts with solvent. In all other 

adducted DNA conformations, the lesion adopts the syn conformation.  

The wedge conformer places the biphenyl in the minor groove (Figure 5.3B), and 

the dG forms two hydrogen bonds with the opposing dC (≈ 35 and 75% occupancy). Similar 

to the major-groove conformation, the fluorine atom is exclusively exposed to solvent in 

this conformer. Since the biphenyl is positioned outside the helix in both the major-groove 

and wedge conformations, free rotation occurs about the ξ inter-ring dihedral angle within 

the bulky moiety, resulting in various relative orientations of the two rings throughout the 

MD simulations (i.e., standard deviation > 100º; Table D.4, Appendix D).  

In the base-displaced stacked conformer, the biphenyl is located within the helix, 

and the opposing base is fully displaced into the major groove. Unlike FPh-dG-containing 

DNA, the fluorine atom has no strong interactions (e.g., hydrogen bonds or stacking 

contacts) with other parts of the DNA helix. MD simulations predict another closely related 

conformation (denoted the intercalated (I) conformer) in which the biphenyl stacks with 

the flanking bases, and partially displaces the opposing dC such that the interactions with 

FBP-dG are disrupted (Figures 5.3C and 5.4C). Nevertheless, the opposing dC remains 

within the helix and stacks with the 5′-interstrand base. Another notable difference is the 

local environment of the fluorine atom. Specifically, since the aryl moiety intercalates 

within the helix, the fluorine atom of FPh-dG partially stacks with the 3′-dC, and is more 

shielded from solvent than the fluorine atom in the major-groove and wedge conformations. 

In contrast, due to the larger bulky moiety, the fluorine atom of FBP-dG-containing DNA 

has no significant interactions with the DNA helix. The adducts in both intercalated 

conformations have reduced conformational flexibility within the aryl moiety with respect 
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to the ξ dihedral angle compared to the B and W counterparts (i.e., standard deviation < 

30° for S and I, but > 100° for B and W; Table D.4, and Figure 5.5, Appendix D). 

Furthermore, the aryl moiety is on average less twisted in the stacked and intercalated 

conformations (average twist of 19° and 26°, respectively) compared to in the B and W 

conformers (33° and 31°, respectfully). 

 
Figure 5.5: Frequency of the ξ dihedral angle (Figure D.2, Appendix D) for FBP-dG-

adducted fully paired NarI duplex in the major-groove (B), stacked (S), intercalated (I), 

and wedge (W) conformations. 

The major-groove orientation is the most stable conformation for both adducts 

(Table 5.2). Nevertheless, despite the structural similarities of the FBP- and FPh-containing 

duplexes, the relative energies for the next stable conformer vary significantly. Specifically, 

for the smaller FPh-dG lesion, the next most stable DNA conformation is the wedge 

conformer, which is 24.8 kJ/mol higher in energy. Furthermore, the small size of the phenyl 

moiety leads to energetically inaccessible intercalated conformations (> 60 kJ/mol relative 

to the major-groove conformer). In contrast, the second most stable DNA conformation 

associated with FBP-dG is the intercalated conformer, which is only 2.3 kJ/mol higher in 

energy. Similarly, the base-displaced stacked conformation is slightly more stable than the 
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wedge orientation, although both are > 35 kJ/mol above the most stable major-groove 

orientation.  

 

Figure 5.6: FBP-dG-adducted NarI paired against a –2 deletion strand with the adduct in 

the A) anti or B) syn orientation. Only the lesion site including the 2 base pairs flanking 

the bulge are shown for clarity, with the damaged G and unpaired C in green, the bulky 

moiety in red, and flanking base pairs in blue. 

 

For the SMI duplexes, two stable conformations were isolated corresponding to the 

two glycosylic bond orientations of FBP-dG. The anti orientation about the gylcosidic bond 

places the aryl moiety within the major groove of the helix (Figure 5.6A) and is stabilized 

by Watson-Crick hydrogen bonding between the FBP-dG and the opposing 5′-dC. Due to 

the bulge formation, the 5′ base pair is weakened (< 50% occupancy of Watson-Crick 

bonds) and the unpaired 5′-dC falls into the major groove. The position of the unpaired dC 

is highly flexible, alternating between a stacked orientation with the aryl moiety (≈ 40% of 

simulation time) and intrastrand hydrogen bonding via N4–H to a phosphate oxygen of the 

5′ nucleotide (≈ 60% of simulation time). This predicted structure for FBP-dG is 

considerably similar to that previously reported for the anti Ph-dG in the same sequence 

context (Figure 5.7A). When FBP-dG adopts the syn glycosidic orientation, dG resides in 

the major groove and the biphenyl is intercalated such that it stacks with the base pairs 
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flanking the bulge region (Figure 5.6B). As discussed for the fully paired structures, the 

biphenyl π–π interactions in the syn orientation limit the rotational freedom about the ξ 

dihedral angle, resulting in a more planar biphenyl system in the syn orientation (average 

twist of 25°) compared to the anti orientation (average twist of 31°, Figure 5.8). Although 

the syn orientation of FBP-dG is similar to that previously reported for Ph-dG29 (RMSD = 

1.25 Å), the biphenyl is in a position that maximizes stacking interactions with all four 

nucleobases in the flanking base pairs (Figure 5.7B). As a result, the energy difference 

between the anti and syn conformations are small, with anti being only 2.8 kJ/mol more 

stable. This structural and energetic data correlates with the observed increased stability of 

the SMI duplexes containing FBP-dG compared to Ph-dG. Specifically, although both anti 

structures similarly lack helical interactions for the aryl group within the SMI duplex, 

FBP-dG syn structure exhibits increased stacking interactions between the aryl moiety and 

the flanking base pairs compared to Ph-dG, which increases the accessibility of this 

conformation and overall helical stability.  

 

 

Figure 5.7:  Overlay of the –2 deletion site for FPh-dG (blue) and FBP-dG (red) adducted 

helices with the adduct in A) anti or B) syn orientation. Only the lesion site including the 

2 base pairs flanking the bulge are shown for clarity. 
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Figure 5.8: Frequency of the ξ dihedral angle (Figure D.2, Appendix D) for FBP-dG-

adducted SMI DNA in the anti and syn conformations. 

 

Figure 5.9: Variable temperature proton decoupled 19F NMR of A) FPh-dG- and B) FBP-

dG-adducted fully paired NarI duplex; single-strand (ss), major-groove (B), wedge (W), 

and intercalated (I). 
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19F NMR data was collected at variable temperatures for FPh-dG and FBP-dG-

containing DNA duplexes (Figure 5.9). At 10 °C, the 19F NMR spectrum of FPh-dG 

adducted DNA (Figure 5.9A) contains one major peak at -111.26 ppm (85% of the total 

adduct signal) and two small peaks at -110.96 ppm (10%) and -112.07 ppm (5%). The most 

downfield peak at -110.96 ppm corresponds to ssDNA since the variable temperature data 

reveals that this peak gains intensity with increased temperature, while the other peaks 

decrease in intensity, which correlates with an increased concentration of ssDNA upon 

denaturing of dsDNA (Figure 5.9). Since the MD simulations suggest that the major-groove 

conformation is highly favored for the FPh-dG, the major NMR signal at -111.26 ppm 

(85%) was ascribed to the most stable B-form. The minor upfield peak at -112.07 ppm (5%) 

was attributed to the formation of the W-form. These assignments were further supported 

by the persistence of the peak at -111.26 ppm at higher temperatures, correlating with the 

greater stability of the B-form over the W-form dsDNA conformation (Table 5.2). These 

assignments suggest that the B-form makes up 94% of the total duplex for the FPh-dG 

adducted NarI, with the W-form making up the remaining 6%, which is consistent with the 

relative energies of these duplexes determined by the MD simulations (Table 5.2). 

The 19F NMR spectra of FBP-dG-containing DNA at 10 °C contains three peaks 

corresponding to ssDNA and dsDNA (Figure 5.9B). The small downfield peak at -115.77 

ppm (4%) corresponds to ssDNA, while the two major peaks at -116.40 ppm (19%) 

and -117.08 ppm (77%) correspond to dsDNA. The single stranded peak was assigned 

based on the variable temperature data, which indicates that the peak at -115.7 ppm 

increases with sample heating and corresponds to the formation of ssDNA due to annealing. 

Based on MD simulations, FBP-dG-containing DNA was predicted to be stable in two 
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conformations, the major-groove and intercalated conformers (Table 5.2). The calculated 

energy difference between the major-groove and intercalated conformer of FBP-dG-

containing DNA (2.3 kJ/mol) is considerably smaller than the difference between the two 

most stable FPh-dG adducted DNA conformations (24.8 kJ/mol), making unambiguous 

assignment of the peaks at -116.40 and -117.08 ppm difficult. For several N-linked C8-dG 

adducts, previously characterized by 19F NMR, the fluorine atom in the S-type intercalated 

conformer resonates up-field relative to the B-type conformer.31,34 Furthermore, at 50 °C 

the peak at -116.40 ppm disappears, while the peak at -117.08 ppm maintains half of the 

original area. Previous work on N-linked C8-dG adducts has shown, that S-type 

intercalated structures with the aromatic moiety in the duplex are known to be more 

stable.31,34 On the basis of these features, the downfield peak at -116.40 ppm (19%), that is 

closer to the ssDNA peak was ascribed to the B–type conformer, while the up-field peak 

at -117.08 ppm (77%) was assigned to the intercalated conformer. In this conformer, the 

fluorine atom is more shielded because the biphenyl is stacked within the DNA duplex. 

These assignments suggest that the intercalated conformer represents 80% of the FBP-dG 

adducted NarI duplex, while the B-type conformer represents 20%. 

To further clarify which peaks represent the intercalated (S and I) and groove (B 

and W) conformations, 1D 19F NMR spectra were obtained for the adducted helices in 90% 

H2O and 10% D2O at 20 °C. By comparing the H–D isotopic effect, the degree of fluorine 

solvation can be determined. Specifically, the peaks with the greatest change in chemical 

shift will correspond to the conformation in which the fluorine label is most solvated. 

Previous work on fluorine-labeled adducts has demonstrated that a downfield chemical 

shift of ≈ 0.2 ppm when the deuterium content is decreased from 100% to 10% is indicative 
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of a solvent exposed conformation.49 Therefore, a chemical shift difference of ≈ 0.08 ppm 

corresponds to a conformation with the fluorine atom shielded from solvent. For the FBP-

dG adducted DNA, the chemical shifts for the major (-117.08 ppm) and minor (-

116.40 ppm) peaks move 0.04 ppm and 0.17 ppm downfield to -116.23 ppm and -

117.04 ppm, respectively (Figure 5.10). This confirms that the major peak is solvent 

shielded and likely corresponds to the I conformation, while the major peak is solvent 

exposed and corresponds to the B conformation. For FPh-dG-adducted DNA, the major 

peak shifts by 0.14 ppm (from -111.27 ppm to -111.13 ppm, Figure 5.11), while the minor 

peak shifts by 0.10 ppm (from -112.07 to -111.97 ppm). Although these changes are smaller 

than previously reported for other solvent exposed conformations, the bulky group of FPh-

dG is the smallest studied using this technique to date and does not extend the fluorine atom 

into the solvent sphere to the same extent as larger lesions. Therefore, the observed H–D 

isotopic effect supports our previous assignment of both peaks to DNA structures that are 

solvent exposed.  

 

Figure 5.10: The isotopic effect for the proton decoupled 19F NMR of the FBP-dG-

adducted fully paired NarI duplex in 100% D2O (black) and 90% H2O 10% D2O (red). 
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Figure 5.11: The isotopic effect for the proton decoupled 19F NMR of the FPh-dG-

adducted fully paired NarI duplex in 100% D2O (black) and 90% H2O 10% D2O (red). 

5.4 Discussion  

5.4.1 Conformation of FBP-dG in NarI: Comparison to other C-linked and N-linked 

C8-dG Adducts 

On the basis of MD simulations, the NarI 12-mer DNA duplex with FBP-dG at the 

G3 position was predicted to display conformational heterogeneity between anti B-type and 

syn intercalated (I) structures. This model was consistent with 19F NMR data, which 

indicated a 20:80 B:I ratio (Figure 5.9B). For the smaller FPh-dG, 19F NMR analysis 

suggested a 94:6 B:W ratio (Figure 5.9C), consistent with the MD prediction of a strong 

anti-preference, as well as previous MD predictions for Ph-dG adducted DNA.29  

The conformational preferences of FBP-dG are comparable to other N-linked 

adducts.19 On the basis of 19F NMR data FABP-dG and FAF-dG in a TG*A sequence 

context (G* represents the N-linked C8-dG adduct) exhibited B:S ratios of 100:0 for FABP-

dG and 55:45 for FAF-dG.20,49 In the 12-mer NarI sequence context (i.e., CG*CC), FAF-

dG exhibits a 25:75 B:S ratio.31 There is no 19F NMR study of the N-linked FABP-dG in 

the NarI sequence; however, FAF-dG and FABP-dG have been studied in CG*CA and 
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CG*CT sequence contexts, and FABP-dG was predicted to exhibit 95:5 and 67:33 B:S 

ratios, while the B:S ratios for FAF-dG were 36:64 and 20:80.34 The B:S ratio for FAF-dG 

in the CG*CT sequence (20:80)34 is almost identical to the corresponding ratio in the 

authentic NarI sequence (25:75),31 suggesting that the B:S ratio of 67:33 for FABP-dG in 

the CG*CT sequence34 is representative of its expected ratio in the fully paired NarI duplex. 

The B:I ratio of 20:80 of FBP-dG suggests a stronger syn preference, despite the calculated 

equilibrium between the syn and anti conformations. In fact, the B:I ratio determined for 

FBP-dG is much more similar to the B:S ratios determined for AF-dG. The conformational 

characteristics suggests greater mutagenicity for the C-linked FBP-dG compared to the N-

linked ABP-dG due to its greater propensity to generate the promutagenic syn 

conformation.19,33-35  

 FBP-dG appears to stabilize the SMI duplex, especially containing a pyrimidine 5’ 

to the adduct (Table 5.1). The degree of SMI duplex stabilization by FBP-dG was 

essentially identical to that for the C-linked Py-dG (Table D.3, Appendix D),30 which was 

predicted to favor a syn conformation by 12.6 kJ/mol (Table D.3, Appendix D). In the 

favored syn conformation, the pyrene can stack with its flanking bases.30 The MD 

calculations suggested a conformational heterogeneity for FBP-dG between anti and syn in 

the SMI duplex. The predicted structure of the anti conformation is similar to that 

previously reported for the anti Ph-dG (Figure 5.7A),29 which destabilizes the SMI duplex 

(ΔTm vs unmodified= -2.9 °C, Table D.3, Appendix D). On the other hand, in the syn 

conformation, increased stacking interactions between the biphenyl and its flanking bases 

are predicted compared to the smaller phenyl (Figure 5.7B). Thus, adoption of the syn 

conformation provides a rationale for the stability of the SMI duplex containing FBP-dG.  
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The conformational stability of the SMI is thought to be a critical determinant for 

the -2 frameshift mutation frequency in NarI sequences and has been shown to correlate 

with the ability of N-linked C8-dG adducts to form stable S-conformers in the fully paired 

duplex.31 Like FBP-dG, N-linked C8-dG adducts stabilize the NarI SMI duplex. For 

example AAF-dG is strongly stabilizing compared to the unmodified oligonucleotide (ΔTm 

= +15 ºC),38,39 whereas AF-dG is only mildly stabilizing (ΔTm values of +3.3 ºC31 and + 6.0 

ºC24). AF-dG produces 10-fold fewer -2 deletion mutations compared to AAF-dG,50 but 

AF-dG is expected to induce a higher frequency of deletion mutations than ABP-dG due to 

its greater tendency to adopt the S-type duplex structure.34 Based on these comparisons, the 

deletion mutation frequency anticipated to arise from the C-linked FBP-dG adduct may be 

very similar to that from AF-dG, since the adducts exhibit similar anti/syn ratios in the fully 

paired duplex, and have almost identical capacities to stabilize the SMI duplex, as 

evidenced by UV thermal melting experiments. 

5.4.2 Fluorescence of FBP-dG in Fully Paired versus SMI NarI Duplex 

Based on fluorescence spectroscopy, the biphenyl nucleoside lacks D-A character.29 

However, when placed within the NarI oligonucleotide, the λex shifts to the red by 29 nm 

in the single-strand and up to 37 nm in the fully paired duplex. These changes suggest 

increased biphenyl planarity within the helical environment, which would be expected to 

increase the D-A character of FBP-dG.  In the fully paired duplex with a pyrimidine 5′ to 

the FBP-dG, the emission was quenched compared to the single strand (Figure 5.2, Table 

5.3). The MD simulations coupled with the 19F NMR data suggests that FBP-dG can adopt 

an intercalated syn conformation that favors π-stacking interactions between the biphenyl 

and the flanking bases. A wide variety of fluorescent nucleobase probes display quenched 
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emission in duplex structures and this is typically ascribed to π-stacking interactions, which 

can lead to radiationless decay.51 In the SMI duplex the emission intensity is turned on, 

because the biphenyl and the 5′-flanking base are unpartnered. (Figure 5.2). The turn-on 

emission response of FBP-dG in the SMI duplex may be useful for monitoring SMI 

formation in the NarI sequence upon synthesis with DNA polymerases.   

 

Table 5.3: Properties of C-linked C8-aryl-dG adducts in fully paired and SMI NarI 12-

mer duplexes. 

Aryl 

group 

Duplex Esyn/Eanti
a ΔTm

b Irel
c 

FBP fully 

paired 

2.3/0.0 −12.5 0.64 

SMI 2.8/0.0 +6.0 4.2 

a Calculated relative energies (kJ/mol) of syn versus anti adduct conformation. bΔTm (°C) 

of adducted duplex vs. unmodified control. c Relative emission intensity of ss vs fully 

paired or SMI vs fully paired duplexes. 

 

To our knowledge, there is no literature reporting an O-linked biphenyl-dG adduct 

for comparison the corresponding C- and N-linked derivatives. However, the structural 

influence of the O-linked phenol-dG adduct has previously been published.8  19F NMR 

studies and MD calculations indicate that O-linked phenyl-dG favors a B-form structure.8 

This is also suggested for the N-linked aniline-dG adduct52 and the C-linked phenyl-dG.29 

Compared to the duplex containing the O-linked derivative, the B-form duplex containing 

the C-linked phenyl-dG adduct is less stable (ΔTm = −15.729 vs −10.8 ºC8) due to the 

stronger syn preference of the C-linked lesion that lacks the flexible tether separating the 

phenyl ring from the nucleobase.  This increased syn preference for the C-linked lesion also 

provides a rationale for the greater propensity of the FBP-dG lesion to produce the I-type 
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structure compared to the N-linked ABP-dG adduct that favors the B-type structure.  In 

fact, the C-linked FBP-dG behaves more like N-linked AF-dG in the NarI oligonucleotide 

than the corresponding ABP-dG. The methylene linkage between the two aromatic rings in 

AF-dG makes it planar for efficient π-stacking interactions, which provides a rationale for 

its much greater propensity to produce the stacked S-type conformation and stabilize the 

SMI duplex.31,34  For the C-linked FBP-dG adduct, its increased syn preference must stem 

from the difference in the length and flexibility of the linker between biphenyl and dG, and 

this may also influence how the biphenyl is situated in the helix.  

5.5 Conclusions 

We have inserted a C-linked C8-biphenyl-dG bearing a fluorine atom (FBP-dG) 

into the G3-site of the 12-mer NarI sequence, and characterized its emission response and 

impact on fully paired and slippage mutagenic intermediate (SMI) duplex stability. In the 

fully paired NarI duplex, MD simulations combined with 19F NMR demonstrate 

conformational heterogeneity between a major-groove B-type anti-adduct conformation 

(B) and an intercalated syn-adduct conformation (I), with a predicted B:I ratio of 20:80. 

This ratio contrasts the expected anti:syn ratio of 67:33 for the corresponding N-linked 

aminobiphenyl-dG (ABP-dG), but is similar to the corresponding ratio (25:75 in NarI) for 

the N-linked 2-aminofluorene-dG (AF-dG), which adopts a planar adduct conformation 

due to the methylene linkage between the biphenyl rings. MD simulations for the C-linked 

FBP-dG adduct predict increased syn preference due to the lack of the flexible linker 

separating the dG component from the biphenyl moiety, which provides a rationale for its 

AF-dG-like properties within the fully paired and SMI NarI duplexes. In the SMI duplex, 

FBP-dG and the 5′-flanking base are unpartnered within a 2-base bulge and a turn-on 
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fluorescence response is observed. This response suggests the potential of such 

modifications in DNA to enable emission monitoring the formation of SMI structures, 

which are mediated by polymerase processing of chemically damaged DNA, and thereby 

understanding lesion-induced mutagenicity.  
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Chapter 6: Impact of DNA Adduct Size, Number and Relative Position 

on the Toxicity of Aromatic Amines: A Molecular Dynamics Case Study 

of ANdG and APdG Containing DNAa,b,c 

6.1 Introduction 

Humans are commonly exposed to aromatic amines (AAs), a well-known class of 

DNA damaging agents.1-3 For example, 4-aminobiphenyl (ABP) was historically used as a 

rubber antioxidant and dye intermediate, and was more recently identified in tobacco 

smoke,4 while aminofluorene (AF) and N2-acetylaminofluorene (AAF) were designed as 

pesticides.5 Alternatively, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) and 

2-amino-3-methylimidazo[4,5-f]quinolone (IQ) are found in cooked meats (e.g., beef, 

chicken, fish and pork).2, 6 1-aminopyrene (AP) is a metabolite of 1-nitropyrene (NP), 

which is the most abundant nitroarene in diesel and other fossil fuel emissions,7 and has 

been found in human urine after exposure to diesel exhaust.8  The smallest AA, single-

ringed aniline (AN), is predominately used to manufacture urethane polymers.9, 10  

Upon incorporation into the body, AAs can be bioactivated into highly reactive 

species that bind to the DNA nucleobases to form DNA addition products (adducts), 

primarily N-linked lesions at the C8 site of guanine (Figure 6.1).11 Previous work has  
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Figure 6.1: Chemical structures, as well as atom numbering and the χ 

(∠(O4′−C1′−N9−C4)), θ (∠(N9−C8−N10−C10)), and φ (∠(C8−N10−C10−C11) dihedral 

angles, for C8-dG DNA adducts arising from AA compounds, including the ANdG and 
APdG lesions (red) investigated in the present study. 

 

uncovered three main conformational themes for damaged DNA containing an N-linked 

C8-dG AA adduct (Figure 6.2A,B, E.1, Appendix E).12-22 In the first conformation (denoted 

the major groove or B conformation), the anti orientation about the glycosidic bond at the 

adduct site (χ = 180° ± 90°) positions the bulky moiety in the DNA major groove and 

permits canonical Watson-Crick (WC) hydrogen bonding with the opposing strand. In the 

second (intercalated or stacked, S) conformation, the adduct adopts the syn glycosidic 

orientation (χ = 0° ± 90°), which places the bulky group in the interstrand space, disrupts 

base pairing with the complementary strand, and shifts the damaged G toward the major 

groove. In the final (wedge or W) conformation (Figure E.1, Appendix E), the adduct also 

adopts the syn orientation, but the aryl moiety is located in the DNA minor groove, which 

aligns the Hoogsteen face of the lesion to hydrogen bond with the opposing base. Many 
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AA-derived N-linked lesions have the potential to induce multiple damaged DNA 

conformations, with the exact ratio being heavily dependent on several factors including 

the adduct size and shape, the presence of heteroatoms, and the sequence context.13, 14, 23, 24  

 

Figure 6.2: Example structures of A) ANdG adducted DNA in the B conformation and B) 
APdG adducted DNA in the S conformation, highlighting the lesion and flanking base 

pairs. C) NarI oligomer, highlighting the sequence context of the damage sites considered 

in the present work (G1, G2, and G3). 

 

An abundance of experimental and computational work on AA-adducted DNA has 

revealed correlations between the conformation of the damaged helix and the mutagenicity 

of AAs. For example, DNA containing ABPdG adopts both the B and S conformations14, 24, 

25 and the ABPdG lesion causes a mixture of point and frameshift mutations,26 which 

correlates with ABP being classified as carcinogenic to humans (Group 1) by the 

International Agency for Research on Cancer (IARC).27 Similarly, duplexes containing 
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AFdG or AAFdG possess B/S/W conformational heterogeneity,5, 23, 24 resulting in point 

mutations, while AAFdG also induces base deletions. Although AF and AAF have not been 

formally classified by the IARC, 2-nitrofluorene leads to the same C8-dG adducts and has 

been labelled a possible human carcinogen (Group 2B).7 Four-ringed APdG, one of the 

largest AA-derived lesions, induces the S conformation of damaged DNA13, 20, 21 and results 

in both point and deletion mutations,28, 29 with the NP precursor to APdG considered to be 

probably carcinogenic to humans (Group 2A).7 Notably, the mutagenic adducts discussed 

to this point can all adopt the syn glycosidic conformation to some extent depending on the 

adduct structure and sequence context. In contrast, the nonmutagenic, single-ringed ANdG 

adduct exclusively leads to the anti lesion orientation associated with the B conformation 

of damaged DNA13, 30 and the IARC deems AN to be not classifiable as carcinogenic to 

humans (Group 3).10  

 In direct connection to mutagenicity, the structure of damaged DNA also provides 

vital clues about the repair propensity of AA-derived adducts. For example, studies on 

AAFdG and AFdG in different sequence contexts revealed a positive correlation between the 

preference for a distorted S conformation of damaged DNA and the resulting repair 

efficiency.22 Other work on DNA containing the fluorine-labeled FAFdG, FAAFdG and 

FABPdG adducts uncovered an increased repairability of damaged duplexes that exhibit 

greater distortions from canonical DNA structure.31 Additionally, the repair resistance of 

PhIPdG in deletion duplexes compared to the fully paired counterpart can be been 

rationalized based on stronger lesion site stacking interactions that stabilize the deletion 

structures.32  Overall, these select examples highlight that uncovering the preferred 
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conformation of damaged DNA is a critical step toward understanding the severity of the 

toxicity associated with AA exposure. 

Despite the abundance of literature on the structure of AA-adducted DNA, the vast 

majority of studies have focused on duplexes containing a single adduct (monoadduct). 

However, although DNA modification spectra indicate that many G sites can be damaged 

upon exposure to aromatic amines, specific GC rich regions (e.g., the NarI sequence) result 

in a significantly greater number of mutations.33 In fact, there is a nonlinear increase in the 

mutational frequency with an increase in the number of damaged G sites.33-35 For example, 

an approximate 3-fold increase in the number of AAF-dG adducts in the URA3 gene results 

in an approximate 10-fold increase in the mutational frequency.35 This greater mutagenic 

rate in G-rich sequences could at least partially arise due to the presence and synergistic 

effects of multiple adducts in close proximity. Indeed, multiple damaged sites have been 

shown to exist within 24 base pairs for other types of DNA damage,29, 36-45 including 8-

oxoguanine (8OG), abasic sites, 5-methylcytosine, and single-strand breaks (SSBs).36-41 

Furthermore, there is evidence that the presence of one of these lesions can promote the 

formation of a second lesion within the same local area.45, 46 Perhaps more importantly, the 

repairability of a given lesion has been shown to decrease and the mutagenic potential has 

been shown to increase when a second damaged site is in close  proximity.29, 37, 38, 40 

Although cluster lesions related to damage such as 8OG, abasic sites, 5MeC and SSBs may 

more readily arise in cells, cluster lesions associated with bulky DNA adducts may also be 

possible upon exposure to genotoxins, especially in damage-prone GC-rich regions.46 

Indeed, the formation of cluster adducts (diadducts) for aromatic amines could help account 

for previously unexplainable complex mutational profiles.35, 47 Furthermore, although there 
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is large decrease in AA adduct levels with time through lesion repair or cell death, some 

adducts persist weeks or even months after the initial exposure.48, 49 Thus, there is a chance 

that cluster adducts could form, particularly at damage hotspots, upon chronic exposure to 

even low levels of damaging agents.  

Although the above discussion suggests that cluster lesions arising from aromatic 

amine exposure should be investigated, to the best of our knowledge, only one study to date 

has considered the impact of cluster adducts on the structure and repair of damaged DNA.50 

Specifically, NMR, CD, UV spectroscopy, and nucleotide excision assays, as well as 

complementary short-timescale single molecular dynamics (MD) simulations, revealed that 

fluorine-labeled FAAFdG at two sites in the AA deletion hotspot NarI sequence (5′-

G1G2CG3CC, Figure 6.2C) results in a complex heterogeneous mixture of damaged DNA 

conformations and repair efficiencies, which vary with the number of adducts and base 

pairs between the lesions.50 Despite this insightful information for FAAFdG, relatively little 

is known about lesion mutagenicity and repair efficiency for cluster adducts compared to 

monoadducts.  

Due to the insights computational chemistry has provided about the structure, 

mutagenicity and repair susceptibility of DNA containing a single AA-dG lesion,13, 14, 20-22, 

25, 30, 51, 52 and the lack of corresponding information for cluster adducts, this study uses 

detailed MD simulations to investigate the structure and function of ANdG and APdG 

monoadducted and diadducted DNA (Figure 6.3). These two lesions were selected as 

representative adducts that span the size (single versus four-ringed aryl groups), the induced 

adducted DNA structure (predominately B versus S),13, 20, 21, 30 and mutagenicity  
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Figure 6.3: Structures of the ANdG and APdG adducts considered in the present work (top), 

as well as the different monoadducted (B and S) and diadducted (BB, BS, SB and SS) 

helical conformations modelled for each sequence combination (structures for the APdG 

lesion in the G1 or G1G2 sequence context shown as representative examples). The bulky 

groups are shown in red. 

 

(nonmutagenic versus probably carcinogenic precursors)7, 10 of AA-derived N-linked 

lesions. The adducts are investigated in the context of the NarI sequence53, 54 to complement 

existing studies on FAAFdG diadducts,50 and expand upon the G3 sequence context 

previously considered for ANdG and APdG monoadducted DNA.13 Initially, 12 

monoadducted duplexes are considered with ANdG or APdG in (anti and syn) glycosidic 

orientations that correspond to the B and S DNA conformations at each of three sites (G1, 

G2 and G3, Table 1), which reveals clues regarding sequence dependent mutagenicity and 

provide a point of reference for understanding the impact of the second lesion. 

Subsequentially, 24 diadducted DNA oligomers are considered with two ANdG or APdG 

adducts in all four anti/syn (B/S) conformational combinations in three sequence contexts 

(G1G2, G1G3 and G2G3, Table 1), which represent different distances between the lesions. 

This work fills a critical void in the literature by providing the first in-depth structural 

analysis of diadducted DNA that systematically compares the influences of lesion size, 

number, and sequence context (spatial separation). Through this investigation, we uncover 

a differential impact of a second lesion on the helical conformational preferences, and  
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Table 6.1: DNA duplexes modelled in the current study.a 

System Adduct Label 

Adduct Position 

and Conformation 

G1 G2 G3 

Undamaged None Natural – – – 

Monoadducted ANdG GB
1 B – – 

GS
1 S – – 

GB
2 – B – 

GS
2 – S – 

GB
3 – – B 

GS
3 – – S 

APdG GB
1 B – – 

GS
1 S – – 

GB
2 – B – 

GS
2 – S – 

GB
3 – – B 

GS
3 – – S 

Diadducted ANdG GB
1GB

2 B B – 

GB
1GS

2 B S – 

GS
1GB

2 S B – 

GS
1GS

2 S S – 

GB
1GB

3 B – B 

GB
1GS

3 B – S 

GS
1GB

3 S – B 

GS
1GS

3 S – S 

GB
2GB

3 – B B 

GB
2GS

3 – B S 

GS
2GB

3 – S B 

GS
2GS

3 – S S 
APdG GB

1GB
2 B B – 

GB
1GS

2 B S – 

GS
1GB

2 S B – 

GS
1GS

2 S S – 

GB
1GB

3 B – B 

GB
1GS

3 B – S 

GS
1GB

3 S – B 

GS
1GS

3 S – S 

GB
2GB

3 – B B 

GB
2GS

3 – B S 

GS
2GB

3 – S B 

GS
2GS

3 – S S 
aEach system was simulated for 500 ns in triplicate, resulting in a total of 1.5 μs 

production time for each duplex. 
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therefore the replication and repair outcomes, depending on the lesion size and spatial 

separation. As a result, our work expands the critical roles of adduct size and sequence 

context known for monoadducted DNA structure to diadducted DNA, and further uncovers 

the biological implications of cluster lesions in the toxicity of AAs. 

6.2 Computational Details 

The ANdG and APdG lesions (Figure 6.1) were modelled in a 16-mer DNA strand 

containing the NarI sequence (5′–CTCTCG1G2CG3CCATCAC–3′, underlined), which 

was paired with the fully complementary strand (Figure 6.2C). Specifically, each adduct 

was initially incorporated at a single G1, G2 or G3 site, and subsequently simultaneously 

incorporated at the G1 and G2 (G1G2), G1 and G3 (G1G3), or G2 and G3 (G2G3) sites. All 

possible combinations of (anti/syn) lesion glycosidic orientations were considered. 

Specifically, monoadducted DNA was considered in the major groove B and intercalated 

S conformations (Figure 6.3), which were previously reported to be the stable 

conformations of ANdG and APdG monoadducted DNA.13, 21, 30 For diadducted DNA, four 

conformational themes were considered (Figure 6.3), namely the BB, BS, SB and SS 

conformations, with the first symbol corresponding to the 5′ lesion conformation. All DNA 

structures were built based on those previously reported for DNA containing ANdG or APdG 

at G3.13 Undamaged DNA of the same sequence was also considered as a control. Thus, a 

total of 37 unique systems were studied. 

Natural DNA nucleotides were modelled using the parmbsc1 force field in 

Amber18.55 Although the bsc1 modification can lead to overstabilization of B-DNA,56 this 

force field is accepted to generally provide a good description of DNA.57, 58 Parameters for 

the damaged nucleotides are available in the SI and were taken from previously published 
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work.13 Specifically, the parameter set for the damaged bases was supplemented with 

GAFF parameters and the Amber compatible partial charges were generated using the 

RESP charge fitting scheme in the R.E.D. (Version III.4) software package.59   

Using the tleap module of Amber18, each helix was solvated in a TIP3P water box 

such that there was a minimum of 10 Å of water between the solute and the edge of the box 

in each direction. Each system was neutralized with sodium cations. Based on previous 

work,60 it is expected that the key structural features of the damaged DNA around the lesion 

site will be relatively independent of the monovalent ion concentration under typical salt 

conditions. Subsequently, minimization, heating and equilibration steps were completed 

following the comprehensive protocol previously used to study other N-linked adducts.61 

Specifically, minimization was conducted over four stages that consisted of 2500 steps of 

steepest decent followed by 2500 steps of conjugate gradient minimization. The first stage 

was completed with a restraint on the solute atoms, while the second stage was performed 

with a restraint on the heavy atoms. A restraint was again applied to the solute in the third 

minimization stage, while the whole system was minimized without restraints in the final 

step. The restraints in the first three minimization stages were applied using a force constant 

of 100 kcal/(mol Å2). The system was then heated by increasing the temperature to 310 K 

in six 20 ps stages at constant volume, with a 25 kcal/(mol Å2) restraint applied to the 

solute. Equilibration was then performed for 100 ps, with the restraint on the solute 

weakened every 20 ps from 20 to 15, 10, 5 and 1.5 kcal/(mol Å2). All simulations used a 

10 Å nonbonded cutoff.  

To obtain optimal starting structures for the final MD production trajectories, the 

equilibrated systems were initially simulated for 100 ns. A representative structure for each 
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system was then obtained based on the configuration of the lesion site(s) using the cluster 

command within cpptraj.62 Specifically, the hieragglo algorithm was used on key dihedral 

angles at the lesion site(s) (including χ (∠(O4′−C1′−N9−C4)), θ (∠(N9−C8−N10−C10)), 

and φ (∠(C8−N10−C10−C11), Figure 6.1). The resulting representative structures were 

then minimized, heated and equilibrated using the same protocol discussed above prior to 

the final production trajectories. During the production phase, a 25 kcal/(mol Å2) restraint 

was applied to the hydrogen bonds in the terminal base pairs to prevent helical fraying.63, 

64 500 ns MD production simulations were carried out in triplicate using different initial 

velocities and a 2 fs timestep.65-67 All MD simulations were conducted using the Amber18 

suite.68 Overall, 111 MD production simulations were performed, generating 27 μs of data 

for each lesion (55.5 μs total, including undamaged DNA). 

Each MD replicate was independently analyzed every 50 ps. Backbone root-mean-

square deviations (RMSDs) were calculated with respect to the first structure of the 

production phase using the cpptraj tool in Amber18 and signify that all systems are stable 

(Table E.1, Appendix E). The cpptraj tool in Amber18 was also used to calculate key 

dihedral angles at the lesion site(s) (including χ, θ and φ, Figure 6.1) and the solvent 

accessible surface area (SASA) of the bulky group. The lesion site interaction energy 

(LSIE) was calculated as the sum of all noncovalent interactions between the adduct and 

the opposing base, the adduct and the four flanking nucleobases, and the opposing base and 

the four flanking nucleobases using the linear interaction energy (LIE) command in cpptraj. 

The hydrogen-bonding occupancies were calculated using a heavy atom distance cutoff of 

3.4 Å and a heavy atom–hydrogen–heavy atom angle cutoff of 120°. The base pairing at 

the terminal ends was maintained in all trajectories (Table E.2, Appendix E), while the 
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lesion site WC base pairing was maintained when damaged DNA adopts the B 

conformation (Tables E.3, E.4, Appendix E). Hydrogen bonding in the base pairs flanking 

the lesion site was also preserved unless stated otherwise in the main text (Tables E.5-E.8, 

Appendix E). Since the three replicas for each system sampled similar structures, final 

representative structures were obtained by clustering over the total 1.5 μs dataset for each 

system based on atoms in the nucleotide base pairs between G1 and G3 (i.e., the 5′–

G1G2CG3–3′ duplex, Figures E.2-E.7, Appendix E). The pseudobase step helical 

parameters were determined by treating the NarI sequence as one unit and calculating the 

pseudostep parameters between the C5:G28 and A12:T21 base pairs (Figure E.8, Appendix 

E) using the Curves+/Canal program.69 Reported averages were calculated over the three 

replicates, with standard deviations calculated between the three averages. The block 

standard error (BSE) of the dihedral angles, SASA and LSIE values were also calculated 

to account for autocorrelation using the block averaging method, with the values 

extrapolated from all frames of the three replicas fitted to a monomolecular growth model.  

6.3 Results  

6.3.1 General Structural Features of Monoadducted DNA 

6.3.1.1 B Conformation of Monoadducted DNA 

As per undamaged DNA, regardless of the adduct (ANdG or APdG) or damage 

location (G1, G2 or G3), the lesion adopts an anti orientation about the glycosidic bond in 

the B conformation of damaged DNA (avg ~200 – 230°, Figure E.9, Table E.9, Appendix 

E). This lesion orientation exposes the aryl moiety to solvent in the major groove, directed 

toward the 3 end of the damaged strand (Figures 6.2A, E.2, Appendix E). While the bulky 

moiety for the smaller ANdG lesion is slightly nonplanar with respect to the damaged G 
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(avg = 128 – 142°), the larger APdG adduct is more planar (avg = 157 – 177°, Figure E.10, 

Table E.10, Appendix E), regardless of sequence context. The reduced twist in APdG has 

been previously noted at G3,13 which was attributed to weak hydrogen bonding between the 

α-fused ring (Figure 6.1) and the DNA backbone. Nevertheless, ϕavg adopts a narrow range 

regardless of the lesion or position (1 – 17°, Figure E.11, Table E.11, Appendix E). The 

resulting lesion orientation allows for hydrogen bonding between the linker N–H and O4 

of the damaged nucleotide in all systems (most prevalent for ANdG at G2 and G3), as well 

as between the linker N–H and O3 of the 5-dC with respect to the lesion for ANdG at G1 

(Figure E.12, Table E.12, Appendix E). Since the C opposing the lesion also adopts the anti 

orientation, the B conformation preserves the three Watson-Crick hydrogen bonds of 

undamaged DNA (occupancy > 97%, Table E.3, Appendix E) and stacking with the 

flanking nucleotides at the lesion site (Table E.13, Appendix E). The helical parameters of 

undamaged DNA are not significantly impacted by the presence of a single anti ANdG or 

APdG lesion regardless of the sequence context (Figure E.2, Appendix E), with the largest 

deviation being < 2 Å for the rise, shift and slide, and < 10° for the roll, tilt, twist and axial 

bend (Table E.14, Appendix E). 

6.3.1.2 S Conformation of Monoadducted DNA 

In the S conformation of damaged DNA, the single lesion adopts the syn glycosidic 

orientation (avg ~40 – 60°, Figure E.9, Table E.9, Appendix E). As a result, the aryl moiety 

is intercalated into the helical core, which displaces the opposing C into the major groove 

in the 3 direction of the damaged strand (Figure 6.2B, E.3, Appendix E). Nevertheless, the 

hydrogen bonding in the flanking base pairs is maintained (occupancy > 92%, Table E.5, 

Appendix E). While the larger AP moiety adopts a nearly planar orientation with respect to 
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dG (avg = 186 – 194°, Figure E.10, Appendix E), the AN moiety is perpendicular to the 

plane of the nucleobase (θavg ~90° or ~270°, Figures E.13, E.14, Table E.10, Appendix E). 

Regardless, ϕavg is consistent across adducts and sequences (ϕavg = 0 ± 7°, Figure E.11, 

Table E.11, Appendix E). The greater nonplanarity of ANdG in the S damaged DNA 

conformation arises due to shifting of the bulky group toward the minor groove (Figures 

E.3, E.14), resulting in a W-like structure. Indeed, (albeit limited) hydrogen bonding occurs 

between the Hoogsteen face of ANdG and the amino group of the opposing C, as well as the 

linking N–H of the adduct and the flanking bases (Table E.12, Appendix E). In contrast, 

hydrogen bonding with the pairing C is absent for APdG. Instead, the entire damaged G 

stacks with the surrounding nucleobases (Figure E.3, Appendix E). The S conformations 

of monoadducted DNA are modestly distorted from canonical DNA, with the largest 

deviations in helical parameters occurring in the slide (up to 3.7 Å change), roll (up to 21.9° 

change), tilt (up to 22.9° change) and twist (up to 17.0° change, Figure E.3, Table E.14, 

Appendix E). The APdG lesion affects more helical parameters at each site than ANdG (Table 

E.15, Appendix E), which may at least in part arise due to ANdG-containing DNA frequently 

adopting a W-like conformation.  

6.3.2 Conformational Preference of Monoadducted DNA 

To identify the preferred conformation(s) of damaged DNA containing a single ANdG 

or APdG lesion at different locations (G1, G2 or G3), differences in the structural features of 

the corresponding damaged helices in each potential conformation must be carefully 

compared. Our structural analysis reveals that the presence of a single lesion results in 

minimal helical distortion and therefore global helical structural changes occurring outside 

the local lesion site will not significantly influence the relative conformer stability for these 
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systems. To better understand the impact of the structural changes at the lesion site for a 

given damaged DNA system, we use an analogous approach to that successfully applied to 

DNA containing N-linked C8-dG adducts of varying bulky moiety size.13 Specifically, the 

impact of the lesion site conformation on both stabilizing (noncovalent interactions at the 

lesion site) and destabilizing (SASA of the aryl group) factors are considered. We note that, 

although discrete solute–solvent interactions at the lesion site may also change with the 

damaged DNA conformation, the largest difference between damaged DNA conformations 

will be the apolar interactions arising from the major groove versus intercalated placement 

of the hydrophobic bulky moiety. 

 

Figure 6.4: A) LSIEavg and B) SASAavg for DNA containing a single ANdG or APdG lesion 

at G1 (red), G2 (blue) or G3 (green), including the dataset standard deviation. 

 

The LSIE is estimated as the sum of the hydrogen-bonding and stacking interactions 

within the lesion base pair, and between the damaged and flanking base pairs. In the B 
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conformation, the LSIEavg ranges from –202 to –246 kJ/mol regardless of the size of the 

aryl moiety (Figures 6.4A, E.15, Table E.13, Appendix E). For DNA containing ANdG, 

LSIEavg is ~25 – 30 kJ/mol larger when the lesion is at G3 compared to G1 or G2, while 

LSIEavg decreases by ~20 kJ/mol with APdG position as G3 > G2 > G1. Thus, there is a 

modest sequence context dependence for this stabilizing factor, which results in the B 

conformer being most stable at G3. In contrast, the SASAavg is independent of sequence, 

being larger for APdG (180 – 187 Å2) than ANdG (117 – 119 Å2, Figures 6.4B, E.16, Table 

E.16, Appendix E). This suggests that the B conformation will be less stable for the larger 

APdG lesion than ANdG due to increased hydrophobic interactions of the bulkier aryl moiety. 

In the S conformation of damaged DNA, ANdG results in very weak LSIEavg (–24 to 

–39 kJ/mol, Figures 6.4A, E.15, Table E.13, Appendix E), being relatively sequence 

independent. The significant decrease in the LSIEavg for the S compared to the B 

conformation of ANdG monoadducted DNA is accompanied by a modest decrease in the 

SASAavg (by 40 – 52 Å2, Figures 6.4B, E.16, Table E.16, Appendix E). However, the 

standard deviations in LSIEavg and SASAavg are large for the S conformers (> 70 kJ/mol 

and > 24 Å2) due to the aryl moiety shifting from an intercalated (S) to a minor groove (W) 

position (Figure E.3, Appendix E). This points to the inability of syn ANdG to form strong 

stacking interactions in the S conformation of damaged DNA. As a result, as previously 

reported at G3,13 DNA containing ANdG can be concluded to be exclusively stabilize in the 

B conformation in all sequence contexts (Figure 6.5).  

The LSIEavg is significantly more stabilizing for APdG than ANdG adducted DNA in 

the S conformation (by up to ~100 kJ/mol, Figure 6.4A, Table E.13, Appendix E). 

Furthermore, the overall solvent exposure of the APdG aryl group is considerably less for 
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the S conformer than that for the B conformer (by 69 – 77 Å2, Figure 6.4B, Table E.16, 

Appendix E). Thus, the lesion-site stability provided to the S conformation of damaged 

DNA by the enhanced stacking potential of the larger AP moiety, coupled with the 

greater destabilization of the B conformation due to significant solvent exposure of the 

hydrophobic bulky moiety, will lead to a preference for the S conformer of APdG 

monoadducted DNA for all sequence contexts (Figure 6.5) as previously reported at G3.13  

 

Figure 6.5: MD representative structures of the preferred ANdG and APdG monoadducted 

DNA conformations in different sequence contexts. Only the central base pairs from the 

5′ flanking base pair of G1 to the 3′ flanking base pair of G3 in the NarI sequence context 

are shown in each case, with the adducted bases and pairing Cs shown in green, the bulky 

moieties in red, and the flanking bases in cyan. 
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Interestingly, LSIEavg for the S conformation exhibits a notable sequence dependence, 

decreasing by ~30 kJ/mol as G1 > G2 > G3 (Figure 6.4A, Table E.13, Appendix E), which 

is opposite to the trend discussed for the B conformer. Notably, the greater stability at G1 

arises from more favourable interactions between the adduct and pairing C (Table E.13, 

Appendix E), likely caused by changes in the range of motion in the displaced C with the 

identity of the flanking bases. Therefore, there is a modest sequence effect on the relative 

conformer stability of APdG adducted DNA, with the stability of the S conformation being 

greatest in the G1 sequence context and least stable at G3.  

It is interesting to consider whether the presence of one adduct increases the 

likelihood of a second lesion forming within close proximity. Our data indicates that a 

single lesion does not significantly change the structure of the surrounding DNA, 

suggesting that the major feature controlling the impact of one adduct on the formation of 

a second lesion is whether the bulky moiety blocks the major groove nucleobase binding 

site. As APdG induces the S conformation of monoadducted DNA, we propose that this 

lesion will not block access to the major groove side of nearby guanines. In contrast, ANdG 

monoadducted DNA adopts the B conformation with the bulky moiety in the major groove 

directed toward the 3′ end of the damaged strand. Therefore, the formation of an ANdG 

lesion at G1 may block the formation of a second adduct at G2. Nevertheless, the dynamical 

and structural impacts of ANdG at all other sites are minimal. Therefore, the formation of 

cluster lesions is likely dictated by other factors such as the persistent concentration of the 

carcinogen. 
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6.3.3 General Structural Features of Diadducted DNA 

In order to understand the impact of a second lesion on damaged DNA, the 

following sections systematically compare the structure and stability of duplexes 

containing cluster lesions to those containing a single lesion. Due to the large number of 

cluster lesions considered, the impact of adding a second lesion will be separately assessed 

for each combination of adduct, damaged site and anti/syn glycosidic orientation (B/S 

damaged DNA conformation). Within the context of the NarI sequence (5′-G1G2CG3CC, 

Figure 6.2C), all diadducts are formed within the same strand, with the G1G2 sequence 

context representing neighboring lesions, G2G3 being lesions that are one nucleotide 

removed, and G1G3 involving two intervening nucleotides. The nomenclature used to 

differentiate between the diadducted systems lists the damage sites in numerical order and 

indicates the damaged DNA conformation as a superscript. For example, the GB
1GE.2 strand 

contains an anti lesion at G1 associated with the damaged DNA B conformer and a syn 

lesion at G2 associated with the damaged DNA S conformer. When the impact of a second 

lesion is being discussed, the site under consideration will be indicated using bold font. For 

example, GB
1G

S
2 indicates the impact of a lesion at G2 on the G1 site is under investigation, 

while GB
1GS

2 indicates that the change at G2 due to a lesion at G1 is being discussed.  

6.3.3.1 B Conformation of Diadducted DNA 

When ANdG or APdG-containing DNA adopts the B conformation, the addition of a 

second lesion has little impact on the structure near the lesion site. Specifically, key lesion 

dihedral angles generally change by < 10° (χavg, θavg and ϕavg, Figures E.9–E.11, Tables 

E.17–E.19) and the bulky moiety remains solvent exposed in the major groove (Figure 

E.16, Table E.20, Appendix E). Hydrogen bonds are also maintained, including WC 
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hydrogen bonding in the lesion and flanking pairs (Table E.4, E.6–E.8, Appendix E), and 

hydrogen bonding between the linker N–H and O4 within the damaged nucleotide or O3′ 

of the 5′ nucleotide for ANdG at G1 (Figure E.12, Table E.21, Appendix E). The overall 

helical structure is also generally preserved in diadducted DNA (Figure E.4, Appendix E). 

However, the degree of distortion increases upon addition of a second lesion, with the 

extent of deformation primarily depending on the conformation of the second lesion 

(Tables E.15, E.22, Appendix E). Specifically, for both adducts, the addition of a syn lesion 

(S conformer) results in greater deviations in helical parameters (by up to 6.7 Å and 79.1°) 

than an anti lesion (B conformer, 3.6 Å and 18.6°). Nevertheless, the helical structural 

deviations are generally only slightly larger for APdG (up to 6.7 Å and 79.1°) than ANdG 

(5.9 Å and 37.6°, Tables E.15, E.22, Appendix E). Although the helical distortions can 

change with sequence context, the effect is not consistent across lesion sizes and 

conformations.  

6.3.3.2 S Conformation of Diadducted DNA 

When ANdG-containing DNA in the S conformation is subjected to a second 

damaging event, significant structural changes can occur depending on the lesion size, 

conformation and relative location. Generally, key adduct dihedral angles are not 

significantly impacted upon the addition of a second damage site (χavg, θavg and ϕavg, Figures 

E.9–E.11, Tables E.17–E.19, Appendix E). One notable deviation from monoadducted 

DNA is a > 80° change in the χ dihedral angle of APdG in the GB
1GS

2, GS
1G

S
2, GS

1GS
2, GS

2G
S
3 and 

GS
2GS

3 systems (Figure E.9, Table E.17, Appendix E), which occurs due to repositioning of 

ribose to permit hydrogen bonding between the linking N–H and O4′, while maintaining 

the adduct stacking seen in monoadducted DNA (Figures E.17, E.18, Tables E.23, E.24, 
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Appendix E). Although a second lesion affects θavg of ANdG due to changes in the bimodal 

distribution of θ (~90° or 270°), the aryl ring remains perpendicular to the damaged 

nucleobase in the minor groove for ANdG diadducted DNA (Figures E.19, E.20, Appendix 

E). As for monoadducted DNA, diadducted DNA maintains WC hydrogen bonding in the 

base pairs flanking the damaged sites (> 90% occupancy, Tables E.6–E.8, Appendix E), 

with the exception of APdG at GS
2GB

3 and GS
2GS

3 (occupancies as low as 42%). The intrahelical 

and extrahelical positions of the opposing C are maintained for the ANdG and APdG lesions, 

respectively (Table E.23, Appendix E). Interestingly, both APdG adducts generally stack 

with the corresponding 3′ and 5′ flanking base pairs in the S conformation of GS
1GS

2 and 

GS
2GS

3 damaged DNA, while the GS
1GS

2 neighboring adducts exhibit minimal mutual overlap 

due to the helical twist (Figure E.7, E.18, Appendix E). The helical distortion of diadducted 

DNA with at least one syn lesion (S conformer) is typically greater than that for the 

corresponding monoadducted helix (Figure E.21, Tables E.15, E.22, Appendix E). 

However, the extent of distortion depends on the conformation associated with the second 

lesion, with the B conformation resulting in less distortion (average deviation < 6.7 Å and 

79.1°) than S (< 11.5 Å and 255.2°). Furthermore, the distortion is dependent on lesion size 

(i.e., ANdG results in smaller changes than APdG) and sequence (i.e., the distortion is the 

least for two intervening bases (G1G3) and the greatest for next-nearest diadducts).  

6.3.4 Conformational Preference of Diadducted DNA  

 The conformational preference of monoadducted DNA highlights the important 

interplay between the LSIE and SASA of the bulky moiety. To assess the impact of a 

second adduct on the conformational preference of damaged DNA, the change in LSIEavg 

and SASAavg upon addition of the second lesion was calculated (Figures 6.6, 6.7, Tables 



180 

E.20, E.24–E.26, Appendix E). Specifically, Δ(LSIEavg) (Δ(SASAavg)) denotes the LSIEavg 

(SASAavg) of a given adduct site in the presence of a second lesion (diadducted DNA) 

minus the LSIEavg (SASAavg) of the same adduct site in the absence of a second lesion 

(monoadducted DNA). Thus, negative Δ(LSIEavg) and Δ(SASAavg) values reflect increased 

stability of a lesion conformation upon the addition of the second adduct. Due to the 

differential conformational preference of ANdG and APdG monoadducted DNA, the effect 

of each lesion type will be considered separately below.  

6.3.4.1 ANdG Diadducted DNA 

The impact of a second ANdG lesion on the stability of the anti adduct orientation 

associated with the damaged DNA B conformation is minimal (Figure 6.6, Table E.26, 

Appendix E). Specially, Δ(LSIEavg) falls between –10 and 8 kJ/mol, while select cluster 

lesions increase shielding of the bulky moiety by up to ~22 Å2. The largest effects occur 

for the nearest neighbor G1G2 sequence context, which is most stabilized when both lesions 

adopt the anti conformation (GB
1G

B
2 and GB

1GB
2), and modestly stabilized when the second 

adduct is in the syn orientation (GS
1GB

2 and GB
1G

S
2). Interestingly, GS

1GB
2 is more solvent 

shielded than GB
1G

S
2 due to the helical twist and displacement of the damaged syn G1 toward 

the major groove. All other combinations of lesion conformations and positions result in 

minimal changes to the stability of the ANdG damaged DNA B conformation (Figure 6.6). 

The impact of a second adduct on the conformational stability is more diverse when 

ANdG adopts the syn glycosidic conformation (S conformer of damaged DNA, Figure 6.6, 

Table E.26, Appendix E). Indeed, Δ(LSIEavg) ranges from –123.1 kJ/mol (stabilizing) to 

60.6 kJ/mol (destabilizing) and Δ(SASAavg) extends from –16.1 to 26.0 Å2. The damaged 
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Figure 6.6: Δ(LSIEavg) versus Δ(SASAavg) for ANdG damaged DNA in the B (top) or S 

(bottom) conformation upon addition of a second adduct with the first lesion at G1 (red), 

G2 (blue) or G3 (green). Labels represent the site and conformation of the second lesion. 

Negative values indicate increased stability. 

 

DNA S conformation is most stabilized in the next-nearest neighbor sequence, with both 

lesions in the syn orientation (i.e., GS
2G

S
3 and GS

2GS
3). Indeed, the G2 lesion site interaction 

increases by –123.1 kJ/mol and the adduct is 15.6 Å2 less solvent exposed, while the G3 

lesion interactions increase by –78.2 kJ/mol, although the adduct is solvent deshielded by 

26.0 Å2. The damaged DNA S conformation is also stabilized in the nearest neighbor 

context when the second lesion adopts the B conformation (i.e., GS
1G

B
2 and GB

1GS
2), albeit to 

a smaller extent (Δ(LSIEavg) up to ~27 kJ/mol and Δ(SASAavg) up to ~6 Å2). In all other 

cases, the addition of a second lesion has a minimal or detrimental effect on the stability of 

the S conformer (Figure 6.6).  
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Based on the relative impact of the second lesion on the stability of the B and S 

DNA conformations at ANdG sites, the preferred conformation of ANdG diadducted DNA at 

lesion sites separated by two base pairs (G1G3) can be concluded to be the same as that for 

the corresponding monoadducted DNA regardless of the second lesion (anti/syn) glycosidic 

orientation (Figure 6.8). This suggests that G1G3 ANdG diadducted DNA will maintain an 

overall B conformation at both lesion positions, which reflects the spatial separation 

between the damaged sites. For neighboring adducts (i.e., the G1G2 sequence context), the 

B conformation is further stabilized at both locations, while only modest changes occur to 

the stability of the S conformation, suggesting that the anti lesion conformation will 

continue to be preferred at both damaged sites (GB
1GB

2). Most interestingly, for the next-

nearest neighbor sequence context (G2G3), a second syn adduct enhances the stability of 

the S duplex (i.e., GS
2GS

3), while the stability of the B conformation is unaffected. In contrast 

to monoadducted DNA, this suggests that the ANdG lesion may be uniquely stabilized in 

the syn orientation in diadducted DNA when damaged sites are one nucleotide removed.  

6.3.4.2 APdG Diadducted DNA 

As discussed for ANdG, there is minimal impact of a second lesion on the LSIE for 

anti APdG in the B conformer of damaged DNA (Δ(LSIEavg) = 0 ± 6 kJ/mol, Figure 6.7, 

Table E.26, Appendix E). The only exception is the GB
1G

S
2 combination (Δ(LSIEavg) = –25.8 

kJ/mol). However, Δ(SASAavg) spans a larger range for APdG than ANdG, being up to –42.3 

Å2. As for ANdG, the largest stabilizing effects occur for the nearest neighbor G1G2 

sequence context, which decrease according to GB
1G

S
2 > GB

1GB
2 > GB

1G
B
2 > GS

1GB
2. Furthermore, 

the stability of the B conformation at each damaged site is not significantly impacted when 
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Figure 6.7: Δ(LSIEavg) versus Δ(SASAavg) for APdG damaged DNA in the B (top) or S 

(bottom) conformation upon addition of a second adduct with the first lesion at G1 (red), 

G2 (blue) or G3 (green). Labels represent the site and conformation of the second lesion. 

Negative values indicate increased stability. 

 

 the lesions are spatially separated (i.e., the G1G3 sequence). However, unlike ANdG, two 

anti APdG lesions at the next-nearest neighbor G2G3 position experience (albeit minor) 

increased solvent shielding due to the large size of the aryl ring (7 – 13 Å2 for GB
2G

B
3 and 

GB
2GB

3). 

When APdG adopts the syn orientation associated with the S conformer of damaged 

DNA, there is a small to moderate change in the LSIE and SASA upon addition of a second 

damage site. As discussed for ANdG, the most stabilizing effects occur for the next-nearest 

neighbor sequence with both lesions in the syn orientation (i.e., GS
2G

S
3 and GS

2GS
3), which 
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results in Δ(LSIEavg) up to –57.8 kJ/mol and Δ(SASAavg) up to –11.5 Å2. However, syn 

APdG at G2 is stabilized upon addition of a second lesion at any position (G1 or G3) in any 

(anti/syn) glycosidic orientation (B/S damaged DNA conformer). In contrast, the impact of 

a second lesion on the stability of syn APdG at G3 is minimal (except for GE.2
 as discussed), 

while syn APdG at G1 is destabilized by the addition of another lesion, regardless of the 

second adduct location or conformation.  

Based on the relative impact of a second damaging event on the conformational 

stability of APdG-containing DNA, the overall conformational preference of diadducted 

DNA will significantly depend on the spatial separation between the damaged sites. There 

is no notable effect on the lesion site stability upon addition of a second lesion two 

nucleotides removed (i.e., G1G3), while the stability of the syn lesion orientation (S DNA 

conformer) is enhanced in the next-nearest neighbor (G2G3) sequence context. This 

suggests that the S conformation of damaged DNA will persist in these sequence contexts 

regardless of the number of adducts formed (Figure 6.8). In contrast, for the G1G2 

combination, the anti lesion orientation associated with the damaged DNA B conformer is 

stabilized by the presence of a second lesion, while there is minimal stabilization or even 

destabilization of the syn orientation associated with the S conformation. Therefore, the B 

conformation of APdG damaged DNA is likely stabilized in the nearest neighbor G1G2 

sequence context, particularly for the GB
1GE.2 combination. When coupled with the fact that 

the S conformer is the most stable at G1 in APdG monoadducted DNA, our work on 

diadducted DNA highlights the critical interplay between the two adducts and the stark 

impact of lesion spatial separation on the preferred damaged DNA conformation. 
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Figure 6.8: MD representative structures of the preferred ANdG and APdG diadducted 

DNA conformations in different sequence contexts. Only the central base pairs from the 

5′ flanking base pair of G1 to the 3′ flanking base pair of G3 in the NarI sequence context 

are shown in each case, with the adducted bases and pairing Cs shown in green, the bulky 

moieties in red, and the flanking bases in cyan. 
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6.4 Discussion 

6.4.1 Despite Other N-linked C8-dG Adducts Exhibiting Sequence Dependence 

Conformational Heterogeneity, ANdG and APdG Induce Monoadducted DNA 

Conformational Homogeneity, which is Exclusively Controlled by Aryl Moiety Size 

 As for other AA-derived adducts,13, 20, 24 the major groove (B) conformation can be 

isolated for DNA containing a single ANdG or APdG lesion at G1, G2, or G3 in the NarI 

containing duplex. The B conformation of monoadducted DNA preserves the general 

structural features of undamaged DNA regardless of the lesion size or sequence context, 

with both the ANdG and APdG lesions adopting the anti conformation that exposes the aryl 

moiety to solvent, permits WC hydrogen bonding with the opposing C, and results in little 

helical distortion (Figures 6.2A, E.2, Appendix E). However, for the syn lesion orientation, 

the larger APdG adduct adopts the S conformation of damaged DNA in which the nearly 

planar intercalated lesion nicely stacks with the flanking base pairs (Figures 6.2B, E.3, 

Appendix E). In contrast, the smaller single-ringed AN moiety is unable to sufficiently 

stabilize the helix in an intrahelical position. Instead, ANdG shifts toward the minor groove 

(W-like conformation) and yields a twisted arrangement about the nucleobase–aryl moiety 

N-linker (Figure E.3, E.14, Appendix E). Although the larger AP aryl moiety more 

significantly distorts helical parameters from canonical values, especially for the S 

conformer, the overall structural impact is minor and sequence independent (Tables E.14, 

E.15, Appendix E). Due to greater lesion site interactions of the B conformer and 

comparable solvent exposure of the aryl moiety in both helical conformations (Figure 6.4), 

ANdG is predicted to preferentially stabilize the B conformation of damaged DNA (Figure 

6.5). In contrast, the decreased solvent accessibility and sufficient stacking interactions of 
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the larger aryl moiety upon intercalation into the duplex are predicted to preferentially 

stabilize the S conformation of APdG monoadducted DNA (Figure 6.4).  

Overall, our finding that ANdG induces the B conformation, while APdG induces the 

S conformation of damaged DNA highlights the clear influence of aryl ring size on the 

preferred damaged DNA conformation. This conclusion holds regardless of the sequence 

context, although the stability of the S conformation of APdG monoadducted DNA 

decreases slightly as G1 > G2 > G3, suggesting a modest sequence effect for large aryl 

groups. The computed conformational homogeneity for ANdG and APdG monoadducted 

DNA aligns with previous suggestions from our group for the lesions at G3,13
 as well as 

proposals based on NMR data for damaged DNA containing APdG in a similar sequence 

context as G3
21 and molecular modelling for ANdG and APdG in different sequence 

contexts.20, 30 Thus, the present study generalizes previous conclusions regarding to the 

preferred conformations of ANdG and APdG monoadducted DNA regardless of sequence 

context. Interestingly, the lack of sequence dependent conformational homogeneity 

exhibited by ANdG and APdG adducted DNA contrasts the variation in the conformational 

preference with the identity of the flanking base pairs reported for other N-linked C8-dG 

lesions,14, 18, 24, 31 as well as adducts with other linker types.52, 70-72 This suggests that in the 

extreme limits of the smallest and largest N-linked dG AA-derived lesions, adduct size 

outweighs sequence context as the primary determinant of damaged DNA conformation. 
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6.4.2 The Preferred Damaged DNA Conformation Can Change Upon Addition of a 

Second Adduct, with Neighboring Lesions Stabilizing the B Conformation and Next 

Nearest Damaged Sites Stabilizing the S Conformation Regardless of Adduct Size 

 With the exception of a single study on FAAFdG containing DNA,50 little is known 

about the structure of DNA containing more than one adduct. The present work reveals that 

a second ANdG or APdG adduct generally does not impact the structure of a given lesion site 

regardless of the adduct glycosidic (anti/syn) orientation, with the bulky group helical 

location, and lesion site hydrogen-bonding and intrahelical stacking interactions being 

largely consistent between corresponding monoadducted and diadducted DNA duplexes. 

However, diadducted DNA helices are generally more distorted than monoadducted DNA 

duplexes (Figures 6.5, 6.8, E.2–E.7, E.21, Appendix E), especially when both lesions adopt 

the syn orientation (S conformer) or have large aryl moieties. Although the sequence 

context also impacts the degree of distortion, no clear sequence trend occurs across lesion 

sizes or conformations. Most importantly, a second lesion can influence the preferred lesion 

site conformation, an effect that is heavily dependent on the distance between the lesion 

sites. Specifically, the preferred conformational homogeneity is preserved when the lesions 

in diadducted DNA are separated by two intervening base pairs (the G1G3 sequence 

context), regardless of the lesion size. However, when two lesions occur at neighboring 

positions (G1G2), there is a significant increase in the stability of the (anti) B conformation. 

This effect is so pronounced that the larger APdG adduct can stabilize the B conformation 

of damaged DNA at the G1 site when a second lesion is located at G2 despite the instability 

of the B conformer for monoadducted DNA. In contrast, when two lesions are next-nearest 

neighbours (G2G3), a sharp increase in the stability of the S conformation occurs, 
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particularly when both lesions adopt the syn orientation (GS
2GS

3). In the case of AN exposed 

DNA, this enhanced stability means that cluster lesions can induce the S conformation that 

does not occur for monoadducted DNA. These conformational changes may result in 

differential toxicity for diadducted DNA compared to monoadducted DNA, as discussed in 

the next section. Regardless of whether these effects result in a complete change in the 

adopted conformation of damaged DNA or lead to conformational heterogeneity, the ability 

of a second lesion to promote a conformational shift within damaged DNA depending on 

adduct separation complements the previously reported conformational dependence on the 

sequence context for DNA containing a single AA or other N-linked C8-dG adduct23, 24, 31, 

50 and extends this concept to distance between neighboring adducts. 

6.4.3 Implications of Single and Cluster Lesions on the Mutagenicity and Repair of 

ANdG and APdG-containing DNA 

The structural differences identified between ANdG and APdG monoadducted and 

diadducted DNA will likely have implications for the biological outcomes associated with 

the replication and repair of diadducted DNA. Indeed, as discussed in the Introduction, 

previous literature has highlighted that the structure of damaged DNA induced by AA-

derived N-linked dG adducts provides critical clues about the biological outcomes 

following replication by error-prone translesion synthesis (TLS) polymerases. Specifically, 

the stabilization of the syn lesion glycosidic conformation (S/W DNA conformations) is 

associated with mutagenic point and frameshift (deletion) mutations,23, 24, 26, 29 while 

nonmutagenic lesions primarily adopt anti orientations (B DNA conformation).13, 30 In 

addition to TLS outcomes, an important determinant of mutagenicity is lesion persistence 

as determined by the ability of the cell to repair the damage site. The removal of bulky 
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adducts from the genome is accomplished by the nucleotide excision repair (NER) 

pathway, which cleaves 24 – 32 nucleotides from damaged DNA strands.73 The first and 

rate-limiting NER step in the human global genome NER (GG-NER) pathway, which is 

responsible for the repair of lesions across the entire genome, is the recognition of the 

damaged site by the XPC-Rad23B-Cen2 complex. A significant amount of work has been 

done to understand the GG-NER recognition step,52, 74, 75 with the majority of studies 

focusing on yeast orthologs.76-79 Overall, GG-NER efficiency has been determined to 

depend on several structural factors, including decreased nonbonded lesion site interactions 

(hydrogen bonding52, 77, 80 and stacking32, 74, 76, 79), increased helical dynamics,75, 76, 78, 81 and 

increased helical distortion81, 82 compared to undamaged DNA, which impact the ability of 

the repair proteins to be localized in the damaged region of DNA83 and form a productive 

bound complex.  

6.4.3.1 Toxicity of ANdG and APdG in Monoadducted DNA is Most Significantly Dictated 

by Lesion Size Rather than Sequence Context 

In the three sequence contexts considered in the present work, ANdG monoadducted 

DNA is structurally similar to unmodified DNA, maintaining WC hydrogen bonding, 

significant stacking interactions and minimal helical distortions at the lesion site (Figure 

6.5). Thus, we propose that ANdG will likely be repair resistant. Nevertheless, the small 

bulky group size and the predicted anti orientation of the damaged nucleotide suggest that 

replication past the damage will be error free. In contrast, APdG exclusively stabilizes the S 

helical conformation in monoadducted DNA, which disrupts lesion site hydrogen bonding 

and induces (albeit modest) helical distortions. As a result, we hypothesize that APdG is 

more likely to be recognized than ANdG during GG-NER. However, if APdG escapes repair, 
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the syn APdG nucleotide is expected to cause polymerase stalling and/or frameshift 

(deletion) mutations upon replication analogous to other AA-derived N-linked dG lesions 

that stabilize similar S conformations of damaged DNA.21, 22, 24, 27 Since the conformations 

adopted by ANdG and APdG monoadducted DNA are sequence independent, we propose 

that the lesion sequence context is less consequential for the cellular outcomes than adduct 

size. The contrasting conformational homogeneity and the hypothesized associated 

differential biological outcomes of the ANdG and APdG adducts in the context of 

monoadducted DNA directly correlate with experimental mutagenesis data,26, 27 as well as 

the IARC classifications of AN as nonmutagenic9 and the NP precursor to APdG as probably 

carcinogenic.7 Additionally, our calculations further support literature emphasizing the 

impact of lesion size on the repairability and mutagenicity of adducted DNA.11, 28, 64, 65 

However, unlike other N-linked adducts for which the sequence context affects the DNA 

structure and biological outcomes,12, 22, 29, 42 our calculations predict that ANdG and APdG 

lesions induce the same conformation of damaged DNA and therefore biological outcomes 

irrespective of the identity of the flanking bases.  

6.4.3.2 Adduct Toxicity can Increase or Decrease Upon a Second Damaging Event 

Depending on Lesion Size and Relative Position 

In terms of cluster lesions, the recognition of one adduct will most often result in 

the removal of both damaged sites due to the excision of multiple nucleotides during GG-

NER. Furthermore, we predict the structures of diadducted DNA to be either similar to or 

more distorted than the corresponding conformations of monoadducted duplexes (i.e., 

when comparing the same lesion at the same location in the same conformation). These 

factors support a new hypothesis that the repair propensities of cluster lesions will be the 

same or greater than those of the corresponding monoadducts in instances where the lesion 
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site conformation is maintained upon a second damaging event. However, our data suggests 

that the preferred lesion site conformations of diadducted DNA, and therefore the repair 

propensity and mutagenic outcomes, are dependent on lesion separation in addition to the 

lesion size effects noted for ANdG and APdG monoadducted DNA.  

For two intervening base pairs (the G1G3 sequence context), diadducted DNA 

adopts the same helical conformations at both positions as the corresponding 

monoadducted DNA duplexes, supporting similar replication outcomes upon the second 

damaging event. In contrast, when two lesions are positioned with one intervening 

nucleotide (G2G3), the S (syn) conformation is preferentially stabilized at both lesion sites 

for both the ANdG and APdG adducts. This is the same conformational preference for APdG 

monoadducted DNA and therefore we proposed that APdG cluster lesions will lead to 

similar mutagenic outcomes as a single lesion in this sequence context. However, the 

enhanced S conformational stability will result in a B to S conformational change for ANdG 

adducted DNA upon a second damaging event, which is hypothesized to increase the repair 

propensity for ANdG cluster lesions that are one nucleotide removed. Furthermore, if the 

lesions escape repair, we propose that the G2G3 ANdG cluster lesions will likely be more 

mutagenic than the monoadducts due to the syn orientation preference. Since ANdG 

monoadducted DNA is well accepted to be nonmutagenic,13, 30 our data suggests that there 

may be a profound increase in the mutagenicity of ANdG upon addition of a second lesion. 

Furthermore, the size independence of the increased stabilization of the S conformation for 

lesions one nucleotide removed suggests that other adducts preferentially stabilized in the 

anti orientation in monoadducted duplexes could become more mutagenetic upon the 

addition of a second lesion. This proposal aligns with reports that the presence of a second 
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damaging event enhances mutagenicity for other types of cluster lesions (e.g., SSB and 

8OG).29, 37  

In stark contrast to lesions one nucleotide removed, neighboring adducts (G1G2) 

preferentially stabilize the B conformation for both ANdG (GB
1GB

2) and APdG (GB
1GS

2) 

diadducted DNA. Although this leads to similar predictions regarding the repairability and 

mutagenicity of the smaller ANdG lesion, APdG diadducted DNA is the least distorted, and 

therefore likely the most repair resistant, in this context. This proposed decrease in 

repairability is unique among all other combinations of the ANdG and APdG lesions 

considered in the present work. Nevertheless, this hypothesis correlates with the greater 

repair resistance previously reported for 8OG in the presence of other (U or abasic) 

damaged sites.37, 40 However, since neighboring APdG adducts are predicted to uniquely 

stabilize the nonmutagenic B conformation of damaged DNA, we propose that replication 

errors will occur less frequently for neighboring APdG diadducts than other spatial 

separations or monoadducted DNA. The increased stability of the B conformation for 

neighboring lesions regardless of adduct size indicates that other types of damage that 

induce the S conformation of monoadducted DNA may also be less mutagenic upon the 

formation of a second adduct. Thus, unlike ANdG and other types of damage (e.g., SSB37, 38 

and 8OG37, 40), we hypothesize that APdG cluster lesions may generally be less mutagenic 

than APdG monoadducts regardless of lesion separation due to a higher repair propensity 

(shorter cellular lifetimes) and/or uniquely stabilized lesion site conformations.  

Overall, our data highlight the complexity of the biological impact of cluster 

lesions, which has direct implications for the toxicity of the associated AA. Indeed, as 

previously reported for FAAFdG,50 the repair susceptibility and mutagenic outcome can 

differ significantly depending on the lesion number and relative position within the duplex. 
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Nevertheless, ANdG, APdG and FAAFdG50 diadducts are all most repair prone when the 

lesions are one nucleotide removed. Perhaps most importantly, our calculations emphasize 

for the first time that lesion size likely plays a significant role in the impact of cluster lesions 

on repairability and mutagenicity. Specifically, depending on the lesion separation, the 

mutagenicity of the smaller ANdG adduct is proposed to be enhanced in the cluster lesion 

context similar to other (nonbulky) lesion types (i.e., SSB37, 38 and 8OG37, 40), while the 

mutagenicity of the larger APdG adduct is hypothesized to be less severe upon a second 

damaging event.  

6.5 Conclusions 

In summary, the present work represents the first in-depth structural analysis of 

diadducted DNA. Specifically, one or two AA-derived single-ringed ANdG and four-ringed 

APdG adducts were placed in the anti and/or syn glycosidic orientation(s) at all 

combinations of three sites (G1, G2 and/or G3) in oligomers containing the NarI recognition 

sequence. Unlike other N-linked C8-dG adducts,1, 14, 18, 19, 24 the preferred conformation of 

ANdG and APdG monoadducted DNA is exclusively determined by the adduct size, with the 

larger APdG lesion inducing the mutagenic S conformation and the smaller ANdG adduct 

resulting in the nonmutagenic B conformation regardless of sequence context. Despite the 

conformational homogeneity of monoadducted DNA, the addition of a second lesion can 

change the preferred conformation depending on the adduct relative positions (number of 

intervening nucleotides). Surprisingly, following a second damaging event, sequences with 

neighboring damaged bases increase the stability of the anti lesion orientation, systems 

with adducts one nucleotide removed preferentially stabilize the syn conformation, and 

lesions separated by two or more base pairs adopt helical structures similar to 
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monoadducted DNA in the same sequence context. Notably, these general conclusions 

mean that APdG is uniquely stabilized in the nonmutagenic anti (B) conformation in the 

nearest neighbor sequence context (G1G2), while ANdG is stabilized in the mutagenic syn 

(S) orientation in the next-nearest neighbor sequence (G2G3). These conformational 

changes suggest that ANdG could become more mutagenetic and APdG less mutagenic upon 

cluster adduct formation. Therefore, the lesion size, number, and spatial separation 

synergistically control the damaged DNA conformation, and therefore the lesion 

repairability and mutagenicity. This finding complements vast literature on the structural 

features of AA-derived monoadducted DNA and provides new information about the 

impact of the number of lesions and mediating base pairs on the preferred conformation of 

diadducted DNA. Importantly, our calculations add the number of adducts and their spatial 

separation to the growing list of factors (including adduct size, shape, presence/absence of 

heteroatoms, linkage type and the sequence context) that determine the helical structure 

and therefore the biological outcomes, of damaged DNA, and emphasize the need for future 

research to further understand the repair and replication of diadducted DNA for a range of 

lesions.  
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Chapter 7: Effects of a Second Local DNA Damage Event on the 

Mutagenicity of the Human Carcinogen 4-Aminobiphenyl: A Molecular 

Dynamics Study of Damaged DNA Structurea,b,c 

7.1 Introduction 

4-aminobiphenyl (ABP) is a potent bladder mutagen that has been classified as 

carcinogenic to humans (Group 1) by the International Agency for Research on Cancer 

(IARC).1, 2 Human exposure to ABP has historically occurred from rubber antioxidants and 

dye manufacturing.3 Today, humans are more commonly exposed to ABP through 

benzidine and benzidine-based dyes, and cigarette smoke.3 ABP is an aromatic amine (AA), 

which is a class of chemical agents known to be mutagenic and carcinogenic to humans.1-3 

In fact, more than one eighth of known or suspected human carcinogens are an AA or a 

related biological precursor.4 

In cells, ABP undergoes bioactivation by cytochrome P450 and N-acetyltransferase 

to produce reactive intermediates that can form adducts (addition products) with all four 

DNA nucleobases. However, the C8-dG adduct (denoted ABPdG) is the major stable product 

(Figure 7.1A).5 This C8-dG lesion is similar to those known to be formed by other AAs 

including aminofluorene (AF), N2-acetylaminofluorene (AAF), 2-amino-1-methyl-6-

phenylimidazo[4,5-b]pyridine (PhIP), 2-amino-3-methylimidazo[4,5-f]quinolone (IQ), 

aniline (AN), and aminopyrene (AP, Figure 7.1B). Interestingly, AFdG and its acetylated 
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counterpart AAFdG are structurally similar to ABPdG, differing by the presence of a 

methylene bridge between the aromatic rings in the bulky aryl group.6 Nevertheless, AAs 

exhibit varying degrees of mutagenicity. For example, the nitro precursors to AF and AAF 

have been classified by the IARC as being possibly carcinogenic to humans (Group 2B), 

while AP has been classified as being probably carcinogenic to humans (Group 2A).7 

Alternatively, AN is considered to be not classifiable as carcinogenic to humans (Group 

3).8 

 

Figure 7.1: Chemical structures of A) the ABPdG nucleotide investigated in the current 

study, including atom numbering and identification of key dihedral angles (χ 

(∠(O4′−C1′−N9−C4)), θ (∠(N9−C8−N10−C10)), φ (∠(C8−N10−C10−C11)), and ξ 

(∠(C12−C13−C16−C17)) and B) various AA-derived N-linked C8-dG adducts. 
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The varied mutagenic potential of AA-derived adducts is at least in part dictated by 

the structure of the corresponding damaged DNA. Previous NMR and computational 

studies have elucidated three main conformational themes of DNA containing AA-derived 

C8-dG adducts.9-19 First, in the major groove (B) conformation, the adducted G nucleotide 

adopts an anti glycosidic orientation (χ (∠(O4′−C1′−N9−C4)) = 180° ± 90°), which 

positions the bulky aryl moiety in the major groove of the DNA duplex (Figure 7.2). This 

conformation maintains canonical Watson-Crick (WC) hydrogen bonding between the 

damaged G and pairing C. In the other two conformational themes, the damaged base 

adopts a syn glycosidic orientation (χ = 0° ± 90°, Figure 7.2). In the base-displaced 

intercalated (stacked, S) conformation, the bulky group is situated in the interhelical space, 

which displaces the damaged and pairing bases into the major groove. In the wedge (W) 

conformation, the bulky group is located in the DNA minor groove and the Hoogsteen face 

of the damaged G interacts with the opposing base. The structures of damaged DNA 

containing ABPdG as well as the structurally similar AFdG and AAFdG lesions have been 

studied using fluorine-labelled nucleotide analogues (namely FABPdG, FAFdG and FAAFdG), 

which reveal a conformational heterogeneity (B/S/W) that is heavily dependent on the 

adduct and sequence context.6, 11, 15, 16, 20-25 For example, ABPdG exclusively induces the B 

conformation of damaged DNA in three sequences (i.e., 5′-TTXAC,22 5′-TCXCA6 and 5′-

CTGXTC11, where X = ABPdG), while B:S conformational heterogeneity is seen in other 

sequence contexts (i.e., B:S ratio of 40:60 for 5′-TCXCT and 67:33 for 5′-CTXGTC).11 

Interestingly, the addition of a methylene bridge to ABPdG to form AFdG results in greater 

syn preference due to increased stacking from the more rigid bulky moiety.6, 26 Despite 

some AAs inducing multiple conformations, all DNA sequences studied to date that contain 

a single ANdG or APdG lesion exclusively adopt the B or S conformation, respectively.10, 17, 
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18, 27 Based on these studies, several factors that determine the structure of damaged DNA 

have emerged, including the adduct size and shape, the presence of heteroatoms in the bulky 

moiety, and the sequence context.6, 10, 11, 28 

 

Figure 7.2: MD representative structures of ABPdG containing DNA in the B, S and W 

conformations as viewed from the major groove. The damaged base pair is in green, 

flanking base pairs in cyan, and bulky aryl group in red. 

 

Although much work has been done to understand the structure and mutagenicity 

of AA-derived monoadducted DNA,6, 11, 15, 16, 20-25 including the specific impact of ABP 

damage,29-34 our knowledge of the structural preferences of DNA containing more than one 

adduct in close proximity is limited. However, there is a nonlinear increase in the mutation 

frequency (MF, number of post-replication mutations divided by the number of adducted 

bases) with an increase in the number of AA adducted G sites.35-37 For example, increasing 

the number of AAFdG adducts in a section of DNA by a factor of three results in a 10-fold 

increase in the MF.37 It is plausible that the greater MF arises from the synergistic effect of 

multiple adducts within a short DNA sequence. Indeed, in vitro work on AAF has shown 

that an adduct can form at different G sites within the genome, with GC rich regions being 

the most prone to mutations.35 Furthermore, the presence of two AA-derived adducts could 
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help explain previously-reported obscure complex mutational profiles (e.g., combinations 

of frameshift and transition mutations).37, 38 In fact, cluster lesions (multiple damage sites 

within 24 base pairs) have been observed for other types of DNA damage (i.e., 8-

oxogunaine, uracil and single-strand breaks).39-49 Additionally, increases in mutagenicity 

and decreases in repairability have been reported for such lesions upon formation of 

multiple damaged centers, highlighting differences in biological outcomes when several 

damage sites occur within close proximity.40, 41, 43, 46 Notably, some AA-derived adducts 

are repair resistant and therefore persist in cells weeks or months after initial AA 

exposure.50, 51 Thus, chronic exposure to ABP arising from, for example, the long term use 

of cigarettes and/or select dyes could lead to diadducted DNA, especially in damage 

hotspots (i.e., GC rich regions). 

Despite the potential role of diadducts in AA-derived mutagenicity, only two 

studies have investigated the structure of diadducted DNA to the best of our knowledge.25, 

52 The first investigation used short-timescale (100 ns) molecular dynamics (MD) 

simulations in conjunction with various spectroscopic analysis and nucleotide excision 

repair (NER) assays to study the impact of FAAFdG at different combinations of two G sites 

in the AA-deletion NarI hotspot sequence (5′–G1G2CG3CC).25 This work highlights the 

complex heterogeneous conformations of FAAFdG diadducted DNA and the corresponding 

repair efficiencies, which vary with the number of adducts and the proximity of the 

damaged bases. The second investigation used triplicate (500 ns) MD simulations to 

examine the structure of monoadducted and diadducted DNA containing the AA-derived 

single-ringed ANdG or four-ringed APdG adduct in the NarI sequence context.52 This work 

revealed that the presence of a second local lesion can stabilize helical conformations not 



209 

observed for monoadducted DNA depending on the lesion proximity, which likely results 

in altered replication and repair outcomes and thereby increases or decreases lesion toxicity 

depending on the bulky moiety size. Although ABPdG has been widely studied as an 

important model adduct because of its significant biological relevance,6, 11, 22 ABPdG has 

only been considered in the context of monoadducted DNA to date. 

Due to the useful insights into the structure of AA-derived damaged DNA provided 

by computational chemistry,10, 19, 26, 27, 53 the present work uses MD simulations to 

investigate ABPdG diadducted DNA and thereby expand our currently limited understanding 

of the impact of cluster adducts on DNA structure and AA-derived biological outcomes. 

Specifically, 0.5 μs MD simulations in quintuplicate are used to characterize the structure 

of 18 DNA helices containing one or two ABPdG adducts in different conformations and 

sequence contexts (Table 7.1). Monoadducted DNA containing ABPdG in the anti or syn 

glycosidic conformation at the G1, G2, or G3 site in the NarI sequence is initially considered 

to yield insight into the conformational preferences of this lesion in sequence contexts that 

complement those previously studied,6, 11 as well as to provide a frame of reference for 

understanding the impact of a second damage site. Subsequently, diadducted DNA is 

investigated that contains two ABPdG adducts in all combinations of (anti/syn) glycosidic 

orientations in three sequence contexts (i.e., G1G2, G1G3 and G2G3). Through comparisons 

to previous literature on chemically similar adducts6, 23, 26, 54 and ABPdG in different 

sequence contexts,6, 11, 22 this work furthers our understanding of how the lesion chemical 

structure and sequence context impact the structure of monoadducted DNA. Furthermore, 

our work uncovers unique trends in the conformational preferences of diadducted DNA 

with respect to lesion separation for an adduct known to induce conformational 
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heterogeneity, which support conclusions previously reported from computational studies 

on AA-derived lesions known to induce a single conformation of damaged DNA (ANdG 

and APdG).52 Overall, this study helps elucidate factors that determine the mutagenic 

potential of ABP and provides greater insight into the complex relationship between the 

adduct chemical composition, number and separation, and the structure of the resulting 

damaged DNA, which has implications for the biological outcomes associated with AA 

exposure.  

 

Table 7.1: DNA duplexes modelled in the current study.a 

System Adduct Label 

Adduct Position 

and Conformation 

G1 G2 G3 

Undamaged None Natural – – – 

Monoadducted ABPdG G1
anti anti – – 

G1
syn syn – – 

G2
anti – anti – 

G2
syn – syn – 

G3
anti – – anti 

G3
syn – – syn 

Diadducted ABPdG G1
antiG2

anti anti anti – 

G1
antiG2

syn anti syn – 

G1
synG2

anti syn anti – 

G1
synG2

syn syn syn – 

G1
antiG3

anti anti – anti 

G1
antiG3

syn anti – syn 

G1
synG3

anti syn – anti 

G1
synG3

syn syn – syn 

G2
antiG3

anti – anti anti 

G2
antiG3

syn – anti syn 

G2
synG3

anti – syn anti 

G2
synG3

syn – syn syn 
a0.5 μs MD simulations in quintuplicate were performed, resulting in a total of 2.5 μs 

production data for each duplex. 
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7.2 Computational Details 

Initial models of damaged DNA were built from previously published structures of 

16-mer helices containing one or two ANdG adduct(s) in the 5′–

CTCTCG1G2CG3CCATCAC–3′ sequence (NarI recognition sequence underlined).52 

Specifically, unique damaged duplexes were created from ANdG representative structures 

with the lesion(s) at the same site(s) in the anti or syn orientation by modifying the AN aryl 

group to ABP using GaussView 6.55 Monoadducted DNA sequences were considered with 

(anti or syn) ABPdG at the G1, G2, or G3 site. Diadducted DNA sequences contain ABPdG 

lesions at G1 and G2 (G1G2), G1 and G3 (G1G3), or G2 and G3 (G2G3). For each diadducted 

sequence, the adducts were considered in all four combinations of the anti and syn 

conformations (i.e., anti/anti, anti/syn, syn/anti, and syn/syn). The corresponding 

unmodified helix was also investigated as a control, which was generated using the nucleic 

acid builder tool in Amber18.56 Thus, in total, 19 duplexes were considered (Table 7.1). 

Due to the success of previous modeling and to afford accurate comparisons to 

published work on other AA-derived damage, the computational protocol previously used 

to study ANdG and APdG cluster lesions was adopted for ABPdG.52 Specifically, the parcbsc1 

force field was used to describe the natural nucleotides.57 The partial charges for the ABPdG 

nucleotide were generated using the RESP charge fitting scheme in the R.E.D. (Version 

III.4) software package.58 Atom types were assigned using Antechamber of Amber1856 and 

manually verified. Each duplex was solvated in a TIP3P water box using the tleap module 

of Amber18, such that there was a minimum of 10 Å between the solute and the edge of 

the water box in each direction. The systems were then neutralized with Na+.  
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Each system underwent an extensive minimization, heating and equilibration 

protocol.52, 59 Specifically, the minimization was performed over four stages, with each 

stage consisting of 2500 steps using the steepest decent algorithm, proceeded by 2500 steps 

of the conjugate gradient algorithm. First, the solvent was minimized with a 100 kcal/(mol 

Å2) restraint on the solute. Second, the hydrogen atom positions were optimized with a 100 

kcal/(mol Å2) restraint on all heavy atoms. Next, the solvent was minimized using the same 

constraint on the solute. Finally, minimization of the entire system was completed without 

restraints. Heating was then done to 310 K at constant volume over six stages, with the 

temperature increased from 10 K by 50 K in each stage. Each heating stage was 20 ps, and 

used a 1 fs timestep and a 25 kcal/(mol Å2) restraint on the solute. Equilibration was 

performed for 100 ps using a 2 fs timestep, with the restraint on the solute decreasing every 

20 ps from 20 to 15, 10, 5, and 1.5 kcal/(mol Å2).  

500 ns MD production simulations were performed in quintuplicate using different 

initial velocities in the PMEMD module of Amber18.60-62 During the equilibration and 

production phases, the heavy atom distances in the WC hydrogen bonds of the terminal 

base pairs were restrained to less than 3 Å using a force constant of 25 kcal/(mol Å2), which 

prevents helical unwinding known to occur during MD simulations.63 SHAKE was used 

for all equilibration and production simulations along with the periodic boundary condition. 

Furthermore, a nonbonded cutoff of 10 Å was implemented. Analysis was performed on 

each of the five replicas for each system, with standard deviations reported over all frames 

from the five replicas unless otherwise specified. 

For simulations initiated with a starting syn lesion orientation, the trajectories were 

clustered by classifying each frame based on whether damaged DNA adopted the S, W or 
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intercalated (I) conformation (Figure 7.3 and F.1, Appendix F). The conformation was 

categorized as W when the distance between N4 of the pairing C and one of the Hoogsteen 

hydrogen-bond acceptors of the adducted G (O6 or N7) was less than 3.5 Å (Figure F.1A, 

Appendix F). The damaged DNA was determined to be in the S conformation when the 

distances between the center of mass (COM) of the ring atoms in the pairing C and the 

COM of the ring atoms in all four flanking nucleotides were > 6 Å (Figure F.1B, Appendix 

F), a cutoff determined through visual inspection. All remaining structures were classified 

as the I conformation, which positions the bulky group in the interhelical space of DNA 

without fully displacing or forming hydrogen bonds with the opposing C, and has been 

previously reported for the C-linked para-biphenyl C8-dG adduct.54 All frames of a given 

conformation (across all replicas) were used to obtain a representative structure using the 

hieragglo clustering algorithm in cpptraj based on all atoms in the duplex region spanning 

5′–G1G2CG3 (Figures F.2-F.13, Appendix F).  

 

 

Figure 7.3: MD representative structures of ABPdG containing DNA in the B, S, W and I 

conformations, with the major groove on the bottom side of the figure and the minor 

groove on the top. The damaged base pair is in green (tube), flanking base pairs in cyan 

(wireframe), and bulky aryl group in red. 

 

The cpptraj module of Amber was used to perform trajectory analysis unless 

otherwise specified. The backbone root-mean-square deviations (RMSDs) were recorded 
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with respect to the first frame of the production simulation to ensure system stability (Table 

F.1, Appendix F). Hydrogen-bond occupancies for the lesion site, flanking base pairs, and 

terminal pairs were calculated according to a heavy atom distance < 3.2 Å and a heavy 

atom–hydrogen–heavy atom angle > 120° (Table F.2-F.6, Appendix F). Key dihedral 

angles that dictate the lesion site conformation were examined, including χ 

(∠(O4′−C1′−N9−C4)), θ (∠(N9−C8−N10−C10)), φ (∠(C8−N10−C10−C11)) and ξ 

(∠(C12−C13−C16−C17), Figure 7.1). The χ dihedral angle was also considered for the C 

opposing the adduct (χopp, ∠(O4′−C1′−N1−C2)). The C1′–C1′ interstrand distance between 

the damaged G and pairing C was calculated and the solvent accessible surface area (SASA) 

of the bulky moiety was evaluated. For trajectories involving the syn orientation of the 

lesion, the structural features were independently analyzed for each (S, W, and I) damaged 

DNA conformation.  

Helical parameters were calculated using the Curves+/Canal program. To simplify 

the evaluation of the base step parameters near the lesion site and permit direct comparison 

between systems, pseudostep parameters were used, which were defined between the base 

pairs 5′ and 3′ with respect to the NarI sequence (Figure F.14, Appendix F). To estimate 

the nonbonded interactions at the lesion sites, the lesion site interaction energy (LSIE) was 

evaluated as the sum of the hydrogen-bonding and stacking interactions calculated using 

the LIE command in cpptraj. Specifically, the hydrogen-bonding portion includes the 

interaction energy between the adduct and the opposing C base, while the stacking portion 

includes the interactions between the adduct or opposing C and the four flanking 

nucleobases. Interactions between the aryl moiety of the adduct and the sugar–phosphate 



215 

groups of the surrounding nucleotides were also included in the LSIE. For DNA containing 

a syn lesion, the LSIE was calculated over the unclustered trajectories.  

7.3 Results 

7.3.1 General Structural Features of ABPdG Monoadducted DNA 

Although ABPdG damaged DNA solely adopts the B conformation when the adduct 

assumes an anti glycosidic orientation, the damaged duplex interconverts between three 

conformations upon incorporation of a syn lesion (W, S and I, Figure 7.3, Table F.7, 

Appendix F). The B, S and W conformations are well established in the literature regarding 

AA-derived damaged DNA as discussed in the Introduction (Figure 7.2),9-19 while the I 

conformation has been previously reported for the C-linked para-biphenyl C8-dG adduct.54 

In the I conformation, the opposing C is stacked in the helix (unlike the S conformer), yet 

does not hydrogen bond with the syn adduct (unlike the W conformer). Rotation about the 

glycosidic bond can occur for the C opposing the syn adduct due to dynamic (intra and 

extrahelical) repositioning, although the N4–H hydrogen-bonding potential is not 

impacted. Due to the large number of duplexes considered across all damaged positions 

and conformations, a nomenclature is invoked that signifies the ABPdG position (G1, G2 or 

G3) using a subscript and the adduct orientation (anti or syn) or DNA conformation (B, I, 

S or W) using a superscript. For example, GS
2 (GB

2) denotes an adduct at the G2 position with 

a S (B) helical conformation, whereas G2
syn indicates an adduct at the same position in the 

syn orientation (i.e., the combined analysis of the S, I and W duplex conformations). 

 

 



216 

7.3.1.1 Monoadducted DNA Containing an anti Lesion 

Damaged DNA containing a single ABPdG lesion in the anti orientation adopts the 

B conformation previously seen for AA-derived lesions,10, 27, 53 and therefore maintains the 

structural features of undamaged DNA regardless of sequence context (Figure 7.3, Tables 

F.4, F.6, F.8, F.11-F.12, Appendix F). Specifically, WC hydrogen bonding remains intact 

at the lesion site and there is minimal helical distortion. However, the glycosylic orientation 

of the damaged nucleoside slightly deviates from that of undamaged DNA, with average χ 

(χavg) values ranging between 225° – 230° for the adduct compared to 249° – 257° for 

natural G (Table F.9, Appendix F). The θ (θavg = 129.1–142.5°) and ϕ (ϕavg = 0° – 6°, Table 

F.9, Appendix F) dihedral angles that at least in part dictate the relative nucleobase–bulky 

moiety orientation are consistent across the trajectories, likely due to hydrogen bonding 

between the N–H linker (N10–H) and O4′ of the damaged nucleotide or O3′ of the 5′ 

nucleotide (Table F.10, Appendix F). Although the average ξ (ξavg) dihedral angle of 

approximately 0° (Table F.9, Appendix F) suggests a planar relative orientation of the two 

phenyl rings in the bulky moiety, this arises due to the presence of four nearly equally 

distributed slightly twisted conformations (ξ = 30, 150, 210 and 330°, Figure F.15, 

Appendix F), as reflected in the average interplanar angle between the two ABP rings 

(~33°, Table F.8, Appendix F). Overall, the helical parameters for damaged DNA the B 

conformation do not deviate from those of canonical undamaged DNA. 

7.3.1.2 Monoadducted DNA Containing a syn Lesion 

As discussed previously, damaged DNA containing a syn adduct undergoes 

dynamical interconversion between three distinct conformations (S, W and I, Figure 7.3, 

Table F.7, Appendix F). The I conformer is consistently the most populated (55-98%), 
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followed by S (2-31%) and W (0-15%), with the exact conformational distribution 

dependent on the sequence context. Notably, the G2 and G3 sites (flanked by G and C) 

stabilize a S conformation significantly more often (30 ± 1%) than the G1 site (2%, flanked 

by two Cs). Regardless, the base pairs flanking the lesion site remain intact (occupancies > 

82%, Table F.4, Appendix F). The structural features at the lesion site are generally 

consistent across sequence context for the most populated I and S conformations. For 

example, χavg = 45° – 62°, ϕavg = 357° – 4° (Table F.9, Appendix F) and average interplanar 

angle between rings of the ABP moiety = 25° – 31°, with the exception of only GS
2 for 

which χavg (164.4°) differs due to a change in the sugar orientation to permit hydrogen 

bonding between the linking N–H and O4′ in the damaged nucleoside (84.2% occupancy, 

Figure F.16, Table F.10, Appendix F) as previously reported for APdG in the same sequence 

context.52 Nevertheless, θavg changes with helical conformation (θavg ≈ 250° for I and 190° 

for S). The interstrand (C1′–C1′) distance is greater than canonical DNA (10.7 – 10.8 Å) 

for the S conformation (12.6 – 15.3 Å, Table F.8, Appendix F), but smaller for the I 

conformer (8.3 – 8.7 Å), which permits the ABP ring farthest from the damaged G to stack 

with the minor groove face of the sugar in the opposing nucleotide (Figure 7.3).  

Although χ and ϕ in the W conformation align with the I and S conformers, θ differs 

according to sequence context, which orients the lesion in the 3′ direction of the damaged 

strand for GW
1 (226.6°) and GW

3 (258.9°) and the 5′ direction for GW
2 (79.5°). This reflects 

differences in neighboring hydrogen-bond acceptors as the adduct linker N–H hydrogen 

bond with the interstrand flanking G in GW
1 and GW

3 (occupancy > 84%), but hydrogen bonds 

with O4′ of the 3′ sugar in GW
2 due to the presence of a 5′ interstrand C (occupancy of 42%, 

Table F.10, Appendix F). This change in lesion orientation and local hydrogen bonding 
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impacts the interstrand distance. Specifically, GW
2 has a larger C1′–C1′ distance (11.3 Å) 

compared to the more similar GW
1 (7.6 Å) and GW

3 (9.0 Å) damaged helices (Table F.8, 

Appendix F). Thus, unlike the I and S conformations, the W conformation shows an 

interesting sequence-dependent lesion site conformation. Nevertheless, due to the low 

occupancy of the W conformation (< 16%), the syn orientation results in minimal 

interactions between the adduct and pairing base. Regardless of the damaged DNA 

conformation, the helix is moderately distorted, with the slide, tilt and twist generally 

changing by less than 5 Å and 15°, although larger increases of up to 5.9 Å and 41° occur 

for damage at G1 (Tables F.11-12, Appendix F). 

7.3.2 anti/syn Preferences of ABPdG in Monoadducted DNA 

Due to the dynamical interconversion between several helical conformations for damaged 

DNA containing syn ABPdG, the conformational features of damaged DNA are best assessed 

based on the preferred (anti/syn) lesion glycosidic orientation. ABPdG monoadducted DNA 

has consistent global structural features regardless of the lesion glycosidic orientation 

(Tables F.4, F.8, F.9, F.11, F.12, Appendix F), suggesting that structural changes away 

from the adducted site will not significantly influence the relative conformer stability. As 

a result, to better understand the impact of the lesion site for a given monoadducted DNA 

sequence, an approach analogous to that successfully used to understand the preferred 

conformations of DNA containing N-linked C8-dG adducts of varying bulky moiety size 

is implemented.10, 52 Specifically, the preferred lesion conformation is assessed based on 

the stabilizing noncovalent interactions at the lesion site (LSIEavg) and the destabilizing 

solvation of the hydrophobic bulky group (SASAavg). While these factors are believed to 

be the largest and therefore the most important differences between damaged DNA 
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conformations, we acknowledge that other factors such as discrete solute–solvent 

interactions may also change with damaged DNA conformation. 

 

 

Figure 7.4: LSIEavg and SASAavg for DNA containing a single ANdG or APdG averaged 

over all NarI three sites (data from 52) and ABPdG lesion at G1 (red), G2 (blue) or G3 

(green) in the anti or syn orientations, including the dataset standard deviation. 

 

 

Although the average SASA of the aryl moiety in anti ABPdG in the B conformer of 

damaged DNA is highly similar across all sequence contexts (199 ± 1 Å2, Figure 7.4, Table 

F.13, Appendix F), there are minor variations in the LSIEavg due to changes in the stacking 

potential with the identity of the neighboring bases (Figure 7.4, Table F.14, Appendix F). 

Specifically, the LSIEavg is most stabilizing at the G3 position (–244.3 kJ/mol), being ~15 

kJ/mol greater than that at G1 (–229.7 kJ/mol) and ~25 kJ/mol greater than that at G2 (–

219.3 kJ/mol). Thus, there is a modest dependence of the lesion site stability on the 

sequence context for the B conformer of damaged DNA, which decreases as G3 > G1 > G2. 

The impact of sequence context on the noncovalent lesion site interactions is even greater 
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for the syn lesion orientation, with the LSIEavg decreasing as G3 (–92.2 kJ/mol) > G2 (–78.2 

kJ/mol) > G1 (–26.9 kJ/mol, Figure 7.4, Table F.14, Appendix F). While bulky group 

interactions with the DNA backbone are a major stabilizing contribution to the LSIEavg at 

all three sites (> 40 kJ/mol), a large portion of the sequence effect can be attributed to 

unfavourable electrostatic interactions between hydrogen-bond acceptors of the adduct (O6 

and N7) and the pairing C (O2 and N3, Figures F.5-F.13, Table F.14, Appendix F), with 

differences in the interaction strengths occuring due to changes in the relative orientation 

of the adduct and pairing C the identity of the flanking nucleobases. Further enhancing the 

sequence effects, the bulky group of syn ABPdG is most solvent exposed at G1 (126.8 Å2, 

Figure 7.4, Table F.13, Appendix F), followed by G2 (108 .1 Å2) and G3 (104.9 Å2). The 

greater solvent shielding of the biphenyl moiety at G2 and G3 can be attributed to the 

increased intercalation associated with the greater presence of the S conformation at these 

sites (30 ± 1%) compared to G1 (2%, Table F.7, Appendix F).  

Overall, comparison with the properties predicted for other AA-derived N-linked 

C8-dG lesions (ANdG and APdG)10, 52 suggests that ABPdG will adopt both the anti and syn 

glycosidic orientations in monoadducted DNA. Previous computational work has 

rationalized the anti conformational homogeneity for ANdG regardless of sequence context 

based on the much larger LSIEavg for the B compared to the S conformer of damaged DNA 

coupled with a small decrease in the bulky moiety SASAavg for anti to syn conversion 

(Figure 7.4). In contrast, the S conformer of APdG containing DNA dominates at all G 

positions in the NarI sequence due to a significant decrease in the aryl group SASAavg upon 

anti to syn conversion and the strong stacking of the lesion in the S conformer (Figure 7.4). 

Although ABPdG results in a similar bulky moiety SASAavg as APdG regardless of the adduct 
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glycosidic orientation and similar LISEavg for the anti lesion conformation, differences arise 

in the LSIEavg for the syn adducts, which opens the door for ABPdG lesion site 

conformational heterogeneity. However, the exact anti:syn ratio depends on the sequence 

context. Specifically, the LSIEavg for syn APdG at G1 is more similar to ANdG, suggesting a 

stronger anti preference. Nevertheless, the greater solvent shielding upon anti to syn 

conversion for ABPdG compared to ANdG rationalizes the presence of some syn orientation 

for ABPdG. In contrast, the LSIEavg is much larger for ABPdG at the G2 and G3 sites than G1, 

which is coupled to a larger decrease in the SASAavg upon anti to syn conformational 

change at G2 and G3 than G1, suggesting dominance of the syn conformation (Figure 7.5)  

 

 

Figure 7.5: MD representative structures of the preferred conformations of ABPdG 

monoadducted DNA for different sequence contexts. Only the base pairs in the 5′-

CG1G2CG3C sequence context are shown in each case, with the adducted base and pairing 

C shown in green, the bulky moiety in red, and the flanking bases in cyan. 
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as predicted for APdG. Interestingly, the similar conformational heterogeneity predicted at 

G2 and G3 correlates with both positions having a 3′-C with respect to the damaged site. 

The stabilization of ABPdG in both glycosidic conformations seen for ANdG and APdG 

indicates a “middle-of-the-road” behaviour for the biphenyl-containing adduct compared 

to the one-ringed and four-ringed lesions. 

7.3.3 General Structural Features of ABPdG Diadducted DNA 

To understand the impact of a second damaging event on DNA structure, two 

adducts were modelled within the NarI sequence for all combinations of anti/syn glycosidic 

orientations as neighboring nucleotides (G1G2), next-nearest neighbors (G2G3) or 

nucleotides separated by two intervening nucleotides (G1G3). In the diadducted DNA 

nomenclature, damage sites are listed numerically, with the position denoted as a subscript 

and the conformation as a superscript (e.g., G1
antiG2

syn represents the duplex with an anti 

adduct at G1 and a syn lesion at G2). When discussing the impact of a second damaging 

event, the site under consideration is indicated using bold font (e.g., G1
antiG2

syn represents 

studying the impact of the syn lesion at G2 on the anti adduct at G1). For cluster lesions, Δ 

signifies the effect of a second lesion on a given parameter (i.e., the average value of a 

dihedral angle, LSIE or SASA for diadducted DNA minus that for the corresponding 

monoadducted system). For example, Δχ (–1.6°) for GB
1G2

syn is the lesion site χ in GB
1 

monoadducted DNA (226.3°) subtracted from the corresponding χ in diadducted DNA with 

a second G2
syn adduct (224.7°).  
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7.3.3.1 Impact of a Second Lesion on DNA Containing an anti Adduct 

The addition of a second lesion generally has a minimal impact on the local 

structure of DNA containing anti ABPdG (Tables F.5, F.6, F.15-F.22, Appendix F). The first 

exception is the G1
antiG2

syn system where the addition of a neighboring syn lesion decreases 

the WC base pairing of the adducted G1 site (occupancy 77.2%, Table F.6, Appendix F) 

due to displacement of the pairing C toward the minor groove to permit stacking with the 

aryl group of G2
syn (Figure F.17, Appendix F). The second exception is a shift in θ for the 

neighboring G1
antiG2

syn and G1
synG2

anti systems (Δθ = 28 ± 1°, Table F.18, Appendix F) due to 

favourable stacking interactions between the major groove bulky group and the neighboring 

displaced syn G. Overall, helices containing two anti adducts are generally undistorted, 

while those containing one syn lesion are moderately distorted (Tables F.11-F.12, 

Appendix F). In fact, the helical distortion for diadducted DNA containing one anti and 

one syn lesion is comparable to monoadducted DNA containing a syn adduct. This suggests 

the level of helical distortion in diadducted DNA is more significantly dictated by the 

anti/syn orientation of the second lesion than the sequence context or lesion separation. 

7.3.3.2 Impact of a Second Lesion on DNA Containing a syn Adduct 

Although all three helical conformations associated with a syn lesion (S, I and W) 

occur for most diadducted duplexes, the conformational heterogeneity of monoadducted 

DNA changes depending on the location and orientation of the second lesion (Table F.7, 

Appendix F). Although the W conformation is minimally populated, the addition of a 

second ABPdG decreases the prevalence of the I conformer and increases the occupancy of 

the S conformer. Exceptions arise for a next-nearest neighbor anti adduct, which almost 
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exclusively results in the I conformation for G2
synG3

anti diadducted DNA and leads to a nearly 

equal distribution of all three conformations for G2
antiG3

syn. 

Irrespective of the specific helical conformation associated with syn ABPdG, the 

addition of a second lesion generally does not disrupt the WC hydrogen bonding of the base 

pairs flanking a syn adduct (occupancy > 85%, Table F.5, Appendix F). The only exception 

is neighboring (G1
synG2

syn) syn lesions for which disruption of the 3′ flanking base pair 

increases stacking interactions with the displaced G2 (Figure F.18, Appendix F). Moreover, 

the key dihedral angles at the lesion site (χ, θ, ϕ and ξ) are generally independent of the 

presence of a second adduct and therefore the bulky moiety is consistently positioned at 

corresponding positions in diadducted and monoadducted DNA (Tables F.18-F.20, F.24-

F.26, Appendix F). A notably deviation in χavg is seen when an intra-nucleotide hydrogen 

bond forms that is coupled with backbone distortions in diadducted DNA (χavg values > 90°; 

Tables F.24-F.26, Figure F.16, Appendix F).  

As with monoadducted DNA, a syn lesion results in greater structural distortion of 

diadducted DNA compared to the anti orientation. For example, the range in the interstrand 

C1′–C1′ distance in diadducted DNA containing a syn lesion (7.7 Å to 15.3 Å) is 

significantly larger than an anti lesion (10.7 Å to 10.8 Å, Table F.15). Nevertheless, the 

helical distortion at the damage site is generally comparable to monoadducted DNA with a 

syn adduct, with most parameters changing by less than 5 Å or 35° from undamaged DNA, 

although some deviate by up to 6 Å or 53° (Tables F.11-F.12, Appendix F). Overall, the 

dominant structural features of monoadducted containing a syn ABPdG adduct are 

maintained upon inclusion of a second lesion, with slight adjustments occuring at the lesion 

site for some systems.  
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7.3.4 anti/syn Preferences of ABPdG in Diadducted DNA 

To gain an understanding of the impact of a second lesion on the preferred ABPdG 

conformations in DNA duplexes, the changes in LSIEavg (Δ(LSIEavg)) and SASAavg 

(Δ(SASAavg)) upon addition of a second lesion were evaluated, with a negative Δ(LSIEavg) 

or Δ(SASAavg) reflecting increased stability of a given lesion site upon addition of the 

second adduct. Most notably, regardless of lesion separation or sequence context, the 

conformational heterogeneity of ABPdG monoadducted DNA likely persists in diadducted 

DNA. Nevertheless, the exact conformational mixture is dependent on the lesion 

separation, with certain distances between adducts preferentially stabilizing unique 

glycosidic orientations compared to monoadducted DNA.  

When a lesion is present at G1 in either glycosidic orientation, the addition of a 

second adduct at a neighboring (G2) position increases the stabilizing lesion site 

interactions (by at least –10 kJ/mol) and the bulky moiety solvent shielding (by at least –

25 Å2) regardless of the second lesion orientation, with the effect being slightly larger for 

anti G2 (Figures 7.6, F.19, Table F.27, Appendix F). Although the impact of a G2 lesion is 

significant for G1
syn, the change is likely not enough to overcome the inherent instability of 

the syn adduct orientation at G1 (Figure 7.4), suggesting that the anti conformation will 

remain preferred at G1 in G1G2 diadducted DNA. Indeed, while the addition of an adduct 

with either glycosidic conformation at G1 stabilizes the G2 lesion site, an anti G1 lesion 

results in significantly greater lesion site interactions and solvent shielding than a syn lesion 

(differences in the Δ(LSIEavg) and Δ(SASAavg) of up to 17.9 kJ/mol and 26.3 Å2, 

respectively), regardless of whether ABPdG is anti or syn at G2 (Figures 7.6, F.19 Table  
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Figure 7.6: Δ(LSIEavg) versus Δ(SASAavg) for ABPdG DNA upon addition of a second 

adduct with the first lesion in the anti (top) or syn (bottom) conformation for neighboring 

adducts (the G1G2 sequence context), original G1 site in red and G2 site in blue, with 

labels representing the site and conformation of the second lesion. Negative values 

indicate increased stability. 

 

F.27). Therefore, when coupled with the significant solvent shielding of the lesions and 

large lesion site noncovalent interactions in G1
antiG2

anti diadducted DNA, this suggests that 

G1
antiG2

anti is likely the dominant duplex conformation, followed by G1
antiG2

syn. Overall, although 

the enhanced LSIE and decreased SASA for neighboring lesions regardless of their 

conformation suggests that G1G2 ABPdG diadducted DNA will maintain the conformational 

heterogeneity of the corresponding monoadducted DNA duplexes, the presence of 

neighboring lesions tends to increase the prevalence of the anti orientation at G2 compared 

to monoadducted DNA, while not impact the G1
anti preference.  
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Next-nearest neighbor adducts (G2G3) only slightly enhance the stability of an anti 

lesion site, with changes in the bulky moiety solvent accessible surface area and lesion site 

interactions being less than 7 Å2 and 15 kJ/mol compared to monoadducted DNA, 

respectively (Figures 7.7, F.19 (top), Table F.27, Appendix F). In contrast, the stability of 

the syn orientation can be significantly enhanced (Figures 7.7, F.19, Table F.27, Appendix 

F), especially when the second damage site is also syn (Δ(SASAavg) up to –50 Å2 and 

Δ(LSIEavg) up to –123 kJ/mol). When coupled with the inherent syn preferences for both 

the G2 and G3 sites (Figure 7.4), this implies that next-nearest adducted nucleotides will 

both adopt a syn orientation for the vast majority of the time. Interestingly, although next- 

 

Figure 7.7: Δ(LSIEavg) versus Δ(SASAavg) for ABPdG DNA upon addition of a second 

adduct with the first lesion in the anti (top) or syn (bottom) conformation for next-nearest 

neighboring adducts (the G2G3 sequence context), original G2 site in blue and G3 site in 

green, with labels representing the site and conformation of the second lesion. Negative 

values indicate increased stability. 
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nearest lesions will significantly decrease the probability of an anti adduct orientation, there 

is a stark directional impact on the stability of diadducted DNA containing an anti and syn 

adduct, where G2
synG3

anti is destabilized and G2
antiG3

syn is stabilized compared to monoadducted 

DNA, suggesting that G2
antiG3

syn will have a higher occupancy than G2
synG3

anti.  

For adducts separated by two intervening nucleotides (G1G3), the lesion site 

interactions and solvent accessibility of adducts in the anti orientation do not change 

regardless of the lesion orientation at the second site (Figures 7.8, F.19 (top), Table F.27, 

Appendix F). Comparatively, the stability of a syn lesion site increases with the addition of 

a second lesion two nucleotides removed. At G3, the LSIE is significantly greater when the  

 

Figure 7.8: Δ(LSIEavg) versus Δ(SASAavg) for ABPdG DNA upon addition of a second 

adduct with the first lesion in the anti (top) or syn (bottom) conformation for adducts 

separated by two intervening nucleotides (the G1G3 sequence context), original G1 site in 

red and G3 site in green, with labels representing the site and conformation of the second 

lesion. Negative values indicate increased stability. 
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G1 lesion adopts the anti over the syn orientation (> 45 kJ/mol difference, Figures 7.8, F.19, 

Table F.27, Appendix F). Due to the further stabilization of the inherently preferred syn 

orientation at G3  (Figure 7.4) upon the addition of a second lesion, G3
syn likely dominates 

over G3
anti for G1G3 diadducted DNA. Although the syn orientation is also stabilized at G1 

by the addition of a lesion at G3 compared to monoadducted DNA, G1
syn is inherently 

unstable and the G3 site has larger lesion site interactions when the G1 adduct is anti. This 

suggests that anti will be the most prevalent conformation at G1. Overall, although G1G3 

diadducted DNA likely maintains conformational heterogeneity, the preferred G1
anti and G3

syn 

orientations of monoadducted DNA likely persist, suggesting that addition of a second 

lesions separated by two (or more) intervening nucleotides from the first damage site does 

not further impact the local conformation of damaged DNA.  

In summary, the preferred conformation of each lesion site in ABPdG diadducted 

DNA depends on the spatial separation between the adducts, with the G1
antiG2

anti, G1
antiG2

syn, 

G1
antiG3

syn and G2
synG3

syn conformations being the most prevalent (Figure 7.9). For all sequence 

contexts considered in the present work, a 5′ syn adduct and a 3′ anti adduct is the least 

desirable combination, highlighting an interesting directionality in the conformational 

preference of diadducted DNA. Although conformational heterogeneity likely prevails for 

ABPdG in diadducted DNA regardless of sequence context, the anti lesion orientation is 

uniquely preferentially stabilized at both lesion sites in G1G2 diadducted DNA, while the 

syn conformation is uniquely preferentially stabilized at both sites in G2G3 diadducted 

DNA. Thus, although the preferred conformations of monoadducted DNA are maintained 

when adducts are at least two nucleotides removed (G2G3 or G1G3), neighboring 

adducts(G1G2) increase and next-nearest adducts decrease the prevalence of the anti adduct 
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Figure 7.9: MD representative structures of the preferred conformations of ABPdG 

diadducted DNA for different sequence contexts. Only the base pairs in the 5′-

CG1G2CG3C sequence context are shown in each case, with the adducted bases and 

pairing Cs shown in green, the bulky moieties in red, and the flanking bases in cyan. 

 

orientation at both sites beyond the levels expected in monoadducted DNA. The ABPdG 

lesion thereby highlights a unique shift in the anti:syn conformational heterogeneity 

depending on lesion separation. 

7.4 Discussion 

7.4.1 Sequence Context Impacts the Preferred Conformation of ABPdG in 

Monoadducted DNA 

 Although the conformation of DNA containing ABPdG in the NarI sequence has not 

been previously reported, 19F NMR and the FABPdG fluorine-labeled lesion have been used 
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to understand the structure of ABPdG monoadducted DNA in a variety of sequence 

contexts.6, 11, 22 When ABP-adducted G adopts the anti glycosidic orientation at any G site 

in the NarI recognition sequence, the present work predicts the damaged DNA maintains a 

B conformation with the bulky group in the major groove and canonical WC hydrogen 

bonding at the lesion site, as previously seen for C8-dG adducts.9-19, 52, 59 When the lesion 

acquires the syn orientation, the damaged DNA dynamically interconverts between three 

conformations, (I, S and W), with I being the most populated for ABPdG monoadducted 

DNA followed by S and then W. Most importantly, we predict that ABPdG can be stabilized 

in both the anti or syn glycosidic orientation in monoadducted DNA regardless of sequence 

context. However, the G1 position (X in 5′-TCXGC) has the greatest preference for the anti 

orientation among the NarI sites. In fact, ABPdG monoadducted DNA is predicted to 

predominately adopt the B conformation when the lesion is in the 5′-TCXGC (X = G1) 

sequence context, which is similar to the conformational homogeneity reported for FABPdG 

in other sequence contexts (5′-TTXAC,22 5′-TCXCA6 and 5′-CTXGTC11, X = lesion). 

Notably, 5′-TCXCA results in the same 5′-nearest and next-nearest neighboring bases as 

the G1 sequence context, but differs in the identity of the 3′ bases, while 5′-CTXGTC 

contains the same 3′-flanking G as G1 and 5′-TTXAC is a completely unique sequence. 

Although the anti lesion orientation can likely also be adopted at G2 and G3, the adducted 

nucleotide is predicted to be preferentially stabilized in the syn orientation at these sites. 

This suggests that damaged DNA with the 5′-CGXCG (X = G2) and 5′-GCXCC (X = G3) 

sequence contexts may have similar conformational heterogeneity as FABPdG in the 5′-

TCXCT sequence (40:60 anti:syn ratio).6 Interestingly, all three of these sequences contain 

a 3′-C with respect to the syn lesion.6, 11, 22 Previous work has shown that the next nearest 

3′ base can also impact the conformational heterogeneity of FABPdG monoadducted DNA, 
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with the 60% syn lesion in 5′-TCXCT being reduced to 0% in the 5′-TCXCA sequence 

context.6 Thus, our new data combined with previous experimental analysis of FABPdG 

underline the sensitivity of the local helical structure to the identity of the surrounding base 

pairs. Overall, when coupled with previous studies,6, 11, 22 our work highlights the complex 

effect of sequence context on the conformational heterogeneity of monoadducted DNA, 

with evidence emerging that a 3′ flanking C likely promotes a syn orientation more than 

other nucleotides.  

7.4.2 Inherent Biphenyl Flexibility Results in Unique Conformational Preferences 

ABPdG is structurally similar to other C8-dG adducts previously studied in the 

literature, namely the N-linked AFdG6, 13, 19, 22, 23, 26, 27, 64 and the C-linked biphenyl lesion 

(BPdG).54 In fact, the AFdG and ABPdG adducts are often compared in the literature since 

they only differ by a methylene bridge between the aromatic rings in the AFdG bulky 

moiety, which induces planarity and prevents the free rotation between the ABPdG rings.6, 

26 The increased rigidity of AFdG is commonly believed to enhance the stability of the syn 

lesion orientation through greater stacking interactions with the flanking bases compared 

to ABPdG.6, 26 For example, the B:S ratios of FABPdG in the 5′-TCXCT and 5′-TCXCA are 

40:60 and 100:0, respectively, while those for FAFdG are 10:90 and 34:66.21 The proposed 

enhanced syn stability for FAFdG is supported by our prediction that ABPdG at G1 will 

predominately adopt the anti orientation and the reported greater syn FAFdG preference in 

the same sequence context (B:S ratio of 42:58).23 However, our data suggest that ABPdG 

may similarly preferentially stabilize the syn orientation at G2 and G3, whereas different 

B:S ratios have been reported for FAFdG monoadducted DNA (69:31 for G2 and 35:65 for 

G3), with anti FAFdG predicted to dominate at G2.23 The ability of flexible ABPdG to stabilize 



233 

the syn orientation to the same degree as or more than rigid FAFdG could arise because of 

the preferred I conformation of ABPdG adducted DNA compared to the strict S conformer 

of AFdG adducted DNA.19, 64 Thus, although the planar fluerene moiety of AFdG has greater 

potential to stack with the flanking base pairs, the flexible biphenyl moiety of ABPdG can 

strongly stack with the sugar–phosphate backbone in an intrahelical position. Indeed, the 

ring farthest from the damaged G twists to form π–interactions with the minor groove 

(H1′H2′H4′) face of the opposing deoxyribose, with similar sugar–π interactions previously 

shown to be stabilizing.65, 66 Furthermore, unlike the extrahelical position of the opposing 

C in the S conformation, the opposing C stacks with the flanking bases in the I 

conformation. Therefore, in contrary to  the proposed impact of the flexible aryl group of 

ABPdG, newly identified local helical conformation in the present work can result in a 

greater syn preference for ABPdG at G2 and G3 than expected based on reported B:S ratios 

for FAFdG adducted DNA.6, 26 Interestingly, the I conformer has previously been reported 

for BPdG,54  the flexible C-linked analogue of ABPdG in which the aryl group is directly 

bound to C8, further supporting that it is the bulky group flexibility that leads to unique 

behaviour of ABPdG. Thus, our work complements and further clarifies published literature 

that highlights the sensitivity of the damaged DNA helical conformation to the lesion 

chemical composition.6, 10, 53, 54 

7.4.3 Addition of a Secondary ABPdG Adduct Differentially Impacts the Helical 

Structure, Conformational Preferences and Carcinogenicity Depending on Lesion 

Separation  

Although the local structure of monoadducted DNA in the B conformation is not 

greatly perturbed by the addition of a second lesion, the presence of a second damage site 
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impacts the ratio of damaged (I, S and W) DNA conformations when the lesion adopts the 

syn glycosidic orientation. Specifically, although monoadducted DNA primarily adopts the 

I conformation, the S conformer is the most populated for diadducted DNA (Table F.7, 

Appendix F). As a result, cluster lesions can influence the anti:syn ratio, and likely 

biological consequences, of ABPdG in damaged duplexes. Indeed, lesions at neighboring 

G1G2 sites are predicted to prefer the anti orientation at both positions (G1
antiG2

anti). Although 

the syn conformation at G2 is likely also prevalent (G1
antiG2

syn), cluster ABPdG lesions clearly 

induce anti conformational homogeneity at the G1 site. This likely increases the 

carcinogenicity associated with ABPdG since the anti adduct orientation is anticipated to 

result in greater repair resistance than the syn orientation due to the more canonical structure 

of the DNA in the B conformation. 52, 67 This prediction correlates with experimental work 

on FAAFdG diadducts,25 which revealed that G1G2 cluster lesions have the lowest repair 

efficiency. In contrast, when two adducts are one nucleotide removed (G2G3), the ABPdG 

syn orientation is significantly stabilized at both sites, suggesting that the anti orientation 

will be even less prevalent than seen for the corresponding monoadducted DNA helices. 

The strong preference for the distorted G2
synG3

syn structure likely increases the repairability of 

the lesion, which provides a structural rationalization for the experimentally observed 

greatest repair efficiency of FAAFdG in the same sequence context.25 Consequently, due to 

the greater likelihood of adduct repair for G2G3 cluster lesions, this sequence decreases the 

expected carcinogenicity of ABPdG. Finally, each adduct at sites two-nucleotide removed 

(G1G3) has the same conformational preference as the corresponding monoadducted DNA, 

suggesting multiple lesions separated by at least two nucleotides have little impact on the 

local helical environment or the repair propensities of either site. Overall, the anti:syn 

adduct separation effects seen for ABPdG generally align with the trends previously reported 
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for ANdG and APdG diadducted DNA,52 suggesting that the conformational preference of N-

linked C8-dG diadducted DNA is more dependent on the lesion separation than the 

chemical composition of the aryl moiety. In summary, the addition of a second lesion can 

maintain the conformational preference and carcinogenicity of monoadducted DNA or 

change the anti:syn conformational ratio and mutagenic severity of the adduct depending 

on the lesion separation.  

7.5 Conclusions 

The present study uses MD simulations to investigate the structure of 18 DNA 

helices containing one or two ABPdG adducts in different (anti/syn) glycosidic 

conformations and sequence contexts (Table 7.1). Incorporation of a single ABPdG lesion in 

the anti orientation does not significantly disrupt the DNA duplex, with the bulky moiety 

situated in the major groove and lesion site WC pairing maintained. When a single ABPdG 

adduct adopts the syn orientation, a dynamic mixture of three damaged DNA conformations 

prevails, with I being more populated than S or W. Although the anti and syn orientations 

likely exist in a mixture regardless of sequence context, the dominant conformation of 

ABPdG monoadducted DNA shows a distinct sequence dependence, with the lesion 

preferentially adopting the anti orientation at G1 and the syn conformer at G2 and G3. 

Although the local helical structure associated with an anti lesion is not impacted by the 

presence of a second lesion in either glycosidic orientation, syn ABPdG preferentially 

induces the S over the I conformation in diadducted DNA. More importantly, the lesion 

site anti:syn ratio can be significantly impacted by a second damaged site, with the 

magnitude and direction of the equilibrium shift being dependent on the lesion separation. 

Specifically, neighboring G1G2 lesions are predicted to preferentially stabilize the anti 
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orientation at both sites, which may reduce DNA repair recognition and thereby increase 

carcogenicity.67 In contrast, the next-nearest neighbor sequence (G2G3) is proposed to result 

in significant stabilization of syn ABPdG, which may increase adduct repairability and 

decrease negative biological consequences. Finally, ABP-damaged DNA containing two 

lesions separated by two intervening nucleotides (G1G3) is structurally similar at each 

lesion site to the corresponding monoadducted DNA duplexes, suggesting that the anti:syn 

ratio does not change upon a second damage event at least two or more nucleotides 

removed, resulting in mutagenic outcomes as monoadducted DNA. Interestingly, the lesion 

separation dependence observed for ABPdG diadducted DNA directly aligns with that 

previously reported for ANdG and APdG diadducted DNA,52 suggesting that these trends 

may hold true for other AA-derived N-linked C8-dG adducts regardless of bulky moiety 

size or flexibility. Overall, the present work advances our understanding of how several 

factors, including number of adducts, distance between adducts, bulky moiety size and 

shape, and sequence context, determine the structure of damaged DNA and therefore the 

anticipated biological outcomes. 
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Chapter 8: Understanding the Nucleotide Excision Repair of the 2-

Acetylaminofluorene-C8-dG Adduct: Impact of Number of Adducted 

Sites and Helical Conformationa,b,c 

8.1 Introduction 

DNA damage is ubiquitous in the genome. If persistent in cells, DNA damage can 

result in severe biological consequences, including neurodegenerative diseases and 

cancers.1, 2 Fortunately, several repair pathways have evolved to revert damaged DNA to 

the canonical form.2 One such pathway is nucleotide excision repair (NER), which is an 

evolutionary conserved pathway that is responsible for the repair of structurally diverse 

forms of noncanonical DNA.1-5 Among other types of damage, NER excises mismatched 

DNA, intrastrand crosslinks (e.g., nucleobase dimers) from UV light and bulky DNA 

adducts,2-4 including those considered in the present thesis. In order to remove these 

structurally varied lesions, NER involves a unique damage recognition process. 

Specifically, in eukaryotic cells, initial damage recognition is performed by the XPC-

RAD23B-CETN2 complex (XPC).1, 2, 6 Notably, mutations to XPC in humans can result in 

xeroderma pigmentosum (XP), a genetic disorder that greatly increases an individual’s 

susceptibility to cancer, highlighting the importance of XPC to DNA damage response and 

overall organism survival.7  

Although XPC plays a critical role in the long-term survivability of cells, the NER 

pathway consists of many proteins with varied functions. Upon binding to damaged DNA, 
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XPC recruits the 10-subunit general transcription factor II H complex (TFIIH), which 

unwinds DNA and confirms the presence of a lesion.8, 9 Subsequently, the damaged DNA 

stand is cleaved by the XPF-ERCC1 and XPG endonucleases before DNA polymerases use 

the remaining undamaged strand as a template to replace the cleaved strand.8 Lastly, DNA 

ligases are recruited to seal the breaks in the backbone, restoring the DNA to its canonical 

form. A significant amount of work has been performed to understand the NER lesion 

recognition process, with several papers examining XPC and Rad4, the yeast ortholog of 

XPC.3, 6, 8-17 Due to a lack of experimental structures of the XPC–DNA complex, most 

structural work geared toward understanding the NER binding and recognition process has 

been done on the Rad4 system.3, 8, 10-12, 17-19 

 
Figure 8.1: A) Crystal structure of a representative Rad4–DNA complex (PDB ID: 6CFI), 

with TGD in blue, BHD1 in cyan, BHD2 in green and BHD3 in purple. The chemical 

structure of B) CPD, C) cis-B[a]P-dG and D) the AAFdG adduct considered in the present 

work. 

 

The transglutaminase domain (TGD) and β-hairpin domain 1 (BHD1) of Rad4 are 

responsible for the nonspecific binding of DNA (Figure 8.1A), allowing for the one-
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dimensional diffusion of the complex along the duplex.9, 10 Interestingly, the structures of 

these domains are generally consistent between apo Rad4 and the protein bound to various 

DNA systems (e.g. undamaged DNA, cis-B[a]P-dG, 6-4 photoproduct, and cyclobutane 

pyrimidine dimer (CPD)).10, 11, 14 However, it is the β-hairpin domain 2 (BHD2) and β-

hairpin domain 3 (BHD3) that are tasked with probing for damage in the minor groove and 

major groove of the helix, respectively.9, 10, 16 The lesion verification process of Rad4 

involves binding of damaged DNA, which leads to the formation of a cavity in the duplex 

due to expulsion of the nucleotide across from the damage and its 3′ neighbor out of the 

helix.10, 14 Specifically, after the initial association of BHD2 and BHD3 to the helix, the 

lesion pairing nucleotide and its 3′ neighbor are flipped from the interhelical DNA space 

into the protein binding pocket. The insertion of the two nucleobases of the undamaged 

strand into the Rad4 binding pocket, which allows for binding without direct contact with 

the lesion, is considered the primary reason for the broad specificity of NER.6, 9 Lastly, the 

β-hairpin loop of BHD3 is inserted into the interstrand space, leading to a productively 

bound state.10, 14 

A T-jump study has shown that the DNA opening step associated with helical 

unwinding and base flipping are the rate-limiting step for Rad4 binding to DNA.6 Recent 

reports have suggested that Rad4/XPC binding to damaged DNA functions via a ‘kinetic 

gating’ mechanism.3, 6, 10, 11 This theory proposes that both undamaged and damaged DNA 

can be opened by Rad4/XPC, but the high barrier for protein binding to canonical DNA 

results in the recognition protein complex diffusing prior to binding. This proposal is 

supported by observations that undamaged DNA can be bound by Rad4/XPC, but not 

cleaved, when the protein is tethered to the DNA.6, 18  
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Recent experimental work has strived to understand the human NER efficiencies of 

DNA adducts derived from 2-acetylaminofluorene (AAF).20-22 Specifically, AAF is of 

particular interest as it is a potent carcinogen that was originally designed for use as a 

pesticide, but was never commercially implemented due its mutagenic potential.23 Despite 

limited human exposure, AAF-derived lesions have been extensively studied as model 

adducts.20, 22, 24-41 A significant body of work on DNA containing C8-dG AAF (AAFdG, 

Figure 8.1D), including 19F NMR studies on fluorine-labeled AAFdG (FAAFdG), has revealed 

that AAFdG containing DNA adopts three conformations, namely B, S and W (Figure 8.2), 

in the mutational hotspot of the NarI recognition sequence (5′-G1G2CG3CC).22, 29, 32, 33, 38-41 

Specifically, the B conformation maintains canonical Watson-Crick (WC) base pairing at 

the lesion site, with the damaged nucleotide in the anti orientation and the bulky group 

positioned in the major groove of the duplex. Thus, for the B conformation, the minor 

groove is relatively unaffected by the presence of a lesion site. The remaining two helical 

conformations involve the rotation of the damaged nucleotide to a syn orientation. The 

stacked (S) conformation displaces the damaged G and pairing base into the major groove, 

while positioning the aromatic group in the interstrand space. Lastly, in the W 

conformation, the aryl moiety is located in the minor groove of the duplex, with the 

damaged G forming Hoogsteen interactions with the pairing base. Interestingly, the exact 

conformational ratio for damaged DNA and the human repair efficiency are dependent on 

the specific sequence context.21, 22 Other work has shown that DNA containing two FAAFdG 

adducts in close proximity (diadducts) has an even more complex conformational 

heterogeneity and varying human repair efficiency.20, 21 Thus, previous work has shown 

that the damaged DNA structure and NER susceptibility are dependent on both the number 



248 

of lesions and the local sequence context, although the atomic level structural details for 

these trends remain unclear. 

 

Figure 8.2: Structures of AAFdG-containing DNA in the A) B conformation, B) S 

conformation, and C) W conformation. The adducted base pair is shown in green, the 

bulky moiety in red, and the flanking base pairs in cyan. 
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Despite an abundance of work done to understand the structure of isolated damaged 

DNA,24, 28, 33, 40, 42 relatively little is known about the structure of DNA bound to Rad4. 

Computational methods, primarily molecular dynamics (MD) simulations, have been 

utilized to provide valuable insight into the structure of Rad4–DNA complexes and the 

NER recognition process.10-12, 16-19 Umbrella sampling techniques have been used to predict 

the binding pathway of Rad4 to DNA containing a cis-syn cyclobutane pyrimidine dimer 

(CPD, Figure 8.1B), 10R-(+)-cis-anti-benzo[a]pyrene-N2-dG (cis-B[a]P-dG, Figure 8.1C), 

or mismatched DNA. These works have collectively revealed a correlated mechanism 

where DNA base flipping occurs congruently with the association of the β-hairpin domains, 

instead of a proposed conformation capture mechanism in which base flipping for both the 

lesion pairing nucleotide and its 3′ neighbor occuring prior to Rad4 diffusing to the 

location.10, 11, 16, 17 These studies have highlighted a range of barriers for Rad4 recognition, 

with the barrier being the smallest for CPD-containing DNA (17.6 kJ/mol)10 and cis-B[a]P-

dG adducted DNA (21.3 kJ/mol),11 whereas the Rad4 activation barrier for mismatched 

DNA ranged from 21.5 kJ/mol (CCC/CCC) to 64.9 kJ/mol (TAT/TAT) depending on the 

mismatched sequence.16, 17 Additionally, long-time scale (≥ 1 μs) MD simulations have 

been employed to rationalize the experimentally observed NER efficiencies of several 

substrates.12, 18, 19 Specifically, Rad4–DNA complexes containing GGG and CCC 

mismatches, pyrimidine–pyrimidone 6-4 photoproduct (6-4PP), N2-dG polycyclic 

aromatic hydrocarbon adducts (PAHs, B[a]P and DB[a,l]P derived adducts) or C8-dG 

aromatic amine PhIP adducts were simulated by docking available NMR/MD-derived 

structures of the damaged duplexes to the apo protein.43 This work has identified several 

structural factors of the initially bound Rad4–DNA complex that are predictors for efficient 
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binding, including DNA helix untwisting and bending, and the interactions between BHD2 

and the DNA minor groove.12, 18, 19  

Despite the insight provided by the previous computational studies on the binding 

of Rad4/XPC, only adducted DNA in a single conformation has been considered. However, 

adducted DNA commonly results in conformational heterogeneity,24, 28, 35, 40, 44, 45 especially 

for AAFdG.20, 25, 33 Furthermore, all adducts previously considered position the bulky group 

in the DNA minor groove (namely (+) trans-B[a]P-dG:dC and (–) trans-B[a]P-dG:dC) or 

in the interhelical space ((+) cis-B[a]P-dG:dC, (+) cis-B[a]P-dG:dT, (+) cis-B[a]P-dG:dA, 

(+) cis-B[a]P-dG:del, PhIP-C8-dG:dC, PhIP-C8-dG:del, 14R-DB[a,l]P-dA:dT and 14R-

DB[a,l]P-dG:dC).11, 24, 35, 40 Notably, the minor groove of the duplex is deviated from 

canonical DNA for all these systems considered. Therefore, to the best of our knowledge, 

the structure of the Rad4–DNA complex has not yet been considered to date for DNA 

containing a major groove lesion or DNA containing more than one local damage site. It is 

unclear how a bulky group in the major groove of the helix or multiple damage sites may 

impact BHD3 insertion or change interactions of BHD2 with the unmodified DNA minor 

groove. 

To shed additional light on the NER recognition process, the present work employs 

numerous MD simulations to rationalize the differing Rad4 recognition capability for 

AAFdG. The model AAFdG lesion was chosen due to AAFdG damaged DNA exhibiting 

conformational heterogeneity,20, 25, 33 including the B conformation that places the bulky 

moiety in the major groove, and the availability of experimental information for both mono 

and diadducted DNA.21 The G1 AAFdG monoadducted DNA and G2G3 AAFdG diadducted 

DNA are considered as these represent the two repair efficiency extremes (incision rate 
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differing by a factor of 10), with DNA containing a single lesion at G1 being the most repair 

prone and the G2G3 diadducted helices being the most repair resistant of the AAFdG systems 

considered.21 G1 adducted DNA is considered in both the dominant B (46%) and S (34%) 

conformations,22 while G2G3 diadducted DNA was considered in the BB conformation 

based on the suggested stability of the conformation.20 Consequently, this work will 

provide information into the influence of helical conformation at the damage site (B or S) 

and the impact from multiple DNA damage sites (monoadducted or diadducted DNA) on 

the Rad4 binding process, and general NER efficiencies. Furthermore, the binding of 

undamaged DNA was considered as a control, which will afford information about the 

impact of the damage and permit consideration of the proposed kinetic gating mechanism. 

Moreover, classical MD simulations on the monoadducted, diadducted and undamaged 

Rad4–DNA complexes in the initially bound state provide insight into the structural 

features that may be indicative of more efficient Rad4 damage recognition and cellular 

repairability. Finally, classical MD simulations on the productively bound complexes 

containing the three adducted helices provide further information about the structures after 

BHD3 insertion. Thus, this work provides the foundation for future studies to fully 

understand how the structural features of the damaged duplex impact the reparability of the 

lesion, and its overall toxicity.   

8.2 Computational Details 

8.2.1 General Simulation Protocol 

 The present work models AAFdG monoadducted and diadducted DNA as an isolated 

duplex and in complex with Rad4, with the model building described in detail in the 

following sections. An undamaged DNA system with the corresponding sequence as 
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monoadducted DNA was also considered to allow for more direct comparisons of Rad4 

binding to damaged and undamaged DNA. 

All MD simulations were performed with the AMBER18 suite of programs.46 The 

parameters for AAFdG were generated to be compatible with the Amber force field using an 

analogous methodology to that implemented for other adducts.44, 45, 47 Specifically, the 

R.E.D. program (version III.4)48 was used to generate partial charges from B3LYP/6-

31G(d) optimized structures of the anti and syn AAFdG nucleosides. Antechamber49 was 

used to assign atom types. The remainder of the system was treated with the ff14SB 

forcefield50 for the protein or OL1551 for canonical DNA. Each system was neutralized with 

sodium cations and solvated in a TIP3P water cubic box, such that there was at least 10 Å 

between the edge of the water box and the solute, using the tleap program. Next, the systems 

were minimized, heated, and equilibrated using a multistep approach that was previously 

successfully used for adducted DNA helices.44, 52 Briefly, the systems were minimized over 

four stages consisting of 2500 steps of steepest decent and 2500 steps of conjugate gradient 

minimization. A 100 kcal/(mol Å2) restraint was added to the solute for the first and third 

stages, with all heavy atoms restrained in the second stage. The final stage minimized the 

entire system without restraints. The systems were then gradually heated to 310 K over six 

20 ps stages at constant volume, with a 25 kcal/(mol Å2) restraint applied to the solute. 

Equilibration was performed in five 20 ps stages, with the solute restraint decreased from 

20 to 15, 10, 5 and 1.5 kcal/(mol Å2). All production simulations were run with a 2 fs 

timestep and a 10 Å nonbonded interaction cutoff.  
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8.2.2 Model Generation for Isolated DNA Duplexes 

To generate the Rad4–DNA complexes, local helical structures of the damaged 

DNA must first be obtained. Three 16-mer helices based on the 5′–

CTCTCG1G2CG3CCATCAC–3′ sequence used in FAAFdG NMR experiments,20, 22 which 

contain the AAFdG NarI mutational hotspot sequence (underlined), were built from 

representative structures of damaged duplexes containing APdG C8-dG adducts in the same 

sequence52 using GaussView 6.0.16.53 Duplexes were considered in the B and S 

conformations with AAFdG at G1 and the BB conformation with AAFdG adducts 

simultaneously at G2 and G3. The starting structure for undamaged B-DNA was built using 

the NAB program. Each system was then treated with the general MD simulation protocol 

  

 

Figure 8.3: MD representative structures of the four (damaged and undamaged) duplexes 

considered in the present work complexed with Rad4, with the probed base pair in green, 

the flanking base pair that is broken during binding in cyan, and the bulky group(s) in red. 
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described above and simulated for 100 ns. Subsequently, the cluster command in cpptraj 

was used to obtain representative structures based on the lesion site(s) (i.e., the heavy atoms 

of the damaged base pair(s), Figure 8.3). The representative structures were then used to 

build protein–DNA complexes as described in the following section.   

8.2.3 Model Generation for Rad4–DNA Complexes 

The initial model for Rad4 was built from the crystal structure of the apo enzyme 

(PBD ID: 2QSF),14 with the unresolved sections of the protein added via homology 

modelling using the SWISS-MODEL webserver.54 The DNA duplex was docked to the apo 

Rad4 to maintain the nonspecific interactions with TGD and BHD1 based on the  X-ray 

structure of Rad4 bound to DNA containing CPD (PDB ID: 2QSG).14 Base pairs were 

added to both terminal ends of the DNA to match the sequence studied in the  experimental 

work by the Cho research group (University of Rhode Island, unpublished), which resulted 

in a 27-mer (5′–ATTCTCTCG1G2CG3CCATCACACTCACAC–3′ for undamaged and 

monoadducted DNA and 5′–CTCTCG1G2CG3CCATCACCACACTCACAC–3′ for 

diadducted DNA). The sequence was slightly different for the modeled monoadducted and 

diadducted DNA systems compared to the experimental sequence (5′–

ATTCTCTCG1G2CG3CCATCACACTCA–3′) to maintain consistent positioning of the 

probed (adducted) site. Specifically, the recognized damage site (i.e., the BHD3 insertion 

site) for each of the four systems (Figure 8.3) was at the same location as the productively 

bound CPD-containing DNA–Rad4 complex in the crystal structure (PDB ID: 2QSG),14 

with respect to the nonspecific DNA TGD and BHD1 binding domains. The diadducted 

system was bound such that BHD3 insertion occurs at the G3 lesion site. Protonation states 

of the amino acids in the protein were determined using PROPKA355 and visually 
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confirmed. Each of the four Rad4 systems were solvated, minimized, heated, and 

equilibrated as described for the general simulation protocol. The complexes were 

subsequently further equilibrated for 100 ns without restraints to obtain starting structures 

for the umbrella sampling calculations.  

8.2.4 Umbrella Sampling of the Rad4–DNA Binding Pathway 

 The formation of the productive bound complex upon Rad4 binding to AAFdG 

monoadducted and diadducted DNA as well as undamaged DNA was modelled over four 

stages based on a previous umbrella sampling study on Rad4 binding to CPD containing 

DNA (Figure 8.4).10 Specifically, the binding process was divided into: 1) the initial 

association of BHD2 and BHD3 to the binding site, 2) the coordination of the base flipping 

residue (MET498) to the 5′ interstrand neighbor of the recognized (probed) nucleotide, 3) 

the flipping of the base opposing the lesion and its 3′ neighbor, and 4) the insertion of the  

  

 
Figure 8.4: Rad4–DNA complex during the binding pathway of Rad4 to AAFdG adducted 

DNA in the S conformation, starting from the first capture state, highlighting the different 

stages modelled using umbrella sampling including the A) initial association of the BHDs 

to the damaged DNA site (Stage 1), B) coordination of the base flipping residues to the 5′ 

interstrand neighbor of the adducted nucleotide (Stage 2), C) flipping of the base 

opposing the lesion and its 3′ neighbor (Stage 3), and D) insertion of the BHD3 β-hairpin 

loop into the interhelical space (Stage 4). The structures are color-coded as in Figure 8.1 

and the AAF bulky moiety is shown in red. The atoms involved in the umbrella sampling 

CV definitions are shown as sticks, with the center of masses for the CV regions being 

shown as spheres.   
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β-hairpin of BHD3 into the interhelical space (Figure 8.4, Tables G.1-G.4, Appendix G). 

Each binding stage consisted of a varying number of restrained MD (rMD) simulations 

(40+ per stage, Table G.5, Appendix G), with each simulation run for > 150 ns. Each 

window was restrained using AMBER harmonic restraints according to the values in Table 

G.5 (Appendix G). The harmonic anchors were set to a one window interval distance above 

and below the constrained collective variable (CV) for that stage. Prior to sampling in each 

window, the structure was equilibrated for 1 ns, with each initial structure sequentially built 

from a nearby window to minimize large changes in the structures or CVs. CVs were 

collected every 0.1 ps. Histograms of the CV sampled from each simulation were examined 

to ensure adequate overlap between, and sufficient sampling within, the windows (Figures 

G.1-G.4, Appendix G). The weighted histogram analysis method (WHAM)56 was used to 

generate the potential of mean force (PMF, Figures G.5-G.8, Appendix G). Notably, Rad4 

binding to undamaged DNA consisted of the same initial general stages as binding to the 

adducted helices, although our simulations revealed that a second base flipping stage was 

required to prepare for BHD3 insertion (Table G.4, Appendix G). For all base flipping 

stages, the reported energetic barrier corresponds to the highest energy point (CV) along 

the sampled path. 

8.2.5 Unrestrained MD Simulations of Rad4–DNA Complexes 

Unrestrained MD simulations were run on the initially coordinated and productively 

bound Rad4–DNA complexes to better understand the corresponding structural features. 

Specifically, five 1 μs MD trajectories were generated from the end of Stage 1 (initial 

association) and Stage 4 (BHD3 insertion) for Rad4 binding to each damaged DNA system. 

The initially coordinate (Stage1) system was also considered for unmodified DNA. Frames 
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were saved every 50 ps for analysis. The DNA helical twist was determined using the 

Curves+/Canal software.57 In order to measure and easily compare the changes in helical 

twisting at the Rad4–DNA binding site, a single helical twist was calculated over the 6-mer 

segment of the duplex that includes the three base pairs 5′ with respect to the recognized 

(probed) site and the two base pairs in the 3′ direction (i.e., the two base pairs on either side 

of the two flipped nucleotides, Figure G.9, Appendix G). The interactions between BHD2 

and the duplex were determined every 5 ns using AlphaSpace3.58  

8.3 Results and Discussion 

8.3.1 The Conformation of Aafdg Monoadducted DNA Impacts the Predicted 

Barriers and Stabilities of Rad4 Binding, Indicating Differing Repair Propensities 

 The binding of Rad4 to AAFdG monoadducted DNA in the B and S conformations 

was examined using advanced umbrella sampling methods over four stages. The MD 

representative structure of AAFdG in the B conformation (Figure 8.3) is similar to those 

previously reported for DNA containing AAFdG22, 41 and other N-linked C8-dG lesions,24, 

33, 47 with WC base pairing at the lesion site remaining intact, the bulky group being oriented 

in the 3′ direction and the minor groove face matching that of canonical DNA. 

Monoadducted DNA in the S conformation orients the bulky group in the interhelical space 

to stack with the flanking bases, which displaces the adducted G into the major groove such 

that N1–H and N2–H hydrogen bond with the phosphate backbone of the 5′ neighboring 

nucleotide, as previously seen for AAFdG containing DNA.22, 29, 33 Consequently, damaged 

DNA in the S conformation lacks hydrogen bonding between the adducted G and pairing 

C.  
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Models of the DNA–protein complexes were generated by docking MD 

representative structures from simulations on the damaged duplexes to apo Rad4 (PBD ID: 

2QSF). The final coordination distances of the BHDs are similar for the monoadducted 

DNA complexes, with DNA containing the S conformation (~ 18 Å) only having slightly 

longer BHDs distances than the B conformation (~ 17 Å, Figures G.5-G.6, Appendix G). 

During the initial probing, the energy changes are minimal with no high energy regions 

along the pathway. Consequently, as this process is near barrierless, the energies for the 

binding process were scaled for each system, such that the energy after the initial probing 

of the BHDs (Stage 1) was set to 0 kJ/mol, allowing for direct comparisons between the 

different systems for the subsequent binding steps.  

The coordination of the base flipping residues (Stage 2) does not significantly 

impact the stability of the complex (0 ± 5 kJ/mol) from the initially bound state formed 

following coordination of the BHDs (Stage 1, Figure 8.5, Table 8.1). Interestingly, the  

  

Figure 8.5: Free energy profile for the binding of Rad4 to monoadducted DNA in the B 

conformation (blue), monoadducted DNA in the S conformation (orange), diadducted 

DNA in the BB conformation (yellow) or undamaged DNA (grey) over four umbrella 

sampling stages (the four stages of Rad4 binding are described in Figure 8.4 and Tables 

G.1-G.5, Appendix G). 
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 Table 8.1: Relative free energies (kJ/mol) for Rad4–DNA binding with respect to 

the corresponding initially bound structure.a 

Stage AAFdG-B AAFdG-S AAFdG-BB Undamaged 

1 0.0 0.0 0.0 0.0 

2 –2.9 1.4 4.8 2.1 

3 21.6 16.3 26.0 42.4 

4 4.4 8.2 –6.0 40.7 
aThe relative energies are reported with respect to the structure after Stage 1. The four 

stages of Rad4 binding are described in Figure 8.4 and Tables G.1-G.5 (Appendix G). 

 

coordination of Rad4 to DNA containing a single AAFdG lesion at G1 in the B conformation 

results in minimal stabilization (–2.9 kJ/mol), whereas coordination to the duplex in the S 

conformation results in nominal destabilization (1.4 kJ/mol). Despite the relatively similar 

energies after Stage 2, there are differences in the interactions between the BHDs and the 

C paired with the adducted G. At this stage in the binding process, the key residues that 

have been previously seen to stabilize the flipped nucleobases, namely the PHE “flipping 

path” from the BHD3 domain and Arg494 from the BHD2 domain,10, 16 are positioning by 

the bases to facilitate the formation of a helical cavity. For the complex with DNA in the B 

conformation, the only direct interaction with the pairing C nucleotide is the ARG494with 

DNA in the S conformation, the C that would be paired with the adduct is in extrahelical 

position such that it is hydrogen bonding to the 5′ neighboring phosphate group. 

Consequently, the Arg494 is still hydrogen bonding to the 5′ phosphate group as seen with 

the B conformation complex, but the displaced C also appears to be in a better position to 

be stabilized by the PHE “flipping path”, composed of Phe597, Phe599, and Phe556 

(Figure G.10, Appendix G). Regardless of these differences, there are only minor energy 

barriers for the coordination, with the monoadducted DNA systems having a similar barrier 

of ~ 8 kJ/mol (Figures G.5-G.6, Appendix G), regardless of the conformation. Overall, 

there are minimal differences in the energetics associated with the coordination of the 
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BHDs (Stage 1) or the base flipping residues (Stage 2), with the process likely to readily 

occur for both monoadducted systems.  

The base flipping stage (Stage 3) has the largest energetic barrier along the Rad4 

recognition process regardless of the system considered (Figure 8.5, Table 8.1), and thereby 

corresponds to the transition state of the Rad4 recognition process. Interestingly, the global 

minimum for the base pair opening process for all four Rad4–DNA complexes occurs at 

similar coordinates along the flipping pathway, which corresponds to stable WC base 

pairing for the flipped nucleotides (Figure G.5-G.8, Appendix G). As the nucleobase is 

displaced from the helix during the base opening step, the stability decreases until a plateau 

is reached. The formation of the helical cavity for the BHD3 insertion is energetically 

accessible for DNA containing AAFdG in the S conformation, with a barrier of only 16.3 

kJ/mol. This low barrier can likely be attributed to the lack of WC hydrogen bonding at the 

lesion site due to the inherent displacement of the adduct and pairing C in the S 

conformation. Indeed, the base flipping barrier is higher for the B conformation of AAFdG 

monoadducted DNA (21.6 kJ/mol). Potentially, it is the altered orientation of the PHE 

“flipping path and Arg494 could partly account for the lower barrier for the base flipping 

step of Rad4 binding to adducted DNA in the S conformation.  Notably, for both 

monoadducted duplexes the flipped nucleobases are stabilized by key interactions with the 

PHE “flipping path”, as well as Arg494, which forms strong hydrogen bonds with the 

negatively charged phosphate backbone of the flipped bases (Figure G.11, Appendix G). 

In general, the barriers for base flipping of AAFdG damaged DNA in the B conformer are 

relatively low considering the stability of the G:C base pairs that are broken during cavity 

formation.  
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Overall, the barriers for Rad4 binding of AAFdG monoadducted DNA are 

comparable to those previously reported for DNA containing a CPD (17.6 kJ/mol)10 or cis-

B[a]P-dG (21.3 kJ/mol)11 lesion. Interestingly, the barrier for Rad4 binding to B[a]P-N2-

dG adducted DNA in an intercalated conformation (i.e., with the pairing C displaced into 

the major groove, the bulky group in the interstrand space and the damaged G in the minor 

groove), is larger than the AAFdG containing DNA in the stacked intercalated (S) 

conformation, being within 1 kJ/mol of AAFdG in the B conformation.11 This suggests that 

the unique interactions within the helical conformations caused by the adduct chemical 

structure could lead to repair efficiency differences despite the DNA structure similarities. 

Notably, since AAFdG, CPD and cis-B[a]P-dG are known to be repaired by NER,10, 11, 21 the 

similar barriers of AAFdG monoadducted DNA to the other lesions supports the validity of 

our approach. 

 The stability of the productive bound complex following insertion of the BHD3 

domain (Stage 4) is highly system dependent (Figure 8.5, Table 8.1). Both monoadducted 

duplexes form stable insertion complexes (stability increased by > 8 kJ/mol) when the 

leading edge of BHD3 (SER603, THE604 and VAL605) is a similar distanced from the 

center of the helical cavity (~ 7 Å, Figures G.5-G.6, Appendix G). During the insertion of 

BHD3, monoadducted DNA in the B conformation exhibits a moderate increase in stability 

(–17.2 kJ/mol), which results in a productive bound complex that is only 4.4 kJ/mol higher 

in energy than the complex formed after initial probing (Stage 1). Interestingly, for Rad4 

binding to AAFdG adducted DNA in the S conformation, the complex is only 8.1 kJ/mol 

more stable than the transition state upon insertion of the BHD3, resulting in a final energy 

of 8.2 kJ/mol. Thus, although the binding of DNA in the B conformation has a larger base 
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opening barrier than DNA in the S conformation, the stabilization gained following BHD3 

insertion is also slightly larger when the lesion adopts an anti rather than syn orientation. 

Overall, the B conformation results in a higher barrier for base flipping (by 5.3 kJ/mol) than 

the S conformation during Rad4 association and binding but forms a more stable bound 

state (by 3.8 kJ/mol). Thus, the damage recognition by Rad4 of monoadducted DNA in the 

B conformation is thermodynamically favoured compared to the S conformation which is 

kinetically preferred. Overall, these differences in the energetics for the binding of Rad4 to 

AAFdG monoadducted DNA in the B and S conformation indicate that the exact 

conformation of the adducted DNA impacts the recognition propensity, and overall 

repairability of the lesion.  

8.3.2 The Binding of Rad4 to Diadducted DNA is Distinct from the Monoadducted 

Systems Being More Thermodynamically and Less Kinetically Preferred  

 In order to understand the impact of a second local lesion site on Rad4 binding and 

lesion recognition, diadducted DNA in the BB conformation was modeled over the same 

four stages as monoadducted DNA. As with monoadducted DNA in the B conformation, 

the structure of diadducted DNA in the BB conformation (Figure 8.3) aligns with 

previously studied N-linked C8-dG lesions,24, 33, 47 with the WC base pairing maintained at 

both lesion sites. Consequently, as with monoadducted DNA in the B and S conformations, 

the initial coordination of the BHDs (Stage 1) to diadducted DNA does not result in 

significant energy changes (Figure G.7, Appendix G). Thus, the further binding stages were 

scaled for the diadducted system as was done with monoadducted DNA complexes.  

The coordination of the base flipping residues (Stage 2) is slightly less stable for 

diadducted DNA (4.8 kJ/mol) compared to monoadducted DNA (≤ 1.4 kJ/mol). However, 
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monoadducted DNA in the B conformation and the diadducted DNA in the BB 

conformation have similar free energy plots during coordination, with two minima 

separated by a relatively low barrier and the stability decreasing for coordination distances 

> 20 Å or < 9 Å (Figures G.5, G.7, Appendix G). Despite the similarity, the barrier for 

coordination is larger for diadducted DNA in the BB conformation (~ 13 kJ/mol, Figure 

G.8, Appendix G) compared to the monoadducted DNA systems (~ 8 kJ/mol). Notably, the 

higher energy barrier and less stable coordinated complex of Rad4 to diadducted DNA 

compared to monoadducted DNA aligns the experimental data the diadducted DNA is more 

repair resistant than the monoadducted DNA systems.21 

The global minimum during the formation of the helical cavity for diadducted DNA 

is similar to the monoadducted systems, matching the canonical hydrogen bonding of the 

GC base pair 5ʹ to the recognized adduct (Figure G.7, Appendix G). As with monoadducted 

DNA, the base pair opening process is the rate limiting step for the binding of diadducted 

DNA by Rad4 and thereby corresponds to the transition state of the Rad4 recognition 

process (Figures 8.1, G.7, Appendix G). Despite the formation of the helical cavity for 

diadducted DNA by Rad4 having a larger barrier for diadducted DNA in the BB 

conformation (26.0 kJ/mol) than either monoadducted system (≤ 21.6 kJ/mol), the energy 

required is still significantly lower than the energy associated with G:C base pairs. 

Interestingly, the higher energetic cost of base opening for the BB conformation of DNA 

containing two local lesions may be due to steric interactions in the major groove between 

the adduct at the bound site (G3) and the bulky group of the nearby lesion (G2, Figure 8.3). 

Nevertheless, the binding of the G3 site was considered in the present study, whereas the 

recognition of the G2 site may have a lower barrier due to the 3′ orientation of the bulky 
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group in the B conformation. Experimental evidence shows that the neighboring G1G2 

diadducted system is more efficiently repaired than other AAFdG diadducted sequence 

contexts (e.g. the G2G3 sequence modeled), which may arise due to the BDH3 insertion 

occurring at the diadducted site, such that the bases pairing both lesions are flipped into the 

protein binding pocket (similar to CPD).10 Furthermore, if the G1 site and the 5′ flanking 

base pair are flipped during Rad4 binding for the G1G2 or G1G3 sequences, the presence of 

the 3′ adduct would likely have minimal impact due to the 3′ directionality of the bulky 

group in the major groove. Overall, comparison to the barriers for damaged DNA suggests 

that the presence of a bulky moiety has a significant impact on Rad4 binding, regardless of 

the helical location of the bulky group (i.e., the major groove or interhelical space) or 

number of lesions (i.e., monoadducted or diadducted DNA). 

As the differing conformation of monoadducted DNA had significant changes to 

the energetics of the insertion of the BHD3 domain (Stage 4) into the helical cavity, 

diadducted DNA also differs in the stability provided (Figure 8.5, Table 8.1). Notably, the 

leading edge of Rad4’s BHD3 is similarly distanced with respect to the center of the helical 

cavity for diadducted DNA compared to the monoadducted systems (~ 7 Å, Figures G.5-

G.7, Appendix G). Compared to monoadducted DNA, the BB diadducted DNA helix gains 

the most stability during BHD3 insertion (total of –32.0 kJ/mol). Consequently, the G2G3 

diadducted system has the most stable final bound state (–6.0 kJ/mol), being the only 

damaged system considered with a more stable bound than prebound state. This result is 

particularly interesting as it suggests that the larger the base flipping barrier (Stage 3) for 

AAFdG containing DNA, the greater the stability gained during the final insertion step (Stage 

4) and the more stable the productive bound complex. Notably, the reasonable energetics 
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associated with the binding of Rad4 to AAFdG diadducted and monoadducted DNA further 

agrees with Rad4 implementing a correlated motion mechanism as previously preposed.10, 

11, 16, 17 Interestingly, the binding of BB diadducted DNA by Rad4 is more 

thermodynamically favourable than monoadducted DNA but less kinetically favourable. 

Considering the known higher repair resistance of the AAFdG diadducted helix, this provides 

further evidence that the rate recognition for lesions is kinetically and not 

thermodynamically determined, aligning with the proposed kinetic gating mechanism.21 

8.3.3 Rad4 Binding to Undamaged DNA is Energetically Feasible During the 

Coordination of the BHDs and the Base Flipping Residues but Overall is 

Thermodynamically and Kinetically Unfavourable, Which Provides Further 

Evidence of a Kinetic Gating Mechanism 

In order to gain a better understanding of the NER recognition process, the binding 

of Rad4 to undamaged DNA was modelled. The isolated undamaged DNA duplex 

maintains the helical features expected for canonical B-DNA. As with the adducted system, 

the initial coordination of the BHDs to unmodified DNA (Stage 1) does not have any 

significant barriers (Figure G.8, Appendix G), with the resulting initially probed complex 

scaled for simpler comparisons with the sequential binding stages.  

The energy associated with coordination of the base flipping residues (Stage 2) for 

undamaged DNA (2.1 kJ/mol, Figure G.8, Appendix G) is comparable to the damaged 

DNA systems, being larger than the monoadducted DNA complexes but less than the 

diadducted DNA system. The barrier along the coordination pathway for undamaged DNA 

(~ 7 kJ/mol) is also more similar to monoadducted DNA (~ 8 kJ/mol) than diadducted DNA 
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(~ 13 kJ/mol). Interestingly, this suggests that unmodified DNA could readily have initial 

association to Rad4 prior to the formation of a bound complex.   

The undamaged system is unique in that two US stages were required to form the 

helical cavity (Stage 3 and Stage 3b, Figure G.8, Table G.4, Appendix G), whereas the 

damaged DNA systems only required a single base flipping step. Furthermore, undamaged 

DNA results in a notably higher barrier for the base flipping (42.4 kJ/mol) than any of the 

AAFdG adducted DNA systems. Nevertheless, the cost of Rad4 binding to unmodified DNA 

is not excessively large, especially compared to the stability of the WC hydrogen bonds 

that are broken upon base flipping.59 This aligns with the experimentally-observed Rad4–

DNA bound complexes when the protein is confined to a short segment of undamaged 

DNA (e.g., when the TGD of Rad4 is covalently tethered to the DNA).6, 18 Despite these 

differences, the Stage 3 PMF of undamaged DNA has a similar minimum location and 

overall shape as the adducted DNA. 

Unlike AAFdG adducted DNA, natural DNA results in a final bound product in 

which the BHD3 is inserted further into the duplex (~ 4 Å, Figure G.8, Appendix G). 

Consequently, the Rad4 binding to an unmodified duplex is only slightly stabilized upon 

BHD3 insertion (–1.8 kJ/mol, Figure 8.1, Table 8.1), which results in the final complex 

being 40.7 kJ/mol higher in energy than the initial coordination state (Stage 1). The higher 

barrier associated with Stage 3 for unmodified DNA coupled with the less stable 

productively bound complex aligns with the experimental evidence that Rad4 generally 

does not form productively bound complexes with canonical DNA, being both kinetically 

and thermodynamically unfavourable.3 
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Notably, although this barrier for Rad4 binding to undamaged DNA (42.4 kJ/mol) 

is higher than the AAFdG adducted DNA systems studied her (<26.0 kJ/mol) , as well as the 

previously investigated CPD-containing DNA (17.6 kJ/mol)10, cis-B[a]P-dG adducted 

DNA (21.3 kJ/mol)11 and CCC/CCC mismatched DNA (21.5 kJ/mol){Panigrahi, 2020 

#17} systems, it is  lower than some mismatched sequences previously studied (i.e., that of 

TAT/TAT at 64.9 kJ/mol and TTT/TTT at 51.0).{Panigrahi, 2020 #17} This is interesting 

as the binding for our undamaged DNA is more energetically accessible than the medium 

and low specificity TTT/TTT and TAT/TAT mismatches, respectively, suggesting that this 

barrier is not too high for Rad4 to bind in select situations. Despite this, the bound state of 

undamaged DNA is not as stable as the damaged DNA systems, which may partially 

account for the lack of binding as the energy of Rad4-DNA dissociation at the insertion site 

is minimal.  

Overall, the energies along the binding pathway of Rad4 to undamaged, 

monoadducted and diadducted DNA correlate with the known NER efficiencies of AAFdG 

adducted DNA. Specifically, unmodified DNA is predicted to have the highest energetic 

barriers for Rad4 binding and Rad4 has been shown to not bind or cleave undamaged 

DNA.3  AAFdG adducted DNA containing one lesion results in a lower barrier regardless of 

lesion site conformation than diadducted DNA, which correlates with the reported greater 

NER efficiency of the G1 site compared to G2G3.21  

Additionally, the umbrella sampling data supports the previously proposed kinetic 

gating mechanism.3, 6, 10, 11 Specifically, it has been postulated that undamaged DNA does 

not bind to Rad4 due to the unfavorable kinetics, which suggests that that Rad4 binding to 

undamaged DNA will being slower than the Rad4 diffusion along the DNA duplex. The 
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fact that the trend in the barriers rather than the stability of the bound complexes matches 

the reported NER efficiencies21 supports a kinetically, not thermodynamically, driven 

binding. The reasonable predicted energy barriers for Rad4 binding to AAFdG adducted 

DNA (16 – 26 kJ/mol) that are significantly smaller than that of undamaged DNA provide 

further evidence of a kinetic gating mechanism. The exact energy requirement for the 

binding of NER recognition proteins is likely dependent on the lesion site sequence context, 

especially the 5′ pair flanking the lesion that is broken during BHD insertion, with the 

strength of stacking and hydrogen bonding at the insertion site likely contributing to the 

binding barrier height. This suggests that A:T rich sequences may have lower barriers than 

the currently studied G:C sequence, due to the weaker hydrogen bonding and stacking 

interactions, and therefore the impact of the identity of the 5′ base with respect to the 

damage that is also displaced during binding on the binding efficiency would be interesting 

to consider in future work. Indeed, sequence effects have been previously reported, with 

undamaged DNA in the CCC/GGG sequence being easier to open than CGC/GCG 

sequence.18  

8.3.4 Unlike Other Lesions, Neither Helical Distortions nor BHD2 Interactions in the 

Prebound Rad4–DNA Complex are Sufficient Indicators of NER Efficiency for 

AAFdG Adducted DNA 

Although modelling the Rad4 damage recognition binding mechanism can provide 

valuable insight into the NER efficiency for DNA systems, this is a complex modeling 

problem requiring extensive computational resources. Alternatively, previous work 

computational work has suggested that select features of the prebound (probing) Rad4–

DNA complex (i.e., helical untwisting at binding site, extent of BHD2 interactions in the 
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minor groove and helical bending) can be indicators of relative repair efficiency without 

utilizing advanced sampling methods.8, 12 Thus, to compare the structural features of the 

Rad4 probing complex, 1 μs MD simulations were performed in quintuplicate on the Rad4–

DNA complex formed following the initial DNA probing by the BHDs (Stage 1 of US, 

Figure 8.4) for each of the three damaged DNA and the undamaged DNA complexes.  

For each system, the degree of helical untwisting in the bound DNA was determined 

since a large twist in DNA after the initial binding has been previously suggested to be an 

indicator of enhanced NER efficiency.11, 12 The helical untwisting was determined as the 

difference in the twist of the Rad4-bound DNA and the unbound canonical DNA (in the 

same sequence), as measured over the 6-mer duplex segment around the lesion site, which 

includes the two flanking base pairs on either side of the two bound bases that will be 

flipped (Figure G.11, Appendix G). For monoadducted DNA, the S conformation (28.2 ±  

 

 

Figure 8.6: Average (and standard error) for the DNA structural properties and Rad4–

DNA interactions (AlphaSpace volume) of the prebound state from quintuplicate 1 μs 

MD simulations after the initial coordination (Stage 1), and the NER repair efficiencies of 

the adducted duplexes. Specifically, the helical untwist, helical bending and the BHD2-

minor groove interaction (AlphaSpace) volume are reported along with the relative NER 

efficiency for the adducted site(s) from reference (from 21). 
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1.6°) undergoes more unwinding than the B conformation (15.4 ± 2.1°), which matches the 

lower energetic barrier for the binding of the S than B conformation (Figure 8.6, Table G.6, 

Appendix G). This finding aligns with the increased helical distortion of the S conformer 

in the absence of Rad4 noted previously for N-linked adducts (e.g., ANdG, ANPdG, ABPdG, 

and APdG).52 This also supports previous computational work on the initially bound Rad4–

DNA complexes that determined that other bulky adducted DNA systems have helical 

untwisting up to 60° depending on the damage, with all systems that are excised having 

untwisting > 10°.11 Despite the previously reported range in helical untwisting, only the 

14R-DB[a,l]P-dG containing DNA is untwisted more than 40°, with most damaged helices 

(e.g., cis-B[a]P-dG:dC, cis-B[a]P-dG:dT, trans-B[a]P-dG:dC and PhIP-C8-dG:dC) being 

untwisted by approximately 20° ± 10°. Consequently, AAFdG damaged DNA has similar 

degrees of helical untwisting when bound to Rad4 as other bulky DNA adducts, including 

another N-linked C8-dG lesion (PhIP-C8-dG).11  

Comparatively, the unmodified DNA has the smallest change in the helical twist 

(6.4 ± 2.2°) compared to isolated canonical DNA (Figure 8.6, Table G.6, Appendix G), 

which aligns with the fact that Rad4 binding to undamaged DNA has the highest barrier 

among the systems considered. The low amount of untwisting for undamaged DNA (6.4°) 

also aligns with the untwist values for adducted systems that are not repaired by the NER 

pathway (i.e., 14R-DB[a,l]P-dA:dT, (+) cis-B[a]P-dG:del and (+) cis-B[a]P-dG:dA).11 The 

pre-bound complexes for diadducted DNA results in the greatest untwisting (34.3 ± 1.2°) 

despite diadducted DNA having the lowest human NER efficiency and largest Rad4 

binding barrier among the adducted systems. This highlights some of the complexity in 

understanding the NER efficiencies of adducted DNA that although helical untwisting may 
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indicate the repair propensity for some systems, the method does work for diadducted DNA 

complex.  

Interestingly, the degree of helical untwisting upon initial association of Rad4 

correlates with the amount of helical bending at the BHD2 and BHD3 probed site (Figure 

8.6, Table G.6, Appendix G), supporting the correlation between these helical untwist and 

bend previously seen for 6-4PP.19 Indeed, undamaged DNA is the least bent (20.6 ± 0.8°) 

followed by monoadducted DNA, with AAFdG adducted DNA in the B conformation being 

less bent (29.7 ± 2.8°) than in the S conformation (33.8 ± 2.3°). Finally, diadducted DNA 

is the more bent around the damaged sites (45.6 ± 1.7°). Thus, although the degree of helical 

untwisting and helical bending for the prebound (Stage 1) Rad4–DNA complexes correlates 

with the reported NER binding and efficiency for monoadducted and unmodified DNA, the 

diadducted model showcases that these indicators are not universal and cannot be applied 

to all systems. 

In addition to helical untwisting, the degree of interaction between the BHD2 

domain and the DNA minor groove after the initial association of Rad4 to damaged DNA 

has also been suggested to be positively correlated to the repair efficiency.12 As done 

previously, the interaction pocket (alpha space) volume was used to reflect the surface area 

and curvature of the minor groove region that is occupied by the BHD2 in order to quantify 

the extent of the BHD2–DNA interactions.12 Interestingly, the level of interaction between 

BHD2 with the DNA minor groove is similar for the B conformation of monoadducted 

DNA and the BB conformation of diadducted DNA (Figure 8.6, Table G.6, Appendix G). 

These complexes have the smallest average volumes (214 Å3 and 195 Å3, respectively). In 

comparison, the natural DNA complex shows a greater interaction volume (266 Å3), while 
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the S conformer of monoadducted DNA has the largest interaction space (299 Å3). Notably, 

the largest BHD2–minor groove interaction volume exists for monoadducted DNA in the 

S conformation, which is the only system considered in the present work that modifies 

canonical DNA in the minor groove. Nevertheless, despite the S conformation having the 

largest interaction and the greatest repair propensity, the extent of BHD2 interactions is not 

a suitable indicator of NER efficiency for all helical systems.  

Overall, despite the larger AS volume, the small helical distortions (helical bend and twist) 

for undamaged DNA could potentially increase the barrier for Rad4 binding, resulting in 

the lack of Rad4 binding to canonical DNA. Nevertheless, the BHD2–DNA interaction 

pocket volume may not be the best metric for the NER efficiency of major groove lesions 

as the unmodified system has a larger AS volume than monoadducted DNA in the B 

conformation. Thus, neither helical distortions nor the BHD2 interaction volume for the 

initially bound complexes appears to be a clear indicator for the overall experimental 

human NER efficiency12 or computationally predicted Rad4 recognition propensity. 

Notably, previous work8, 12 that indicated both factors may play a role in predicting NER 

efficiencies examined damaged DNA containing the bulky group in the minor groove or 

interhelical space, both of which modify the minor groove at the lesion site. Therefore, 

BHD2 interactions in the minor groove of the duplex may require a change in the minor 

groove interfaces to reflect the lesion repairability in human cells. Consequently, the 

changes in the helical structure upon Rad4 binding may be a more universal indicator for 

NER efficiency for monoadducted DNA, although this trend cannot be applied to all 

adducted systems as it does not hold for diadducted systems. In summary, although the 

helical distortions and BHD2 interactions may provide some insight into the potential 
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repairability of damaged DNA, there is no clear single factor that universally correlates 

with the NER efficiency. Therefore, modelling of the base-flipping mechanism or 

potentially a final Rad4–DNA bound state, may be required to accurately predict NER 

efficiency for damaged DNA complexes. 

8.3.5 Helical Bending at the Damaged Site in the Productively Bound Rad4–DNA 

Complex is Correlated with Calculated Barriers and Complex Stabilities 

MD simulations on the bound DNA complexes generated upon BHD3 insertion 

(Stage 4) reveal that the helical untwisting upon Rad4 binding (ranging between 28° and 

44°, Figure 8.7, Table G.6, Appendix G) to monoadducted DNA depends on the helical 

conformation, with the B conformation being the least untwisted damaged duplex for the 

initially bound state (15.4 ± 2.1°, Figure 8.7, Table G.6, Appendix G), but the most  

 

 

Figure 8.7: Average and standard error for the DNA structural properties and Rad4–DNA 

interactions (Alphaspace volume) of the bound state from quintuplicate 1 μs MD 

simulations after the insertion of the BHD3 into the interhelical space (Stage 4), and the 

NER repair efficiencies of the adducted duplexes. Specifically, the helical untwist, helical 

bending and the BHD2-minor groove interaction (AlphaSpace) volume are reported along 

with the relative NER efficiency for the adducted site(s) (from 21). 
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untwisted duplex following BHD3 insertion (44.0 ± 1.1°). Monoadducted DNA in the S 

conformation has similar helical twist values after initial Rad4 association (28.2 ± 1.6°) and 

in the productive bound state (28.7 ± 1.5°), suggesting that the BHD3 insertion did not 

significantly change the helical untwisting for AAFdG-containing intercalated DNA. Despite 

diadducted DNA having the greatest helical untwisting after coordination of the BHDs 

(34.3 ± 1.2°), the helical untwist is similar for the productively bound complex involving 

diadducted DNA (29.4 ± 2.0°). Notably, the degree of helical untwisting for the 

productively bound complexes of monoadducted DNA in the S conformation and 

diadducted DNA are within 2° (Figure 8.7, Table G.6, Appendix G). Overall, despite some 

changes to the helical twist occuring during Rad4 binding, there does not appear to be a 

clear trend between the helical untwisting of the bound Rad4–DNA complex and the 

stability of the productive bound complex or the overall binding barrier (Figure 8.5). 

In contrast to the bending of the prebound Rad4–DNA complexes, the helical bend 

for the bound complexes follows the same trend as the binding barrier. Indeed, diadducted 

DNA has the largest barrier (26.0 kJ/mol, Figure 8.5) and the greatest helical bend (69.6 ± 

3.3°, Figure 8.7, Table G.6, Appendix G). Comparatively, monoadducted DNA in the S 

conformation has the smallest Rad4 binding barrier (16.3 kJ/mol) and is the least bent 

damaged system in the productively bound complexes (31.9 ± 1.7°). Lastly, monoadducted 

DNA in the B conformation has an intermediate barrier (21.6 kJ/mol) and helical bend 

(43.7 ± 1.6°). Thus, the larger binding barrier could be due at least in part to the energetic 

cost associated with the greater helical bending. Furthermore, a larger helical bend at the 

lesion site could also result in a greater stability gain from BHD3 insertion and the 

corresponding stability of the opened Rad4–DNA system (Figures 8.5, 8.7). Thus, the 
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helical bending of the bound site appears to be correlated with both the recognition barrier 

height, the final bound complex stability as well as the overall NER efficiency.21 

As expected, the interacting volume is significantly larger (≥ 40 Å3) for the three 

adducted DNA systems in the productive bound complex than for the same systems after 

the initial coordination of the BHDs (Figure 8.7, Table G.6, Appendix G). The BHD2 alpha 

space volume for both the B (362 Å3) and S (359 Å3) conformations of monoadducted DNA 

are remarkably similar considering the larger (85 Å3) difference in the interaction pocket 

volume for the prebound complex. Although there are some differences in the helical 

distortions for the two AAFdG monoadducted DNA systems, the similar AS volumes 

indicate the initial conformation of the duplex may have minimal effect on the interactions 

between the bound Rad4 and the damaged DNA. Interestingly, as discussed for the initially 

bound complex, the diadducted DNA–Rad4 complex has a significantly lower alpha space 

volume (234 Å3) than either of the monoadducted DNA–Rad4 complexes, which may 

account for the experimentally observed poor NER efficiency.21  

Although modelling Rad4–DNA bound structures is more computationally 

challenging than the prebound state, the monoadducted and diadducted complexes provide 

insight into the binding process. Overall, despite the degree of helical untwisting in the 

bound Rad4–DNA complexes having no clear correlation with the binding barrier strength 

or bound complex stability, there is positive correlation between the change in the helical 

bending around the lesion site upon BHD3 insertion and the stability of the resulting bound 

complexes. Moreover, the extent of helical bending is related to the energetic cost for Rad4 

binding, with the more bend systems having a larger barrier and lower experimental NER 

efficiency. Interestingly, the previous work on cis-B[a]P-dG adducted DNA supports the 
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bending being a useful indicator of Rad4 binding barriers.11 Specifically, cis-B[a]P-dG 

adducted DNA in a productive binding state has a bend angle of cis-B[a]P-dG (45°) and a 

barrier of 21.3 kJ/mol),11 which is remarkably similar to the helical bending and Rad4 

barrier values of Rad4 binding to AAFdG monoadducted DNA in the B conformation of 44° 

and 21.6 kJ/mol, respectively.  Lastly, the minor groove interaction volume for the ‘opened’ 

bound complexes do not show consistent trends with the predicted barriers, with the 

monoadducted DNA systems having similar levels of interaction and the diadducted DNA 

system being notably smaller. Thus, unlike the helical twist and BHD2-minor groove 

interaction volume, it appears that the helical bending is correlated with the barrier of the 

bound Rad4–DNA systems.  

8.4 Conclusions  

By examining the Rad4 binding process to monoadducted DNA in the B and S 

conformations, diadducted DNA and undamaged DNA, this work has highlighted that there 

are differences in the energetics with different systems being kinetically and 

thermodynamically favoured (Figure 8.5). Notably, the thermodynamically preferred 

Rad4-diadducted DNA complex is experimentally shown to be the most repair resistant21 

providing evidence that the NER recognition is determined kinetically, with the stability of 

the rate-limiting base-flipping step indicating the lesion repairability. Interestingly, the S 

conformation has the smallest barrier (16.3 kJ/mol) followed by the B conformation (21.6 

kJ/mol), suggesting that DNA in the S conformation will be more efficiently recognized 

and repaired then in the B conformation. The lower barrier of the S conformation could be 

partly accounted for by the different interactions with the PHE “flipping path” and Arg494 

(Figure G.10, Appendix G), which have been previously shown to be key residues in 
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stabilizing the flipped nucleobases.10, 16 Compared to the monoadducted duplexes, the 

diadducted DNA system in the BB conformation (26.0 kJ/mol) is less readily bound by 

Rad4. Finally, despite the binding of canonical DNA by Rad4 being energetically feasible 

(barrier of 42.4 kJ/mol), it is neither kinetically nor thermodynamically favoured, which 

supports the experimental evidence that Rad4 does not form productively bound complexes 

with undamaged DNA.3 In summary, the predicted Rad4–DNA binding barriers align with 

the experientially determined NER efficiencies, 3, 21  which could account for the 10-fold 

difference in repair efficiency for the better repaired G1 monoadducted helix compared to 

G2G3 cluster lesion system. Overall, the predicted energy required for DNA opening by 

Rad4 is dependent on the conformation of the AAFdG damaged DNA (B versus S) and the 

number of local lesions (monoadducted DNA versus diadducted DNA).  

The high barrier Rad4 binding to undamaged DNA supports the proposed kinetic 

gating mechanism, in which damage detection by Rad4/XPC at a given DNA site is 

determined based on a competition between the residence time of the protein at that site 

and the time required for Rad4/XPC to form a productive bound complex.3, 6, 10, 11 as Rad4 

diffusion along the DNA should preferentially occur instead of DNA binding.  Notably, 

this barrier is still significantly lower than the stability of canonical WC bonding of a single 

base pair,59 showcasing the impressive ability of Rad4 to make the base opening feasible 

when the protein is artificially confined to the local DNA.6 In fact, the experimentally-

reported repair resistance of diadducted DNA compared to monoadducted DNA22 also 

indicates that the recognition process is kinetically rather than thermodynamically driven, 

as it is the trend in productive complex formation barriers that align with the NER 

repairability and not the stability of the bound complex. Overall, the Rad4 binding barrier 
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size increasing from monoadducted DNA to diadducted DNA and then to unmodified 

DNA, matching the repairability trends of these systems,3, 21, 22 further emphasizes the link 

between lesion recognition kinetics and overall NER efficiency.  

NMR work on FAAFdG indicates that the diadducted systems have complex 

conformational heterogeneities, with multiple conformations being potentially stabilized at 

each damage site.20 Therefore, since the monoadducted system indicates that changing the 

helical conformation results in differing energetic barriers, more in-depth investigations 

should be done to understand the conformational effects on the NER recognition for 

diadducted DNA beyond the BB considered in this work (i.e., BS, SB or SS). Other possible 

avenues for future work could investigate the impact of different sequence contexts on the 

recognition of DNA lesions, as the surrounding bases at the lesion site are known to 

significantly impact the conformational heterogeneity.20, 22, 24, 28, 40, 41 Beyond the changes 

in the preferred conformations, future work may also investigate the consequences of 

changing the identify of the second base pair that is disrupted during the DNA opening 

process (i.e., the pair 5′ to the adducted base). 

In addition to modelling the Rad4 recognition process, long (1 μs) simulations on 

the prebound (Stage 1) and bound (Stage4) Rad4–DNA complexes were simulated to better 

understand the impact of number of lesions (undamaged, monoadducted or diadducted) and 

helical conformation on Rad4 binding and NER efficiency. Notably, previous work on 

Rad4–adducted DNA prebound complexes, with the DNA duplexes in minor groove or 

intercalated conformations, suggested that the BHD2 interaction pocket (AlphaSpace) 

volume in the minor groove and the helical untwist and bending at the lesion sites could be 

used as a metric for determining NER efficiency.12 Although the extent of helical 
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distortions (untwisting and bending) was positively correlated with the determined binding 

barriers for undamaged and monoadducted DNA, the trend did not extend to the diadducted 

complex. Furthermore, despite the AAFdG adducted DNA in the S conformation being the 

most kinetically favoured to form a productive bound state and having largest BHD2 

interaction (AlphaSpace) volume, the volume of remaining three systems do not align with 

the calculated Rad4 binding barriers. This suggests that neither the helical distortions nor 

the extent of BHD2 interactions universal indicators for NER efficiency and care must be 

taken when predicting the overall NER efficiency using these factors.  

As with the prebound state, after Rad4 binding the BHD2 minor groove interaction 

pocket volume does not reflect the calculated binding barriers, with the monoadducted 

systems having similar values and the diadducted system being significantly lower. Unlike 

for the prebound system, the helical untwisting for the bound complex does not reflect the 

repair susceptibility with the monoadducted DNA in the S conformation and diadducted 

DNA in the BB conformation having similar twists. Interestingly, the extent of helical bend 

appears to be related to both the stability of the bound complex (positive correlation) and 

the calculated barrier (negative correlation). Thus, despite the challenges involved in the 

modelling of bound Rad4-DNA complexes, determining the lesion site helical bending may 

be a potential indicator of NER efficiency. Overall, this work highlights that the number of 

lesions and the exact helical conformation at the damage site have a complex relationship 

with the Rad4 binding process, and general NER efficiencies.  
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Chapter 9: Conclusionsa 

9.1 Thesis Overview 

 How the chemical composition of DNA nucleobase adducts determines the 

conformational heterogeneity of the damaged helix, and the resulting toxicology, has been 

previously studied in literature.1-13 Notably, in conjunction with previous studies,2, 8, 14-18 

this thesis demonstrates the value of computational techniques, including MD simulations 

and DFT calculations, in understanding the structure of damaged DNA, and how DNA 

repair proteins interact with adducted DNA. By modelling over 25 distinct lesions in more 

than 130 unique damaged helices, the work presented in this thesis strengthens past 

observations19 on how the size of the bulky group impacts the conformational heterogeneity 

of the DNA, while unveiling novel trends in how the bulky group shape, nucleobase–aryl 

moiety linker type, location of functional groups on the aryl moiety, number of lesions and 

lesion separation of diadducted DNA determines the structure of adducted DNA. 

Additionally, this thesis highlights the impact of helical conformation and number of 

lesions on the NER recognition process of the model AAFdG bulky DNA adduct. Overall, 

this thesis contributes to the understanding on how the chemical composition of the DNA 

adduct effects the structure and biological consequences of damaged DNA.  

 Chapter 2 used a multiscale modelling approach to examine a systematic set of 

seven N-linked C8-dG DNA adducts that vary in bulky moiety shape and size from one 

(ANdG) to four (APdG) aryl rings. Specifically, DFT nucleobase and nucleoside models were 

used to probe the nucleobase–carcinogen and nucleobase–sugar linkages. Notably, this 

showed that the shape of the bulky group (i.e., the presence/absence of an α-fused ring) has 
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a significant effect on the preferred conformation of the nucleobase–carcinogen linker. For 

all seven lesions, MD simulations of the fully paired adducted duplexes in the major groove 

(B), intercalated stacked (S) and wedge (W) conformations were generated. This work 

highlighted that the W conformation is generally unfavourable, and that the exact B:S 

(anti:syn) conformational ratio is dependent on the specific adduct, with the smallest ANdG 

adduct having the greatest propensity for the B conformation, the largest APdG adduct 

having the greatest propensity for the S conformation, and the remaining five lesions falling 

between the two extremes. Overall, in addition to strengthening previously suggested trends 

in how the bulky group size impacts conformational heterogeneity,19 this work was the first 

to consider the impact of bulky group shape to the growing list of factors that determine 

the conformation of adducted DNA. Beyond providing insights to better predict the 

potential toxicity of novel bulky DNA adducts, this understanding of the factors that 

determine mutagenicity can be used to design more efficient anticancer drugs with more 

cellular resistance than the current generation treatments possess.38, 39 

 In order to understand the extreme mutagenic differences experimentally observed 

for two N-linked (para- or ortho-substituted) cyano-aniline adducts arising from 

components found in azo dyes,20 DFT calculations and MD simulations were implemented. 

The ortho-substituted cyano-aniline adduct is unique as it was suggested to undergo a 

cyclization reaction to form a fused tetracyclic C8,N7-dG adduct.20 Thus, the cyclized 

ortho-lesion was shown to have greater stacking potential in both the fully paired and 

deletion (SMI) duplexes than the noncyclic para-cyano aniline adduct. Consequently, the 

cyclic variant is predicted to stabilize a promutagenic syn glycosylic orientation in 

nucleosides, fully paired duplexes and deletion duplexes, whereas the linear para-isomer 
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stabilizes the nonmutagenic anti orientation. In summary, this work highlights how the 

addition of a functional group to the bulky moiety can significantly impact the preferred 

helical structure and the resulting mutagenicity of C8-dG adducts through a novel 

cyclization reaction.20  

 Chapter 4 further probes the factors that determine the helical conformation of 

adducted DNA by considering 14 unique DNA adducts. Specifically, the computational 

methodology developed in Chapter 2 was applied to C-linked and O-linked derivatives of 

the seven model N-linked C8-dG adducts previously studied, with the goal of 

understanding how the nucleobase–aryl moiety linker type effects the conformational 

preference of the adducted DNA. Furthermore, this selection of lesions allows us to further 

consider the impact of bulky aryl moiety shape and size on the conformational 

heterogeneity. Within the DFT nucleobase and nucleoside models, the linker type as well 

as the previously noted aryl moiety shape was shown to impact the preferred orientation of 

the aryl group with respect to the nucleobase, with the C-linked lesions being less flexible 

and the O-linked versions stabilizing fewer minima than the N-linked variants. Notably, 

structural differences are also seen for the helical models, which have a change in the 

conformational heterogeneity depending on the linker type, such that the N-linked and O-

linked lesions have a greater syn preference than the C-linked adducts. Overall, out of the 

B, S and W conformations considered in the study, only the B and S conformations were 

suggested to be stabilized for any given lesion, with the W conformation generally being 

unfavoured. Despite this, a greater W preference for the O-linked adducts can arise due to 

a lack of bonding donor on the linking atom. This aligns with previous work on the N-

linked AAFdG adduct, which has an acetyl group on the linking atom and often stabilizes 
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the W conformation.6, 21 When coupled with Chapter 2, the results from this chapter 

highlight that the aryl moiety shape has minimal impact on the adopted helical 

conformation of adducted DNA, and thus the resulting biological outcomes, compared to 

the aryl moiety size and type of nucleobase–aryl group linker. Overall, this work used an 

incremental series of 21 model adducts to perform the first systematic investigation of 

linker type to date. This information could be applied in future studies to probe the 

interactions between adducted DNA and DNA-interacting proteins by choosing adducts, or 

rationally design new lesions, that induce a desired conformational heterogeneity in DNA.  

 Chapter 5 examines two F-labelled C-linked C8-dG adducts, namely FPhdG and 

FBPdG, using both 19F-NMR and MD simulations. These lesions highlight the effect of aryl 

group size on the preferred DNA helical conformations by revealing a large shift from an 

anti (B) orientation (94% for FPhdG) to a syn (I) orientation (80% for FBPdG) upon the 

substitution of a phenyl ring in the para position. In fact, for both the fully paired and SMI 

deletion complexes, the biphenyl FBPdG adduct has a significantly greater syn preference 

than the single-ringed FPhdG. Through comparisons to previous literature, this work also 

further highlights how the linkage type can impact the conformational heterogeneity. 

Specifically, the N-linked biphenyl equivalent (ABPdG) has an anti:syn ratio of 67:336 

compared to the determined 20:80 ratio for FBPdG in a similar sequence context. 

Consequently, this study exemplifies the significance of both aryl moiety size and 

nucleobase–aryl linkage type on determining the structural preferences and biological 

outcomes of damaged DNA.  

 Despite the amount of work done previously,2, 4, 6, 9, 10, 12, 13, 16, 18, 19, 21, 22 and in this 

thesis, to understand the helical structures of adducted DNA, the vast majority of this work 
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has exclusively studied DNA containing a single lesion (monoadducted DNA). Hence, 

Chapters 6 and 7 attempt to broaden our understanding of the impact of formation of DNA 

adducts by providing the first in-depth structural investigations into the helical 

conformational preferences of short sections of DNA containing two lesions (cluster 

adducts or diadducted DNA). Specifically, MD simulations were used to probe the 

structures of ANdG (Chapter 6), APdG (Chapter 6) or ABPdG (Chapter 7) monoadducted and 

diadducted DNA containing the damaged NarI recognition sequence (5′–G1G2CG3CC). 

These lesions were chosen as representative adducts that span the range of lesion size (one, 

two or four aryl rings), mutagenicity (nonmutagenic, probably carcinogenic and 

carcinogenic precursors) and induced adducted duplex conformations (predominantly B, 

heterogenetic mixture of B and S, and predominantly S). In these chapters, monoadducted 

DNA containing a ANdG, APdG or ABPdG adduct in the anti or syn orientations at the G1, G2 

or G3 site of the NarI sequence were modelled along with diadducted DNA containing two 

ANdG, APdG or ABPdG adducts at the G1 and G2, G1 and G3, or G2 and G3 sites in either the 

anti/anti, anti/syn, syn/anti or syn/syn orientations. Monoadducted DNA possessed 

conformational homogeneity for the single-ringed ANdG (the nonmutagenic B 

conformation) and the four-ringed APdG (the mutagenic S conformation). Comparatively, 

the ABPdG monoadducted systems were determined to have conformational heterogeneity, 

with the exact anti:syn ratio depending on the sequence context. For all adducts, upon 

addition of a second damage site, the preferred helical conformations shift, with the one-

nucleotide removed (G2G3) diadducts stabilizing the syn adduct orientations, whereas the 

neighboring (G1G2) sequence increases the stability of the anti orientation. Thus, the ANdG 

lesion could become more mutagenic in diadducted DNA due to the stabilization of the 

promutagenic syn orientation (G2
synG3

syn), whereas APdG may be less mutagenic due to anti 
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becoming stabilized in diadducted DNA (G1
antiG2

syn). In contrast, when the lesions are 

separated by two base pairs, the preferred conformations at both damage sites align with 

the corresponding monoadducted helices, suggesting that separation by even greater 

distances will not altered the monoadducted DNA conformations in the same sequence 

context. Consequently, this work uncovers the importance of lesion separation on resulting 

toxicity, with the separation distance increasing or decreasing the mutagenicity depending 

on the exact distance between the damage sites. Overall, these chapters add the number of 

lesions to the list of factors that are known to impact conformational preferences. 

Importantly, this work emphasizes the need for future studies in order to understand how 

diadducted DNA impacts the formation cancer and other diseases.  

 Chapter 8 examines the GG-NER recognition pathway for AAFdG adducted DNA 

using MD simulations in conjunction with advance umbrella sampling. The initial binding 

of the Rad4 recognition protein was modelled over four US stages for DNA duplexes 

containing the model AAFdG adduct in the B (monoadducted), S (monoadducted) or BB 

(diadducted) conformations, as well as undamaged DNA. The calculated energetic barrier 

for the rate determining step of the binding process matches those reported for DNA 

containing a different adduct (cis-B[a]P-dG)11 or a photodimer (CPD),23 and was found to 

be smallest for monoadducted DNA in the S conformation, followed by monoadducted 

DNA in the B conformation, and diadducted DNA in the BB conformation, and was the 

highest for canonical DNA. Notably, the barriers align with the known NER efficiency, 

with monoadducted DNA being more repair prone that diadducted DNA, and undamaged 

DNA generally not being bound by Rad4. Thus, this work provides unique insight into the 

“kinetic gating” mechanism24 that is critical for understanding the complex NER pathway. 
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Additionally, unrestrained MD simulations of the prebound and bound complexes 

suggested that the helical bending of the Rad4–DNA bound systems is the best indicator of 

NER efficiency compared to the helical twist or the pocket volume of protein–DNA minor 

groove interactions, which were previously suggested factors for other DNA lesions.8 

Importantly, this is the first work to model the recognition process for a major groove 

lesions, and the first to study the mechanism for diadducted DNA, highlighting that major 

groove lesions and diadducted DNA have different interactions with the recognition protein 

and, therefore, require different indicators for NER susceptibility than was previously 

suggested.8 Overall, this thesis successfully uses computational methods to fill voids in the 

literature by revealing novel trends in how the chemical composition of the adducted DNA 

impact the resulting helical conformations and the lesion repairability, as well as the 

potential mutagenic consequences.  

9.2 Future Work 

 The multiscale DFT and MD computational approaches developed and 

implemented in this thesis could be applied to other bulky DNA adducts to elucidate the 

most probable helical conformations and thereby gain insight into their potential mutagenic 

effects. As highlighted by Chapters 2 and 4 of this thesis, other model adducts can be 

systematically studied to better understand the impact of other lesion chemical features, 

such as the presence and location of heteroatoms on the overall helical structure and 

biological outcomes. Notably, Chapter 3 highlights the vast mutagenic differences from 

varying the location (ortho or para) of an aryl-substituted functional group. Furthermore, 

the unsubstituted phenol agent (i.e., precursor to OPhdG), is not classifiable as carcinogenic 

to humans (group 3), whereas the chlorine-substituted pentachlorophenyl agent, (i.e., 
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precursor to PCPdG), is carcinogenic to humans.25 Therefore, a potential project would be 

examining the systematic addition of chlorine atoms to OPhdG to determine how the number 

and location of chlorine atoms on the aryl moiety influence the helical conformation and 

resulting mutagenicity. Another structural factor that has been found to influence the 

mutagenic potential of DNA damage is the carcinogen–nucleobase binding site. This thesis 

focuses on DNA adducts formed at C8-dG, although some damaging agents (e.g., AAF and 

AP)18, 26 can also form adducts at different locations with potentially different levels of 

toxicity. For example, aristolochic acids can form adducts at both the N2-dG and N6-dA 

sites (Figure 9.1), with the A lesion being more mutagenic in cells than the G derivative.27 

Unfortunately, limited studies have systematically explored the effect on adduct structure 

(e.g., aryl group shape and size) on helical conformation and biological outcome for 

different carcinogen–nucleobase binding sites. Thus, future studies could expand our 

knowledge by systematically comparing lesions as done in Chapter 2 for DNA adducts 

formed at other sites, including N2-dG, N6-dA, N4-dC and O2-dT. Another helical feature 

that is well known to impact the conformational heterogeneity of adducted DNA is the  

  

 

Figure 9.1: Structures of the N6-dA (left) and N2-dG (right) adducts derived from 

aristolochic acids. The bulky group is shown in red. 
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sequence context of the damage site, with not only the flanking base pairs changing the 

conformational preferences, but also the next nearest base pairs.6 Perhaps unsurprisingly, 

certain sequences are more mutation prone than others.28, 29 Consequently, in-depth 

investigations of the sequence context effects on the conformational heterogeneity could 

provide valuable information into the mutation susceptibility of different genes.  

In addition to systematic studies to probe the effect of specific adduct features, other 

work could apply the computational methodology developed on identified DNA adducts in 

which the structure of the damaged duplex is not known. For example, lucidin, a mutagen 

found in the madder root that has been used in red dyes, forms adducts at the N2-dG and 

N6-dA sites, although the helical conformations of these lesions in currently not known.30 

Another compound used in dyes is o-toluidine, which is carcinogenic to humans (group 

1).31 Despite the toxicity of this agent, there are no studies investigating the helical structure 

of the N2-dG, N7-dG and C8-dG adducts formed by the o-toluidine precursor in cells.31 

Moreover, new potentially mutagenic lesions are being regularly identified, such as the 

recently detected N-6-HPB-dAdo lesion, which is formed from N′-nitrosonornicotine 

(NNN) in tobacco.32 Notably, such structural studies are useful in the classification of 

compounds as carcinogenic, allowing for stricter government regulations to limit human 

exposure.  

 Beyond examining isolated DNA models, computational methods have been used 

to understand the interactions between adducted DNA and replication,33-35 repair8, 11 or 

DNA folding proteins (i.e., histones).36, 37 Importantly, understanding how proteins 

replicate and repair damaged DNA could allow for the development of new anticancer 

drugs with increased potency, as current therapeutics suffer from drug resistance.38, 39 
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Although the interactions of adducted DNA with bypass polymerases have been studied for 

several DNA lesions,33-35 the factors that determine what TLS polymerases are responsible 

for the bypass and extension at any given adducted site are not well known and could be 

probed using computational methods, such as the MD techniques used in this thesis. 

Furthermore, insight into the conformational preferences of the adducted DNA duplexes 

modeled in this thesis would provide a valuable information on the relevant lesion 

orientations for future polymerase models. Interestingly, although RNA polymerases are 

also known to stall at adducted DNA sites,40-42 there are relatively few studies, such as 

Perlow et al.43, that examine how the structure of the adducted DNA impacts transcription 

outcomes, with most work focusing on DNA polymerases due to the longer term 

consequences of mutations. Thus, future work could be geared towards understanding how 

the chemical structure of the adduct, and the resulting damaged duplex, can impact protein 

synthesis.  

Beyond impacting the DNA replication and transcription, the structure of adducted 

DNA also determines the repairability of the lesion. Unfortunately, the NER recognition of 

monoadducted DNA in the GG-NER pathway is still poorly understood. Despite Chapter 

8 examining the Rad4 binding pathway of a major groove lesion for the first time, adducted 

DNA in the W conformation has yet to be considered. Despite W being a minor 

conformation for AAFdG adducted DNA in the sequence contexts that have been studied,44, 

45 uncovering the recognition pathway for damaged DNA in the W conformation is 

necessary to fully understand the repair of AAFdG adducted DNA in a given sequence 

context due to the induced conformational heterogeneity. Notably, since the AAFdG lesion 

is known to have varied NER efficiency depending on the lesion site sequence context (i.e., 



294 
 

the G1, G2 or G3 site of NarI) and the resulting differing conformational heterogeneities,7 it 

would be of interest to model the remaining sequences and helical conformations to gain a 

better understanding of the structural features that dictate the repairability of a given site. 

Specifically, by systematically comparing the NarI monoadducted AAFdG systems, the 

extent that the repairability of the damage can be attributed to the structural features unique 

to the specific sequence context (e.g., helical twist and the strength of stacking interactions 

at lesion site) rather than changes in the conformational preferences (i.e., B/S/W ratio) can 

be ascertained. Beyond the changes in the preferred conformations, future work may also 

investigate the consequences of changing the identity of the second base pair that is 

disrupted during the DNA opening process.  In addition to monoadducted DNA, NMR 

work on FAAFdG indicates that the diadducted systems have complex conformational 

heterogeneities, with multiple conformations being potentially stabilized at each damage 

site.30 Therefore, since the monoadducted system indicates that changing the helical 

conformation results in differing energetic barriers, more in-depth investigations should be 

done to understand the conformational effects on the NER recognition for diadducted DNA. 

Further evidence to support the conformational and sequence dependence on the repair 

efficiency gained from a comprehensive study of AAFdG recognition could be confirmed by 

considering the Rad4 binding pathway of similar bulky C8-dG lesions, such as AFdG or 

ABPdG. 

In addition to impacting the repair and replication of DNA adducts, the adduct 

structure and resulting helical conformation likely influence the properties of nucleosomes. 

Although the presence of a bulky DNA adduct can impact nucleosome folding of damaged 

DNA around the histone core,36, 37 relatively little is known about the impact of the helical 



295 
 

conformation and position of the adduct on the overall DNA folding within the nucleosome. 

Importantly, the presence of adducts can affect histone post-translational modifications,36, 

37 potentially modifying cellular functions (e.g., transcription and repair). Thus, 

determining adducted DNA–histone interactions could reveal unique insights into the 

associated biological outcomes. Notably, future work could use a systematic approach to 

consider how adduct structure, helical conformation and the position of the damage site 

with respect to the histone core particle impact the ability of DNA to tightly fold into 

chromatin, thus changing the cellular interactions with the DNA. 

 In addition to studying isolated damage events with a duplex, further work to 

understand cluster DNA adducts is required. At the simplest level, studies using the 

methodologies developed in Chapters 6 and 7 could be implemented to understand how 

DNA containing other adducts (e.g., AFdG) differ upon addition of a second damage site, 

thus strengthening the lesion separation effects uncovered in this work. Additionally, to 

date, only diadducted DNA containing two of the same adduct have been studied, whereas 

it is plausible that two different nucleobase adducts that arise from the same source could 

form in close proximity. For example, it would be of interest to consider how the presence 

of an N2-dG and a C8-dG AAF-derived adducts22 in close proximity impact the 

conformational preferences and resulting mutagenicity compared to the independent 

monoadducted DNA. Furthermore, more work should be done to understand how the 

presence of a second damage site impacts the TLS replication process. This is of specific 

interest as diadducted DNA may have the bulky group in different positions with respect 

to the helix (i.e., the major groove and interhelical space for the BS conformation of APdG 

diadducted DNA at the G1G2 sites in Chapter 6); however, TLS polymerases often have an 
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open pocket on one side of DNA,46 allowing for a bulky group to only be accommodated 

in a specific way at the active site. Lastly, for cluster lesions, it would be interesting to 

consider how the presence of a nearby common non-adduct damage site (e.g., 8OG or 

abasic sites) that are commonly present in DNA may impact the helical structure of the 

adducted DNA.  

 Finally, similar to DNA adducts being used as potential probes for specific DNA 

environments (e.g., SMI complexes in Chapter 5), DNA adducts could be incorporated into 

nonconventional nucleic acid systems. For example, DNA origami, which is a form of 

nanotechnology that involves using DNA molecules that self-assemble into specifically 

shaped nanoparticles, has become increasingly popular, having potential applications in 

various fields including cancer diagnosis and drug delivery.47, 48 Beyond the use of the 

canonical DNA nucleotides, modifications can be added to increase functionality of the 

new DNA shapes.49 By selectively incorporating DNA adducts into DNA origami, 

structural features including the local helical twist, bend and nonbonded interactions can 

be modified to the designers’ specifications by adjusting the chemical structure of the bulky 

moiety. Another increasingly popular, nonconventional use of DNA is the synthetic design 

of DNA aptamers.50 DNA aptamers are short oligomeric sections that are constructed to 

bind to a specific target with high affinity and selectivity. DNA modifications, including 

the addition of bulky DNA adducts, have been used to increase the specificity of DNA 

aptamers.51-55 Although adducts can be incorporated into aptamers to finely tune binding 

preferences, the inclusion of various systematic lesions, like the 21 model adducts studied 

in Chapters 2 and 4, can be done during the initial design process to better sample different 

combinations of modifications within the aptamer. Overall, although this thesis provides 
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novel insight into the structural factors that determine the conformations of adducted DNA, 

the resulting interactions with repair proteins, and the lesion mutagenicity, further work is 

needed to fully understand the complex interplay of factors that determine helical structure 

and biological outcomes of DNA adducts and their potential uses in synthetic nucleic acids 

systems.  

9.3 Final Remarks 

In conclusion, this thesis provides unique insight into the structural factors that 

determine the conformation of adducted DNA and thus the resulting biological 

consequences of this form of damage. This work reveals the significance of bulky group 

shape and size, the presence and position of functional groups on the aryl moiety, and the 

type of linkage connecting the aryl carcinogen to the nucleobase on the resulting helical 

structure. Furthermore, this thesis presents the first in-depth structural studies on 

diadducted DNA, revealing a previously unknown lesion separation effect for the 

mutagenicity of damaged duplexes. Moreover, the Rad4–DNA binding process of 

monoadducted and diadducted is probed, confirming the dependence of the NER efficiency 

on the helical conformation and number of lesions, providing novel insight into the “kinetic 

gating” recognition mechanism,24 and showcasing a novel structural feature (i.e., the extent 

of helical bending of the protein-bound DNA) that can be used as an indicator of overall  

NER recognition efficiency. The future research avenues outlined in this chapter would 

even further advance our understanding of how the chemical composition of the adduct 

allows for the determination of the helical structure and biological outcomes. Research that 

highlights the mutagenic pathway of DNA adducts could be used to establish government 

regulations for compounds in which the human carcinogenicity is not currently fully 
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documented. Additionally, understanding how cells tolerate damaged DNA could allow for 

the development of novel therapeutics that have greater efficacy due to a decrease in 

anticancer damage repair and replication bypass. Overall, this thesis underscores the 

complex interplay between adduct chemical structure, the induced DNA conformational 

heterogeneity, and the resulting DNA replication and repair outcomes.  
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Figure A.1. Contour plots of the B3LYP/6-31G(d) potential energy for the (A) ANG, (B) 
3APHNG, (C) 1ANPG and (D) 1APG nucleobase adducts with respect to θ and   (deg). The 

relative energy is represented by color; red represents the lowest energy regions, and each 

change in color in the surrounding regions represents an increase in the energy by 5 kJ 

mol−1.  
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Figure A.2. Select B3LYP/6-31G(d) and B3LYP-D3(BJ)/6-31G(d) (in parenthesis) 

dihedral angles (θ and , deg) for the fully optimized minima identified from the contour 

plots for the ANG nucleobase adduct. Zero-point vibrational energy corrected B3LYP-

D3(BJ)/6-311+G(2df,p) relative energies are provided in parentheses (kJ mol−1). 
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Figure A.3. Select B3LYP/6-31G(d) and B3LYP-D3(BJ)/6-31G(d) (in parenthesis) 

dihedral angles (θ and , deg) for the fully optimized minima identified from the contour 

plots for the 3APHNG nucleobase adduct. Zero-point vibrational energy corrected B3LYP-

D3(BJ)/6-311+G(2df,p) relative energies are provided in parentheses (kJ mol−1). 
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Figure A.4. Select B3LYP/6-31G(d) and B3LYP-D3(BJ)/6-31G(d) (in parenthesis) 

dihedral angles (θ and , deg) for the fully optimized minima identified from the contour 

plots for the 1ANPG nucleobase adduct. Zero-point vibrational energy corrected B3LYP-

D3(BJ)/6-311+G(2df,p) relative energies are provided in parentheses (kJ mol−1). 
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Figure A.5. Select B3LYP/6-31G(d) and B3LYP-D3(BJ)/6-31G(d) (in parenthesis)  

dihedral angles (θ and , deg) for the fully optimized minima identified from the contour 

plots for the 1APG nucleobase adduct. Zero-point vibrational energy corrected B3LYP-

D3(BJ)/6-311+G(2df,p) relative energies are provided in parentheses (kJ mol−1). 
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Figure A.6. Contour plots of the B3LYP/6-31G(d) potential energy for the (A) ANdG, (B) 

3APHNdG, (C) 1ANPdG and (D) 1APdG nucleoside adducts with respect to θ and   (deg). The 

relative energy is represented by color; red represents the lowest energy regions, and each 

change in color in the surrounding regions represents an increase in the energy by 20 kJ 

mol−1.  
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Figure A.7. Select B3LYP/6-31G(d) and B3LYP-D3(BJ)/6-31G(d) (in parenthesis) 

dihedral angles (, θ and , deg) for the fully optimized minima identified from the contour 

plots for the ANdG nucleoside adduct. Zero-point vibrational energy corrected B3LYP-

D3(BJ)/6-311+G(2df,p) relative energies are provided in parentheses (kJ mol−1). 
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Figure S8. Select B3LYP/6-31G(d) and B3LYP-D3(BJ)/6-31G(d) (in parenthesis) 

dihedral angles (, θ and , deg) for the fully optimized minima identified from the contour 

plots for the 3APHNdG nucleoside adduct. Zero-point vibrational energy corrected B3LYP-

D3(BJ)/6-311+G(2df,p) relative energies are provided in parentheses (kJ mol−1). 
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Figure A.9. Select B3LYP/6-31G(d) and B3LYP-D3(BJ)/6-31G(d) (in parenthesis)  

dihedral angles (, θ and , deg) for the fully optimized minima identified from the contour 

plots for the 1ANPdG nucleoside adduct. Zero-point vibrational energy corrected B3LYP-

D3(BJ)/6-311+G(2df,p) relative energies are provided in parentheses (kJ mol−1). 
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Figure A.10. Select B3LYP/6-31G(d) and B3LYP-D3(BJ)/6-31G(d) (in parenthesis) 

dihedral angles (, θ and , deg) for the fully optimized minima identified from the contour 

plots for the 1APdG nucleoside adduct. Zero-point vibrational energy corrected B3LYP-

D3(BJ)/6-311+G(2df,p) relative energies are provided in parentheses (kJ mol−1). 
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Figure A.11. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of ANdG adducted DNA. The C8-moiety is shown in 

red, the damaged dG and the opposing nucleotide in green, the base pairs flanking the lesion 

in blue, and rest of the DNA helix in grey. 
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Figure A.12. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of 1ANPdG adducted DNA. The C8-moiety is shown 

in red, the damaged dG and the opposing nucleotide in green, the base pairs flanking the 

lesion in blue, and rest of the DNA helix in grey. 
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Figure A.13. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of 2ANPdG adducted DNA. The C8-moiety is shown 

in red, the damaged dG and the opposing nucleotide in green, the base pairs flanking the 

lesion in blue, and rest of the DNA helix in grey. 
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Figure A.14. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of 3ABPdG adducted DNA. The C8-moiety is shown in 

red, the damaged dG and the opposing nucleotide in green, the base pairs flanking the lesion 

in blue, and rest of the DNA helix in grey. 

 

  



 

319 

 

Figure A.15. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of 1APHNdG adducted DNA. The C8-moiety is shown 

in red, the damaged dG and the opposing nucleotide in green, the base pairs flanking the 

lesion in blue, and rest of the DNA helix in grey. 
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Figure A.16. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of 3APHNdG adducted DNA. The C8-moiety is shown 

in red, the damaged dG and the opposing nucleotide in green, the base pairs flanking the 

lesion in blue, and rest of the DNA helix in grey. 
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Figure A.17. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of 1APdG adducted DNA. The C8-moiety is shown in 

red, the damaged dG and the opposing nucleotide in green, the base pairs flanking the lesion 

in blue, and rest of the DNA helix in grey. 
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Figure A.18. Lesion-site trimer of base pairs from 2ANPdG (left,  = 45.2°) and 3APHNdG 

(right,  = 132.3°) adducted DNA in the S conformer, highlighting how the changing  

allows different NCA moieties to optimize stacking interactions with the flanking base 

pairs. The C8-moiety is shown in red, the damaged G and the opposing base in green, the 

base pairs flanking the lesion in blue, and the DNA backbone in grey. 
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Figure A.19. Structures of the 1ANPdG (left, θ= 165.3°) and 2ANPdG (right, θ = 139.9°) 

adducts in the B conformer of damaged DNA, highlighting the change in θ with the 

presence (left) or absence (right) of an α-fused ring due to the presence of a weak hydrogen 

bond between the bulky moiety and phosphate. The C8-moiety is shown in red, the damaged 

G in green, the bases flanking the lesion in blue, and the DNA backbone in grey. 
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Figure A.20. Structures of the 1APdG adduct in the B conformer of damaged DNA with  

~ 0° (left) or 180° (right), highlighting minimal steric repulsion between the bulky group 

and the backbone for  ~ 0°. The C8-moiety is shown in red, the damaged G moiety in 

green, the bases flanking the lesion in blue, and the DNA backbone in grey. 
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Table A.1. Comparison of the average structural and energetic parameters (standard deviations in parentheses) for damaged DNA 

containing select adducts deduced from 20 ns and 120 ns MD simulations.  

Conformation Parameter 
ANdG 1APdG 

20 ns 120 ns 20 ns 120 ns 

B 

RMSD (Å) 4.0 (0.7) 4.2 (0.7) 2.6 (0.5) 4.2 (0.7) 

av (deg) 227.8 (12.7) 226.6 (13.2) 218.5 (12.2) 215.2 (17.4) 

av (deg) 139.9 (20.6) 140.8 (22.1) 166.4 (20.6) 167.2 (25.5) 

av (deg) 2.9 (12.2) 3.2 (12.1) 17.6 (11.3) 15.0 (25.9) 

LSIE (kJ mol–1)a –475.5 (19.2) –474.8 (17.1) –473.9 (17.9) –473.3 (18.3) 

W 

RMSD (Å) 3.8 (0.8) 3.9 (0.7) 4.1 (0.7) 4.0 (0.7) 

av (deg) 67.7 (13.2) 69.3 (13.4) 64.0 (12.5) 65.8 (12.9) 

av (deg) 76.1 (18.1) 74.0 (17.8) 68.2 (12.9) 70.0 (13.3) 

av (deg) 1.2 (9.9) 1.7 (10.0) 1.1 (10.2) 359.9 (10.2) 

LSIE (kJ mol–1)a –361.9 (24.9) –349.2 (39.8) –367.5 (19.1) –356.7 (34.5) 

S 

RMSD (Å) 2.5 (0.4) 3.3 (1.0) 5.0 (0.7) 4.7 (0.7) 

av (deg) 42.1 (13.2) 54.7 (23.4) 48.4 (33.6) 45.3 (19.0) 

av (deg) 167.0 (15.9) 147.9 (37.3) 205.6 (11.0) 175.9 (18.0) 

av (deg) 357.6 (10.9) 358.7 (10.8) 353.2 (11.5) 352.8 (10.9) 

LSIE (kJ mol–1)a –300.6 (17.1) –300.3 (17.6) –358.2 (21.5) –355.6 (25.0) 
aLesion-site interaction energies (LSIE) were calculated as the sum of the van der Waals and electrostatic interactions between the 

bases constituting the 5′ and 3′  base pairs flanking the lesion, the lesions and the opposing base, and the lesion and the 5′ and 3′ 

flanking base pairs.   
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Table A.2. Comparison of the average structural and energetic parameters (standard deviations in parentheses) for damaged DNA containing select 

adducts deduced from replicate 20 ns and 120 ns MD simulations.a 

System Parameter 

ANdG 1APdG 

Replicate 1 Replicate 2 Replicate 3 
Replicate 

Averageb 
Replicate 1 Replicate 2 Replicate 3 

Replicate 

Averageb 

B 

20 ns 

RMSD (Å) 4.0 (0.7) 4.0 (0.7) 4.2 (0.8) 4.1 (0.1) 2.6 (0.5) 4.3 (0.7) 4.2 (0.7) 3.7 (1.0) 

av (deg) 227.8 (12.7) 226.7 (12.9) 226.6 (12.9) 227.0 (0.5) 218.5 (12.2) 218.9 (13.3) 222.4 (13.8) 219.9 (1.8) 

av (deg) 139.9 (20.6) 139.8 (21.6) 140.5 (22.2) 140.1 (0.3) 166.4 (20.6) 167.0 (20.9) 161.3 (25.0) 164.9 (2.6) 

av (deg) 2.9 (12.2) 3.1 (12.1) 3.3 (12.1) 3.1 (0.2) 17.6 (11.3) 16.8 (11.6) 15.5 (11.5) 16.6 (0.9) 

LSIE (kJ mol–1)c –475.5 (19.2) –474.6 (17.0) –473.8 (17.2) –474.6 (0.7) –473.9 (17.9) –475.3 (16.6) –477.3 (16.7) –475.5 (1.4) 

G (kJ mol–1)d –24010.0 (81.5) –24009.8 (85.5) –24013.8 (85.4) –24011.2 (1.8) –23774.0 (79.8) –23757.3 (90.4) –23771.7 (91.3) –23767.7 (7.4) 

B 

120 ns 

RMSD (Å) 4.2 (0.7) 4.0 (0.7) 4.0 (0.7) 4.1 (0.1) 4.2 (0.7) 4.3 (0.7) 4.2 (0.7) 4.2 (0.1) 

av (deg) 226.6 (13.2) 227.2 (12.7) 227.2 (12.7) 227.0 (0.3) 215.2 (17.4) 220.1 (13.0) 216.1 (16.5) 217.1 (2.1) 

av (deg) 140.8 (22.1) 139.5 (21.5) 139.3 (21.5) 139.9 (0.7) 167.2 (25.5) 163.8 (22.2) 168.3 (24.3) 166.6 (2.1) 

av (deg) 3.2 (12.1) 3.0 (12.0) 3.0 (12.0) 3.1 (0.1) 15.0 (25.9) 16.2 (12.0) 14.9 (12.4) 15.4 (0.6) 

LSIE (kJ mol–1)c –474.8 (17.1) –474.4 (17.4) –474.9 (16.9) –474.7 (0.2) –473.3 (18.3) –475.2 (17.2) –474.8 (17.4) –474.4 (0.8) 

G (kJ mol–1)d –24012.6 (86.7) –24004.0 (79.5) –24013.1 (89.8) –24009.9 (4.2) –23762.5 (84.1) –23764.5 (87.2) –23762.6 (86.7) –23763.2 (0.9) 

S 

20 ns 

RMSD (Å) 2.5 (0.4) 2.6 (0.7) 2.7 (0.5) 2.6 (0.1) 5.0 (0.7) 4.4 (0.8) 4.5 (0.7) 4.6 (0.3) 

av (deg) 42.1 (13.2) 43.7 (12.6) 47.6 (13.1) 44.5 (2.3) 48.4 (33.6) 51.7 (30.6) 42.8 (13.0) 47.6 (3.7) 

av (deg) 167.0 (15.9) 164.9 (15.5) 161.0 (15.0) 164.3 (2.5) 205.6 (11.0) 179.4 (18.1) 172.3 (14.5) 185.8 (14.3) 

av (deg) 357.6 (10.9) 357.9 (10.7) 358.8 (10.8) 358.1 (0.5) 353.2 (11.5) 353.7 (11.1) 352.2 (10.8) 353.0 (0.6) 

LSIE (kJ mol–1)c –300.6 (17.1) –300.9 (16.2) –306.2 (15.6) –302.6 (2.6) –358.2 (21.5) –356.8 (17.7) –344.4 (35.9) –353.1 (6.2) 

G (kJ mol–1)d –23925.1 (85.0) –23921.1 (85.6) –23915.7 (91.6) –23920.6 (3.8) –23738.9 (88.2) –23724.9 (83.9) –23723.5 (84.2) –23729.1 (6.9) 

S 

120 ns 

RMSD (Å) 3.3 (1.0) 2.6 (0.6) 3.0 (1.0) 3.0 (0.3) 4.7 (0.7) 4.7 (0.7) 4.6 (0.7) 4.7 (0.1) 

av (deg) 54.7 (23.4) 43.7 (13.1) 50.5 (17.9) 49.6 (4.5) 45.3 (19.0) 52.8 (33.3) 42.7 (18.4) 46.9 (4.3) 

av (deg) 147.9 (37.3) 163.9 (15.7) 160.5 (15.6) 157.4 (6.9) 175.9 (18.0) 181.7 (20.0) 181.7 (20.4) 179.8 (2.7) 

av (deg) 358.7 (10.8) 358.2 (10.8) 359.4 (10.8) 358.8 (0.5) 352.8 (10.9) 354.5 (11.7) 352.8 (10.9) 353.4 (0.8) 

LSIE (kJ mol–1)c –300.3 (17.6) –300.8 (16.1) –306.8 (15.8) –302.6 (3.0) –355.6 (25.0) –351.6 (27.3) –358.9 (22.4) –355.4 (3.0) 

G (kJ mol–1)d –23923.3 (100.8) –23922.7 (90.2) –23925.5 (82.0) –23923.8 (1.2) –23718.0 (84.4) –23719.4 (90.2) –23725.6 (88.5) –23721.0 (3.3) 
aReplicas were obtained from the same starting structure with different initial velocities. bReplicate averages calculated as the sum and standard deviation between 

the three replicate values reported. cLesion-site interaction energies (LSIE) were calculated as the sum of the van der Waals and electrostatic interactions between the 

bases constituting the 5′ and 3′ base pairs flanking the lesion, the lesions and the opposing base, and the lesion and the 5′ and 3′ flanking base pairs. dG energies 

calculated using MM/PBSA enthalpies and normal mode entropies.
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Table A.3. MM/PBSA free energy rankings (Grel, kJ mol–1), and average  and  dihedral 

angles (deg) deduced from MD simulations on various damaged DNA conformations 

containing the ANG, 1ANPdG or 2ANPdG adducts. 

Adduct Conformation 
Occupancya 

(%) 
av (deg) av (deg) Grel (kJ mol–1) 

ANdG 

                     

B 
100  139.9 2.9 0.0 

100  134.3 184.0 6.7 

W 
100  76.1 1.2 47.0 

100  75.4 1.4 62.8 

S 
100  167.0 357.6 85.0 

100  167.7 178.6 96.8 

1ANPdG 

B 

100  165.3 17.1 0.0 

100  131.1 165.5 34.2 

100  157.9 219.9 28.7 

W 

100  70.7  359.6 39.0 

100  88.5  181.0 66.1 

58  225.4  356.8 69.1 

47  263.9  156.5 104.1 

53  218.8 190.4 88.1 

S 

100  189.2  355.6 52.0 

100  303.5 4.2 100.8 

100  166.6 357.6 77.4 

100  294.5  7.9 127.5 

100  151.8 166.8 80.4 

2ANPdG  

B 

100  139.9  5.4 0.0 

47  130.7  183.8 11.2 

53  170.1  188.0 17.2 

29  121.5  185.3 6.9 

35  148.1  183.9 2.3 

W 

100  76.2  180.5 40.5 

100  70.7  0.9 42.9 

44  166.1 358.1 83.0 

100  228.5  177.5 66.4 

S 

100  177.1  175.2 62.3 

100  168.1  354.1 92.6 

30  294.6  4.0 101.0 

70  298.8  7.4 79.7 

100  232.8 179.9 81.9 
aOccupancies of hydrogen-bonding interactions were determined using a cutoff of 3.4 Å for the 

donor–acceptor distance and 120° for the donor–hydrogen–acceptor angle.   
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Table A.4. MM/PBSA free energy rankings (Grel, kJ mol–1), and average  and  dihedral 

angles (deg) deduced from MD simulations on various damaged DNA conformations 

containing the 3ABPdG, 1APHNdG and 3APHNdG adducts. 

Adduct Conformation 
Occupancya 

(%) 
av (deg) av (deg) Grel (kJ mol–1) 

3ABPdG 

B 

100  124.6 5.3 0.0 

100  163.7 189.8 18.7 

41  171.3  12.2 7.3 

W 

100  62.4  183.8 54.7 

100  72.1  0.8 78.2 

100  225.6  177.5 84.4 

S 

100  196.5  175.9 37.6 

100  69.3  348.0 54.8 

100  166.0  356.0 79.1 

100  73.7  169.7 73.4 

1APHNdG 

B 

100  174.8  17.8 0.0 

27  126.8  10.8 17.3 

100  154.3  224.1 25.5 

37  141.3  160.5 38.4 

W 

100  71.7  359.0 53.7 

100  73.2  188.9 82.4 

100  232.4  178.1 110.4 

100  232.1  356.9 74.3 

S 

100  206.6  5.9 35.9 

100  300.4  1.2 108.7 

84  166.7  354.1 84.2 

100  152.1  164.9 113.8 

3APHNdG 

B 

100  135.4  8.6 0.0 

30  163.4  10.2 14.8 

70  118.9  8.3 17.0 

55  174.0  189.8 6.4 

45  131.5  186.9 11.0 

100  148.2  188.0 10.4 

W 

100  72.5  0.1 49.3 

100  58.7  186.1 51.7 

100  229.4  171.8 63.4 

30   230.0  355.9 55.9 

S 

100  191.9  177.5 50.9 

100  166.6  354.0 67.6 

100  298.2  11.8 89.0 

65  77.0  175.1 172.6 
aOccupancies of hydrogen-bonding interactions were determined using a cutoff of 3.4 Å for the 

donor–acceptor distance and 120° for the donor–hydrogen–acceptor angle. 
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Table A.5. MM/PBSA free energy rankings (Grel, kJ mol–1), and average  and  dihedral 

angles (deg) deduced from MD simulations on various damaged DNA conformations 

containing the 1APG adduct. 

Adduct Conformation 
Occupancya 

(%) 
av (deg) av (deg) Grel (kJ mol–1) 

1APdG 

B 

100  166.4  17.6 0.0 

100  135.1  167.1 35.2 

65  179.3  12.7 14.5 

35  127.1  4.8 33.2 

W 

100  68.2  1.1 37.5 

100  82.0  182.6 53.9 

46  259.1  150.0 92.0 

54   215.3  193.4 112.6 

S 

100  205.6  353.2 35.1 

100  225.0  198.4 63.2 

100  177.7  354.3 43.8 

100  156.2  165.8 89.6 
aOccupancies of hydrogen-bonding interactions were determined using a cutoff of 3.4 Å for the 

donor–acceptor distance and 120° for the donor–hydrogen–acceptor angle.   
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Table A.6. Occupancies (%) of the hydrogen bonds within the trimer (5−CXC−3) containing the lesion pair (X:C) and the flanking 

base pairs in the B conformation of adducted DNA.a 

Base pair Hydrogen bond ANdG 1ANPdG 2ANPdG 3ABPdG 1APHNdG 3APHNdG 1APdG 

5−C:Gb N1(G)–H•••N3(C) 99.9 99.9 100.0 100.0 99.9 99.9 100.0 

N2(G)–H•••O2(C) 99.8 99.8 99.8 99.9 99.9 99.8 99.9 

N4(C)–H•••O6(G) 98.0 98.6 98.8 98.5 98.7 98.6 98.7 

X:C N2(X)–H•••O2(C) 99.9 99.9 100.0 99.9 99.9 100.0 99.9 

N1(X)–H•••N3(C) 99.9 99.9 99.9 99.9 100.0 99.9 99.4 

N4(C)–H•••O6(X) 98.7 98.4 97.7 98.3 98.7 98.3 97.6 

N10(X)–H•••O4ʹ(X) 81.0 57.1 74.4 66.0 64.8 65.5 63.1 

3−C:Gb N1(G)–H•••N3(C) 100.0 100.0 99.9 99.7 100.0 100.0 100.0 

N2(G)–H•••O2(C) 99.8 99.9 99.7 99.6 99.9 99.8 99.8 

N4(C)–H•••O6(G) 99.2 98.9 99.1 98.8 98.8 99.2 98.5 
aHydrogen-bonding interactions were determined using a cutoff of 3.4 Å for the donor–acceptor distance and 120° for the 

donor–hydrogen–acceptor angle. b5−C:G and 3−C:G represent the flanking base pairs present 5 and 3 with respect to the 

lesion, respectively.  
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Table A.7. Average and standard deviations (in parentheses) of pseudostep parameters at the lesion site within different conformations 

of N-linked adducted DNA.a 

Nucleoside Conformation Shift (Å) Slide (Å) Rise (Å) Tilt (deg) Roll (deg) Twist (deg) 

dG 

B 

  0.4 (0.8) –1.0 (0.9) 6.5 (0.4) 2.2 (5.0) 9.9 (7.5) 63.1 (6.3) 
ANdG   0.1 (0.8) –1.8 (0.9) 6.4 (0.4) 4.2 (4.8) 9.5 (7.4) 59.5 (5.5) 
1ANPdG –0.1 (0.8 –2.4 (0.8) 6.7 (0.4) 2.8 (4.9) 8.4 (6.9) 59.4 (4.8) 
2ANPdG   0.2 (0.8) –1.9 (0.9) 6.5 (0.4) 3.9 (4.8) 8.9 (7.3) 60.7 (5.0) 
3ABPdG   0.3 (0.8) –1.6 (1.0) 6.4 (0.4) 4.8 (5.0) 8.0 (7.5) 60.0 (6.5) 
1APHNdG –0.1 (0.8) –2.7 (0.8) 6.8 (0.5) 2.8 (5.0) 7.2 (7.3) 59.1 (4.9) 
3APHNdG   0.0 (0.9) –2.3 (0.8) 6.6 (0.4) 3.4 (4.9) 9.6 (7.3) 59.9 (4.9) 
1APdG –0.1 (0.8) –2.6 (0.9) 6.8 (0.5) 3.1 (4.9) 8.0 (7.1) 60.0 (4.9) 
ANdG 

W 

–0.1 (0.8 –1.1 (0.8) 6.2 (0.4) 2.5 (5.2) 14.1 (7.2) 59.7 (5.1) 
1ANPdG –0.2 (0.7) –1.1 (0.8) 6.2 (0.4) 1.9 (5.0) 13.7 (6.4) 58.9 (4.7) 
2ANPdG –0.3 (0.7) –1.4 (0.7) 6.2 (0.4) 3.1 (5.0) 14.0 (6.4) 59.7 (5.0) 
3ABPdG   0.1 (0.8) –1.3 (0.8) 6.2 (0.4) 3.0 (5.1) 14.7 (6.5) 58.0 (4.7) 
1APHNdG   0.0 (0.7) –0.9 (0.9) 6.3 (0.4) 3.0 (5.5) 12.0 (6.8) 60.5 (5.5) 
3APHNdG   0.0 (0.7) –1.2 (0.8) 6.3 (0.4) 3.0 (5.4) 11.7 (6.5) 60.0 (5.4) 
1APdG –0.2 (0.7) –1.3 (0.8) 6.2 (0.4) 2.3 (5.1) 14.5 (6.9) 59.1 (5.4) 
ANdG 

S 

–0.4 (0.9)   0.9 (1.0) 6.9 (0.5) 3.1 (5.8) 15.8 (6.7) 42.3 (6.9) 
1ANPdG   0.1 (1.0) –3.4 (1.6) 6.8 (0.6) 0.9 (6.0)  16.7 (8.0) 56.6 (8.0) 
2ANPdG –1.0 (0.9) –2.4 (1.2) 6.9 (0.5) 2.2 (5.0) 10.4 (9.1) 49.5 (6.0) 
3ABPdG –0.8 (0.9) –1.4 (1.5) 6.9 (0.5) 1.6 (4.7) –1.0 (8.0) 43.8 (5.9) 
1APHNdG –0.3 0.8) –1.5 (1.2) 6.6 (0.4) 2.2 (5.2) –2.9 (9.5) 41.1 (5.0) 
3APHNdG –0.7 (0.7)   0.3 (3.2) 6.9 (0.5) 1.9 (4.8) –0.8 (7.1) 44.5 (5.7) 
1APdG –0.2 (0.7) –2.9 (3.7) 7.1 (0.7) –1.3 (5.9) 20.5 (7.9) 50.7 (11.2) 

aPseudostep parameters at the lesion site were calculated using a pseudostep consisting of the base pairs 5 and 3 with             respect to the 

lesion. 
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Table S8. Average and standard deviations (in parentheses) of lesion-site van der Waals and electrostatic interactions (kJ mol–1) within 

different conformations of N-linked adducted DNA.a 

Nucleoside Conformation 

Lesion Stacking 

energy with 5′ 

bases 

Lesion Stacking 

energy with 3′ 

bases 

Base pair 

energy at the 5′ 

base pair 

Base pair 

energy at the 3′ 

base pair 

Base pair 

energy at the 

lesion site 

Lesion-site 

Interaction 

energyb 

dG 

B 

–61.0 (9.7) –56.6 (10.5) –118.2 (7.4) –118.0 (7.4) –118.4 (7.3) –472.2 (17.7) 
ANdG –65.5 (10.3) –63.5 (9.8) –117.7 (7.9) –118.5 (7.2) –110.3 (7.1) –475.5 (19.2) 
1ANPdG –65.6 (10.0) –63.4 (10.1) –118.2 (7.4) –118.5 (7.3) –110.5 (7.1) –476.2 (19.0) 
2ANPdG –66.7 (10.2) –62.6 (10.0) –118.6 (7.3) –118.1 (7.5) –109.4 (7.6) –475.4 (19.2) 
3ABPdG –64.7 (10.3) –64.5 (9.7) –118.1 (7.6) –118.3 (8.0) –110.0 (7.2) –475.6 (19.3) 
1APHNdG –63.8 (10.5) –64.4 (10.0) –118.7 (7.2) –118.4 (7.3) –110.0 (6.9) –475.3 (19.0) 
3APHNdG –66.5 (10.0) –63.8 (9.9) –118.1 (7.5) –118.4 (7.3) –109.7 (7.3) –476.5 (18.9) 
1APdG –65.5 (10.4) –62.5 (10.2) –118.6 (7.2) –117.8 (7.7) –109.5 (7.9) –473.9 (17.9) 
ANdG 

W 

–47.4 (8.3) –44.9 (10.7) –117.9 (7.3) –116.0 (8.2) –35.8 (17.8) –361.9 (24.9) 
1ANPdG –51.3 (8.2) –45.0 (10.2) –118.0 (7.1) –114.8 (8.8) –33.6 (15.8) –362.8 (23.4) 
2ANPdG –48.6 (7.8) –40.9 (9.7) –118.2 (7.2) –115.5 (8.4) –36.6 (15.4) –359.8 (22.7) 
3ABPdG –52.7 (7.8) –44.3 (9.9) –117.3 (7.6) –115.8 (8.1) –41.8 (9.4) –372.0 (19.2) 
1APHNdG –49.2 (9.3) –43.0 (12.2) –117.9 (7.4) –113.9 (9.6) –24.3 (24.9) –348.3 (31.6) 
3APHNdG –48.2 (8.4) –45.0 (13.1) –118.0 (7.5) –114.9 (8.7) –33.7 (19.0) –359.8 (27.0) 
1APdG –53.4 (7.6) –43.3 (9.3) –118.1 (7.2) –115.1 (9.0) –37.6 (9.4) –367.5 (19.1) 
ANdG 

S 

–44.2 (11.6) –20.3 (11.3) –117.7 (13.4) –118.5 (14.9) N/A –300.6 (17.1) 
1ANPdG –51.9 (11.0) –45.9 (16.2) –119.1 (13.4) –111.2 (19.0) N/A –328.1 (19.9) 
2ANPdG –52.5 (9.0) –46.2 (11.3) –117.8 (13.3) –117.2 (13.7) N/A –333.7 (16.6) 
3ABPdG –44.2 (12.2) –49.0 (10.8) –118.1 (13.2) –118.0 (13.1) N/A –329.3 (17.7) 
1APHNdG –64.6 (13.0) –51.3 (17.5) –116.9 (13.5) –115.0 (17.3) N/A –347.8 (19.4) 
3APHNdG –53.3 (21.8) –41.0 (8.9) –114.9 (14.4) –117.4 (13.7) N/A –326.6 (20.5) 
1APdG –63.8 (14.3) –61.6 (12.5) –118.5 (13.3) –114.3 (15.3) N/A –358.2 (21.5) 

aEnergies calculated with LIE of cpptraj. bCalculated as the sum of all other columns. 
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Table A.9. Occupancies (%) of the hydrogen bonds within the trimer (5−CXC−3) containing the lesion pair (X:C) and the flanking 

base pairs in the W conformation of adducted DNA.a 

Base pair Hydrogen Bond ANdG 1ANPdG 2ANPdG 3ABPdG 1APHNdG 3APHNdG 1APdG 

5−C:Gb N1(G)–H•••N3(C) 99.9 99.9 99.9 99.9 99.9 99.9 99.9 

N2(G)–H•••O2(C) 99.7 99.7 99.8 99.5 99.8 99.6 99.7 

N4(C)–H•••O6(G) 98.7 98.8 98.7 98.7 98.7 98.8 98.9 

X:C N4(C)–H•••O6(X) 78.9 79.7 76.3 80.1 93.0 73.0 75.0 

N4(C)–H•••N7(X) 42.7 45.4 56.1 59.8 38.5 38.5 61.0 

X:3−Cc N10(X)–H•••O4ʹ(3−C) 67.4 48.4 68.0 30.6 49.7 41.0 37.3 

3−C:Gb N1(G)–H•••N3(C) 99.9 99.9 99.9 99.9 99.8 99.9 99.8 

N2(G)–H•••O2(8) 99.3 99.2 99.3 99.4 99.4 99.4 99.0 

N4(C)–H•••O6(G) 98.1 97.2 98.1 98.0 95.6 97.7 97.8 
aHydrogen-bonding interactions were determined using a cutoff of 3.4 Å for the donor–acceptor distance and 120° 

for the donor–hydrogen–acceptor angle. b5−C:G and 3−C:G represent the flanking base pairs present 5 and 3 with 

respect to the lesion, respectively. cX:3−C represents the interaction between the lesion (X) and the intrastrand C 

present 3' with respect to the lesion.  
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Table A.10. Occupancies (%) of the hydrogen bonds within the trimer (5−CXC−3) containing the lesion (X), the opposing extrahelical 

base C (ex-C), and the flanking base pairs in the S conformation of the adducted DNA.a 

Interaction Hydrogen Bond ANdG 1ANPdG 2ANPdG 3ABPdG 1APHNdG 3APHNdG 1APdG 

5−C:Gb 

N1(G)–H•••N3(C) 99.9 100.0 100.0 100.0 100.0 99.9 100.0 

N2(G)–H•••O2(C) 99.8 99.9 99.7 99.6 99.7 99.4 99.9 

N4(C)–H•••O6(G) 97.9 99.0 98.3 99.0 97.7 97.7 98.7 

exC: 5−Gc N4(exC)–H•••OP(3−G)b 68.2 10.8 65.5 79.7 51.9 67.2 19.8 

3−C:Gb 

N2(G)–H•••O2(C) 99.7 99.9 99.9 100.0 99.9 96.3 99.9 

N1(G)–H•••N3(C) 99.2 93.5 99.8 99.9 96.4 67.3 99.7 

N4(C)–H•••O6(17) 96.5 87.0 97.3 98.6 92.9 66.3 91.5 
 aHydrogen-bonding interactions were determined using a cutoff of 3.4 Å for the donor–acceptor distance and 120° for the donor–

hydrogen–acceptor angle. b5−C:G and 3−C:G represent the flanking base pairs present 5− and 3− with respect to the lesion, 

respectively. cexC:5−G represents the interaction between the extrahelical cytosine (exC) opposing the lesion, and a phosphate oxygen 

(OP) on the 5′-G. 
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Table A.11. Average values and standard deviation (in parentheses) for the backbone RMSDa (Å) and key dihedral angles (deg) for 

different conformations of adducted DNA.  

Adduct Conformation RMSD      

ANdG 

B 4.0 (0.7) 227.8 (12.7) 139.9 (20.6) 2.9 (12.2) 

W 3.8 (0.8) 67.7 (13.2) 76.1 (18.1) 1.2 (9.9) 

S 2.5 (0.4) 42.1 (13.2) 167.0 (15.9) 357.6 (10.9) 

1ANPdG 

B 4.0 (0.7) 221.7 (13.1) 165.3 (21.2) 17.1 (11.0) 

W 2.1 (0.3) 66.2 (12.6) 70.7 (13.5) 359.6 (9.1) 

S 2.3 (0.4) 38.2 (15.8) 189.2 (18.3) 355.6 (9.8) 

2ANPdG 

B 4.0 (0.7) 226.8 (12.7) 139.9 (22.3) 5.4 (11.4) 

W 1.9 (0.4) 64.7 (12.8) 76.2 (14.2) 180.5 (9.8) 

S 2.4 (0.5) 45.2 (21.7) 177.1 (14.1) 175.2 (10.5) 

3ABPdG 

B 2.2 (0.5) 230.8 (12.2) 124.6 (13.9) 5.3 (12.8) 

W 2.2 (0.5) 69.1 (12.6) 62.4 (14.7) 183.8 (9.7) 

S 2.9 (0.5) 119.4 (18.9) 196.5 (13.8) 175.9 (10.2) 

1APHNdG 

B 3.5 (0.6) 216.5 (11.0) 174.8 (12.2) 17.8 (10.8) 

W 2.3 (0.4) 67.9 (12.9) 71.7 (13.9) 359.0 (10.4) 

S 3.3 (0.5) 120.4 (23.1) 206.6 (15.0) 5.9 (11.9) 

3APHNdG 

B 2.1 (0.4) 226.9 (13.1) 135.4 (25.9) 8.6 (12.9) 

W 2.4 (0.4) 71.2 (13.4) 72.5 (15.0) 0.1 (10.4) 

S 2.7 (0.5) 132.3 (24.4) 191.9 (18.1) 177.5 (11.1) 

1APdG 

B 2.6 (0.5) 218.5 (12.2) 166.4 (20.6) 17.6 (11.3) 

W 4.1 (0.7) 64.0 (12.5) 68.2 (12.9) 1.1 (10.2) 

S 5.0 (0.7) 48.4 (33.6) 205.6 (11.0) 353.2 (11.5) 
                             aRMSD is calculated with respect to the first frame of the production run. 
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Table A.12. Average and standard deviations (in parentheses) of the solvent accessible surface area (SASA, Å2) of the NCA moiety 

within different conformations of N-linked adducted DNA. 

Nucleoside Conformation SASA 
ANdG 

B 

116.1 (6.3) 
1ANPdG 137.3 (6.5) 
2ANPdG 147.8 (5.8) 
3ABPdG 191.1 (7.1) 
1APHNdG 176.0 (6.1) 
3APHNdG 179.5 (7.3) 
1APdG 175.6 (5.3) 
ANdG 

W 

92.2 (20.0) 
1ANPdG 115.5 (15.5) 
2ANPdG 109.5 (17.6) 
3ABPdG 159.7 (24.0) 
1APHNdG 153.1 (19.7) 
3APHNdG 159.7 (20.3) 
1APdG 155.5 (18.2) 
ANdG 

S 

30.7 (12.3) 
1ANPdG 71.2 (11.9) 
2ANPdG 39.8 (7.0) 
3ABPdG 56.9 (6.8) 
1APHNdG 85.3 (12.3) 
3APHNdG 76.2 (8.8) 
1APdG 107.8 (11.7) 
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Table A.13. Occupancies (%) for the Watson-Crick hydrogen bonds within the base pairs present at the 5− and 3− terminals with 

respect to the lesion respectively, in three conformations of the adducted DNA.a  

Conformation 
Base 

pairb 
Hydrogen bond ANdG 1ANPdG 2ANPdG 3ABPdG 1APHNdG 3APHNdG 1APdG 

B 

5′−G:C 

N1(G)–H•••N3(C) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

N2(G)–H•••O2(C) 99.9 99.9 99.9 99.9 99.9 99.9 99.9 

N4(C)–H•••O6(G) 98.9 98.8 99.0 99.2 99.1 98.9 99.1 

3′−G:C 

N1(G)–H•••N3(C) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

N2(G)–H•••O2(C) 99.6 99.8 99.6 99.8 99.7 99.7 99.6 

N4(C)–H•••O6(G) 98.8 98.8 98.8 98.8 98.8 98.6 98.8 

W 

5′−G:C 

N1(G)–H•••N3(C) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

N2(G)–H•••O2(C) 100.0 99.9 99.9 100.0 99.9 99.8 99.9 

N4(C)–H•••O6(G) 98.8 98.6 98.9 99.1 98.5 98.4 98.9 

3′−G:C 

N1(G)–H•••N3(C) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

N2(G)–H•••O2(C) 99.7 99.8 99.6 99.8 99.7 99.7 99.7 

N4(C)–H•••O6(G) 98.8 98.8 98.6 98.9 98.5 98.5 98.8 

S 

5′−G:C 

N1(G)–H•••N3(C) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

N2(G)–H•••O2(C) 99.9 99.8 99.9 99.9 99.9 99.9 99.9 

N4(C)–H•••O6(G) 99.1 98.8 98.8 98.7 98.8 98.8 99.0 

3′−G:C 

N1(G)–H•••N3(C) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

N2(G)–H•••O2(C) 99.7 99.7 99.7 99.8 99.6 99.7 99.7 

N4(C)–H•••O6(G) 98.6 98.7 98.8 98.9 97.9 98.5 98.8 
aHydrogen-bonding interactions were determined using a cutoff of 3.4 Å for the donor–acceptor distance and 120° for the  

donor–hydrogen–acceptor angle. b5−C:G and 3−C:G present the terminal base pairs on the 5 and 3 terminal of the lesion containing 

strand, respectively.   



 

338 

Table A.14. MOL2 file containing partial charges and atom types of the ANdG adduct used 

for MD simulations (atom numbers are provided in the associated figure). 

 

 

 

 

 

 

 

1 P 4.7050 0.0520 -1.1680 P 1 LIG 1.2090 

2 O5' 4.1730 1.0760 0.0000 OS 1 LIG -0.4900 

3 OP1 4.6090 0.7320 -2.4680 O2 1 LIG -0.7864 

4 OP2 5.9220 -0.5810 -0.6380 O2 1 LIG -0.7953 

5 O3 0.0000 0.0000 0.0000 OS 1 LIG -0.5474 

6 C5' 3.1010 1.9490 -0.3030 CI 1 LIG -0.0102 

7 H5' 2.8330 2.4680 0.6250 H1 1 LIG 0.0752 

8 H5'' 3.3910 2.7140 -1.0420 H1 1 LIG 0.0752 

9 C4' 1.8690 1.2180 -0.8380 CT 1 LIG 0.1830 

10 H4' 1.0270 1.9170 -0.9140 H1 1 LIG 0.0978 

11 O4' 2.1700 0.7140 -2.1590 OS 1 LIG -0.4082 

12 C1' 1.9220 -0.6850 -2.2280 CT 1 LIG 0.1596 

13 H1' 0.9300 -0.8780 -2.6450 H2 1 LIG 0.0902 

14 C3' 1.4280 0.0000 0.0000 CT 1 LIG 0.1484 

15 H3' 1.8240 0.0530 1.0220 H1 1 LIG 0.0720 

16 C2' 2.0070 -1.1870 -0.7800 CT 1 LIG -0.0617 

17 H2' 3.0480 -1.3520 -0.4920 HC 1 LIG 0.0466 

18 H2'' 1.4440 -2.1140 -0.6290 HC 1 LIG 0.0466 

19 N9 2.8790 -1.2770 -3.1530 N* 1 LIG -0.0563 

20 C8 2.6100 -2.0090 -4.3140 CR 1 LIG 0.4678 

21 C4 4.2540 -1.2720 -3.0400 CB 1 LIG 0.1484 

22 N7 3.6880 -2.4790 -4.8900 NB 1 LIG -0.5254 

23 C5 4.7300 -2.0310 -4.1010 CB 1 LIG 0.0762 

24 N4 4.9730 -0.6260 -2.0850 NC 1 LIG -0.5421 

25 C6 6.1500 -2.2180 -4.2500 C 1 LIG 0.5106 

26 C2 6.2750 -0.7780 -2.1980 CA 1 LIG 0.6729 

27 O6 6.7970 -2.8430 -5.0700 O 1 LIG -0.5407 

28 N1 6.8450 -1.5130 -3.1980 NA 1 LIG -0.4810 

29 H1 7.8500 -1.6540 -3.2180 H 1 LIG 0.3501 
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30 N2 7.0960 -0.2220 -1.2480 N2 1 LIG -0.8752 

31 H21 8.0220 0.0670 -1.5350 H 1 LIG 0.3884 

32 H22 6.6240 0.4340 -0.6340 H 1 LIG 0.3884 

33 N10 1.3100 -2.3020 -4.7270 N2 1 LIG -0.5894 

34 H10 1.3080 -3.1770 -5.2390 H 1 LIG 0.3511 

35 C10 0.4170 -1.3450 -5.2830 CA 1 LIG 0.2156 

36 C11 0.6440 0.0360 -5.2250 CA 1 LIG -0.0547 

37 H11 1.5430 0.4310 -4.7640 HA 1 LIG 0.1212 

38 C15 -0.7540 -1.8230 -5.8900 CA 1 LIG -0.2053 

39 H15 -0.9360 -2.8950 -5.9310 HA 1 LIG 0.1458 

40 C12 -0.2970 0.9160 -5.7630 CA 1 LIG -0.2343 

41 H12 -0.1060 1.9850 -5.7080 HA 1 LIG 0.1637 

42 C14 -1.6780 -0.9360 -6.4340 CA 1 LIG -0.1747 

43 H14 -2.5760 -1.3250 -6.9060 HA 1 LIG 0.1548 

44 C13 -1.4580 0.4430 -6.3720 CA 1 LIG -0.1124 

45 H13 -2.1820 1.1350 -6.7910 HA 1 LIG 0.1321 

 

Table A.15. MOL2 file containing partial charges and atom types of the 1ANPdG adduct 

used for MD simulations (atom numbers are provided in the associated figure). 

 

 

 

 

 

 

 

1 P 4.9460 0.3260 -1.3040 P 1 LIG 1.1661 

2 O5' 4.1310 1.0120 0.0000 OS 1 LIG -0.4975 

3 OP1 5.0700 1.3460 -2.3940 O2 1 LIG -0.7680 

4 OP2 6.0760 -0.4560 -0.7070 O2 1 LIG -0.7680 

5 O3' 0.0000 0.0000 0.0000 OS 1 LIG -0.5419 

6 C5' 3.0960 1.8960 -0.3140 CI 1 LIG -0.0178 

7 H5' 3.4180 2.6460 -1.0320 H1 1 LIG 0.0805 

8 H5'' 2.8360 2.4120 0.6020 H1 1 LIG 0.0805 

9 C4' 1.8580 1.1950 -0.8480 CT 1 LIG 0.1759 

10 H4' 1.0450 1.9050 -0.9320 H1 1 LIG 0.1016 

11 O4' 2.1310 0.6740 -2.1470 OS 1 LIG -0.4096 

12 C1' 1.8680 -0.6970 -2.2080 CT 1 LIG 0.1529 
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13 H1' 0.8770 -0.8680 -2.5990 H2 1 LIG 0.0818 

14 C3' 1.4070 0.0000 0.0000 CT 1 LIG 0.1305 

15 H3' 1.7900 0.0630 1.0110 H1 1 LIG 0.0783 

16 C2' 1.9740 -1.1870 -0.7680 CT 1 LIG -0.0617 

17 H2' 3.0120 -1.3450 -0.5030 HC 1 LIG 0.0463 

18 H2'' 1.4240 -2.1060 -0.6070 HC 1 LIG 0.0463 

19 N 2.7840 -1.3310 -3.1400 N* 1 LIG -0.0146 

20 C 4.1010 -1.0480 -3.4690 CR 1 LIG 0.2646 

21 C6 2.4920 -2.4870 -3.8070 CB 1 LIG 0.1347 

22 N1 4.6200 -1.9060 -4.2590 NB 1 LIG -0.4291 

23 C7 3.6230 -2.8360 -4.4770 CB 1 LIG 0.0774 

24 N2 1.2990 -3.1310 -3.7570 NC 1 LIG -0.5059 

25 C8 3.6080 -4.0190 -5.2880 C 1 LIG 0.4773 

26 C9 1.2730 -4.1920 -4.4890 CA 1 LIG 0.6026 

27 O5 4.4510 -4.5170 -5.9710 O 1 LIG -0.5400 

28 N3 2.3330 -4.6330 -5.2100 NA 1 LIG -0.4049 

29 H 2.2290 -5.4250 -5.8090 H 1 LIG 0.3318 

30 N4 0.1230 -4.9160 -4.5980 N2 1 LIG -0.8791 

31 H6 0.2020 -5.8970 -4.7470 H 1 LIG 0.3940 

32 H7 -0.5810 -4.6540 -3.9430 H 1 LIG 0.3940 

33 N5 4.7320 0.0820 -2.9520 N2 1 LIG -0.1783 

34 H8 4.1240 0.8710 -3.0190 H 1 LIG 0.2217 

35 C10 6.0550 0.3790 -3.4120 CM 1 LIG -0.0616 

36 C11 7.1720 -0.2710 -2.8070 CM 1 LIG 0.0743 

37 C12 6.2440 1.3280 -4.3640 CM 1 LIG -0.0968 

38 H9 5.3930 1.8050 -4.8190 HA 1 LIG 0.1341 

39 C13 8.4670 0.0840 -3.2370 CA 1 LIG 0.1635 

40 C14 7.0360 -1.2460 -1.7850 CA 1 LIG -0.2174 

41 H10 6.0550 -1.5200 -1.4480 HA 1 LIG 0.1272 

42 C15 7.5470 1.6890 -4.7810 CA 1 LIG -0.1760 

43 H11 7.6660 2.4430 -5.5370 HA 1 LIG 0.1573 

44 C16 9.5900 -0.5530 -2.6450 CA 1 LIG -0.2093 

45 H12 10.5740 -0.2810 -2.9810 HA 1 LIG 0.1434 

46 C17 8.6280 1.0790 -4.2380 CA 1 LIG -0.2327 

47 H13 9.6220 1.3420 -4.5540 HA 1 LIG 0.1526 

48 C18 8.1300 -1.8340 -1.2340 CA 1 LIG -0.1129 

49 H14 8.0110 -2.5710 -0.4600 HA 1 LIG 0.1354 

50 C19 9.4290 -1.4860 -1.6720 CA 1 LIG -0.1435 

51 H15 10.2850 -1.9630 -1.2300 HA 1 LIG 0.1397 
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Table A.16. MOL2 file containing partial charges and atom types of the 2ANPdG adduct 

used for MD simulations (atom numbers are provided in the associated figure). 

 

 

 

 

 

 

1 P 4.9500 0.3390 -1.3140 P 1 LIG 1.1662 

2 O5' 4.1340 1.0060 0.0000 OS 1 LIG -0.4947 

3 OP1 5.0740 1.3760 -2.3880 O2 1 LIG -0.7681 

4 OP2 6.0790 -0.4520 -0.7290 O2 1 LIG -0.7681 

5 O3 0.0000 0.0000 0.0000 OS 1 LIG -0.5427 

6 C5' 3.1000 1.8950 -0.3000 CI 1 LIG -0.0213 

7 H5' 3.4210 2.6520 -1.0120 H1 1 LIG 0.0819 

8 H5'' 2.8450 2.4020 0.6220 H1 1 LIG 0.0819 

9 C4' 1.8570 1.2030 -0.8360 CT 1 LIG 0.1693 

10 H4' 1.0460 1.9160 -0.9090 H1 1 LIG 0.1034 

11 O4' 2.1200 0.6960 -2.1430 OS 1 LIG -0.4066 

12 C1' 1.8670 -0.6760 -2.2160 CT 1 LIG 0.1659 

13 H1' 0.8770 -0.8500 -2.6110 H2 1 LIG 0.0788 

14 C3' 1.4070 0.0000 0.0000 CT 1 LIG 0.1359 

15 H3' 1.7900 0.0530 1.0120 H1 1 LIG 0.0773 

16 C2' 1.9750 -1.1790 -0.7800 CT 1 LIG -0.0594 

17 H2' 3.0120 -1.3380 -0.5180 HC 1 LIG 0.0441 

18 H2'' 1.4250 -2.1000 -0.6270 HC 1 LIG 0.0441 

19 N9 2.7890 -1.3010 -3.1500 N* 1 LIG -0.0377 

20 C8 4.1030 -1.0080 -3.4810 CR 1 LIG 0.4496 

21 C4 2.5170 -2.4780 -3.7870 CB 1 LIG 0.1103 

22 N7 4.6370 -1.8800 -4.2460 NB 1 LIG -0.5057 

23 C5 3.6540 -2.8290 -4.4440 CB 1 LIG 0.0865 

24 N3 1.3330 -3.1380 -3.7240 NC 1 LIG -0.5039 

25 C6 3.6620 -4.0360 -5.2180 C 1 LIG 0.5121 

26 C2 1.3250 -4.2180 -4.4270 CA 1 LIG 0.6173 

27 O6 4.5190 -4.5440 -5.8760 O 1 LIG -0.5469 

28 N1 2.3950 -4.6650 -5.1310 NA 1 LIG -0.4417 
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29 H1 2.3050 -5.4750 -5.7070 H 1 LIG 0.3416 

30 N2 0.1860 -4.9610 -4.5210 N2 1 LIG -0.8699 

31 H21 0.2770 -5.9440 -4.6480 H 1 LIG 0.3898 

32 H22 -0.5260 -4.6910 -3.8780 H 1 LIG 0.3898 

33 N10 4.7040 0.1470 -2.9940 N2 1 LIG -0.4461 

34 H10 4.0660 0.9130 -3.0200 H 1 LIG 0.2949 

35 C10 6.0190 0.5050 -3.3890 CA 1 LIG 0.0740 

36 C11 6.2680 1.7590 -3.8480 CA 1 LIG -0.1637 

37 H11 5.4580 2.4550 -3.9930 HA 1 LIG 0.1344 

38 C19 7.0920 -0.4100 -3.2090 CA 1 LIG -0.1758 

39 H19 6.8840 -1.4000 -2.8560 HA 1 LIG 0.1831 

40 C12 7.5910 2.1810 -4.1490 CA 1 LIG 0.0512 

41 C18 8.3590 -0.0320 -3.5020 CA 1 LIG -0.2300 

42 H18 9.1660 -0.7300 -3.3690 HA 1 LIG 0.1580 

43 C17 8.6530 1.2740 -3.9790 CA 1 LIG 0.1844 

44 C13 7.8740 3.4880 -4.6240 CA 1 LIG -0.2158 

45 H13 7.0630 4.1820 -4.7560 HA 1 LIG 0.1417 

46 C16 9.9740 1.6910 -4.2850 CA 1 LIG -0.2256 

47 H16 10.7820 0.9920 -4.1540 HA 1 LIG 0.1487 

48 C14 9.1500 3.8610 -4.9100 CA 1 LIG -0.1211 

49 H14 9.3540 4.8530 -5.2700 HA 1 LIG 0.1365 

50 C15 10.2180 2.9490 -4.7380 CA 1 LIG -0.1481 

51 H15 11.2220 3.2570 -4.9690 HA 1 LIG 0.1401 

 

Table A.17. MOL2 file containing partial charges and atom types of the 3ABPdG adduct 

used for MD simulations (atom numbers are provided in the associated figure). 

 

    1 P 4.9540 0.3210 -1.2910 P 1 LIG 1.1662 

2 O5' 4.1290 1.0200 0.0000 OS 1 LIG -0.4955 

3 OP1 5.0810 1.3290 -2.3930 O2 1 LIG -0.7681 

4 OP2 6.0840 -0.4490 -0.6780 O2 1 LIG -0.7681 

5 O3' 0.0000 0.0000 0.0000 OS 1 LIG -0.5421 

6 C5' 3.0930 1.8970 -0.3300 CI 1 LIG -0.0196 
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7 H5'1 3.4150 2.6390 -1.0570 H1 1 LIG 0.0822 

8 H5'2 2.8290 2.4240 0.5790 H1 1 LIG 0.0822 

9 C4' 1.8570 1.1880 -0.8590 CT 1 LIG 0.1652 

10 H4' 1.0430 1.8960 -0.9510 H1 1 LIG 0.1045 

11 O4' 2.1310 0.6550 -2.1530 OS 1 LIG -0.4045 

12 C1' 1.8680 -0.7170 -2.2030 CT 1 LIG 0.1618 

13 H1' 0.8770 -0.8900 -2.5920 H2 1 LIG 0.0837 

14 C3' 1.4070 0.0000 0.0000 CT 1 LIG 0.1348 

15 H3' 1.7900 0.0720 1.0110 H1 1 LIG 0.0780 

16 C2' 1.9750 -1.1940 -0.7580 CT 1 LIG -0.0575 

17 H2'1 3.0130 -1.3480 -0.4930 HC 1 LIG 0.0444 

18 H2'2 1.4250 -2.1110 -0.5880 HC 1 LIG 0.0444 

19 N9 2.7840 -1.3660 -3.1260 N* 1 LIG -0.0535 

20 C8 4.1050 -1.0990 -3.4580 CR 1 LIG 0.4020 

21 C4 2.5000 -2.5600 -3.7280 CB 1 LIG 0.1306 

22 N7 4.6320 -2.0050 -4.1890 NB 1 LIG -0.4841 

23 C5 3.6370 -2.9460 -4.3650 CB 1 LIG 0.0745 

24 N3 1.3090 -3.2040 -3.6490 NC 1 LIG -0.4981 

25 C6 3.6350 -4.1770 -5.0980 C 1 LIG 0.5012 

26 C2 1.2920 -4.3060 -4.3170 CA 1 LIG 0.6022 

27 O6 4.4910 -4.7170 -5.7330 O 1 LIG -0.5467 

28 N1 2.3600 -4.7880 -5.0000 NA 1 LIG -0.4250 

29 H1 2.2640 -5.6160 -5.5490 H 1 LIG 0.3383 

30 N2 0.1440 -5.0380 -4.3930 N2 1 LIG -0.8680 

31 H21 0.2250 -6.0270 -4.4870 H 1 LIG 0.3898 

32 H22 -0.5680 -4.7390 -3.7640 H 1 LIG 0.3898 

33 N10 4.7040 0.0670 -3.0080 N2 1 LIG -0.3808 

34 H10 4.0510 0.8200 -3.0030 H 1 LIG 0.2905 

35 C10 6.0120 0.4610 -3.3830 CA 1 LIG 0.0469 

36 C15 6.2360 1.8120 -3.6080 CA 1 LIG -0.1137 

37 H15 5.4080 2.4990 -3.5780 HA 1 LIG 0.1068 

38 C11 7.0730 -0.4330 -3.4560 CA 1 LIG -0.0925 

39 H11 6.9110 -1.4790 -3.2990 HA 1 LIG 0.1433 

40 C14 7.5060 2.2950 -3.9050 cp 1 LIG -0.0167 

41 C12 8.3330 0.0450 -3.7620 CA 1 LIG -0.2240 

42 H12 9.1540 -0.6480 -3.8190 HA 1 LIG 0.1649 

43 C16 7.7230 3.7520 -4.1390 cp 1 LIG 0.0101 

44 C13 8.5600 1.3930 -3.9840 CA 1 LIG -0.0936 

45 H13 9.5530 1.7430 -4.1980 HA 1 LIG 0.1157 

46 C17 7.1880 4.7030 -3.2750 CA 1 LIG -0.0792 

47 H17 6.6280 4.3820 -2.4150 HA 1 LIG 0.1073 
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48 C21 8.4700 4.1930 -5.2290 CA 1 LIG -0.0822 

49 H21 8.8760 3.4750 -5.9180 HA 1 LIG 0.1165 

50 C18 7.3910 6.0550 -3.4940 CA 1 LIG -0.1877 

51 H18 6.9760 6.7740 -2.8100 HA 1 LIG 0.1447 

52 C20 8.6730 5.5450 -5.4490 CA 1 LIG -0.1870 

53 H20 9.2470 5.8650 -6.3000 HA 1 LIG 0.1448 

54 C19 8.1350 6.4820 -4.5820 CA 1 LIG -0.1130 

55 H19 8.2930 7.5320 -4.7520 HA 1 LIG 0.1337 

Table A.18. MOL2 file containing partial charges and atom types of the 1APHNdG adduct 

used for MD simulations (atom numbers are provided in the associated figure). 

 

 

 

 

 

1 P 4.9390 0.3380 -1.3210 P 1 LIG 1.1662 

2 O5' 4.1360 1.0060 0.0000 OS 1 LIG -0.4960 

3 OP1 5.0550 1.3730 -2.3970 O2 1 LIG -0.7680 

4 OP2 6.0730 -0.4550 -0.7460 O2 1 LIG -0.7680 

5 O3 0.0000 0.0000 0.0000 OS 1 LIG -0.5443 

6 C5' 3.1000 1.8960 -0.2910 CI 1 LIG -0.0174 

7 H5' 3.4190 2.6590 -0.9980 H1 1 LIG 0.0811 

8 H5'' 2.8460 2.3970 0.6360 H1 1 LIG 0.0811 

9 C4' 1.8580 1.2080 -0.8300 CT 1 LIG 0.1705 

10 H4' 1.0470 1.9210 -0.8980 H1 1 LIG 0.1016 

11 O4' 2.1200 0.7070 -2.1400 OS 1 LIG -0.4090 

12 C1' 1.8680 -0.6660 -2.2190 CT 1 LIG 0.1650 

13 H1' 0.8790 -0.8380 -2.6160 H2 1 LIG 0.0790 

14 C3' 1.4070 0.0000 0.0000 CT 1 LIG 0.1414 

15 H3' 1.7900 0.0480 1.0120 H1 1 LIG 0.0750 

16 C2' 1.9750 -1.1760 -0.7860 CT 1 LIG -0.0599 

17 H2' 3.0120 -1.3360 -0.5240 HC 1 LIG 0.0433 

18 H2'' 1.4250 -2.0970 -0.6370 HC 1 LIG 0.0433 

19 N9 2.7920 -1.2820 -3.1550 N* 1 LIG -0.0483 

20 C8 4.1100 -0.9870 -3.4700 CR 1 LIG 0.3864 

21 C4 2.5270 -2.4550 -3.8040 CB 1 LIG 0.1609 

22 N7 4.6520 -1.8510 -4.2380 NB 1 LIG -0.4514 

23 C5 3.6710 -2.7980 -4.4530 CB 1 LIG 0.0424 
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24 N3 1.3430 -3.1170 -3.7540 NC 1 LIG -0.5186 

25 C6 3.6850 -3.9970 -5.2400 C 1 LIG 0.5168 

26 C2 1.3430 -4.1910 -4.4660 CA 1 LIG 0.6210 

27 O6 4.5450 -4.4980 -5.8990 O 1 LIG -0.5494 

28 N1 2.4180 -4.6300 -5.1660 NA 1 LIG -0.4362 

29 H1 2.3330 -5.4340 -5.7500 H 1 LIG 0.3377 

30 N2 0.2050 -4.9360 -4.5750 N2 1 LIG -0.8693 

31 H21 0.3020 -5.9190 -4.7020 H 1 LIG 0.3884 

32 H22 -0.5100 -4.6730 -3.9330 H 1 LIG 0.3884 

33 N10 4.7180 0.1580 -2.9650 N2 1 LIG -0.4445 

34 H10 4.0870 0.9300 -2.9790 H 1 LIG 0.3021 

35 C10 6.0390 0.4770 -3.4140 CA 1 LIG 0.0699 

36 C15 6.2480 1.3350 -4.5210 CA 1 LIG 0.0883 

37 C11 7.0970 -0.0340 -2.7190 CA 1 LIG -0.1367 

38 H11 6.9150 -0.6850 -1.8850 HA 1 LIG 0.1436 

39 C14 7.5620 1.6900 -4.8780 CA 1 LIG 0.0228 

40 C23 5.1440 1.8530 -5.2910 CA 1 LIG -0.1798 

41 H23 4.1430 1.5500 -5.0490 HA 1 LIG 0.1390 

42 C12 8.4040 0.2890 -3.0970 CA 1 LIG -0.1725 

43 H12 9.2330 -0.1240 -2.5510 HA 1 LIG 0.1602 

44 C16 7.7770 2.6060 -5.9960 CA 1 LIG 0.0658 

45 C13 8.6300 1.1380 -4.1430 CA 1 LIG -0.2018 

46 H13 9.6430 1.3750 -4.4010 HA 1 LIG 0.1547 

47 C22 5.3460 2.6840 -6.3220 CA 1 LIG -0.2403 

48 H22 4.5110 3.0530 -6.8920 HA 1 LIG 0.1586 

49 C21 6.6690 3.0960 -6.7040 CA 1 LIG 0.1173 

50 C17 9.0590 3.0330 -6.4040 CA 1 LIG -0.1932 

51 H17 9.9330 2.6860 -5.8890 HA 1 LIG 0.1406 

52 C20 6.8570 3.9810 -7.7840 CA 1 LIG -0.1752 

53 H20 5.9930 4.3420 -8.3140 HA 1 LIG 0.1388 

54 C18 9.2230 3.8930 -7.4540 CA 1 LIG -0.1292 

55 H18 10.2120 4.2010 -7.7420 HA 1 LIG 0.1390 

56 C29 8.1100 4.3760 -8.1570 CA 1 LIG -0.1704 

57 H19 8.2450 5.0520 -8.9830 HA 1 LIG 0.1492 
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Table A.19. MOL2 file containing partial charges and atom types of the 3APHNdG adduct 

used for MD simulations (atom numbers are provided in the associated figure). 

1 P 4.7030 0.0550 -1.1760 P 1 LIG 1.2091 

2 O5' 4.1740 1.0720 0.0000 OS 1 LIG -0.4894 

3 OP1 4.6050 0.7450 -2.4710 O2 1 LIG -0.7862 

4 OP2 5.9200 -0.5830 -0.6540 O2 1 LIG -0.7955 

5 O3 0.0000 0.0000 0.0000 OS 1 LIG -0.5485 

6 C5' 3.1030 1.9480 -0.2950 CI 1 LIG -0.0049 

7 H5' 2.8380 2.4620 0.6370 H1 1 LIG 0.0737 

8 H5'' 3.3920 2.7170 -1.0290 H1 1 LIG 0.0737 

9 C4' 1.8690 1.2220 -0.8310 CT 1 LIG 0.1806 

10 H4' 1.0280 1.9230 -0.9010 H1 1 LIG 0.0973 

11 O4' 2.1640 0.7260 -2.1570 OS 1 LIG -0.4092 

12 C1' 1.9180 -0.6730 -2.2330 CT 1 LIG 0.1631 

13 H1' 0.9240 -0.8650 -2.6470 H2 1 LIG 0.0901 

14 C3' 1.4280 0.0000 0.0000 CT 1 LIG 0.1539 

15 H3' 1.8240 0.0460 1.0220 H1 1 LIG 0.0696 

16 C2' 2.0060 -1.1830 -0.7870 CT 1 LIG -0.0625 

17 H2' 3.0470 -1.3500 -0.5020 HC 1 LIG 0.0462 

18 H2'' 1.4430 -2.1100 -0.6400 HC 1 LIG 0.0462 

19 N9 2.8730 -1.2580 -3.1640 N* 1 LIG -0.0458 

20 C8 2.6000 -1.9810 -4.3310 CR 1 LIG 0.4616 

21 C4 4.2480 -1.2530 -3.0550 CB 1 LIG 0.1258 

22 N7 3.6770 -2.4460 -4.9130 NB 1 LIG -0.5189 

23 C5 4.7210 -2.0040 -4.1240 CB 1 LIG 0.0919 

24 N3 4.9690 -0.6150 -2.0960 NC 1 LIG -0.5254 

25 C6 6.1410 -2.1900 -4.2770 C 1 LIG 0.5023 

26 C2 6.2710 -0.7660 -2.2140 CA 1 LIG 0.6442 

27 O6 6.7850 -2.8100 -5.1030 O 1 LIG -0.5410 

28 N1 6.8390 -1.4930 -3.2220 NA 1 LIG -0.4656 

29 H1 7.8430 -1.6340 -3.2440 H 1 LIG 0.3496 

30 N2 7.0940 -0.2180 -1.2620 N2 1 LIG -0.8684 

31 H21 8.0210 0.0700 -1.5460 H 1 LIG 0.3883 
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32 H22 6.6230 0.4330 -0.6410 H 1 LIG 0.3883 

33 N10 1.3000 -2.2720 -4.7430 N2 1 LIG -0.5844 

34 H10 1.2910 -3.1520 -5.2460 H 1 LIG 0.3515 

35 C10 0.4040 -1.3200 -5.2950 CA 1 LIG 0.2030 

36 C11 0.6360 0.0710 -5.2180 CA 1 LIG -0.0909 

37 H11 1.5320 0.4600 -4.7470 HA 1 LIG 0.1418 

38 C15 -0.7530 -1.7900 -5.9070 CA 1 LIG -0.2595 

39 H15 -0.9090 -2.8640 -5.9430 HA 1 LIG 0.1563 

40 C12 -0.2930 0.9410 -5.7500 CA 1 LIG -0.2651 

41 H12 -0.1140 2.0120 -5.6900 HA 1 LIG 0.1669 

42 C14 -1.7080 -0.9190 -6.4670 CA 1 LIG 0.0047 

43 C13 -1.4710 0.4860 -6.3810 CA 1 LIG 0.1187 

44 C16 -2.9230 -1.3900 -7.1230 CA 1 LIG 0.0738 

45 C22 -2.4200 1.4080 -6.9330 CA 1 LIG -0.1827 

46 H22' -2.2110 2.4720 -6.8510 HA 1 LIG 0.1524 

47 C17 -3.8380 -0.4320 -7.6570 CA 1 LIG 0.1448 

48 C21 -3.2440 -2.7600 -7.2590 CA 1 LIG -0.2055 

49 H21' -2.5720 -3.5150 -6.8670 HA 1 LIG 0.1475 

50 C23 -3.5530 0.9700 -7.5430 CA 1 LIG -0.2670 

51 H23 -4.2670 1.6770 -7.9590 HA 1 LIG 0.1612 

52 C18 -5.0190 -0.8780 -8.2950 CA 1 LIG -0.2005 

53 H18 -5.7040 -0.1350 -8.6960 HA 1 LIG 0.1440 

54 C20 -4.4060 -3.1720 -7.8880 CA 1 LIG -0.1450 

55 H20 -4.6230 -4.2330 -7.9770 HA 1 LIG 0.1421 

56 C19 -5.3040 -2.2240 -8.4120 CA 1 LIG -0.1486 

57 H19 -6.2150 -2.5510 -8.9050 HA 1 LIG 0.1462 

 

Table A.20. MOL2 file containing partial charges and atom types of the 1APdG adduct used 

for MD simulations (atom numbers are provided in the associated figure). 

1 P 4.9760 0.3860 -1.3260 P 1 LIG 1.1662 

2 O5' 4.1390 0.9990 0.0000 OS 1 LIG -0.4956 

3 OP1 5.1120 1.4640 -2.3580 O2 1 LIG -0.7681 
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4 OP2 6.1010 -0.4220 -0.7550 O2 1 LIG -0.7681 

5 O3 0.0000 0.0000 0.0000 OS 1 LIG -0.5424 

6 C5' 3.1040 1.8950 -0.2820 CI 1 LIG -0.0196 

7 H5' 3.4230 2.6620 -0.9830 H1 1 LIG 0.0821 

8 H5'' 2.8550 2.3890 0.6500 H1 1 LIG 0.0821 

9 C4' 1.8570 1.2140 -0.8200 CT 1 LIG 0.1633 

10 H4' 1.0480 1.9310 -0.8780 H1 1 LIG 0.1054 

11 O4' 2.1080 0.7240 -2.1370 OS 1 LIG -0.4032 

12 C1' 1.8650 -0.6500 -2.2260 CT 1 LIG 0.1513 

13 H1' 0.8780 -0.8250 -2.6240 H2 1 LIG 0.0873 

14 C3' 1.4070 0.0000 0.0000 CT 1 LIG 0.1347 

15 H3' 1.7910 0.0400 1.0120 H1 1 LIG 0.0784 

16 C2' 1.9750 -1.1690 -0.7950 CT 1 LIG -0.0572 

17 H2' 3.0130 -1.3300 -0.5360 HC 1 LIG 0.0443 

18 H2'' 1.4270 -2.0920 -0.6530 HC 1 LIG 0.0443 

19 N9 2.7970 -1.2560 -3.1630 N* 1 LIG -0.0519 

20 C8 4.0990 -0.9300 -3.5110 CR 1 LIG 0.3777 

21 C4 2.5500 -2.4460 -3.7900 CB 1 LIG 0.1445 

22 N7 4.6490 -1.7930 -4.2750 NB 1 LIG -0.4566 

23 C5 3.6890 -2.7690 -4.4570 CB 1 LIG 0.0570 

24 N3 1.3850 -3.1370 -3.7080 NC 1 LIG -0.4990 

25 C6 3.7200 -3.9790 -5.2240 C 1 LIG 0.4977 

26 C2 1.3980 -4.2210 -4.4050 CA 1 LIG 0.5921 

27 O6 4.5820 -4.4690 -5.8910 O 1 LIG -0.5456 

28 N1 2.4720 -4.6420 -5.1190 NA 1 LIG -0.4138 

29 H1 2.3970 -5.4580 -5.6890 H 1 LIG 0.3351 

30 N2 0.2780 -4.9950 -4.4810 N2 1 LIG -0.8656 

31 H21 0.3970 -5.9770 -4.5990 H 1 LIG 0.3895 

32 H22 -0.4320 -4.7410 -3.8300 H 1 LIG 0.3895 

33 N10 4.6780 0.2390 -3.0360 N2 1 LIG -0.3628 

34 H10 4.0050 0.9680 -2.9720 H 1 LIG 0.2783 

35 C10 5.9550 0.6490 -3.5100 CA 1 LIG 0.0814 

36 C15 6.1060 1.8360 -4.2310 CA 1 LIG 0.0633 

37 C11 7.0640 -0.1160 -3.1790 CA 1 LIG -0.2616 

38 H11 6.9210 -1.0300 -2.6350 HA 1 LIG 0.1751 

39 C14 7.4130 2.2570 -4.5810 CA 1 LIG 0.0181 

40 C23 4.9910 2.6640 -4.6450 CA 1 LIG -0.1706 

41 H23 3.9870 2.3450 -4.4390 HA 1 LIG 0.1296 

42 C12 8.3300 0.2810 -3.5480 CA 1 LIG -0.1240 

43 H12 9.1750 -0.3300 -3.2860 HA 1 LIG 0.1527 

44 C16 7.6070 3.4880 -5.2930 CA 1 LIG 0.0859 
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45 C13 8.5310 1.4720 -4.2390 CA 1 LIG 0.0232 

46 C22 5.1770 3.8110 -5.3090 CA 1 LIG -0.2254 

47 H22' 4.3310 4.4020 -5.6120 HA 1 LIG 0.1573 

48 C21 6.4980 4.2810 -5.6550 CA 1 LIG 0.0462 

49 C17 8.9100 3.9110 -5.6360 CA 1 LIG 0.0488 

50 C24 9.8500 1.9270 -4.6100 CA 1 LIG -0.1744 

51 H24 10.6920 1.3130 -4.3430 HA 1 LIG 0.1419 

52 C20 6.7030 5.4740 -6.3400 CA 1 LIG -0.1411 

53 H20 5.8560 6.0770 -6.6170 HA 1 LIG 0.1383 

54 C18 9.0760 5.1110 -6.3220 CA 1 LIG -0.1473 

55 H18 10.0680 5.4350 -6.5840 HA 1 LIG 0.1409 

56 C25 10.0320 3.0790 -5.2670 CA 1 LIG -0.1962 

57 H25 11.0200 3.4070 -5.5350 HA 1 LIG 0.1453 

58 C19 7.9830 5.8840 -6.6680 CA 1 LIG -0.2217 

59 H19 8.1290 6.8080 -7.1990 HA 1 LIG 0.1629 

 

 

Table A.21. Cartesian coordinates of the nucleobase minimum for the ANG adduct with θ 

= 29.9 and ϕ = 16.7. 

Calculated energy (in Hartrees) =  –829.3022069 

Atom X Y Z 

N -0.06926100 0.46196200 -0.34668600 

C 0.36255100 -0.83952200 -0.13182800 

N -0.62197900 -1.66773600 0.12555900 

C -1.76302700 -0.88013200 0.06605300 

C -3.14133000 -1.22591300 0.27780200 

O -3.67376800 -2.28962300 0.54653900 

N -3.95774100 -0.04763900 0.13461900 

H -4.93548300 -0.21028200 0.34652800 

C -3.52219600 1.21669300 -0.15888600 

N -4.47557500 2.21503400 -0.19219900 

H -5.37876500 1.96528100 -0.57618400 

H -4.10773300 3.07863000 -0.57202800 

N -2.25953000 1.51823900 -0.35395900 

C -1.44222000 0.44483200 -0.21787800 

H 0.49182900 1.25207700 -0.62913500 

N 1.67717600 -1.22237200 -0.27218300 

H 1.79065200 -2.22480500 -0.33485400 

C 2.82627500 -0.44676400 -0.06812300 



 

350 

C 4.04225100 -0.90686200 -0.59942700 

C 2.80909700 0.75946800 0.65048000 

C 5.21007000 -0.17334200 -0.42118000 

C 3.98409000 1.49507500 0.80382400 

H 1.89486700 1.09888900 1.12470500 

C 5.18943700 1.03977400 0.27166900 

H 3.95361800 2.42493600 1.36501200 

H 4.05801900 -1.83803800 -1.15985900 

H 6.14109900 -0.54780600 -0.83727900 

H 6.10043800 1.61583900 0.39968000 

 

 

 

 

 

 

 

 

 

 

Table A.22. Cartesian coordinates of the nucleobase minimum for the ANG adduct with θ 

= 180.0 and ϕ = 0.0. 

Calculated energy (in Hartrees) =  –829.3011175 

Atom X Y Z 

N -0.71971200 -1.62217300 -0.00300100 

C 0.34768300 -0.72606200 0.00014100 

N -0.04848800 0.52486400 0.00689100 

C -1.43564900 0.45607300 0.00749200 

C -2.41328200 1.50716100 0.00050600 

O -2.29293000 2.72075700 -0.00934100 

N -3.73435600 0.93089300 -0.00467900 

H -4.47160500 1.62174600 -0.08528700 

C -4.04281500 -0.40239300 -0.00206000 

N -5.38073900 -0.73663600 -0.06938500 

H -6.02269400 -0.13814300 0.43574200 

H -5.53578000 -1.72206600 0.10426700 

N -3.13657200 -1.35285600 0.00977600 

C -1.87219800 -0.86355200 -0.00026400 

H -0.69216600 -2.63138300 -0.01400800 

N 1.63298000 -1.20806800 -0.00257200 

H 1.73139600 -2.21225600 -0.00625100 



 

351 

C 2.83877100 -0.48739000 -0.00063700 

C 4.03030100 -1.23011600 -0.00360500 

C 2.89475400 0.91416400 0.00401800 

C 5.26172700 -0.58395500 -0.00187500 

C 4.13920600 1.54342300 0.00566500 

H 1.97546400 1.48378600 0.00615900 

C 5.32598100 0.81060800 0.00282400 

H 4.17293700 2.62943100 0.00916300 

H 3.98743900 -2.31795600 -0.00735900 

H 6.17304700 -1.17551000 -0.00427200 

H 6.28673000 1.31636700 0.00412800 

 

 

 

 

 

 

 

 

 

 

 

Table A.23. Cartesian coordinates of the nucleobase minimum for the ANG adduct with θ 

= 330.6 and ϕ = 163.1. 

         Calculated energy (in Hartrees) =  –829.3021875 

Atom X Y Z 

N 0.06882000 0.46199600 -0.33584200 

C -0.36201300 -0.83862600 -0.11443300 

N 0.62295600 -1.66482700 0.14819700 

C 1.76340000 -0.87670400 0.08514400 

C 3.14441300 -1.22562400 0.27292300 

O 3.68027600 -2.29385500 0.51566900 

N 3.96079700 -0.04898500 0.11733800 

H 4.95462100 -0.24310600 0.16175500 

C 3.52277300 1.21696400 -0.16560000 

N 4.48804200 2.18985700 -0.33512400 

H 5.29755000 2.13326300 0.27071300 

H 4.08715700 3.11884300 -0.37642400 

N 2.25680800 1.52327800 -0.32862700 

C 1.44219500 0.44576300 -0.20945800 

H -0.49169300 1.24843600 -0.62957200 

N -1.67618500 -1.22376900 -0.25156700 



 

352 

H -1.78837700 -2.22640000 -0.31278200 

C -2.82675200 -0.44772000 -0.06130200 

C -2.81422500 0.76651800 0.64383100 

C -4.04019700 -0.91551400 -0.59196100 

C -3.99091900 1.50197900 0.78451700 

C -5.20964600 -0.18176200 -0.42647700 

H -4.05253700 -1.85298700 -1.14188600 

C -5.19352500 1.03908600 0.25288500 

H -6.13849200 -0.56221400 -0.84199900 

H -1.90239000 1.11259800 1.11779500 

H -3.96388300 2.43819400 1.33524100 

H -6.10584600 1.61520300 0.37076300 

 

 

 

 

 

 

 

 

 

 

 

Table A.24. Cartesian coordinates of the nucleobase minimum for the 1ANPG adduct with 

θ = 36.7 and ϕ = 18.9. 

Calculated energy (in Hartrees) =  –983.0063609 

Atom X Y Z 

N 1.09192600 0.52696100 0.40380500 

C 0.55296900 -0.60271600 -0.19375000 

N 1.46763100 -1.43568300 -0.62933700 

C 2.67290500 -0.83352500 -0.29511100 

C 4.02267800 -1.26433400 -0.53165400 

O 4.46766600 -2.26564300 -1.06692300 

N 4.93726100 -0.27501800 -0.02096200 

H 5.90790200 -0.48530300 -0.22340800 

C 4.60605800 0.90045900 0.59772200 

N 5.64682500 1.73327200 0.95776200 

H 6.48952200 1.28431200 1.29512600 

H 5.33695300 2.49337500 1.55071900 

N 3.36769200 1.28069400 0.81074300 

C 2.46186400 0.38912300 0.33829600 

H 0.58681700 1.28238200 0.84345900 



 

353 

N -0.80283900 -0.85214200 -0.21753800 

H -1.00778800 -1.78862200 -0.54221800 

C -1.81593300 0.11472400 -0.36474900 

C -3.14501200 -0.24382800 0.03753400 

C -1.56522100 1.37561300 -0.87817700 

C -4.19727300 0.71088200 -0.14311000 

C -3.45607600 -1.50305900 0.61215200 

C -2.60748400 2.32015200 -1.00852400 

H -0.56929100 1.62966200 -1.22437900 

C -5.51987600 0.34535900 0.21948700 

C -3.89764700 1.99786200 -0.66282000 

C -4.75083900 -1.82347700 0.95671400 

H -2.65823900 -2.21079500 0.81064200 

H -2.37836200 3.30080900 -1.41542500 

C -5.79565800 -0.89443600 0.74901900 

H -4.96888800 -2.79046600 1.40042800 

H -4.70275700 2.71741800 -0.78137500 

H -6.31558300 1.07101300 0.07193000 

H -6.81381400 -1.15802500 1.02039700 

 

 

 

 

Table A.25. Cartesian coordinates of the nucleobase minimum for the 1ANPG adduct with 

θ = 323.4 and ϕ = 341.1. 

Calculated energy (in Hartrees) =  –983.006339 

Atom X Y Z 

N -1.09272700 0.53158000 0.39535500 

C -0.55347200 -0.59686200 -0.20423200 

N -1.46786400 -1.42835700 -0.64328100 

C -2.67332200 -0.82666100 -0.30897500 

C -4.02294800 -1.26876600 -0.52475700 

O -4.46741300 -2.28358400 -1.03441200 

N -4.93791300 -0.28334700 -0.00734800 

H -5.90818600 -0.57162600 -0.06030200 

C -4.60707300 0.89876200 0.59885400 

N -5.64776300 1.66938500 1.07777200 

H -6.49300600 1.68554900 0.52032400 

H -5.33926200 2.59176300 1.35954200 

N -3.36894400 1.29391600 0.78387600 



 

354 

C -2.46269100 0.39272400 0.33071800 

H -0.58798500 1.28227100 0.84349100 

N 0.80218300 -0.84642700 -0.22848800 

H 1.00748600 -1.78261000 -0.55354500 

C 1.81700500 0.11943300 -0.36653000 

C 3.14485600 -0.24424700 0.03551700 

C 1.56944100 1.38457900 -0.87111500 

C 4.19900700 0.71000500 -0.13628400 

C 3.45283000 -1.50805000 0.60169200 

C 2.61353100 2.32821300 -0.99273000 

H 0.57450200 1.64281400 -1.21700200 

C 5.52033600 0.33971800 0.22608500 

C 3.90253600 2.00126000 -0.64714100 

C 4.74643300 -1.83306900 0.94631300 

H 2.65361700 -2.21591800 0.79409800 

H 2.38683000 3.31228600 -1.39273100 

C 5.79313200 -0.90430200 0.74718900 

H 4.96201800 -2.80350800 1.38362900 

H 4.70906100 2.72031300 -0.75890800 

H 6.31747400 1.06514500 0.08528100 

H 6.81034200 -1.17147200 1.01860500 

 

 

 

 

Table A.26. Cartesian coordinates of the nucleobase minimum for the 1ANPG adduct with 

θ = 334.4 and ϕ = 252.1. 

         Calculated energy (in Hartrees) =  –983.0056003 

Atom X Y Z 

N 0.56164000 0.10570700 0.08398800 

C 0.40044400 -1.13466500 -0.50854600 

N 1.53787900 -1.73256800 -0.76899100 

C 2.50632800 -0.83615000 -0.33490400 

C 3.93904100 -0.92844100 -0.36786900 

O 4.68257700 -1.80249600 -0.78203800 

N 4.50869200 0.26763700 0.19834600 

H 5.51965100 0.29881600 0.13323900 

C 3.82179500 1.34062700 0.69991300 

N 4.57301900 2.41471700 1.13885700 

H 5.43763500 2.19205800 1.61724700 



 

355 

H 4.00766200 3.08898200 1.64031000 

N 2.51184600 1.40825900 0.73132000 

C 1.92195400 0.31088700 0.19481700 

H -0.16282800 0.76045000 0.34149100 

N -0.84376200 -1.67130300 -0.81357300 

H -0.75040100 -2.66313800 -1.00069200 

C -2.02305100 -1.29957200 -0.11303400 

C -2.60850600 -0.01649200 -0.35246600 

C -2.62022500 -2.18177100 0.76529700 

C -3.77053900 0.35582500 0.39998200 

C -2.09930500 0.89075500 -1.32092200 

C -3.79459000 -1.82417900 1.46364000 

H -2.16324300 -3.15271000 0.93593100 

C -4.33180600 1.64420500 0.19672700 

C -4.34551400 -0.57420800 1.30447400 

C -2.67550400 2.12916100 -1.49652200 

H -1.26184400 0.58317100 -1.93717600 

H -4.24219600 -2.53759200 2.14911200 

C -3.79359600 2.51650400 -0.72083800 

H -2.27775600 2.80825400 -2.24492000 

H -5.23360600 -0.28489000 1.85952000 

H -5.20516300 1.92632300 0.77903200 

H -4.23528700 3.49818100 -0.86492200 

 

 

 

 

Table A.27. Cartesian coordinates of the nucleobase minimum for the 1ANPG adduct with 

θ = 26.0 and ϕ = 107.6. 

      Calculated energy (in Hartrees) = –983.0055845 

Atom X Y Z 

N -0.56203000 0.11250900 0.07006900 

C -0.40148700 -1.12705100 -0.52430900 

N -1.53918400 -1.72345700 -0.78664300 

C -2.50723600 -0.82682700 -0.35204600 

C -3.93959300 -0.93013500 -0.36022300 

O -4.68295900 -1.81720100 -0.74604700 

N -4.50854500 0.26216700 0.21455200 

H -5.51683000 0.21945100 0.30831700 

C -3.82133200 1.34175900 0.70132500 

N -4.57040900 2.35754900 1.26496600 



 

356 

H -5.44822000 2.57438000 0.80841900 

H -4.00926100 3.17985300 1.45100500 

N -2.51185500 1.42399800 0.70050300 

C -1.92217700 0.31735500 0.18305100 

H 0.16300100 0.76478000 0.33223700 

N 0.84277800 -1.66366700 -0.83007800 

H 0.74772100 -2.65469500 -1.02086800 

C 2.01956900 -1.29892000 -0.12104300 

C 2.61064400 -0.01704800 -0.35218700 

C 2.60806800 -2.18619500 0.75792500 

C 3.76930200 0.34869000 0.40866200 

C 2.11021800 0.89551000 -1.32019700 

C 3.77924400 -1.83502300 1.46490300 

H 2.14654700 -3.15599700 0.92263200 

C 4.33607600 1.63590500 0.21355200 

C 4.33545400 -0.58645100 1.31344500 

C 2.69170700 2.13255200 -1.48785800 

H 1.27542300 0.59284700 -1.94256200 

H 4.21990200 -2.55220900 2.15091700 

C 3.80641500 2.51334700 -0.70409600 

H 2.30094700 2.81568100 -2.23631300 

H 5.22089900 -0.30204900 1.87521000 

H 5.20669400 1.91303100 0.80230900 

H 4.25232200 3.49401900 -0.84193600 

 

 

 

 

Table A.28. Cartesian coordinates of the nucleobase minimum for the 1ANPG adduct with 

θ = 177.1 and ϕ = 356.4. 

Calculated energy (in Hartrees) = –983.0036838 

Atom X Y Z 

N -1.47743200 -1.43280100 -0.13440700 

C -0.56851000 -0.37866200 -0.05444600 

N -1.16273900 0.78611900 0.04854900 

C -2.52029300 0.49329600 0.04768500 

C -3.65489100 1.36946000 0.12239800 

O -3.73235700 2.58355000 0.20660000 

N -4.86521200 0.58833500 0.07437400 

H -5.70581300 1.15415700 0.04964200 



 

357 

C -4.95336100 -0.77365100 -0.02640600 

N -6.21988600 -1.31487400 -0.11482900 

H -6.94344400 -0.86850200 0.43519400 

H -6.21141400 -2.32286700 -0.01967500 

N -3.90515400 -1.56245800 -0.09243900 

C -2.73687900 -0.87528800 -0.06583800 

H -1.28432400 -2.42358300 -0.15939300 

N 0.77835500 -0.65737300 -0.06535800 

H 1.01457600 -1.58629600 -0.37796500 

C 1.84932400 0.25444300 -0.04994400 

C 3.17578600 -0.29525800 0.01637000 

C 1.66166200 1.62482100 -0.09290200 

C 4.28913600 0.60637500 -0.03551900 

C 3.44481200 -1.68433400 0.14029700 

C 2.77605700 2.49143400 -0.10792800 

H 0.65574900 2.02029300 -0.12136700 

C 5.60495000 0.07465400 -0.00972900 

C 4.06072100 2.00520700 -0.09772400 

C 4.73493600 -2.16707400 0.16959400 

H 2.63067000 -2.39373800 0.25986200 

H 2.59773800 3.56224400 -0.14536400 

C 5.82997200 -1.27925500 0.08203500 

H 4.91006700 -3.23408600 0.27260800 

H 4.91463300 2.67618400 -0.12807000 

H 6.43996100 0.76897500 -0.05866800 

H 6.84439500 -1.66683400 0.10151400 

 

 

 

 

Table A.29. Cartesian coordinates of the nucleobase minimum for the 1ANPG adduct with 

θ = 166.7 and ϕ = 117.3. 

        Calculated energy (in Hartrees) = –983.0002316 

Atom X Y Z 

N -1.48124800 -1.39739000 -1.15125000 

C -0.34412700 -1.17495100 -0.38209200 

N -0.57007500 -0.38824000 0.63835900 

C -1.91387900 -0.05776200 0.53554100 

C -2.72672400 0.78878300 1.36497400 

O -2.45934300 1.44643200 2.35542400 



 

358 

N -4.07400500 0.80849300 0.85215400 

H -4.68138000 1.44953100 1.34969100 

C -4.53846000 0.13990000 -0.24829300 

N -5.85575500 0.35352500 -0.60041100 

H -6.51624900 0.46510800 0.15886900 

H -6.17052900 -0.29492500 -1.31148000 

N -3.78682000 -0.63707700 -0.99331400 

C -2.50050800 -0.68112800 -0.56450300 

H -1.53229600 -1.88097600 -2.03615500 

N 0.86973000 -1.73728000 -0.77492200 

H 0.82901100 -2.74824900 -0.85793100 

C 2.07944300 -1.29232200 -0.17092800 

C 2.53105800 0.04600900 -0.39091700 

C 2.84407900 -2.17535900 0.56122300 

C 3.76485000 0.45148100 0.21222000 

C 1.82421700 0.97793000 -1.19328300 

C 4.07694500 -1.77449100 1.12264600 

H 2.48144600 -3.18727100 0.72522300 

C 4.21660600 1.78350100 0.01871400 

C 4.52149800 -0.48408000 0.96649400 

C 2.29626000 2.25856800 -1.36810000 

H 0.90650800 0.66941100 -1.67898000 

H 4.65759600 -2.49142100 1.69561600 

C 3.49889700 2.67093600 -0.74833400 

H 1.74202100 2.95887600 -1.98636000 

H 5.45963400 -0.16225300 1.41037900 

H 5.14894000 2.08704600 0.48806900 

H 3.85630700 3.68735900 -0.88683300 

 

 

 

 

Table A.30. Cartesian coordinates of the nucleobase minimum for the 1ANPG adduct with 

θ = 193.9 and ϕ = 242.8. 

Calculated energy (in Hartrees) = –983.0002151 

Atom X Y Z 

N 1.47685000 -1.37099600 -1.17772700 

C 0.34258600 -1.16798900 -0.39910500 

N 0.57049200 -0.39991700 0.63500000 

C 1.91243500 -0.06244000 0.53231000 



 

359 

C 2.73225800 0.74965700 1.38889100 

O 2.47485800 1.36081200 2.41124800 

N 4.07820700 0.77972400 0.87334400 

H 4.72528700 1.27705100 1.47444500 

C 4.53598700 0.14825300 -0.25155500 

N 5.88190500 0.26823000 -0.53199000 

H 6.31157100 1.16076100 -0.32230100 

H 6.11208400 -0.07917600 -1.45473200 

N 3.77573900 -0.58958600 -1.02714700 

C 2.49692400 -0.66489700 -0.58061500 

H 1.52713400 -1.84371600 -2.06850600 

N -0.87153900 -1.72676200 -0.79736700 

H -0.83054000 -2.73708000 -0.88872000 

C -2.07984700 -1.28805500 -0.18600900 

C -2.53159900 0.05248900 -0.39190700 

C -2.84289500 -2.17771100 0.53967400 

C -3.76358700 0.45273700 0.21827400 

C -1.82643100 0.99165100 -1.18726700 

C -4.07407600 -1.78165900 1.10822000 

H -2.48014500 -3.19118500 0.69327700 

C -4.21522300 1.78672300 0.03849900 

C -4.51859400 -0.48966100 0.96566000 

C -2.29840500 2.27407300 -1.34889800 

H -0.91031700 0.68692500 -1.67843800 

H -4.65337500 -2.50375800 1.67603000 

C -3.49922500 2.68108000 -0.72211100 

H -1.74576100 2.97990700 -1.96234700 

H -5.45533200 -0.17170200 1.41523500 

H -5.14618600 2.08627600 0.51311000 

H -3.85670400 3.69885300 -0.85018500 

 

 

 

 

Table A.31. Cartesian coordinates of the nucleobase minimum for the 3APHNG adduct with 

θ = 33.3 and ϕ = 193.9. 

Calculated energy (in Hartrees) = –1136.7154178 

Atom X Y Z 

N -1.66986700 -0.33928200 -0.61953400 

C -1.67468000 -1.54206300 0.07343000 



 

360 

N -2.82014300 -1.78546800 0.66455300 

C -3.61796500 -0.69813600 0.33755400 

C -4.97142400 -0.39414200 0.71207700 

O -5.77663400 -1.00687700 1.39244700 

N -5.35096800 0.87508700 0.14576900 

H -6.27248300 1.18275400 0.43482100 

C -4.57095400 1.68769900 -0.63253500 

N -5.11835300 2.89293100 -1.02398100 

H -6.10623100 2.89103600 -1.24652000 

H -4.55356900 3.35763600 -1.72428600 

N -3.33610900 1.39611200 -0.96998600 

C -2.92161000 0.21372700 -0.45193100 

N -0.61273500 -2.41935300 0.04929200 

H -0.85809500 -3.33846300 0.39220400 

C 0.74954100 -2.10436900 -0.04124800 

C 1.24040100 -0.81877700 0.15591300 

C 1.64810400 -3.15317100 -0.35044100 

C 2.61437900 -0.52610700 0.02061300 

C 2.99384500 -2.89263000 -0.45897000 

H 1.26214800 -4.15652400 -0.50836400 

C 3.14737200 0.81583000 0.20249000 

C 3.51185700 -1.58735100 -0.29042500 

H 3.68283700 -3.70061300 -0.69087600 

C 2.33283700 1.93184500 0.50076200 

C 4.55217100 1.02707200 0.07119900 

C 4.91317600 -1.32680700 -0.41873700 

C 2.87194200 3.19342400 0.66911900 

C 5.07986100 2.32642700 0.24892500 

C 5.41377800 -0.07437900 -0.24302500 

H 5.57179300 -2.15799600 -0.65742900 

C 4.25892400 3.39565700 0.54417000 

H 2.21997300 4.03129100 0.89854700 

H 6.15281400 2.46849100 0.14689900 

H 6.47941900 0.11552200 -0.33924100 

H 4.67874800 4.38841400 0.67792700 

H 1.25984800 1.80922400 0.60000300 

H 0.55618600 -0.04102200 0.46687600 

H -0.93241500 0.02258700 -1.20656800 
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Table A.32. Cartesian coordinates of the nucleobase minimum for the 3APHNG adduct with 

θ = 327.4 and ϕ = 166.0. 

Calculated energy (in Hartrees) = –1136.7153814 

Atom X Y Z 

N 1.66917700 -0.32454400 -0.60170400 

C 1.67705200 -1.53262100 0.08194200 

N 2.82486500 -1.78045600 0.66669600 

C 3.62141000 -0.69089300 0.34438200 

C 4.98518200 -0.40253200 0.69303500 

O 5.80323600 -1.03553700 1.33864200 

N 5.36504800 0.86744900 0.12884900 

H 6.34222200 1.09360200 0.27496000 

C 4.57619100 1.69434400 -0.62525000 

N 5.16481100 2.84020100 -1.12102600 

H 5.83495000 3.30284400 -0.51920800 

H 4.48537400 3.47426300 -1.52302000 

N 3.32874000 1.42176100 -0.93048900 

C 2.92307500 0.22535000 -0.43809900 

N 0.61526400 -2.40989000 0.05779000 

H 0.86315900 -3.33212400 0.39014100 

C -0.74713300 -2.09928200 -0.03634000 

C -1.24303000 -0.81523600 0.15908900 

C -1.64163900 -3.15140200 -0.34654300 

C -2.61779400 -0.52762700 0.02102600 

C -2.98800000 -2.89572100 -0.45777200 

H -1.25201500 -4.15355900 -0.50308000 

C -3.15606600 0.81251700 0.20071100 

C -3.51098800 -1.59220000 -0.29090000 

H -3.67363400 -3.70630800 -0.69050200 

C -2.34614300 1.93187600 0.49899700 

C -4.56141900 1.01856800 0.06694900 

C -4.91298100 -1.33686100 -0.42174900 

C -2.89008400 3.19166800 0.66515300 

C -5.09408700 2.31620200 0.24251500 

C -5.41856100 -0.08618800 -0.24774800 

H -5.56810700 -2.17062800 -0.66104300 

C -4.27758900 3.38876500 0.53790100 

H -2.24159600 4.03229800 0.89449800 

H -6.16736900 2.45426400 0.13853500 

H -6.48471000 0.09975500 -0.34593700 

H -4.70127200 4.38012900 0.66982300 
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H -1.27282900 1.81308600 0.59963400 

H -0.56224500 -0.03490600 0.47103200 

H 0.93246300 0.03757300 -1.18956400 

 

Table A.33. Cartesian coordinates of the nucleobase minimum for the 3APHNG adduct with 

θ = 180.0 and ϕ = 180.0. 

Calculated energy (in Hartrees) = –1136.7153462 

Atom X Y Z 

N -2.99392500 -1.87130400 0.00181000 

C -1.67760900 -1.41392200 0.00052800 

N -1.60401600 -0.10303500 0.00260600 

C -2.92415600 0.32590900 0.00468300 

C -3.46167900 1.65644400 -0.00613000 

O -2.91354800 2.74606600 -0.02101100 

N -4.90089800 1.58993900 -0.00821100 

H -5.34394200 2.49772700 -0.09197600 

C -5.66432600 0.45377300 0.00051600 

N -7.03311300 0.61818600 -0.06407700 

H -7.41921200 1.40989800 0.43535500 

H -7.53006200 -0.24595900 0.11331600 

N -5.15667600 -0.75769200 0.01570500 

C -3.80129600 -0.75206300 0.00261700 

N -0.64391300 -2.31707700 -0.00112900 

H -0.90135500 -3.29251100 -0.00433000 

C 0.73596400 -2.05502200 -0.00178500 

C 1.26115000 -0.77002800 -0.00013300 

C 1.60255200 -3.17307500 -0.00383500 

C 2.65541800 -0.56138100 -0.00005900 

C 2.96528100 -2.98386400 -0.00382400 

H 1.18903200 -4.17967900 -0.00534700 

C 3.22991400 0.77609000 0.00187000 

C 3.52789700 -1.68738400 -0.00176800 

H 3.63019900 -3.84374500 -0.00535800 

C 2.43830500 1.94736400 0.00306400 

C 4.64875500 0.92041100 0.00257000 

C 4.94644200 -1.49429600 -0.00127700 

C 3.01752700 3.20279900 0.00508700 

C 5.21581500 2.21511400 0.00473200 

C 5.48441100 -0.24496500 0.00094400 

H 5.58680200 -2.37305900 -0.00264700 
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C 4.41791700 3.34147600 0.00602200 

H 2.38443100 4.08534600 0.00580900 

H 6.29924600 2.30751100 0.00525900 

H 6.56247300 -0.10599200 0.00139500 

H 4.86722900 4.33060600 0.00760400 

H 1.35659000 1.87233800 0.00215700 

H 0.57220000 0.05996600 0.00108400 

H -3.32714000 -2.82439000 -0.00409300 

 

Table A.34. Cartesian coordinates of the nucleobase minimum for the 3APHNG adduct with 

θ = 26.8 and ϕ = 21.7. 

Calculated energy (in Hartrees) = –1136.7143743 

Atom X Y Z 

N 2.30200400 0.39726100 0.32317500 

C 1.85732000 -0.77311900 -0.27630300 

N 2.83834500 -1.56359600 -0.64273500 

C 3.98893600 -0.89098000 -0.25622500 

C 5.37088500 -1.25407300 -0.40679000 

O 5.89681900 -2.24083200 -0.89338700 

N 6.20207500 -0.20812700 0.13224500 

H 7.19233800 -0.37036400 -0.01058100 

C 5.77569300 0.95914600 0.70663900 

N 6.74975700 1.85208100 1.10702700 

H 7.59333400 1.45451400 1.50182800 

H 6.36766100 2.60640900 1.66415000 

N 4.50906800 1.27687500 0.84147300 

C 3.67959800 0.33012500 0.33735500 

N 0.52403500 -1.09424300 -0.38838500 

H 0.36353300 -2.07292300 -0.58216200 

C -0.56947400 -0.22166200 -0.44369400 

C -1.83247400 -0.70866900 -0.12323400 

C -0.42384000 1.13043200 -0.83537500 

C -2.97805300 0.10803200 -0.17162100 

C -1.53026900 1.95191700 -0.86344400 

H 0.54241800 1.50552200 -1.15327900 

C -4.31022400 -0.38328200 0.15251300 

C -2.81877300 1.47816300 -0.53568400 

H -1.41936400 2.98939700 -1.16823600 

C -4.56680700 -1.72471100 0.51386100 

C -5.41228400 0.52086900 0.10499200 
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C -3.95629900 2.34677000 -0.57312400 

C -5.84398600 -2.15825100 0.81788300 

C -6.70846400 0.05481000 0.42102300 

C -5.19907700 1.89008900 -0.26451500 

H -3.80188600 3.38491100 -0.85594200 

C -6.92719200 -1.26183700 0.77304900 

H -6.00973400 -3.19621900 1.09150000 

H -7.53652100 0.75798700 0.38036000 

H -6.05776800 2.55542100 -0.29449800 

H -7.92912600 -1.60572500 1.01296900 

H -3.75230800 -2.43941100 0.55419300 

H -1.91331500 -1.74545700 0.18470600 

H 1.73790400 1.11820700 0.74864600 

 

Table A.35. Cartesian coordinates of the nucleobase minimum for the 3APHNG adduct with 

θ = 333.8 and ϕ = 338.0. 

Calculated energy (in Hartrees) = –1136.7143537 

Atom X Y Z 

N -2.30268200 0.40375800 0.30971900 

C -1.85784200 -0.76630700 -0.29017000 

N -2.83864300 -1.55712100 -0.65661100 

C -3.98932600 -0.88525200 -0.26920600 

C -5.37039500 -1.26087500 -0.39540000 

O -5.89483700 -2.26212300 -0.85313700 

N -6.20185000 -0.21849200 0.15003300 

H -7.18691600 -0.45701200 0.16030900 

C -5.77623100 0.95677000 0.70868600 

N -6.74631600 1.78964700 1.22994600 

H -7.62107000 1.83870500 0.72213300 

H -6.37530400 2.70027500 1.47175600 

N -4.51081700 1.29037800 0.81203200 

C -3.68028400 0.33423600 0.32763700 

N -0.52462200 -1.08638300 -0.40553500 

H -0.36355000 -2.06556500 -0.59614300 

C 0.56989200 -0.21506800 -0.45187000 

C 1.83161400 -0.70568600 -0.13164600 

C 0.42706400 1.13969400 -0.83542700 

C 2.97834200 0.10977800 -0.17230400 

C 1.53464300 1.95982600 -0.85589300 

H -0.53799800 1.51803200 -1.15304100 
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C 4.30913600 -0.38534500 0.15175200 

C 2.82177700 1.48236200 -0.52823200 

H 1.42583500 2.99938400 -1.15433500 

C 4.56305900 -1.72924700 0.50565900 

C 5.41255800 0.51752100 0.11200700 

C 3.96055600 2.34960500 -0.55786900 

C 5.83898900 -2.16640400 0.80976000 

C 6.70741200 0.04774400 0.42791200 

C 5.20205200 1.88928400 -0.24953000 

H 3.80817400 3.38971600 -0.83450400 

C 6.92354900 -1.27129800 0.77249600 

H 6.00266000 -3.20618700 1.07765700 

H 7.53652900 0.74998900 0.39327300 

H 6.06172700 2.55358500 -0.27354500 

H 7.92448200 -1.61802200 1.01249600 

H 3.74748700 -2.44301500 0.54020500 

H 1.91050000 -1.74448700 0.16994200 

H -1.73875000 1.12104500 0.74162500 

 

Table A.36. Cartesian coordinates of the nucleobase minimum for the 3APHNG adduct with 

θ = 180.0 and ϕ = 0.0. 

Calculated energy (in Hartrees) = –1136.7133475 

Atom X Y Z 

N -2.81301400 -1.57816200 0.00049300 

C -1.85929600 -0.56250000 0.00204700 

N -2.40021300 0.63267000 0.00603100 

C -3.76948800 0.40101900 0.00652000 

C -4.86427900 1.32962100 -0.00314900 

O -4.88703400 2.54880100 -0.01570900 

N -6.10794100 0.60162100 -0.00747100 

H -6.92164200 1.20034500 -0.09001600 

C -6.25686600 -0.75891600 -0.00209000 

N -7.54543300 -1.24866900 -0.06917000 

H -8.25533600 -0.72818700 0.43125500 

H -7.58461300 -2.24530100 0.10512700 

N -5.24468200 -1.59588300 0.01207100 

C -4.04713700 -0.96088500 0.00145100 

N -0.52545500 -0.89115000 0.00080300 

H -0.31185300 -1.87750400 -0.00300300 

C 0.58965100 -0.03995500 0.00175600 
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C 1.84883500 -0.63236800 0.00003200 

C 0.47097900 1.36893900 0.00445500 

C 3.02908800 0.13316900 0.00098800 

C 1.62025100 2.12976900 0.00550600 

H -0.51128100 1.82111800 0.00551200 

C 4.35831500 -0.46231300 -0.00083700 

C 2.90912600 1.55366200 0.00391200 

H 1.53678300 3.21357900 0.00748900 

C 4.57653300 -1.85812400 -0.00393700 

C 5.50008900 0.39286300 0.00048000 

C 4.08517500 2.36998900 0.00510300 

C 5.85232700 -2.39126400 -0.00564400 

C 6.79435700 -0.17512400 -0.00128200 

C 5.32712400 1.81633900 0.00349900 

H 3.96028700 3.44982600 0.00728300 

C 6.97488700 -1.54358600 -0.00429500 

H 5.98627100 -3.46930500 -0.00808100 

H 7.65261900 0.49227900 -0.00026800 

H 6.21478200 2.44335400 0.00439100 

H 7.97621800 -1.96454700 -0.00566400 

H 3.73071900 -2.53709500 -0.00512300 

H 1.90932500 -1.71679100 -0.00208700 

H -2.66686600 -2.57718300 -0.00755300 

 

Table A.37. Cartesian coordinates of the nucleobase minimum for the 1APG adduct with θ 

= 34.0 and ϕ = 22.4. 

Calculated energy (in Hartrees) = –1212.9766572 

Atom X Y Z 

N 2.43931300 0.38308200 0.43537700 

C 1.99297000 -0.68480100 -0.32959900 

N 2.97255300 -1.39845800 -0.83146100 

C 4.12532800 -0.77989900 -0.36778000 

C 5.50689000 -1.09866800 -0.59915400 

O 6.03151600 -1.99217800 -1.24217200 

N 6.33975500 -0.13759800 0.07787700 

H 7.32818500 -0.26351000 -0.10789200 

C 5.91477300 0.92326600 0.83166500 

N 6.88858600 1.75690900 1.34436900 

H 7.74458000 1.31481200 1.65633600 

H 6.51151400 2.41247500 2.01773400 
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N 4.64840600 1.20127300 1.03816600 

C 3.81690500 0.33245500 0.41196900 

H 1.87521700 1.04113900 0.95304500 

N 0.65764800 -1.00066900 -0.45202900 

H 0.51515800 -1.90023100 -0.89240300 

C -0.41153800 -0.08682100 -0.46960800 

C -1.70804200 -0.54995200 -0.13605500 

C -0.21735600 1.25638100 -0.82093900 

C -2.80325900 0.36291100 -0.19867300 

C -1.96440400 -1.90304100 0.26740000 

C -1.28216000 2.14816600 -0.84277000 

H 0.76996200 1.59234500 -1.11861100 

C -4.12376000 -0.08781100 0.09911300 

C -2.58708200 1.73046600 -0.54770200 

C -3.22652800 -2.33160600 0.54807400 

H -1.12957500 -2.58699900 0.37811700 

H -1.10767100 3.18268600 -1.12628100 

C -4.35270200 -1.44843600 0.46390600 

C -5.22301700 0.82248800 0.03605800 

C -3.70868600 2.62298100 -0.59591800 

H -3.39820800 -3.35887500 0.85853100 

C -5.66106100 -1.87209000 0.74615000 

C -6.51290500 0.35314600 0.32675700 

C -4.96924400 2.19003400 -0.32101100 

H -3.52800600 3.66066400 -0.86449700 

C -6.72694000 -0.97900200 0.67560300 

H -5.83258400 -2.90881800 1.02334800 

H -7.34923900 1.04551000 0.27816000 

H -5.81096400 2.87596800 -0.36607700 

H -7.73341500 -1.32250800 0.89685000 

 

Table A.38. Cartesian coordinates of the nucleobase minimum for the 1APG adduct with θ 

= 326.0 and ϕ = 337.6. 

Calculated energy (in Hartrees) = –1212.9766571 

Atom X Y Z 

N -2.43931800 0.38308600 0.43537700 

C -1.99297100 -0.68479800 -0.32959600 

N -2.97255000 -1.39846100 -0.83145500 

C -4.12532900 -0.77989900 -0.36778400 

C -5.50688500 -1.09868200 -0.59915100 
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O -6.03151700 -1.99220000 -1.24215100 

N -6.33975700 -0.13759800 0.07787300 

H -7.32818800 -0.26353400 -0.10787900 

C -5.91478100 0.92326700 0.83165100 

N -6.88859000 1.75692100 1.34435000 

H -7.74458500 1.31482300 1.65631900 

H -6.51151200 2.41246800 2.01773000 

N -4.64841200 1.20128000 1.03815200 

C -3.81691000 0.33245900 0.41196300 

N -0.65764800 -1.00066400 -0.45202200 

H -0.51515800 -1.90022100 -0.89240700 

C 0.41154000 -0.08681700 -0.46959900 

C 1.70804000 -0.54995000 -0.13605000 

C 0.21735700 1.25638700 -0.82092800 

C 2.80326000 0.36291200 -0.19866800 

C 1.96440400 -1.90304000 0.26740500 

C 1.28216200 2.14817100 -0.84275900 

H -0.76996000 1.59235100 -1.11860200 

C 4.12376200 -0.08781100 0.09911300 

C 2.58708500 1.73046700 -0.54769400 

C 3.22652700 -2.33160600 0.54807500 

H 1.12957500 -2.58699800 0.37812700 

H 1.10767600 3.18269200 -1.12626700 

C 4.35270500 -1.44844100 0.46390500 

C 5.22301600 0.82248400 0.03605500 

C 3.70868800 2.62298200 -0.59591200 

H 3.39820200 -3.35887600 0.85853300 

C 5.66106100 -1.87209200 0.74614000 

C 6.51291100 0.35314200 0.32674700 

C 4.96924700 2.19003100 -0.32100900 

H 3.52800800 3.66066500 -0.86448700 

C 6.72694500 -0.97900200 0.67558900 

H 5.83259500 -2.90881900 1.02333900 

H 7.34923800 1.04551300 0.27814500 

H 5.81096900 2.87596300 -0.36607700 

H 7.73341700 -1.32251900 0.89683200 

H -1.87522400 1.04116400 0.95301900 
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Table A.39. Cartesian coordinates of the nucleobase minimum for the 1APG adduct with θ 

= 21.7 and ϕ = 110.1. 

Calculated energy (in Hartrees) = –1212.9762440 

Atom X Y Z 

N -1.71781700 -0.08005700 0.05700800 

C -1.84349900 -1.26341700 -0.64941300 

N -3.09028200 -1.58768800 -0.89392200 

C -3.83181200 -0.56033500 -0.32446400 

C -5.25344600 -0.36878000 -0.25490800 

O -6.18039800 -1.04469700 -0.66992500 

N -5.53756100 0.85312200 0.45347900 

H -6.52789900 1.00719900 0.60430500 

C -4.62131500 1.71797100 0.98944500 

N -5.11844000 2.80432300 1.68441300 

H -5.95046000 3.23885200 1.30374600 

H -4.39135600 3.47293300 1.90800400 

N -3.32450800 1.53236200 0.91548400 

C -2.99996000 0.38450100 0.26992700 

H -0.86368200 0.37994400 0.33709400 

N -0.75359000 -2.01379400 -1.06812100 

H -1.05084600 -2.95154300 -1.31148700 

C 0.52612000 -1.91585300 -0.46554500 

C 1.31670100 -0.76041000 -0.65891100 

C 1.01443700 -2.97963700 0.30063100 

C 2.57527900 -0.66916300 0.01146500 

C 0.91553900 0.31941100 -1.51931200 

C 2.25799600 -2.90814200 0.91483900 

H 0.39244800 -3.86086500 0.43206300 

C 3.37161700 0.50606900 -0.12700000 

C 3.04909100 -1.75453100 0.80792100 

C 1.67971100 1.43919000 -1.64813500 

H -0.00301400 0.21534900 -2.08544200 

H 2.61427800 -3.74308300 1.51193400 

C 2.92290200 1.58484500 -0.94660600 

C 4.62430500 0.60613500 0.55139600 

C 4.31545600 -1.62905900 1.47082800 

H 1.36343400 2.24178500 -2.30921800 

C 3.71794100 2.73548100 -1.06005400 

C 5.38440100 1.77709100 0.40879100 

C 5.06562800 -0.49961100 1.35385000 

H 4.66294900 -2.46188200 2.07655800 
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C 4.93352500 2.82858600 -0.38620100 

H 3.37475500 3.55522100 -1.68557400 

H 6.33671500 1.85367800 0.92678500 

H 6.02065900 -0.41630100 1.86574300 

H 5.53687600 3.72635200 -0.48475700 

 

Table A.40. Cartesian coordinates of the nucleobase minimum for the 1APG adduct with θ 

= 177.7 and ϕ = 354.8. 

Calculated energy (in Hartrees) = –1212.9740911 

Atom X Y Z 

N -2.94633700 -1.48193600 -0.16389400 

C -2.00722500 -0.45673100 -0.06327100 

N -2.56703700 0.72232000 0.06665700 

C -3.93231100 0.46963200 0.05977400 

C -5.04079000 1.37683300 0.15574600 

O -5.08197500 2.59046700 0.26641900 

N -6.27335000 0.63273400 0.09284000 

H -7.09707300 1.22331900 0.08219400 

C -6.40151200 -0.72357300 -0.03818500 

N -7.68289000 -1.22549200 -0.13712700 

H -8.39441700 -0.76887400 0.42002500 

H -7.70491800 -2.23508400 -0.06404000 

N -5.37669000 -1.54109100 -0.12294000 

C -4.18904700 -0.88921600 -0.08286300 

N -0.66910500 -0.77302400 -0.09056600 

H -0.46231500 -1.72474600 -0.34853000 

C 0.43516200 0.09168000 -0.04901300 

C 1.73222700 -0.48476800 0.01623100 

C 0.28018100 1.48466800 -0.07734200 

C 2.86895100 0.37988100 -0.01316400 

C 1.96660800 -1.89815700 0.11722000 

C 1.39524100 2.31082600 -0.07823600 

H -0.71810400 1.89958300 -0.10145400 

C 4.18796000 -0.16652900 0.01174500 

C 2.69799600 1.79565000 -0.06321300 

C 3.22491400 -2.41928500 0.14309300 

H 1.13070300 -2.58482600 0.21952500 

H 1.25350000 3.38801400 -0.10605000 

C 4.38258100 -1.57859100 0.07811400 

C 5.32486300 0.69925000 -0.02682900 
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C 3.85661600 2.63911400 -0.09475000 

H 3.36938200 -3.49311000 0.22891600 

C 5.68735600 -2.09630300 0.09626400 

C 6.61032600 0.13626100 -0.00812200 

C 5.11366400 2.11808300 -0.08122600 

H 3.70543600 3.71494800 -0.13257800 

C 6.78754700 -1.24449300 0.05150400 

H 5.82841000 -3.17277900 0.14768200 

H 7.47359500 0.79595200 -0.03889300 

H 5.98362900 2.76884800 -0.10887100 

H 7.79176900 -1.65863300 0.06550000 

H -2.78378900 -2.47631700 -0.23043200 

 

Table A.41. Cartesian coordinates of the nucleobase minimum for the 1APG adduct with θ 

= 167.0 and ϕ = 118.4. 

Calculated energy (in Hartrees) = –1212.9706277 

Atom X Y Z 

N 2.97329200 1.29324600 -1.22716200 

C 1.77482200 1.34356800 -0.52333100 

N 1.78976600 0.60258300 0.55459500 

C 3.04864700 0.01856300 0.56102900 

C 3.63742900 -0.90567400 1.49089000 

O 3.19571900 -1.42920500 2.49864600 

N 4.98109400 -1.21584800 1.06990000 

H 5.42562000 -1.92385000 1.64307400 

C 5.62381300 -0.72662400 -0.03518700 

N 6.89152200 -1.21024500 -0.28717600 

H 7.47665500 -1.39301400 0.51866900 

H 7.36343700 -0.68494700 -1.01278600 

N 5.07698400 0.12414400 -0.87254000 

C 3.80248000 0.44042500 -0.53261300 

N 0.71440300 2.09286900 -1.02917900 

H 0.95671600 3.06392000 -1.19733800 

C -0.59084500 1.94122000 -0.48638700 

C -1.27952700 0.71457700 -0.60906200 

C -1.20924900 3.03991800 0.11315400 

C -2.59464800 0.61479100 -0.06339100 

C -0.72206700 -0.42946600 -1.27244700 

C -2.50120700 2.95049800 0.61660200 

H -0.65753400 3.97273900 0.20229200 
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C -3.31014300 -0.61686800 -0.15017700 

C -3.21125700 1.74446700 0.55613600 

C -1.40799200 -1.60131800 -1.35581100 

H 0.26008400 -0.34657000 -1.72064700 

H -2.96147400 3.81721600 1.08309500 

C -2.71752000 -1.74606800 -0.78933500 

C -4.62451500 -0.72422400 0.39815600 

C -4.53481800 1.60831400 1.09384400 

H -0.96859500 -2.45649000 -1.86269700 

C -3.43581200 -2.94980800 -0.85823900 

C -5.30415800 -1.94820900 0.30642600 

C -5.20917000 0.42891300 1.02317000 

H -4.98842500 2.47596200 1.56625900 

C -4.71368500 -3.04760200 -0.31342100 

H -2.98063500 -3.80886000 -1.34414100 

H -6.30349500 -2.02907200 0.72621000 

H -6.20950400 0.33869300 1.43856200 

H -5.25525600 -3.98741000 -0.37364600 

H 3.16376200 1.69172500 -2.13516600 

 

Table A.42. Cartesian coordinates of the nucleobase minimum for the 1APG adduct with θ 

= 192.2 and ϕ = 241.7. 

Calculated energy (in Hartrees) = –1212.9705809 

Atom X Y Z 

N -2.96132200 1.26047100 -1.25586500 

C -1.77189400 1.33877500 -0.53951000 

N -1.79339500 0.62361300 0.55560700 

C -3.04713900 0.02915900 0.56166200 

C -3.64890800 -0.85577300 1.52105300 

O -3.22653800 -1.32503800 2.56320700 

N -4.98720800 -1.18217500 1.09566500 

H -5.49385500 -1.74628900 1.76835700 

C -5.61468700 -0.73944700 -0.03745100 

N -6.92319400 -1.13594500 -0.22319900 

H -7.16080900 -2.07395000 0.07479400 

H -7.26255300 -0.91261100 -1.15057400 

N -5.05257700 0.06769400 -0.90736900 

C -3.79270200 0.42037400 -0.54918800 

N -0.71167600 2.08562200 -1.05115500 

H -0.95446800 3.05624700 -1.22196600 
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C 0.59198600 1.93748700 -0.50360100 

C 1.28004500 0.70963100 -0.61753700 

C 1.20960200 3.03877100 0.09183600 

C 2.59343900 0.61137400 -0.06773100 

C 0.72322700 -0.43736800 -1.27629000 

C 2.50000900 2.95066200 0.59962500 

H 0.65848300 3.97248900 0.17467800 

C 3.30804800 -0.62134700 -0.14618800 

C 3.20921600 1.74374100 0.54769000 

C 1.40832300 -1.61028000 -1.35191600 

H -0.25747600 -0.35541000 -1.72803600 

H 2.95958300 3.81936000 1.06310100 

C 2.71626200 -1.75330300 -0.78131000 

C 4.62079900 -0.72700700 0.40637000 

C 4.53103200 1.60909800 1.09005300 

H 0.96981100 -2.46759600 -1.85602200 

C 3.43386300 -2.95789300 -0.84239800 

C 5.29971700 -1.95195800 0.32252900 

C 5.20457700 0.42877900 1.02735100 

H 4.98399400 2.47869700 1.55947500 

C 4.71017200 -3.05392500 -0.29364200 

H 2.97946500 -3.81897700 -1.32547100 

H 6.29781200 -2.03152500 0.74548800 

H 6.20357100 0.33978900 1.44620300 

H 5.25128300 -3.99436700 -0.34788300 

H -3.14686700 1.64218800 -2.17203200 

 

Table A.43. Cartesian coordinates of nucleoside minimum for the ANdG adduct with  = 

227.2, θ = 180.4 and ϕ = 162.8. 

Calculated energy (in Hartrees) = –1250.4854482 

Atom X Y Z 

N -0.84202700 0.32347400 -0.11559100 

C 0.06232400 -0.74988600 -0.04674900 

N -0.54490100 -1.91429500 -0.00085800 

C -1.89847600 -1.61754400 -0.04169500 

C -3.03925300 -2.48762500 0.00076800 

O -3.12725200 -3.70111500 0.09206600 

N -4.24544200 -1.70028900 -0.07107500 

H -5.08997600 -2.25185500 0.02762600 

C -4.32431200 -0.33736800 -0.15689400 
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N -5.58941000 0.22118700 -0.15202200 

H -6.30295800 -0.28725100 -0.66060300 

H -5.56504000 1.20516500 -0.39106700 

N -3.26988700 0.44311500 -0.18902300 

C -2.10414600 -0.24778300 -0.12015000 

N 1.41072300 -0.50879400 -0.04820600 

H 1.69743000 0.43503300 -0.28702200 

C 2.43617000 -1.46536900 0.00756800 

C 3.72625700 -1.05714600 -0.37224100 

C 2.23712600 -2.78599900 0.44057700 

C 4.79797000 -1.94097400 -0.30363800 

C 3.32178700 -3.65948100 0.49934100 

H 1.24123600 -3.11556000 0.70159400 

C 4.60560100 -3.25156000 0.13632400 

H 3.15201200 -4.67921100 0.83439900 

H 3.87288300 -0.04604200 -0.73864300 

H 5.78655100 -1.60425700 -0.60507600 

H 5.44044700 -3.94415100 0.18651600 

C -0.60317000 1.74155700 -0.06187500 

O 0.36525400 2.09741000 -1.05335800 

C -0.01632200 2.27075200 1.24976500 

C 1.01657100 3.31326500 -0.65402300 

C 0.57389700 3.60745100 0.79822700 

H 0.77293100 1.60245700 1.60367400 

H -0.77514100 2.37650100 2.03049600 

C 2.51381900 3.13646400 -0.81880100 

H 0.67677500 4.13767200 -1.29256500 

O -0.41405900 4.63366600 0.71372600 

H 1.41845800 3.92337700 1.42275600 

O 2.93424900 2.14680000 0.11905800 

H 3.01048600 4.09952500 -0.63122500 

H 2.73077400 2.82502500 -1.84961300 

H -0.72588900 4.81727800 1.61356000 

H 3.88960000 2.01090400 0.03808000 

H -1.56456400 2.21798500 -0.27641000 

 

 



 

375 

 

Table A.44. Cartesian coordinates of nucleoside minimum for the ANdG adduct with  = 

139.1, θ = 184.5 and ϕ = 5.8. 

Calculated energy (in Hartrees) = –1250.4780571 

Atom X Y Z 

N 0.49152500 0.08143800 -0.27512200 

C -0.81650300 0.56225300 -0.08625600 

N -0.85858000 1.85218400 0.15099000 

C 0.46315300 2.26195400 0.09826700 

C 1.01543400 3.57396400 0.28455500 

O 0.48209900 4.64270700 0.53443300 

N 2.44614400 3.51979000 0.14042300 

H 2.90594600 4.40143200 0.33644600 

C 3.18686500 2.40755900 -0.14680700 

N 4.56051200 2.56653200 -0.19904200 

H 4.89430300 3.42481300 -0.62149100 

H 5.01891100 1.74349600 -0.57042300 

N 2.66530900 1.21712800 -0.32044600 

C 1.31507600 1.19473400 -0.16436700 

N -1.86321400 -0.31725600 -0.18094400 

H -1.60097700 -1.29111200 -0.07799300 

C -3.23528600 -0.03458200 -0.11519000 

C -4.11219500 -1.13240800 -0.13400600 

C -3.75914800 1.26565600 -0.05196100 

C -5.48800900 -0.93619500 -0.09175700 

C -5.14187300 1.44260700 -0.01359100 

H -3.08368800 2.10953000 -0.01893000 

C -6.01554100 0.35545200 -0.03234500 

H -5.53642700 2.45393900 0.03700200 

H -3.70615400 -2.14049000 -0.18761100 

H -6.14944600 -1.79832700 -0.10679700 

H -7.08992900 0.50981500 0.00084200 

C 0.80996500 -1.25631100 -0.73809400 

O 0.14133600 -2.19234900 0.11743400 

C 2.28020200 -1.65767400 -0.67476800 

C 0.91877600 -3.39693900 0.25065200 

C 2.17173200 -3.18299300 -0.61092700 

H 2.72784700 -1.27902000 0.24309200 

H 2.85838300 -1.29651200 -1.52780800 

C 1.20032300 -3.65677900 1.72095400 
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H 0.34073800 -4.23438200 -0.15603200 

O 1.89190700 -3.76299000 -1.88540600 

H 3.06120100 -3.63545900 -0.15580600 

O 2.14535300 -2.70379800 2.18584000 

H 1.58264700 -4.68553000 1.82182900 

H 0.25152100 -3.58926500 2.27285400 

H 2.66224800 -3.60771000 -2.45362900 

H 2.31781000 -2.87765900 3.12247300 

H 0.40982000 -1.37660800 -1.75359600 

 

Table A.45. Cartesian coordinates of nucleoside minimum for the ANdG adduct with  = 

68.3, θ = 68.6 and ϕ = 174.3. 

Calculated energy (in Hartrees) = –1250.4741386 

Atom X Y Z 

N 0.22199600 -0.47054500 0.47999300 

C -0.37944500 -1.72717200 0.60990700 

N 0.46435300 -2.71758600 0.46032000 

C 1.68165800 -2.10922100 0.20356300 

C 2.96661800 -2.69288000 -0.07459100 

O 3.32578000 -3.85684400 -0.12862900 

N 3.92368200 -1.64862600 -0.33135000 

H 4.83179100 -1.99420600 -0.61997200 

C 3.67761700 -0.30193500 -0.30465900 

N 4.72306300 0.54034800 -0.63187100 

H 5.63743300 0.28373200 -0.27931500 

H 4.48051700 1.50709500 -0.44867400 

N 2.50354200 0.21264500 -0.03790300 

C 1.54951300 -0.72348600 0.18795500 

N -1.70966800 -1.87660800 0.98581200 

H -1.84018200 -2.77323600 1.44007700 

C -2.80773000 -1.49787100 0.17135300 

C -4.09676600 -1.81548400 0.62258300 

C -2.65216500 -0.80813500 -1.03674600 

C -5.21173900 -1.45173800 -0.12600300 

C -3.77880800 -0.43287900 -1.76788900 

H -1.66529900 -0.55327700 -1.40271600 

C -5.06181500 -0.75227400 -1.32544700 

H -3.64252700 0.10686900 -2.70087500 

H -4.21619900 -2.34385000 1.56534600 

H -6.20309200 -1.71117000 0.23518600 
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H -5.93282600 -0.46125100 -1.90460500 

C -0.40954600 0.81811700 0.64295900 

O -0.44024700 1.48126200 -0.61737200 

C 0.30198800 1.80344200 1.57215600 

C -0.51542800 2.89718200 -0.39970100 

C -0.31514300 3.12670100 1.11410200 

H 1.37262700 1.79521200 1.36235700 

H 0.12288000 1.58944500 2.63044000 

C 0.49537300 3.60704200 -1.28447900 

H -1.52042200 3.24613100 -0.66922800 

O -1.61579100 3.33812500 1.66647000 

H 0.34197500 3.98139700 1.31141300 

O 1.80086600 3.48191800 -0.73008800 

H 0.20000900 4.66633100 -1.35700500 

H 0.44056900 3.16614700 -2.29004300 

H -1.51133900 3.45468100 2.62355500 

H 2.41158000 3.94556200 -1.32127400 

H -1.42621700 0.62484800 0.99689500 

 

Table A.46. Cartesian coordinates of nucleoside minimum for the ANdG adduct with  = 

53.9, θ =  296.7 and ϕ = 356.0. 

Calculated energy (in Hartrees) = –1250.4739861 

Atom X Y Z 

N 0.08879300 -0.45457900 -0.27720100 

C -0.53535800 -1.61779200 -0.73620900 

N 0.25338500 -2.66256300 -0.74211600 

C 1.47225900 -2.18188700 -0.28730500 

C 2.72764400 -2.85999700 -0.10595700 

O 3.05586400 -4.01481200 -0.31991300 

N 3.70563600 -1.93353300 0.40348800 

H 4.63780900 -2.32586500 0.47031700 

C 3.49534900 -0.61015200 0.68633800 

N 4.58275700 0.13077400 1.11119600 

H 5.21095800 -0.32446200 1.76290200 

H 4.28895600 1.05151200 1.41677300 

N 2.34232100 -0.01230900 0.52591000 

C 1.38658000 -0.82659900 0.01857200 

N -1.85092400 -1.60022200 -1.18039900 

H -2.03038100 -2.35391800 -1.83288800 

C -2.94241900 -1.27533500 -0.34053800 
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C -2.78184300 -1.00278300 1.02486400 

C -4.22229500 -1.20439700 -0.90829500 

C -3.88657500 -0.64739200 1.79807700 

C -5.32029600 -0.86776200 -0.12245000 

H -4.34417400 -1.40414600 -1.96958000 

C -5.16054100 -0.57811900 1.23464500 

H -6.30574900 -0.82127900 -0.57741400 

H -1.80159700 -1.08715900 1.48076800 

H -3.74727100 -0.44317700 2.85635900 

H -6.01763200 -0.30693600 1.84333000 

C -0.41469000 0.89866900 -0.38555700 

O 0.39334300 1.61328700 -1.31316500 

C -0.36269100 1.73104900 0.89639700 

C 0.36051600 3.01184000 -0.99161700 

C -0.43418800 3.14747900 0.32312200 

H 0.59666700 1.57316800 1.39331800 

H -1.18666600 1.50172700 1.57825400 

C 1.77255700 3.57640400 -0.94258200 

H -0.19045300 3.53764000 -1.78155100 

O -1.76669200 3.50860900 -0.04630100 

H 0.00734800 3.89164900 0.99545400 

O 2.38143700 3.29525600 0.31506300 

H 1.70900900 4.66432200 -1.10534100 

H 2.34256700 3.13643800 -1.77268100 

H -2.29155600 3.56290400 0.76734400 

H 3.27213800 3.67430600 0.29194800 

H -1.43941800 0.82222600 -0.75797500 

 

Table A.47. Cartesian coordinates of nucleoside minimum for the 1ANPdG adduct with  = 

222.7, θ = 166.5 and ϕ = 338.4. 

Calculated energy (in Hartrees) = –1404.1903584 

Atom X Y Z 

N -1.52525200 0.29828500 -0.18423500 

C -0.56545200 -0.72509700 -0.11377400 

N -1.10394200 -1.92326100 -0.11804500 

C -2.47027700 -1.70194200 -0.19094100 

C -3.56098700 -2.63554500 -0.19937900 

O -3.58240900 -3.85377000 -0.13779900 

N -4.80774000 -1.91579900 -0.28435000 

H -5.62157500 -2.51658000 -0.22118700 
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C -4.96217700 -0.55751300 -0.33471000 

N -6.25686300 -0.07182900 -0.34633400 

H -6.92851700 -0.60558700 -0.88510000 

H -6.28383000 0.91829000 -0.55816200 

N -3.95370000 0.28190300 -0.31836300 

C -2.75198600 -0.34343900 -0.23889000 

N 0.76929000 -0.41806100 -0.10139800 

H 1.00934100 0.56472000 -0.17877900 

C 1.82108600 -1.28624300 0.22622700 

C 3.13519300 -0.92924400 -0.22774000 

C 1.64253900 -2.42951500 0.98756200 

C 4.25646300 -1.69003900 0.23871200 

C 3.37243400 0.12998000 -1.14531900 

C 2.75494300 -3.19756500 1.38819000 

H 0.64193400 -2.72675000 1.27098800 

C 5.56335200 -1.29162300 -0.15264200 

C 4.03815800 -2.82765400 1.05570800 

C 4.65295400 0.48135600 -1.51559500 

H 2.52681800 0.63463700 -1.59913100 

H 2.58364400 -4.08398400 1.99245400 

C 5.76438400 -0.22256500 -0.99429300 

H 4.80881700 1.28082100 -2.23503000 

C -1.37757800 1.72463300 -0.02382800 

O -0.35859800 2.20242100 -0.90430600 

C -0.93529400 2.18827400 1.36767100 

C 0.23114500 3.39380700 -0.35048700 

C -0.36595700 3.57456700 1.06136400 

H -0.15071500 1.53046500 1.75017900 

H -1.76562700 2.21091200 2.07943400 

C 1.73860700 3.22636500 -0.37299700 

H -0.05225800 4.25674700 -0.96420700 

O -1.38845000 4.56246000 0.93865900 

H 0.39656300 3.88218600 1.78735600 

O 2.06283400 2.18621100 0.54219400 

H 2.21195900 4.17595300 -0.08289200 

H 2.06156300 2.97542700 -1.39304100 

H -1.79705700 4.67343600 1.81121600 

H 3.02369200 2.05324600 0.55187600 

H -2.34694100 2.15800300 -0.28740400 

H 6.77113900 0.06404800 -1.28478700 

H 6.40908200 -1.86242500 0.22271900 



 

380 

H 4.89309000 -3.40678300 1.39355000 

 

Table A.48. Cartesian coordinates of nucleoside minimum for the 1ANPdG adduct with  = 

141.1, θ = 185.4 and ϕ = 357.6. 

    Calculated energy (in Hartrees) = –1404.1821590 

Atom X Y Z 

N -1.20610400 -0.03236400 -0.23142700 

C -0.15090400 -0.94087100 -0.02580500 

N -0.56431600 -2.17113600 0.16406900 

C -1.94322200 -2.09877800 0.05692700 

C -2.91965500 -3.14397600 0.18061800 

O -2.79628400 -4.33646100 0.40742200 

N -4.23765100 -2.59616900 -0.00193500 

H -4.98005000 -3.26958600 0.14827300 

C -4.53879300 -1.28998800 -0.26934100 

N -5.87957100 -0.96432700 -0.36730200 

H -6.47279200 -1.64549600 -0.82601700 

H -6.01343800 -0.02519800 -0.72145600 

N -3.63353300 -0.34812900 -0.38365600 

C -2.36500400 -0.79638300 -0.18877700 

N 1.13306500 -0.46205200 -0.06107900 

H 1.19246000 0.53086000 0.12446700 

C 2.32985100 -1.18613400 0.01223300 

C 3.54965400 -0.43398200 -0.11512400 

C 2.37156600 -2.55918000 0.18651700 

C 4.79607700 -1.13357800 -0.00987500 

C 3.58158200 0.96721300 -0.34890100 

C 3.61348400 -3.22619600 0.25989500 

H 1.44419600 -3.10741300 0.28043600 

C 6.00612500 -0.39751400 -0.10616400 

C 4.80117900 -2.54015000 0.17800000 

C 4.77520600 1.64924900 -0.44239100 

H 2.65923100 1.52324300 -0.48674800 

H 3.61475000 -4.30362700 0.39960500 

C 6.00287900 0.96270000 -0.31147200 

H 4.77142200 2.71981200 -0.62723200 

C -1.02971800 1.33876500 -0.67789100 

O -0.08032600 1.97186400 0.19043600 

C -2.26872100 2.22604800 -0.60624900 

C -0.39712200 3.36685700 0.36034400 



 

381 

C -1.64033200 3.61781400 -0.50473900 

H -2.82948400 2.00460600 0.30106300 

H -2.92752300 2.10758800 -1.46878400 

C -0.57971900 3.66825800 1.83792800 

H 0.43719800 3.96292800 -0.02530000 

O -1.16680600 4.09348300 -1.76489100 

H -2.32234100 4.33913700 -0.03829600 

O -1.79591000 3.08457600 2.28183600 

H -0.58676600 4.76273500 1.96705700 

H 0.28625600 3.26561300 2.38319800 

H -1.93822700 4.22710200 -2.33711500 

H -1.90281500 3.28215900 3.22353900 

H -0.60551000 1.32348300 -1.69007600 

H 6.93940500 1.50852400 -0.38356700 

H 6.94495500 -0.93865900 -0.01737800 

H 5.75399200 -3.05730400 0.25083000 

 

Table A.49. Cartesian coordinates of nucleoside minimum for the 1ANPdG adduct with  = 

69.5, θ = 64.3 and ϕ = 7.7. 

    Calculated energy (in Hartrees) = –1404.1788452 

Atom X Y Z 

N -0.85583900 -0.45924900 -0.37159800 

C -0.08465500 -1.62208200 -0.27248800 

N -0.80225400 -2.70299600 -0.09521500 

C -2.11217500 -2.25320400 -0.05523600 

C -3.33272500 -2.98439000 0.15274400 

O -3.53848100 -4.17551300 0.31441900 

N -4.44407700 -2.06981900 0.17084700 

H -5.32714800 -2.51081100 0.40114900 

C -4.37670900 -0.71250000 0.00534700 

N -5.55774000 -0.00272300 0.11255800 

H -6.37888400 -0.42792700 -0.30117800 

H -5.42811800 0.96418200 -0.16136200 

N -3.25680500 -0.06403100 -0.19457600 

C -2.16606300 -0.86947800 -0.19773100 

N 1.29011400 -1.61710200 -0.47117500 

H 1.60148600 -2.55551900 -0.69992900 

C 2.18584800 -0.91348100 0.38069300 

C 3.55472600 -0.82977600 -0.02915900 

C 1.77143400 -0.31324200 1.55227200 



 

382 

C 4.48339400 -0.14768400 0.82175300 

C 4.02482300 -1.38905300 -1.24560800 

C 2.69087500 0.39422500 2.35779700 

H 0.73349900 -0.37449300 1.85576600 

C 5.84798000 -0.09240600 0.43560100 

C 4.01968500 0.46572500 2.01517500 

C 5.35620800 -1.31323000 -1.59117200 

H 3.31775500 -1.85635300 -1.92291400 

H 2.33345300 0.86438200 3.26920800 

C 6.27982300 -0.66703500 -0.73790600 

H 5.69760400 -1.74346100 -2.52835300 

C -0.37106300 0.88696400 -0.56829200 

O -0.53494900 1.61857500 0.64280600 

C -1.10166400 1.72356800 -1.61979700 

C -0.60552500 3.01821100 0.33752100 

C -0.68601400 3.13528900 -1.19979900 

H -2.17897500 1.59784200 -1.50371700 

H -0.79963300 1.47349700 -2.64163800 

C -1.77480000 3.64407100 1.07823100 

H 0.32056300 3.50359400 0.67097500 

O 0.62870600 3.46999900 -1.64853700 

H -1.41465900 3.89219500 -1.51219500 

O -2.99475300 3.30736200 0.42684200 

H -1.62476800 4.73587000 1.09378900 

H -1.75840900 3.28099100 2.11587900 

H 0.60379000 3.51827500 -2.61680500 

H -3.71429800 3.72175100 0.92474900 

H 0.68983100 0.80348700 -0.81955800 

H 7.32825800 -0.61583500 -1.01755300 

H 6.54980400 0.41966600 1.08906900 

H 4.73044100 0.99378200 2.64481700 

Table A.50. Cartesian coordinates of nucleoside minimum for the 1ANPdG adduct with  = 

53.1, θ = 298.1 and ϕ = 347.1. 

     Calculated energy (in Hartrees) = –1404.1786742 

Atom X Y Z 

N 0.78307900 -0.43781700 -0.17868600 

C 0.06177800 -1.59867100 -0.46249700 

N 0.80274300 -2.67749300 -0.49315500 

C 2.08837200 -2.22345400 -0.23572500 

C 3.33007400 -2.94464800 -0.16086500 



 

383 

O 3.58595000 -4.12545000 -0.32755500 

N 4.39814600 -2.03190100 0.15726000 

H 5.31554500 -2.46253400 0.14188900 

C 4.27437500 -0.68481100 0.36998900 

N 5.43178900 0.03189500 0.61263700 

H 6.11817200 -0.41092600 1.21212600 

H 5.20935000 0.98021300 0.89332300 

N 3.13409600 -0.04580100 0.30543200 

C 2.09299400 -0.84751300 -0.02119500 

N -1.30121700 -1.54766200 -0.72523300 

H -1.60186900 -2.37574300 -1.22808100 

C -2.22545400 -1.08191500 0.24716900 

C -3.55180700 -0.76828800 -0.18843200 

C -1.86897100 -0.90604900 1.57063600 

C -4.50132100 -0.30850000 0.78036600 

C -3.95549400 -0.88590300 -1.54333600 

C -2.80502100 -0.41399200 2.50757100 

H -0.86766000 -1.16734800 1.89551200 

C -5.82614400 -0.02742100 0.35557500 

C -4.09632200 -0.13128100 2.12961100 

C -5.24880200 -0.60028500 -1.92120900 

H -3.22409700 -1.17789100 -2.28929700 

H -2.49736700 -0.28863900 3.54193700 

C -6.19667500 -0.17658300 -0.96127100 

H -5.54069500 -0.68996400 -2.96350300 

C 0.30522700 0.92609700 -0.26410600 

O 1.03122600 1.60633100 -1.28050600 

C 0.50625500 1.77518500 0.99147100 

C 1.06238400 3.00989700 -0.98003400 

C 0.40291400 3.18299400 0.40350400 

H 1.50979900 1.60432100 1.38707500 

H -0.24538000 1.57155500 1.75952700 

C 2.48465200 3.54226700 -1.07629300 

H 0.44931300 3.53754200 -1.72143600 

O -0.95370600 3.56055300 0.15967100 

H 0.91989300 3.92996700 1.01641300 

O 3.20635100 3.26668300 0.12176100 

H 2.42880400 4.62882300 -1.25038700 

H 2.96259700 3.07709400 -1.94960700 

H -1.39552700 3.63661900 1.01958700 

H 4.09850500 3.62483200 0.00606700 



 

384 

H -0.75333900 0.87077000 -0.53059400 

H -7.21489700 0.04266300 -1.26961300 

H -6.54611900 0.31304400 1.09545600 

H -4.82211300 0.22934000 2.85326400 

 

Table A.51. Cartesian coordinates of nucleoside minimum for the 3APHNdG adduct with  

= 225.9, θ = 181.0 and ϕ = 341.6. 

Calculated energy (in Hartrees) = –1557.8987699 

Atom X Y Z 

N -2.51965200 0.23390500 -0.10745900 

C -1.44284600 -0.66040000 0.00516500 

N -1.82743600 -1.91620500 -0.01403300 

C -3.20715500 -1.86747400 -0.14304300 

C -4.17059400 -2.93011400 -0.19730300 

O -4.04122400 -4.14162000 -0.13589400 

N -5.49262100 -2.37150300 -0.33798600 

H -6.22700600 -3.06943700 -0.30975400 

C -5.81294900 -1.04317600 -0.40262000 

N -7.15554000 -0.72256200 -0.47452600 

H -7.73300600 -1.33738000 -1.03543600 

H -7.29752400 0.25630500 -0.69236100 

N -4.91842400 -0.08429500 -0.34643600 

C -3.65352200 -0.55519700 -0.21007300 

N -0.16555500 -0.17486000 0.10153700 

H -0.05066000 0.81530000 -0.08981900 

C 1.01827700 -0.91462800 0.20051900 

C 2.21247200 -0.25269100 -0.07231700 

C 1.04803200 -2.27521000 0.58951500 

C 3.46141900 -0.88327000 0.05627100 

C 2.26603400 -2.90799400 0.71431500 

H 0.11846500 -2.79890900 0.76405800 

C 4.71907200 -0.20036800 -0.21217200 

C 3.49004700 -2.24736500 0.46745400 

H 2.29240700 -3.95248800 1.01477000 

C 4.78837500 1.14333800 -0.64331300 

C 5.94445500 -0.90892000 -0.03513000 

C 4.74425100 -2.91922800 0.62170900 

C 5.99867500 1.76796600 -0.88154000 

C 7.17007000 -0.24930900 -0.28270200 

C 5.92165800 -2.27930200 0.38660200 



 

385 

H 4.73396900 -3.95974200 0.93660800 

C 7.20450700 1.06697800 -0.69714800 

H 6.01761400 2.80172600 -1.21544000 

H 8.09427100 -0.80434500 -0.14154500 

H 6.86955800 -2.79622500 0.51052800 

H 8.15494300 1.55858100 -0.88392300 

C -2.54309300 1.67100700 -0.01576700 

O -1.56742100 2.21816900 -0.90834500 

C -2.17885100 2.25872200 1.35045500 

C -1.18194300 3.51981900 -0.43781400 

C -1.79646000 3.69065400 0.97091000 

H -1.31828400 1.72932300 1.76830200 

H -3.01058600 2.20899600 2.05909900 

C 0.33133500 3.62128500 -0.46794100 

H -1.60819900 4.28665300 -1.09575200 

O -2.93844500 4.53029500 0.80806100 

H -1.07934300 4.13104500 1.67438400 

O 0.84263300 2.69857800 0.49234500 

H 0.62417000 4.65297900 -0.22505200 

H 0.69095500 3.38413700 -1.47851400 

H -3.35672200 4.63148100 1.67726800 

H 1.81055900 2.73863100 0.49826600 

H -3.55068100 1.97647400 -0.31393400 

H 2.15482500 0.77845400 -0.39512500 

H 3.87292000 1.70298000 -0.80785800 

 

Table A.52. Cartesian coordinates of nucleoside minimum for the 3APHNdG adduct with  

= 139.5, θ = 184.8 and ϕ = 5.8. 

Calculated energy (in Hartrees) = –1557.8907377 

Atom X Y Z 

N -2.21786700 -0.00674600 -0.28093600 

C -1.09251800 -0.82604200 -0.08420000 

N -1.40518000 -2.07881000 0.14797100 

C -2.78774200 -2.11349000 0.08266300 

C -3.67752700 -3.22641500 0.25843200 

O -3.45639200 -4.40029300 0.50706000 

N -5.03799700 -2.78450600 0.10386800 

H -5.72210500 -3.50842500 0.29137600 

C -5.44561500 -1.51183400 -0.18376500 

N -6.80956800 -1.29084400 -0.24699800 



 

386 

H -7.36274900 -2.02626700 -0.67063500 

H -7.02524800 -0.37384300 -0.61834500 

N -4.61830600 -0.50759400 -0.34786600 

C -3.31447900 -0.85393700 -0.18145500 

N 0.15574600 -0.26369700 -0.16491100 

H 0.16575300 0.74534000 -0.06464500 

C 1.39900700 -0.90301900 -0.09515500 

C 2.53159800 -0.09234300 -0.09903400 

C 1.54121000 -2.30936700 -0.04030100 

C 3.83024100 -0.62955400 -0.04972200 

C 2.80871800 -2.84850200 0.00710500 

H 0.65816600 -2.93306300 -0.01920800 

C 5.02930800 0.19760900 -0.05310300 

C 3.97122700 -2.04741000 0.00532000 

H 2.92376200 -3.92862300 0.05294900 

C 4.98956900 1.60869100 -0.11027300 

C 6.30758000 -0.43357400 0.00242800 

C 5.27575700 -2.63405600 0.05985200 

C 6.14656400 2.36601600 -0.11180700 

C 7.47623000 0.36147200 0.00016600 

C 6.39655200 -1.86370700 0.05928400 

H 5.34938000 -3.71793700 0.10216700 

C 7.40451200 1.73888500 -0.05580600 

H 6.08177600 3.44958100 -0.15708500 

H 8.44152700 -0.13711300 0.04331200 

H 7.38314800 -2.31774100 0.10109300 

H 8.31221200 2.33572700 -0.05713500 

C -2.15792200 1.37166700 -0.73314100 

O -1.25649900 2.08044100 0.12651700 

C -3.46304600 2.15830600 -0.66035600 

C -1.68156400 3.44655900 0.28950300 

C -2.94318100 3.59541000 -0.57231600 

H -4.00082300 1.90083400 0.25119800 

H -4.11449500 1.98228900 -1.51881300 

C -1.88406900 3.74192200 1.76606000 

H -0.89823700 4.10529800 -0.10179900 

O -2.51136000 4.09563900 -1.83802900 

H -3.67654700 4.26649000 -0.10892700 

O -3.05098300 3.06939700 2.21654300 

H -1.97491000 4.83335200 1.88937000 

H -0.98884000 3.41001300 2.31177600 



 

387 

H -3.29240900 4.16570700 -2.40858800 

H -3.17077900 3.26395300 3.15732800 

H -1.74176700 1.38582900 -1.74908500 

H 2.39079800 0.98301700 -0.14756600 

H 4.03399600 2.11975700 -0.15564500 

 

Table A.53. Cartesian coordinates of nucleoside minimum for the 3APHNdG adduct with  

= 54.7, θ = 299.9 and ϕ = 175.9. 

Calculated energy (in Hartrees) = –1557.8895159 

Atom X Y Z 

N 1.40590300 -0.63621600 -0.56097700 

C 1.09476300 -1.96163500 -0.87874500 

N 1.92416100 -2.82953000 -0.35680700 

C 2.85112700 -2.05847700 0.32815100 

C 4.01383500 -2.45288800 1.07745000 

O 4.49885200 -3.55143000 1.28938400 

N 4.65712600 -1.28327000 1.61819300 

H 5.53465600 -1.48368300 2.08417700 

C 4.24144200 0.01237500 1.46353300 

N 5.03249900 1.00524000 2.01054900 

H 5.42643600 0.81667300 2.92473400 

H 4.56792300 1.90422800 1.95218600 

N 3.17330400 0.35156800 0.78747400 

C 2.54009500 -0.70554900 0.22644200 

N 0.03297500 -2.27990400 -1.71577700 

H 0.16445900 -3.18226500 -2.15663500 

C -1.30634800 -1.93530600 -1.43945900 

C -1.67414200 -1.27332900 -0.27667800 

C -2.28714900 -2.23830600 -2.41104100 

C -2.99824000 -0.83963400 -0.06405600 

C -3.59325300 -1.85696100 -2.20544800 

H -1.99521000 -2.75453400 -3.32136800 

C -3.39253100 -0.09224200 1.12056700 

C -3.98129800 -1.13893900 -1.05042600 

H -4.34767700 -2.09010800 -2.95231900 

C -2.48412100 0.25129200 2.14833200 

C -4.74936300 0.32710300 1.25593400 

C -5.33339500 -0.70707800 -0.86607300 

C -2.88727500 0.97756500 3.25372300 

C -5.13709600 1.06710500 2.39638700 



 

388 

C -5.70286500 -0.00224700 0.23731000 

H -6.06171700 -0.95305200 -1.63467800 

C -4.22599800 1.39150300 3.38132900 

H -2.16633100 1.22495800 4.02756600 

H -6.17520300 1.37787700 2.48429000 

H -6.73066100 0.32588100 0.36745900 

H -4.53974300 1.96052900 4.25170700 

C 0.84841800 0.56038500 -1.15950700 

O 1.85813200 1.19896900 -1.93180900 

C 0.37319900 1.63403500 -0.17884600 

C 1.57699100 2.60556100 -2.00402700 

C 0.36319600 2.86302200 -1.08849000 

H 1.11528500 1.75634800 0.61262000 

H -0.60814600 1.41722600 0.25136200 

C 2.81952600 3.41083100 -1.65493100 

H 1.28909800 2.85031700 -3.03417300 

O -0.78684600 2.88535800 -1.93637000 

H 0.46101200 3.79786500 -0.52524100 

O 2.97960900 3.49958600 -0.24131500 

H 2.70719300 4.41526400 -2.09381400 

H 3.68366600 2.92325000 -2.12741000 

H -1.56514900 3.00610900 -1.37014000 

H 3.78010900 4.01904400 -0.07717700 

H 0.02901800 0.23696600 -1.80528800 

H -0.91761200 -1.09117700 0.47421600 

H -1.44826400 -0.06191700 2.08163800 

 

Table A.54. Cartesian coordinates of nucleoside minimum for the 3APHNdG adduct with  

= 68.6, θ = 67.3 and ϕ = 354.7. 

Calculated energy (in Hartrees) = –1557.8864595 

Atom X Y Z 

N 1.84983800 -0.50148900 0.44164300 

C 1.03585000 -1.64004000 0.41641100 

N 1.70072600 -2.74037800 0.16691600 

C 3.01271200 -2.33077500 -0.00035700 

C 4.18549700 -3.09759000 -0.32583400 

O 4.33824300 -4.29335100 -0.50825400 

N 5.31723600 -2.21662400 -0.44757700 

H 6.16086900 -2.68280700 -0.76117700 

C 5.30776100 -0.85886300 -0.27056000 



 

389 

N 6.49415000 -0.18414900 -0.48441300 

H 7.33824700 -0.63719900 -0.15528100 

H 6.42016900 0.78410000 -0.19496800 

N 4.23231200 -0.17777200 0.03680300 

C 3.12311900 -0.95025400 0.14085500 

N -0.31075800 -1.60025300 0.75782200 

H -0.60716900 -2.50218100 1.11190500 

C -1.30887200 -0.93079400 0.00927900 

C -2.62918700 -1.05324300 0.42377900 

C -0.99781400 -0.13883300 -1.11656300 

C -3.68107700 -0.40580900 -0.25185600 

C -2.01172800 0.52086400 -1.77704600 

H 0.02583500 -0.03451100 -1.45273200 

C -5.07381100 -0.52594700 0.15633600 

C -3.36039000 0.40981700 -1.37676400 

H -1.77322900 1.13693200 -2.64018400 

C -5.48793600 -1.31808300 1.25046300 

C -6.07375200 0.18214500 -0.57404700 

C -4.39978400 1.09941100 -2.08001500 

C -6.81900100 -1.40959800 1.61324600 

C -7.42777600 0.07392500 -0.18376700 

C -5.69964400 0.99297300 -1.69623800 

H -4.12265400 1.71354800 -2.93316100 

C -7.80104800 -0.70692500 0.89156700 

H -7.10576300 -2.02814000 2.45894000 

H -8.17610000 0.62087700 -0.75203600 

H -6.48271000 1.51976400 -2.23518900 

H -8.84595900 -0.78067500 1.17905900 

C 1.44307000 0.85431400 0.72750200 

O 1.55530800 1.62961100 -0.46236700 

C 2.28677100 1.61282800 1.75330900 

C 1.70607100 3.01149400 -0.10707600 

C 1.90687300 3.05819200 1.42332800 

H 3.34541900 1.44666600 1.54920300 

H 2.05142600 1.33123700 2.78438200 

C 2.83952200 3.62555800 -0.91071800 

H 0.77741100 3.54455200 -0.34743200 

O 0.64661900 3.42981800 1.98440100 

H 2.69142700 3.76850100 1.70813000 

O 4.09239000 3.22475800 -0.36635800 

H 2.72803700 4.72139600 -0.87530700 
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H 2.73296500 3.30362000 -1.95650900 

H 0.74574100 3.43563600 2.94913200 

H 4.78604100 3.63457600 -0.90332400 

H 0.40011700 0.80609800 1.05382600 

H -2.83405400 -1.65943700 1.29993300 

H -4.75362300 -1.87322000 1.82365900 

 

Table A.55. Cartesian coordinates of nucleoside minimum for the 1APdG adduct with  = 

224.1, θ = 164.6 and ϕ = 337.5. 

Calculated energy (in Hartrees) = –1634.1616705 

Atom X Y Z 

N -2.65120200 0.23691900 -0.17530600 

C -1.56371900 -0.65010800 -0.20737200 

N -1.93707300 -1.90458100 -0.31620600 

C -3.32193800 -1.86353300 -0.35220100 

C -4.27900900 -2.93094600 -0.43326000 

O -4.13664900 -4.14145100 -0.48002600 

N -5.61163800 -2.38025200 -0.44154700 

H -6.33695500 -3.08799800 -0.42507900 

C -5.94609100 -1.05560800 -0.37019000 

N -7.29290200 -0.74830500 -0.32653100 

H -7.90180200 -1.32180200 -0.89783700 

H -7.45669000 0.24338200 -0.45107400 

N -5.05778100 -0.09285100 -0.28946100 

C -3.78261300 -0.55572500 -0.27632000 

N -0.28084700 -0.16876100 -0.17164700 

H -0.17388200 0.83987800 -0.20711000 

C 0.87815400 -0.90327900 0.10360600 

C 2.12388900 -0.36664300 -0.31085900 

C 0.84151500 -2.11094700 0.81806900 

C 3.32877700 -0.99029900 0.13297800 

C 2.23157500 0.77427300 -1.17697300 

C 2.01806100 -2.73774600 1.19812800 

H -0.11815100 -2.54452100 1.06518000 

C 4.59477500 -0.41762300 -0.19557100 

C 3.27620100 -2.18924800 0.90281400 

C 3.44072000 1.31990100 -1.49363300 

H 1.33002000 1.17552700 -1.62653900 

H 1.96664300 -3.66535000 1.76242300 

C 4.66582100 0.76481500 -0.99288300 
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C 5.79960600 -1.02800000 0.27175800 

C 4.50107700 -2.78761900 1.34353000 

H 3.49738900 2.16825700 -2.17161300 

C 5.92010100 1.31885400 -1.29101000 

C 7.03147300 -0.43523700 -0.04939400 

C 5.70865200 -2.23038400 1.05028400 

H 4.44383400 -3.70247500 1.92802500 

C 7.08826800 0.72435400 -0.81873100 

H 5.97055400 2.21632800 -1.90231800 

H 7.94746200 -0.89801700 0.30866600 

H 6.62967200 -2.69095900 1.39777700 

H 8.05198100 1.16522000 -1.05802700 

C -2.68480800 1.65391100 0.09578900 

O -1.76938200 2.32572000 -0.77150100 

C -2.25401200 2.06537100 1.50701200 

C -1.32022300 3.54123800 -0.14200200 

C -1.88130500 3.53402700 1.29622400 

H -1.37672700 1.49073600 1.81423100 

H -3.05307400 1.92418000 2.24055400 

C 0.19411400 3.57895700 -0.22023800 

H -1.73814100 4.40145800 -0.67757300 

O -3.02734300 4.38411300 1.28161100 

H -1.13777200 3.88414500 2.02254000 

O 0.68726000 2.53027400 0.60528100 

H 0.54945800 4.56063000 0.12589500 

H 0.50773100 3.44527800 -1.26512600 

H -3.41302500 4.37386500 2.17140600 

H 1.65727000 2.52716700 0.57702700 

H -3.71114800 1.97411100 -0.10679800 

 

Table A.56. Cartesian coordinates of nucleoside minimum for the 1APdG adduct with  = 

142.0, θ = 186.4 and ϕ = 357.2. 

Calculated energy (in Hartrees) = –1634.1528866 

Atom X Y Z 

N 2.18671300 0.09706400 -0.54759700 

C 1.09459700 -0.76538100 -0.40654200 

N 1.43798900 -2.01922500 -0.23856500 

C 2.82038100 -2.00259400 -0.26984200 

C 3.73181800 -3.10129300 -0.12775400 

O 3.53061700 -4.28090800 0.07337400 
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N 5.08038500 -2.62854400 -0.24673700 

H 5.77876800 -3.34765000 -0.09714300 

C 5.45647400 -1.33236000 -0.47117800 

N 6.81886000 -1.07535000 -0.51089200 

H 7.38666100 -1.78928000 -0.95314400 

H 7.00474500 -0.15353000 -0.88871600 

N 4.61357300 -0.33947700 -0.59374200 

C 3.31289100 -0.71199800 -0.46440000 

N -0.17856700 -0.24268500 -0.45949200 

H -0.23483000 0.73094400 -0.69998900 

C -1.39772300 -0.85790800 -0.16089300 

C -2.58858800 -0.09617000 -0.31805000 

C -1.45994500 -2.18076600 0.30131900 

C -3.83583200 -0.69074600 0.04601900 

C -2.61077900 1.24774300 -0.82513200 

C -2.68114000 -2.74568100 0.63752700 

H -0.54262000 -2.74763400 0.38343600 

C -5.04943100 0.05310100 -0.07244500 

C -3.88229400 -2.03130400 0.53276900 

C -3.76855100 1.95621500 -0.94123300 

H -1.69602600 1.72680300 -1.16540700 

H -2.70663900 -3.77116200 0.99682600 

C -5.02957500 1.39301400 -0.56279200 

C -6.29585200 -0.54091300 0.29912100 

C -5.14647400 -2.60140000 0.89374400 

H -3.75168800 2.96813600 -1.33767900 

C -6.23266900 2.10847400 -0.67002000 

C -7.47323900 0.21337700 0.17615700 

C -6.30238800 -1.89119100 0.78534900 

H -5.15993600 -3.62463700 1.26068800 

C -7.44026600 1.52136900 -0.30243100 

H -6.21000800 3.12816300 -1.04570300 

H -8.41958600 -0.23980900 0.45977800 

H -7.25428200 -2.33514300 1.06435000 

H -8.36398700 2.08641600 -0.39029000 

C 2.05548300 1.56508100 -0.63919200 

O 3.28729600 2.17567300 -0.88107500 

C 1.48076800 2.17645700 0.66536500 

C 3.67603300 3.01152200 0.22316200 

C 2.36085800 3.41050700 0.89845700 

H 1.59621400 1.46452500 1.48274300 
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H 0.42471100 2.45028600 0.57636000 

C 4.66798600 2.31555200 1.14313100 

H 4.15629600 3.89170200 -0.21378400 

O 1.87763000 4.56035600 0.20875900 

H 2.49809000 3.61534200 1.96757600 

O 3.97652900 1.35254000 1.93013500 

H 5.13940900 3.08075900 1.78115800 

H 5.43428100 1.84033100 0.52100400 

H 1.02611100 4.80311700 0.60405200 

H 4.61678900 0.91678300 2.51065700 

H 1.41302700 1.76552600 -1.50842300 

 

Table A.57. Cartesian coordinates of nucleoside minimum for the 1APdG adduct with  = 

70.2, θ = 62.0 and ϕ = 13.0. 

Calculated energy (in Hartrees) = –1634.1492840 

Atom X Y Z 

N -1.98114000 -0.51606200 -0.37525800 

C -1.30317100 -1.72742200 -0.20092400 

N -2.09799700 -2.72673700 0.08996800 

C -3.36504000 -2.16712700 0.13072700 

C -4.63190900 -2.77448800 0.43717900 

O -4.92655100 -3.92715000 0.70508800 

N -5.66458100 -1.77212400 0.41188400 

H -6.57102200 -2.11795000 0.70537000 

C -5.49425800 -0.44296700 0.13186800 

N -6.60879100 0.36962000 0.21678800 

H -7.47739300 -0.01708300 -0.13276700 

H -6.41209200 1.29721500 -0.14044500 

N -4.33398800 0.09128100 -0.15671100 

C -3.31273700 -0.79993400 -0.12671700 

N 0.05879800 -1.84917300 -0.43762800 

H 0.29765300 -2.82294900 -0.59252600 

C 1.03426200 -1.11809400 0.29425300 

C 2.35744500 -1.08652700 -0.20238200 

C 0.70563300 -0.43545200 1.46907200 

C 3.35222500 -0.37873900 0.53598300 

C 2.73836000 -1.73151500 -1.42653100 

C 1.67069100 0.28091100 2.16516300 

H -0.31390800 -0.46056200 1.83483900 

C 4.70032300 -0.35368100 0.07105100 
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C 3.00345000 0.31636100 1.73291600 

C 4.02694600 -1.70805100 -1.86733300 

H 1.97233900 -2.22093600 -2.01844200 

H 1.39296200 0.80603800 3.07501700 

C 5.05661200 -1.03052600 -1.13409200 

C 5.69892300 0.35416500 0.80766100 

C 4.02656900 1.02255000 2.44876200 

H 4.29518400 -2.19704800 -2.80032800 

C 6.39038300 -0.99573600 -1.57066700 

C 7.01890500 0.36052100 0.33192000 

C 5.31489800 1.03870300 2.01037400 

H 3.74711300 1.54653200 3.35929800 

C 7.35823700 -0.30839800 -0.84263500 

H 6.65963900 -1.51203200 -2.48843200 

H 7.77891600 0.89850300 0.89261800 

H 6.08052200 1.57503600 2.56486000 

H 8.38603900 -0.29153400 -1.19409300 

C -1.39611500 0.76206600 -0.70679900 

O -1.44078000 1.60384100 0.44089300 

C -2.09982700 1.56932600 -1.79850300 

C -1.39988800 2.97314000 0.01537800 

C -1.53691200 2.96556800 -1.52254400 

H -3.17699600 1.55610800 -1.62761500 

H -1.87191500 1.20510100 -2.80521400 

C -2.47663300 3.76440300 0.73791000 

H -0.42088600 3.39764100 0.27175500 

O -0.21777100 3.13080500 -2.04571700 

H -2.20479200 3.75972400 -1.87544200 

O -3.74832300 3.48382200 0.16332100 

H -2.23166500 4.83531500 0.64927900 

H -2.44676800 3.49277700 1.80288300 

H -0.27986600 3.09773600 -3.01292100 

H -4.40716900 4.00308400 0.64667700 

H -0.35884300 0.56677300 -0.99288400 

 

Table A.58. Cartesian coordinates of nucleoside minimum for the 1APdG adduct with  = 

52.5, θ = 300.2 and ϕ = 342.6. 

Calculated energy (in Hartrees) = –1634.1490684 

Atom X Y Z 

N 1.88711900 -0.46267400 -0.25264100 
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C 1.27820000 -1.68404400 -0.54615100 

N 2.10342500 -2.69996600 -0.50793400 

C 3.33199200 -2.13741700 -0.19186400 

C 4.62080000 -2.75349500 -0.02692800 

O 4.97965300 -3.91287200 -0.14809200 

N 5.59161900 -1.75067400 0.32971900 

H 6.53970700 -2.10572300 0.37895700 

C 5.34799500 -0.41400900 0.50090500 

N 6.42747100 0.39956800 0.79281900 

H 7.10962100 0.02653300 1.44254600 

H 6.11243600 1.33166000 1.03694000 

N 4.16632000 0.12870400 0.35374300 

C 3.21421100 -0.76162300 -0.01170500 

N -0.06955200 -1.74826300 -0.87296200 

H -0.28666700 -2.61399500 -1.35482300 

C -1.06598700 -1.29976200 0.03587600 

C -2.35764600 -1.01180400 -0.45929300 

C -0.77753700 -1.12128500 1.39362900 

C -3.36082700 -0.56624200 0.45285800 

C -2.69455200 -1.13769000 -1.84848700 

C -1.74788200 -0.65615200 2.27274200 

H 0.21355700 -1.36655100 1.76016000 

C -4.67889100 -0.29326100 -0.01844400 

C -3.05077100 -0.37968100 1.83398700 

C -3.95505700 -0.87950300 -2.29479100 

H -1.91502000 -1.41869600 -2.54826200 

H -1.50464500 -0.53319900 3.32496500 

C -4.99514700 -0.46049500 -1.40018700 

C -5.68650800 0.15293800 0.89032800 

C -4.08142200 0.07523400 2.72216800 

H -4.19101500 -0.97308600 -3.35158900 

C -6.30062000 -0.19171200 -1.84063100 

C -6.97723200 0.40908400 0.40345700 

C -5.34160200 0.32668100 2.27356700 

H -3.83256100 0.20970100 3.77184500 

C -7.27847100 0.23614200 -0.94609000 

H -6.53976500 -0.31940100 -2.89306400 

H -7.74435700 0.74772700 1.09490800 

H -6.11405400 0.66608600 2.95867100 

H -8.28386500 0.43941900 -1.30365700 

C 1.31002300 0.85762700 -0.39732300 
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O 2.04765500 1.57721800 -1.37708200 

C 1.35609400 1.73910100 0.85138800 

C 1.95593300 2.98326400 -1.10047100 

C 1.18552300 3.12496900 0.22780200 

H 2.33940200 1.65445400 1.31916500 

H 0.57020300 1.48857400 1.56952900 

C 3.33952100 3.61776100 -1.10294300 

H 1.36292400 3.45403900 -1.89444700 

O -0.17491200 3.38859000 -0.12109900 

H 1.59626100 3.92031800 0.85984100 

O 3.98477000 3.42359700 0.15355700 

H 3.21905500 4.69308800 -1.31050300 

H 3.91600000 3.17002100 -1.92423000 

H -0.68444500 3.44301600 0.70228300 

H 4.85473000 3.84473100 0.09507600 

H 0.27951700 0.71439500 -0.73218400 
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Appendix B 

  

Supplementary Information for Chapter 3: Structure of an Unusual Tetracyclic 

Deoxyguanosine Adduct: Implications for Frameshift Mutagenicity by Ortho-Cyano 

Nitroanilines. 

 

Contains Figures B.1–B41 and Tables B.1–B.20 

  



398 

 

  

Figure B.1.  1H NMR spectrum of compound 1 

Figure B.2.  13C NMR spectrum of compound 1 
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Figure B.3.  13C -1H HSQC NMR spectrum of compound 1 

 
Figure B.4.  13C -1H HMBC NMR spectrum of compound 1 
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Figure B.5. HRMS spectrum of compound 1 

 

 

Figure B.6. 1H NMR spectrum of compound 2 
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Figure B.7. 13C J-mod spectrum of compound 2 

 

  
 

Figure B.8. 13C -1H HSQC NMR spectrum of compound 2 
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Figure B.9. 13C -1H HMBC NMR spectrum of compound 2 

 

 

 Figure B.10. ROESY spectrum of compound 2 

 

 



403 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.11. HRMS spectrum of compound 2 

 

 

Figure B.12. Mass spectrum of compound 2 in DMSO stock solution 

[(C17H17N7O4]+H)+ 

Calculated m/z  384.1420 

Observed m/z  384.1417 
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Figure B.13. Mass spectrum of compound 2 following exposure to 0.1M HCl at 37.2°C 

 

 
Figure B.14. Mass spectrum of compound 1 in DMSO stock solution 
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Figure B.15. Mass spectrum of compound 1 following exposure to 0.1M HCl at 37.2°C 

 

 

 

 

Figure B.16: Structures and relative stabilities of the 1 nucleobase minima as calculated at the 

B3LYP-D3(BJ)/6-31G(d,p) level of theory. Zero-point vibrational energy corrected B3LYP-

D3(BJ)/6-311++G(2df,2p) relative energies are provided in parentheses (kJ/mol). 
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Figure B.17: Select dihedrals (θ and φ, deg) for the 2 nucleobase minima as calculated at the 

B3LYP-D3(BJ)/6-31G(d,p) level of theory. Zero-point vibrational energy corrected B3LYP-

D3(BJ)/6-311++G(2df,2p) relative energies are provided in parentheses (kJ/mol). 
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Figure B.18: Select dihedral angles (χ, deg) for the 1 nucleoside minima and transition states 

(TS) as calculated at the B3LYP-D3(BJ)/6-31G(d,p) level of theory. Zero-point vibrational 

energy corrected B3LYP-D3(BJ)/6-311++G(2df,2p) relative energies are provided in 

parentheses (kJ/mol). 
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Figure B.19: Select dihedral angles (χ, deg) for the 1 nucleoside minima and transition states 

(TS) as calculated at the B3LYP-D3(BJ)/6-31G(d,p) level of theory with the 5′-hydroxyl group 

fixed away from the adduct. Zero-point vibrational energy corrected B3LYP-D3(BJ)/6-

311++G(2df,2p) relative energies are provided in parentheses (kJ/mol). 
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Figure B.20: Select dihedral angles (χ, θ and φ, deg) for the 2 nucleoside minima and transition 

states (TS) as calculated at the B3LYP-D3(BJ)/6-31G(d,p) level of theory. Zero-point vibrational 

energy corrected B3LYP-D3(BJ)/6-311++G(2df,2p) relative energies are provided in 

parentheses (kJ/mol). 
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Figure B.21: Select dihedral angles (χ, θ and φ, deg) for the 2 nucleoside minima and transition 

states (TS) as calculated at the B3LYP-D3(BJ)/6-31G(d,p) level of theory with the 5′-hydroxyl 

group fixed away from the adduct. Zero-point vibrational energy corrected B3LYP-D3(BJ)/6-

311++G(2df,2p) relative energies are provided in parentheses (kJ/mol). 
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Figure B.22: Potential energy surface for the rotation about the χ dihedral angle (deg) in the 1 

nucleoside with the 5′-hydroxyl group constrained (orange) or unconstrained (blue). Calculated 

every 10° at the B3LYP-D3(BJ)/6-31G(d,p) level of theory and report in kJ/mol. 

 

 

Figure B.23: Potential energy surface for the rotation about the χ dihedral angle (deg) in the 2 

nucleoside with the 5′-hydroxyl group constrained (orange) or unconstrained (blue). Calculated 

every 10° at the B3LYP-D3(BJ)/6-31G(d,p) level of theory and report in kJ/mol. 
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Figure B.24: Histograms of the χ dihedral angle sampled during umbrella sampling for the 1 

(top) and 2 (bottom) free nucleosides with a 30 kcal/(mol rad2) restraint. 
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Figure B.25: Representative structures obtained from MD simulations for the five 1 μs replicas 

of the distorted 1 adducted SMI duplex in the anti orientation. The adducted base and unpaired C 

are shown in cyan, and the flanking bases are shown in purple. 
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Figure B.26: Representative structures obtained from MD simulations for the five 1 μs replicas 

of the distorted 2 adducted SMI duplex in the anti orientation. The adducted base and unpaired C 

are shown in cyan, and the flanking bases are shown in purple. 
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Figure B.27: Example structure of a SMI helix with the adducted G3 and G2 bases hydrogen 

bonding to a single C. The adducted base and unpaired C are shown in cyan, and the flanking 

bases are shown in purple.  

 

Figure B.28: Example structures of the distorted SMI helices highlighting observed helical 

distortions 5′ to the lesion site with the 1 (left) and 2 (right) adducts in the anti orientation. The 

adducted base and unpaired C are shown in cyan, and the flanking bases are shown in purple.  
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Figure B.29: SMI complex representative structures, highlighting the ability of both lesions to 

adopt planar and bent structures, for the (A) planar 1 adduct, (B) distorted bent 1 adduct, (C) 

planar 2 adduct and (D) distorted bent 2 adduct in the syn orientation. The unpaired nucleotides 

and flanking base-pairs are coloured cyan.  
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Figure B.30: Representative structures obtained from MD simulations for the five 1 μs replicas 

of 1 adducted SMI duplex in the syn orientation. The adducted base and unpaired C are shown in 

cyan, and the flanking bases are shown in purple. 
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Figure B.31: Representative structures obtained from MD simulations for the five 1 μs replicas 

of 2 adducted SMI duplex in the syn orientation. The adducted base and unpaired C are shown in 

cyan, and the flanking bases are shown in purple. 
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Figure B.32: Interplanar angle between the base pairs flanking the lesion site in the SMI 

containing syn adduct 1 over the course of the five MD replicate simulations.  

 



420 

 

Figure B.33: Interplanar angle between the base-pairs flanking the lesion site in the SMI 

containing syn adduct 2 over the course of the five MD replicate simulations. 
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Figure B.34: Representative structures obtained from MD simulations for the five 1 μs replicas 

of 1 adducted FP duplex in the B conformation. The adducted base and pairing C are shown in 

cyan and the flanking bases are shown in purple. 
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Figure B.35: Representative structures obtained from MD simulations for the five 1 μs replicas 

of 2 adducted FP duplex in the B conformation. The adducted base and pairing C are shown in 

cyan and the flanking bases are shown in purple. 
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Figure B.36: Representative structures obtained from MD simulations for the five 1 μs replicas 

of 1 adducted FP duplex in the S conformation. The adducted base and pairing C are shown in 

cyan and the flanking bases are shown in purple. 
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Figure B.37: Representative structures obtained from MD simulations for the five 1 μs replicas 

of 2 adducted FP duplex in the S conformation. The adducted base and pairing C are shown in 

cyan and the flanking bases are shown in purple. 
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Figure B.38: Representative structures obtained from MD simulations for the five 1 μs replicas 

of 1 adducted FP duplex in the W conformation. The adducted base and pairing C are shown in 

cyan and the flanking bases are shown in purple. 
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Figure B.39: Representative structures obtained from MD simulations for the five 1 μs replicas 

of 2 adducted FP duplex in the W conformation. The adducted base and pairing C are shown in 

cyan and the flanking bases are shown in purple. 



427 

 

Figure B.40: Positions of the bulky moieties (red) with respect to the flanking base-pairs in the 

FP duplexes in the S conformation for 1 (A and C) and 2 (B and D). Figures were generated by 

overlaying 1000 frames across the trajectories based on the atoms of the flanking base pairs. 

Figure B.41: Histogram of the interplanar angles (deg) between the aromatic portion of the bulky 

moiety of syn 1 (blue) and 2 (orange) and the 5′- or 3′-base pairs from the five MD replicate 

simulations of the FP duplex.  

 

  

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0 10 20 30 40 50 60 70 80 90

F
re

q
u

e
n

c
y

Interplanar Angle



428 

Table B.1. Comparisons between gas-phase and implicit solvent B3LYP-D3(BJ)/6-

311++G(2df,2p) relative energies (kJ/mol) for the anti and syn conformations of the 1 and 2 

nucleosides.  

Adduct 5' OH Structure 
Gas 

Phase 

Implicit 

Water 

1 

Frozen 

anti 0.8 2.9 

syn 0.0 0.0 

TB.1 17.9 17.5 

TB.2 26.6 20.3 

Free 

anti 0.0 0.0 

syn 1.0 3.2 

TB.1 50.8 48.1 

TB.2 60.3 50.0 

2  

Frozen 
anti 0.0 0.0 

TS 46.8 38.9 

Free 

anti 13.2 15.2 

syn 0.0 0.0 

TB.1 50.4 42.6 

TB.2 19.7 19.5 

 

Table B.2: Average and standard deviations (parentheses) of the sugar pucker occupancies over 

all windows during umbrella sampling on the adduct nucleosides. 

Adduct C3'-endo C4'-exo O4'-endo C1'-exo C2'-endo 

1 4.8 (3.4) 10.5 (8.7) 11.6 (3.2) 32.0 (11.5) 26.1 (6.2) 

2 3.6 (3.2) 9.6 (8.4) 13.0 (4.4) 35.3 (11.2) 25.5 (5.6) 

 C3'-exo C4'-endo O4'-exo C1'-endo C2'-exo 

1 8.5 (7.1) 3.3 (4.9) 0.7 (0.7) 2.3 (3.1) 1.5 (1.7) 

2 7.6 (7.6) 3.0 (4.5) 0.6 (0.7) 2.3 (3.2) 1.3 (1.7) 

 

Table B.3: Average and standard deviations (parentheses) of the DNA backbone RMSDs (Å) 

across 1 μs MD simulations.  

 

Adduct Strand Length Conformation Replica 1 Replica 2 Replica 3 Replica 4 Replica 5 

1 

SMI 
anti 5.8 (1.0) 5.1 (0.9) 2.6 (0.6) 4.6 (1.7) 5.4 (1.3) 

syn 3.4 (0.6) 2.9 (0.9) 4.6 (1.5) 3.1 (1.1) 3.4 (1.1) 

FP 

B 3.0 (0.6) 2.8 (0.6) 3.1 (0.6) 2.6 (0.6) 2.7 (0.6) 

S 2.5 (0.5) 3.1 (0.7) 3.2 (0.7) 3.5 (0.6) 2.5 (0.6) 

W 2.5 (0.7) 3.3 (0.7) 3.3 (0.7) 2.6 (0.6) 2.6 (0.6) 

2 
SMI 

anti 5.8 (0.8) 6.2 (1.5) 3.6 (0.8) 3.9 (0.6) 6.1 (0.8) 

syn 3.6 (0.7) 3.2 (0.7) 3.2 (0.7) 3.9 (0.9) 3.9 (1.0) 

FP B 2.3 (0.5) 2.9 (0.6) 2.6 (0.5) 2.9 (0.7) 2.9 (0.6) 
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S 3.4 (0.8) 2.5 (0.7) 3.3 (0.8) 3.8 (1.0) 2.8 (0.6) 

W 3.2 (0.7) 2.5 (0.5) 2.6 (0.7) 2.9 (0.7) 3.4 (0.7) 
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Table B.4: Average and standard deviations (parentheses) of the key dihedral angles (deg) for the positioning of the adduct with 

respect to the DNA backbone across 1 μs MD simulations. 

 

Adduct 
Strand 

Length 
Conformation Dihedral Replica 1 Replica 2 Replica 3 Replica 4 Replica 5 

Average 

over 

Replicas 

1 

SMI 
anti χ 231.7 (47.9) 218.2 (22.8) 240.9 (22.1) 242.2 (18.8) 220.3 (20.8) 230.6 (10.0) 

syn χ 53.2 (70.5) 61.2 (24.7) 24.0 (24.5) 57.4 (12.0) 50.1 (17.1) 49.2 (13.1) 

FP 

B χ 222.9 (12.3) 222.0 (13.0) 221.5 (12.2) 221.8 (12.1) 221.9 (12.4) 222.0 (0.5) 

S χ 41.1 (11.2) 42.6 (11.8) 41.2 (11.7) 40.7 (11.4) 41.3 (11.5) 41.4 (0.7) 

W χ 42.0 (11.6) 41.4 (11.7) 43.7 (11.6) 42.1 (12.0) 41.3 (11.3) 42.1 (0.9) 

2 

SMI 

anti 

χ 203.3 (12.8) 204.1 (15.4) 195.7 (15.1) 202.2 (11.9) 200.3 (12.5) 201.1 (3.0) 

θ 200.7 (21.2) 200.3 (31.1) 196.5 (30.9) 202.3 (19.4) 199.6 (22.6) 199.9 (1.9) 

φ 180.0 (10.3) 180.5 (10.6) 180.0 (10.5) 179.4 (10.5) 180.4 (10.4) 180.1 (0.4) 

syn 

χ 177.0 (39.7) 77.3 (35.1) 84.7 (39.8) 125.5 (46.4) 91.8 (52.1) 111.2 (36.8) 

θ 207.9 (24.7) 188.4 (80.3) 236.8 (39.2) 200.2 (43.9) 229.5 (41.1) 212.6 (18.1) 

φ 356.5 (13.2) 359.4 (11.1) 358.0 (11.6) 3.9 (12.8) 357.4 (11.4) 359.0 (2.6) 

FP 

B 

χ 230.3 (13.4) 230.8 (13.0) 231.5 (12.9) 230.0 (14.3) 230.7 (13.1) 230.7 (0.5) 

θ 137.3 (24.9) 136.9 (24.3) 136.6 (24.2) 137.3 (25.8) 136.9 (24.9) 137.0 (0.3) 

φ 2.9 (12.0) 2.9 (12.0) 2.7 (11.9) 2.7 (11.8) 3.0 (11.9) 2.8 (0.1) 

S 

χ 47.0 (15.3) 46.9 (15.4) 48.2 (15.4) 49.3 (15.1) 43.8 (14.8) 47.1 (1.8) 

θ 235.7 (34.5) 227.5 (39.4) 232.9 (34.1) 250.8 (35.5) 217.1 (28.7) 232.8 (11.0) 

φ 183.0 (10.8) 181.6 (10.9) 181.3 (10.9) 182.3 (10.3) 178.5 (10.4) 181.4 (1.5) 

W 

χ 54.2 (17.4) 60.3 (15.8) 59.0 (15.9) 57.5 (17.2) 57.7 (16.0) 57.7 (2.0) 

θ 123.9 (66.3) 87.4 (54.7) 107.4 (61.1) 121.1 (66.2) 103.3 (65.0) 108.6 (13.2) 

φ 359.1 (11.2) 1.5 (10.1) 0.4 (10.7) 359.7 (11.0) 0.6 (10.7) 0.2 (0.8) 
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Table B.5: Average and standard deviations (parentheses) of the sugar pucker occupancies over 

all replicas for each SMI and FP containing adducts 1 and 2.  

Adduct System C3'-endo C4'-exo O4'-endo C1'-exo C2'-endo 

1 

SMI – anti 1.1 (1.1) 3.9 (1.4) 21.9 (11.3) 28.4 (4.3) 33.8 (11.1) 

SMI – syn 7.5 (4.2) 29.7 (15.0) 12.7 (9.0) 17.6 (9.5) 14.8 (8.1) 

FP – B 0.0 (0.0) 4.5 (0.2) 69.0 (0.5) 24.7 (0.4) 1.3 (0.5) 

FP – S 0.0 (0.0) 4.3 (0.6) 62.4 (4.7) 33.0 (5.3) 0.3 (0.0) 

FP – W 0.0 (0.0) 4.0 (0.9) 59.0 (7.6) 35.3 (9.0) 1.4 (0.6) 

2 

SMI – anti 0.6 (0.2) 1.7 (0.5) 9.0 (2.7) 33.6 (2.4) 51.8 (4.5) 

SMI – syn 8.1 (4.1) 14.5 (8.6) 4.3 (1.9) 34.3 (4.4) 34.5 (11.3) 

FP – B 0.1 (0.0) 10.6 (0.2) 65.2 (1.1) 23.1 (0.3) 1.1 (0.7) 

FP – S 0.2 (0.0) 6.9 (0.9) 44.3 (7.9) 44.6 (8.0) 3.6 (1.2) 

FP – W 0.0 (0.0) 1.5 (2.1) 9.1 (6.4) 70.2 (5.6) 18.3 (2.9) 

 C3'-exo C4'-endo O4'-exo C1'-endo C2'-exo 

1 

SMI – anti 10.5 (4.8) 0.2 (0.2) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 

SMI – syn 13.8 (15.5) 2.8 (3.9) 0.0 (0.0) 0.2 (0.2) 0.8 (0.3) 

FP – B 0.5 (0.3) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 

FP – S 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 

FP – W 0.3 (0.2) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 

2 

SMI – anti 2.8 (1.2) 0.2 (0.4) 0.0 (0.1) 0.1 (0.0) 0.3 (0.2) 

SMI – syn 3.0 (1.5) 0.1 (0.0) 0.1 (0.0) 0.1 (0.1) 1.1 (0.6) 

FP – B 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 

FP – S 0.3 (0.3) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 

FP – W 0.9 (0.3) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 

 

  



432 

Table B.6: Occupancies (%) of the hydrogen bonds of the adduct and unpaired C when the 

damaged G is in the anti conformation for the SMI models.a  

 

Donor Acceptor Adduct 
Replica 

1 

Replica 

2 

Replica 

3 

Replica 

4 

Replica 

5 
Average 

Standard 

Deviation 

dC24:N4H Lesion:O6 
1 77.3% 94.1% 95.8% 97.1% 97.6% 92.4% 7.7% 

2 97.3% 93.9% 59.9% 98.5% 98.1% 89.5% 14.9% 

Lesion:N1H dC24:N3 
1 78.1% 95.1% 96.8% 98.4% 98.4% 93.3% 7.7% 

2 98.2% 95.7% 60.5% 99.4% 99.6% 90.7% 15.2% 

Lesion:N2H dC24:O2 
1 78.1% 95.4% 97.8% 98.5% 99.4% 93.8% 8.0% 

2 99.2% 98.5% 60.6% 99.5% 99.6% 91.5% 15.4% 

dC8:N4H dA27:OP1 1 0.8% 0.0% 0.0% 0.0% 27.8% 5.7% 11.1% 

dC8:N4H dG6:N3 1 39.5% 0.0% 0.1% 0.0% 40.0% 15.9% 19.5% 

dC8:N4H dG7:OP2 1 0.0% 0.0% 46.1% 32.1% 40.0% 23.7% 19.8% 

Lesion:N17H Lesion:O6 1 99.0% 98.8% 98.4% 96.4% 99.2% 98.4% 1.0% 

Lesion:N1H dC24:O2 1 23.7% 21.2% 27.8% 28.3% 32.0% 26.6% 3.8% 

Lesion:N10H dC10:O4' 2 35.0% 33.8% 40.0% 37.7% 42.1% 37.7% 3.1% 

Lesion:N10H dC10:O5' 2 48.5% 38.5% 37.7% 48.0% 35.8% 41.7% 5.4% 

Lesion:N2H dC10:O4' 2 32.8% 25.6% 19.6% 32.8% 27.8% 27.7% 4.9% 

Lesion:N1H dC24:O4' 2 0.0% 0.0% 27.4% 0.0% 0.0% 5.5% 11.0% 

Lesion:N2H dC24:O4' 2 0.0% 0.0% 26.5% 0.0% 0.0% 5.3% 10.6% 
aHydrogen-bonding interactions were determined using a cut-off of 3.4 Å for the donor–acceptor 

distance and 120° for the donor–hydrogen–acceptor angle. 
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Table B.7: Occupancies (%) of the hydrogen bonds of the flanking bases when the lesion is 

started from the anti conformation for the SMI models. a 

 

Donor Acceptor Adduct 
Replica 

1 

Replica 

2 

Replica 

3 

Replica 

4 

Replica 

5 
Average 

Standard 

Deviation 

dG23:N1H dC10:N3 
1 99.9% 99.9% 99.8% 99.9% 99.9% 99.9% 0.0% 

2 100.0% 99.9% 100.0% 99.9% 100.0% 99.9% 0.0% 

dG23:N2H dC10:O2 
1 99.8% 99.8% 99.8% 99.8% 99.8% 99.8% 0.0% 

2 99.7% 99.9% 99.8% 99.7% 99.8% 99.8% 0.1% 

dC10:N4H dG23:O6 
1 98.7% 98.7% 98.5% 98.7% 98.6% 98.6% 0.1% 

2 98.9% 98.8% 98.9% 98.9% 98.7% 98.8% 0.1% 

dG7:N1H dC25:N3 
1 68.4% 84.8% 21.4% 4.9% 79.0% 51.7% 32.3% 

2 92.7% 74.0% 56.8% 95.8% 89.2% 81.7% 14.5% 

dG7:N2H dC25:O2 
1 73.6% 86.7% 22.1% 4.9% 81.2% 53.7% 33.5% 

2 93.2% 79.5% 58.2% 96.6% 94.2% 84.3% 14.4% 

dC25:N4H dG7:O6 
1 65.5% 82.9% 20.4% 4.7% 76.9% 50.1% 31.6% 

2 90.2% 64.4% 54.8% 92.8% 84.1% 77.2% 15.0% 

dG7:N1H dC24:N3 2 2.2% 5.9% 39.6% 0.9% 0.7% 9.9% 15.0% 

dG7:N2H dC24:O2 2 2.1% 5.6% 39.5% 0.8% 0.7% 9.7% 15.0% 

dC24:N4H dG7:O6 2 1.8% 4.8% 38.4% 0.8% 0.8% 9.3% 14.6% 
aHydrogen-bonding interactions were determined using a cut-off of 3.4 Å for the donor–acceptor 

distance and 120° for the donor–hydrogen–acceptor angle. 

 

Table B.8: Occupancies (%) of the hydrogen bonds of the adduct and unpaired C when the 

damaged G is in the syn conformation for the SMI models.a 

 

Donor Acceptor Adduct 
Replica 

1 

Replica 

2 

Replica 

3 

Replica 

4 

Replica 

5 
Average 

Standard 

Deviation 

dC8:N4H dG7:OP2 
1 1.1% 31.3% 14.7% 52.2% 5.5% 21.0% 18.7% 

2 28.2% 64.1% 73.2% 82.3% 65.0% 62.5% 18.4% 

dC8:N4H dG7:N3 1 0.0% 1.0% 0.0% 0.0% 30.0% 6.2% 11.9% 

Lesion:N1H dC8:O2 1 0.5% 16.2% 7.2% 27.4% 3.0% 10.8% 9.8% 

Lesion:N17H Lesion:O6 1 93.1% 98.2% 92.2% 98.9% 97.9% 96.0% 2.8% 

dC8:N4H dG:6@N3 2 27.9% 0.0% 0.0% 0.0% 0.9% 5.8% 11.1% 

dC8:N4H dG:6@O4' 2 28.5% 0.0% 0.0% 0.0% 2.9% 6.3% 11.2% 

Lesion:N10H dC10:O4' 2 56.2% 13.0% 20.2% 59.6% 25.6% 34.9% 19.2% 

Lesion:N10H dC10:O5' 2 28.2% 0.1% 0.0% 0.0% 1.4% 5.9% 11.1% 

dG7:N2H Lesion:OP1 2 60.8% 0.0% 0.0% 0.0% 8.5% 13.9% 23.7% 
aHydrogen-bonding interactions were determined using a cut-off of 3.4 Å for the donor–acceptor 

distance and 120° for the donor–hydrogen–acceptor angle. 
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Table B.9: Occupancies (%) of the hydrogen bonds of the flanking bases when the lesion is 

started from the syn conformation for the SMI models. a 

 

Donor Acceptor Adduct 
Replica 

1 

Replica 

2 

Replica 

3 

Replica 

4 

Replica 

5 
Average 

Standard 

Deviation 

dG7:N1H dC24:N3 
1 99.8% 99.3% 99.8% 99.6% 99.8% 99.7% 0.2% 

2 99.3% 99.0% 99.1% 41.1% 99.7% 87.6% 23.3% 

dG7:N2H dC24:O2 
1 99.4% 99.0% 99.7% 98.2% 99.4% 99.2% 0.5% 

2 99.5% 98.0% 98.7% 41.1% 99.4% 87.3% 23.1% 

dC24:N4H dG7:O6 
1 97.7% 97.4% 97.8% 98.4% 98.1% 97.9% 0.3% 

2 95.0% 96.4% 95.7% 39.8% 96.6% 84.7% 22.4% 

dG23:N1H dC10:N3 
1 99.5% 99.9% 100.0% 99.9% 99.3% 99.7% 0.3% 

2 98.5% 94.9% 97.7% 99.2% 99.1% 97.9% 1.6% 

dG23:N2H dC10:O2 
1 99.8% 99.7% 99.9% 99.8% 99.8% 99.8% 0.1% 

2 98.2% 97.6% 98.7% 99.1% 99.2% 98.6% 0.6% 

dC10:N4H dG23:O6 
1 98.4% 98.2% 99.1% 98.9% 98.1% 98.5% 0.4% 

2 96.5% 90.4% 94.2% 97.6% 96.1% 95.0% 2.5% 

dC24:NH4 dG23:OP2 
1 2.1% 61.3% 18.3% 63.8% 43.9% 37.9% 24.1% 

2 16.0% 26.7% 31.7% 6.7% 29.4% 22.1% 9.4% 

dG7:N1H dG23:OP2 2 0.0% 0.0% 0.0% 55.5% 0.0% 11.1% 22.2% 

dG7:N2H dG23:OP2 2 0.0% 0.0% 0.0% 55.7% 0.0% 11.1% 22.3% 

dC24:NH4 dG7:N3 2 0.0% 0.0% 0.0% 38.6% 0.0% 7.7% 15.5% 

dG7:N2H dC24:N3 2 26.0% 17.6% 19.1% 9.3% 20.9% 18.6% 5.4% 
aHydrogen-bonding interactions were determined using a cut-off of 3.4 Å for the donor–acceptor 

distance and 120° for the donor–hydrogen–acceptor angle. 
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Table B.10: Average residence times (ps, amount of time the helix adopts one conformation 

before switching conformations) for the planar and bent conformations of the syn SMI 

structures.a  

 

Adduct Conformation Replica 

1 

Replica 2 Replica 

3 

Replica 4 Replica 

5 

Average 

1 
Planar 1167 137 1136 138 402 596 ± 464 

Bent 99 556 363 639 683 468 ± 215 

2 
Planar 587 291 207 200 242 306 ± 144 

Bent 275 348 434 548 425 406 ± 91 
aStructures were classified as planar or bent according to whether the interplanar angle between 

the base pairs flanking the lesion site is less than or greater than 40°, respectively. 

 

Table B.11: Histogram of residence times for the SMI adducts switching between the planar and 

bent conformations for all five replicas.a  

 

Residence 

time (ns) 

1 2 

< 0.5 8785 12609 

0.5 to 1.0 574 715 

1.0 to 1.5 243 294 

1.5 to 2.0 133 160 

2.0 to 2.5 87 115 

2.5 to 3.0 75 68 

3.0 to 3.5 52 54 

3.5 to 4.0 45 39 

4.0 to 4.5 21 27 

4.5 to 5.0 34 16 

> 5.0 164 140 
aEach simulation was sampled every 50 ps and classified as planar or bent according to whether 

the interplanar angle between the base pairs flanking the lesion site is less than or greater than 

40°, respectively. 
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Table B.12: Occupancies (%) of the hydrogen bonds at the lesion site containing the lesion pair 

in the B conformation for the FP models. a 

 

Donor Acceptor Adduct 
Replica 

1 

Replica 

2 

Replica 

3 

Replica 

4 

Replica 

5 
Average 

Standard 

Deviation 

Lesion:N1H dC24:N3 
1 99.9% 99.9% 99.9% 99.9% 99.8% 99.9% 0.0% 

2 99.8% 99.8% 99.8% 99.8% 99.6% 99.8% 0.1% 

Lesion:N2H dC24:O2 
1 99.9% 99.9% 99.9% 99.9% 99.9% 99.9% 0.0% 

2 100.0% 99.9% 99.9% 99.9% 99.9% 99.9% 0.0% 

dC24:N4H Lesion:O6 
1 99.3% 99.4% 99.2% 99.4% 99.3% 99.3% 0.1% 

2 98.3% 98.0% 98.1% 98.1% 98.1% 98.1% 0.1% 

Lesion:N17H Lesion:O6 1 98.9% 98.9% 98.8% 98.7% 98.8% 98.8% 0.1% 

Lesion:N10H Lesion:O4' 2 61.8% 61.6% 61.4% 60.4% 60.8% 61.2% 0.6% 
aHydrogen-bonding interactions were determined using a cut-off of 3.4 Å for the donor–acceptor 

distance and 120° for the donor–hydrogen–acceptor angle. 

 

 

Table B.13: Occupancies (%) of the hydrogen bonds of the flanking bases in the B Conformation 

for the FP models. a 

 

Donor Acceptor Adduct 
Replica 

1 

Replica 

2 

Replica 

3 

Replica 

4 

Replica 

5 
Average 

Standard 

Deviation 

dG25:N1H dC8:N3 
1 99.9% 99.9% 99.9% 99.9% 99.9% 99.9% 0.0% 

2 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 0.0% 

dG25:N2H dC8:O2 
1 99.9% 99.8% 99.9% 99.9% 99.9% 99.9% 0.0% 

2 99.8% 99.8% 99.8% 99.7% 99.8% 99.8% 0.1% 

dC8:N4H dG25:O6 
1 98.6% 98.3% 98.6% 98.5% 98.6% 98.5% 0.1% 

2 98.8% 99.1% 99.0% 98.9% 99.0% 98.9% 0.1% 

dG23:N1H dC10:N3 
1 99.9% 99.9% 99.9% 99.8% 99.9% 99.9% 0.0% 

2 99.9% 100.0% 100.0% 99.9% 99.9% 100.0% 0.0% 

dG23:N2H dC10:O2 
1 99.5% 99.7% 99.7% 99.8% 99.7% 99.7% 0.1% 

2 99.5% 99.2% 99.4% 99.4% 99.4% 99.4% 0.1% 

dC10:N4H dG23:O6 
1 98.3% 98.5% 98.3% 98.3% 98.5% 98.4% 0.1% 

2 99.1% 99.2% 98.9% 99.0% 99.0% 99.0% 0.1% 
aHydrogen-bonding interactions were determined using a cut-off of 3.4 Å for the donor–acceptor 

distance and 120° for the donor–hydrogen–acceptor angle. 
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Table B.14: Occupancies (%) of the hydrogen bonds at the lesion site containing the lesion pair 

in the S conformation for the FP models. a 

 

Donor Acceptor Adduct 
Replica 

1 

Replica 

2 

Replica 

3 

Replica 

4 

Replica 

5 
Average 

Standard 

Deviation 

dC24:NH4 dG23:OP2 1 5.8% 31.2% 16.1% 10.4% 14.8% 15.7% 8.5% 

Lesion:N17H Lesion:O6 1 96.2% 95.7% 95.0% 95.9% 94.6% 95.5% 0.6% 

Lesion:N10H dG25:N2 2 44.7% 38.5% 40.7% 38.2% 26.8% 37.8% 5.9% 

dC24:NH4 Lesion:O6 2 56.7% 43.9% 45.2% 42.8% 16.6% 41.0% 13.2% 
aHydrogen-bonding interactions were determined using a cut-off of 3.4 Å for the donor–acceptor 

distance and 120° for the donor–hydrogen–acceptor angle. 

 

Table B.15: Occupancies (%) of the hydrogen bonds of the flanking bases when the helix 

containing a lesion is started from the S conformation for the FP models. a 

 

Donor Acceptor Adduct 
Replica 

1 

Replica 

2 

Replica 

3 

Replica 

4 

Replica 

5 
Average 

Standard 

Deviation 

dG25:N1H dC8:N3 
1 100.0% 100.0% 100.0% 99.9% 100.0% 100.0% 0.0% 

2 100.0% 99.9% 100.0% 100.0% 100.0% 100.0% 0.0% 

dG25:N2H dC8:O2 
1 99.9% 99.9% 99.9% 99.9% 99.9% 99.9% 0.0% 

2 100.0% 100.0% 99.9% 100.0% 100.0% 99.9% 0.0% 

dC8:N4H dG25:O6 
1 98.8% 98.9% 98.9% 99.1% 98.9% 98.9% 0.1% 

2 99.2% 99.0% 99.2% 98.7% 99.2% 99.1% 0.2% 

dG23:N1H dC10:N3 
1 99.7% 99.6% 99.7% 99.7% 99.7% 99.7% 0.0% 

2 93.7% 94.3% 74.8% 69.9% 98.3% 86.2% 11.5% 

dG23:N2H dC10:O2 
1 99.9% 99.8% 99.9% 99.9% 99.8% 99.9% 0.0% 

2 94.1% 97.2% 75.4% 70.4% 99.7% 87.4% 12.0% 

dC10:N4H dG23:O6 
1 97.3% 97.4% 97.1% 97.4% 96.5% 97.1% 0.3% 

2 92.0% 91.9% 73.2% 67.7% 92.2% 83.4% 10.7% 
aHydrogen-bonding interactions were determined using a cut-off of 3.4 Å for the donor–acceptor 

distance and 120° for the donor–hydrogen–acceptor angle. 
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Table B.16: Occupancies (%) of the hydrogen bonds at the lesion site containing the lesion pair 

in the W conformation for the FP models. a 

 

Donor Acceptor Adduct 
Replica 

1 

Replica 

2 

Replica 

3 

Replica 

4 

Replica 

5 
Average 

Standard 

Deviation 

Lesion:N17H Lesion:O6 1 94.4% 97.1% 95.1% 94.8% 98.3% 95.9% 1.5% 

dC24:NH4 dG23:OP2 1 21.6% 2.2% 38.0% 21.2% 0.0% 16.6% 14.0% 

dC24:N4H Lesion:O6 2 38.6% 63.2% 51.1% 38.4% 47.0% 47.7% 9.2% 

dC24:N4H Lesion:N7 2 37.8% 60.9% 49.0% 37.4% 48.3% 46.7% 8.7% 

Lesion:N10H dC10:O4' 2 24.2% 37.3% 41.7% 45.1% 43.5% 38.4% 7.5% 

dC24:N4H dC10:O2 2 10.0% 8.3% 18.2% 32.5% 22.4% 18.3% 8.8% 
aHydrogen-bonding interactions were determined using a cut-off of 3.4 Å for the donor–acceptor 

distance and 120° for the donor–hydrogen–acceptor angle. 

 

 

Table B.17: Occupancies (%) of the hydrogen bonds of the flanking bases when the helix 

containing a lesion is started from the W conformation for the FP models. a 

 

Donor Acceptor Adduct 
Replica 

1 

Replica 

2 

Replica 

3 

Replica 

4 

Replica 

5 
Average 

Standard 

Deviation 

dG25:N1H dC8:N3 
1 100.0% 99.9% 100.0% 100.0% 99.9% 100.0% 0.0% 

2 99.9% 99.9% 99.9% 99.9% 99.9% 99.9% 0.0% 

dG25:N2H dC8:O2 
1 99.9% 99.9% 99.8% 99.9% 99.9% 99.9% 0.0% 

2 99.7% 99.6% 99.7% 99.5% 99.8% 99.6% 0.1% 

dC8:N4H dG25:O6 
1 99.1% 98.8% 98.6% 99.2% 98.4% 98.8% 0.3% 

2 98.7% 99.0% 98.5% 98.4% 98.6% 98.6% 0.2% 

dG23:N1H dC10:N3 
1 99.5% 99.8% 99.8% 99.6% 99.6% 99.7% 0.1% 

2 99.0% 99.6% 99.3% 99.5% 99.5% 99.4% 0.2% 

dG23:N2H dC10:O2 
1 99.8% 99.8% 99.9% 99.8% 99.7% 99.8% 0.1% 

2 98.7% 97.4% 97.1% 97.8% 97.9% 97.8% 0.5% 

dC10:N4H dG23:O6 
1 96.4% 98.2% 98.1% 97.0% 98.7% 97.7% 0.8% 

2 97.2% 98.2% 98.4% 98.3% 98.2% 98.1% 0.5% 
aHydrogen-bonding interactions were determined using a cut-off of 3.4 Å for the donor–acceptor 

distance and 120° for the donor–hydrogen–acceptor angle. 
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Table B.18: Average and standard deviations (in parenthesis) of the interplanar angle (deg) 

between the aromatic portion of the bulky moiety and the 5′ or 3′ base-pairs for the FP duplexes 

with the adduct in the syn orientation.a 

 

Direction Adduct Replica 1 Replica 2 Replica 3 Replica 4 Replica 5 Average 

5′ base-

pair 

1 
11.0 

(12.2) 9.6 (11.2) 

10.0 

(10.4) 

10.1 

(10.8) 

11.4 

(13.0) 10.4 (0.7) 

2 
56.7 

(20.7) 

50.9 

(23.5) 

53.9 

(21.0) 

60.9 

(19.1) 

37.8 

(23.8) 52.0 (7.8) 

3′ base-

pair 

1 
16.1 

(13.1) 13.6 (9.3) 

14.0 

(11.3) 

14.7 

(11.5) 

15.0 

(12.1) 14.7 (0.9) 

2 
55.2 

(20.5) 

59.7 

(23.6) 

63.9 

(18.9) 

66.9 

(17.5) 

49.1 

(27.3) 58.9 (6.3) 

Both 

1 
13.6 

(12.9) 

11.6 

(10.5) 

12.0 

(11.1) 

12.4 

(11.4) 

13.2 

(12.7) 12.5 (0.7) 

2 
55.9 

(20.6) 

55.3 

(24.0) 

58.9 

(20.6) 

63.9 

(18.5) 

43.4 

(26.2) 55.5 (6.8) 
aInterplanar angle calculated between the ring atoms of either the 5′ or 3′ flanking bases and the 

aromatic rings of the bulky group using an in-house script. 

 

Table B.19. MOL2 file containing partial charges and atom types of the 1 adduct used for MD 

simulations (atom numbers are provided in the associated figure). 

 

 

1 P 5.238 2.263 0.407 P 1 LIG 1.2091 

2 O5' 3.926 1.364 0.000 OS 1 LIG -0.4826 

3 OP1 4.795 3.635 0.696 O2 1 LIG -0.7854 

4 OP2 6.043 1.432 1.314 O2 1 LIG -0.7966 

5 O3' 0.000 0.000 0.000 OS 1 LIG -0.5525 

6 C5' 2.896 1.974 -0.733 CI 1 LIG -0.0043 

7 H5' 2.408 2.742 -0.135 H1 1 LIG 0.0792 

8 H5'' 3.282 2.438 -1.635 H1 1 LIG 0.0792 

9 C4' 1.855 0.949 -1.131 CT 1 LIG 0.1315 

10 H4' 0.980 1.480 -1.489 H1 1 LIG 0.1007 

11 O4' 2.356 0.135 -2.168 OS 1 LIG -0.3713 
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12 C1' 1.961 -1.189 -1.952 CT 1 LIG 0.1256 

13 H1' 0.969 -1.356 -2.338 H2 1 LIG 0.0846 

14 C3' 1.408 0.000 0.000 CT 1 LIG 0.1727 

15 H3' 1.784 0.318 0.964 H1 1 LIG 0.0582 

16 C2' 1.987 -1.344 -0.436 CT 1 LIG -0.0313 

17 H2' 3.005 -1.441 -0.088 HC 1 LIG 0.0330 

18 H2'' 1.400 -2.188 -0.092 HC 1 LIG 0.0330 

19 N9 2.814 -2.077 -2.709 N* 1 LIG -0.0620 

20 C8 2.351 -2.810 -3.788 CB 1 LIG 0.2835 

21 N7 3.431 -3.415 -4.375 N* 1 LIG -0.0363 

22 C5 4.589 -3.029 -3.648 CB 1 LIG -0.2219 

23 C6 5.978 -3.308 -3.781 C 1 LIG 0.5360 

24 O6 6.588 -3.978 -4.572 O 1 LIG -0.5808 

25 N1 6.711 -2.644 -2.778 NA 1 LIG -0.4165 

26 H1 7.699 -2.753 -2.866 H 1 LIG 0.3444 

27 C2 6.191 -1.852 -1.816 CA 1 LIG 0.6281 

28 N2 7.057 -1.259 -0.959 N2 1 LIG -0.8567 

29 H21 7.929 -1.697 -0.764 H 1 LIG 0.3949 

30 H22 6.621 -0.790 -0.196 H 1 LIG 0.3949 

31 N3 4.927 -1.617 -1.704 NC 1 LIG -0.5009 

32 C4 4.171 -2.205 -2.644 CB 1 LIG 0.3147 

33 N10 1.132 -2.890 -4.123 NC 1 LIG -0.4245 

34 C17 3.279 -4.257 -5.500 CM 1 LIG 0.4418 

35 N17 4.198 -4.859 -6.100 N2 1 LIG -0.8649 

36 H17 5.115 -4.706 -5.728 H 1 LIG 0.4607 

37 C11 0.864 -3.684 -5.229 CA 1 LIG 0.1305 

38 C12 -0.464 -3.803 -5.653 CA 1 LIG -0.1441 

39 H12 -1.221 -3.271 -5.108 HA 1 LIG 0.1073 

40 C16 1.865 -4.363 -5.921 CA 1 LIG -0.0028 

41 C13 -0.775 -4.581 -6.741 CA 1 LIG -0.1299 

42 H13 -1.799 -4.665 -7.059 HA 1 LIG 0.1477 

43 C14 0.227 -5.262 -7.437 CA 1 LIG -0.2012 

44 H14 -0.024 -5.870 -8.288 HA 1 LIG 0.1464 

45 C15 1.533 -5.151 -7.027 CA 1 LIG -0.1279 

46 H15 2.323 -5.662 -7.541 HA 1 LIG 0.1564 
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Table B.20. MOL2 file containing partial charges and atom types of the 2 adduct used for MD 

simulations (atom numbers are provided in the associated figure). 

 

 

1 P 4.929 0.561 -1.290 P 1 LIG 1.2091 

2 O5' 4.126 1.182 0.000 OS 1 LIG -0.4826 

3 OP1 4.917 1.555 -2.373 O2 1 LIG -0.7854 

4 OP2 6.138 -0.082 -0.753 O2 1 LIG -0.7966 

5 O3' 0.000 0.000 0.000 OS 1 LIG -0.5525 

6 C5' 3.014 1.997 -0.235 CI 1 LIG -0.0043 

7 H5' 2.720 2.416 0.719 H1 1 LIG 0.0792 

8 H5'' 3.265 2.819 -0.899 H1 1 LIG 0.0792 

9 C4' 1.855 1.216 -0.825 CT 1 LIG 0.1315 

10 H4' 1.005 1.870 -0.975 H1 1 LIG 0.1007 

11 O4' 2.278 0.694 -2.080 OS 1 LIG -0.3713 

12 C1' 1.896 -0.657 -2.200 CT 1 LIG 0.2759 

13 H1' 0.874 -0.697 -2.557 H2 1 LIG 0.0289 

14 C3' 1.407 0.000 0.000 CT 1 LIG 0.1727 

15 H3' 1.787 0.044 1.014 H1 1 LIG 0.0582 

16 C2' 1.983 -1.182 -0.775 CT 1 LIG -0.0313 

17 H2' 3.013 -1.341 -0.497 HC 1 LIG 0.0330 

18 H2'' 1.434 -2.101 -0.623 HC 1 LIG 0.0330 

19 N9 2.741 -1.278 -3.195 N* 1 LIG -0.0566 

20 C8 2.801 -0.867 -4.521 CR 1 LIG 0.2579 

21 N7 3.488 -1.645 -5.266 NB 1 LIG -0.4147 

22 C5 3.912 -2.651 -4.421 CB 1 LIG 0.0338 

23 C6 4.721 -3.800 -4.704 C 1 LIG 0.4880 

24 O6 5.220 -4.171 -5.723 O 1 LIG -0.5423 

25 N1 4.910 -4.556 -3.524 NA 1 LIG -0.3889 

26 H1 5.522 -5.337 -3.633 H 1 LIG 0.3280 

27 C2 4.405 -4.259 -2.302 CA 1 LIG 0.5609 
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28 N2 4.744 -5.102 -1.287 N2 1 LIG -0.8603 

29 H21 4.900 -6.061 -1.505 H 1 LIG 0.3910 

30 H22 4.236 -4.947 -0.444 H 1 LIG 0.3910 

31 N3 3.672 -3.226 -2.061 NC 1 LIG -0.4977 

32 C4 3.469 -2.445 -3.152 CB 1 LIG 0.1794 

33 N10 2.135 0.277 -4.881 N2 1 LIG -0.2892 

34 H10 1.983 0.919 -4.135 H 1 LIG 0.2402 

35 C11 1.944 0.790 -6.162 CA 1 LIG 0.1738 

36 C12 1.354 2.054 -6.249 CA 1 LIG -0.2411 

37 H12 1.090 2.582 -5.350 HA 1 LIG 0.1622 

38 C16 2.278 0.112 -7.333 CA 1 LIG -0.0856 

39 H16 2.749 -0.847 -7.285 HA 1 LIG 0.1125 

40 C13 1.100 2.629 -7.472 CA 1 LIG -0.1466 

41 H13 0.645 3.601 -7.524 HA 1 LIG 0.1693 

42 C15 2.016 0.697 -8.557 CA 1 LIG -0.1947 

43 H15 2.278 0.171 -9.456 HA 1 LIG 0.1870 

44 C14 1.429 1.953 -8.643 CA 1 LIG 0.0003 

45 CN 1.163 2.552 -9.927 C1 1 LIG 0.3527 

46 NC 0.950 3.027 -10.938 N1 1 LIG -0.4879 

 

 



443 

 

 

 

 

 

 

 

 

 

 

Appendix C  

 

Supplementary Information for Chapter 4: Effect of Guanine Adduct Size, Shape 

and Linker Type on the Conformation of Damaged DNA: A Molecular Dynamics 

Study 

 

 Contains Figures C.1–C.35 and Tables C.1–C.8 
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Figure C.1. Potential energy surface for the rotation about the θ dihedral (deg) in the C-

linked (A) PhG, (B) 1NPG, (C) 3PHNG and (D) PyG adducts, calculated at the B3LYP/6-

31G(d) level of theory. Energies reported in kJ/mol. 
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Figure C.2. Select B3LYP/6-31G(d) dihedral angle (θ) for the fully optimized minima 

identified from the 1D for the PhG nucleobase adduct. Zero-point vibrational energy 

corrected B3LYP-D3(BJ)/6-311+G(2df,p) relative energies are provided in parentheses 

(kJ/mol). 

 

Figure C.3. Select B3LYP/6-31G(d) dihedral angle (θ) for the fully optimized minima 

identified from the 1D for the 3PHNG nucleobase adduct. Zero-point vibrational energy 

corrected B3LYP-D3(BJ)/6-311+G(2df,p) relative energies are provided in parentheses 

(kJ/mol). 

 

 

Figure C.4. Select B3LYP/6-31G(d) dihedral angle (θ) for the fully optimized minima 

identified from the 1D for the 1NPG nucleobase adduct. Zero-point vibrational energy 

corrected B3LYP-D3(BJ)/6-311+G(2df,p) relative energies are provided in parentheses 

(kJ/mol). 
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Figure C.5. Select B3LYP/6-31G(d) dihedral angle (θ) for the fully optimized minima 

identified from the 1D for the PyG nucleobase adduct. Zero-point vibrational energy 

corrected B3LYP-D3(BJ)/6-311+G(2df,p) relative energies are provided in parentheses 

(kJ/mol). 
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Figure C.6. Contour plots of the B3LYP/6-31G(d) potential energy for the (A) PhdG, (B) 

1NPdG, (C) 3PHNdG and (D) PydG nucleoside adducts with respect to θ and   (deg). The 

relative energy is represented by color; red represents the lowest energy regions, and 

each change in color in the surrounding regions represents an increase in the energy by 

20 kJ/mol.  
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Figure C.7. Select B3LYP/6-31G(d) dihedral angles (χ and θ, deg) for the fully optimized 

minima identified from the contour plots for the PhdG nucleoside adduct. Zero-point 

vibrational energy corrected B3LYP-D3(BJ)/6-311+G(2df,p) relative energies are 

provided in parentheses (kJ/mol). 
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Figure C.8. Select B3LYP/6-31G(d) dihedral angles (χ and θ, deg) for the fully optimized 

minima identified from the contour plots for the 1NPdG nucleoside adduct. Zero-point 

vibrational energy corrected B3LYP-D3(BJ)/6-311+G(2df,p) relative energies are 

provided in parentheses (kJ/mol). 
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Figure C.9. Select B3LYP/6-31G(d) dihedral angles (χ and θ, deg) for the fully optimized 

minima identified from the contour plots for the 3PHNdG nucleoside adduct. Zero-point 

vibrational energy corrected B3LYP-D3(BJ)/6-311+G(2df,p) relative energies are 

provided in parentheses (kJ/mol). 
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Figure C.10. Select B3LYP/6-31G(d) dihedral angles (χ and θ, deg) for the fully 

optimized minima identified from the contour plots for the PydG nucleoside adduct. Zero-

point vibrational energy corrected B3LYP-D3(BJ)/6-311+G(2df,p) relative energies are 

provided in parentheses (kJ/mol). 
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Figure C.11. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of PhdG adducted DNA. The bulky group is shown in red, 

the damaged dG and the opposing nucleotide in green, the base pairs flanking the lesion in 

blue, and rest of the DNA helix in grey. 
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Figure C.12. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of 1NPdG adducted DNA. The bulky group is shown in 

red, the damaged dG and the opposing nucleotide in green, the base pairs flanking the 

lesion in blue, and rest of the DNA helix in grey. 

  



454 

 

 
Figure C.13. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of 2NPdG adducted DNA. The bulky group is shown in 

red, the damaged dG and the opposing nucleotide in green, the base pairs flanking the 

lesion in blue, and rest of the DNA helix in grey.  
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Figure C.14. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of 3BPdG adducted DNA. The bulky group is shown in 

red, the damaged dG and the opposing nucleotide in green, the base pairs flanking the 

lesion in blue, and rest of the DNA helix in grey.  
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Figure C.15. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of 1PHNdG adducted DNA. The bulky group is shown in 

red, the damaged dG and the opposing nucleotide in green, the base pairs flanking the 

lesion in blue, and rest of the DNA helix in grey.  
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Figure C.16. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of 3PHNdG adducted DNA. The bulky group is shown in 

red, the damaged dG and the opposing nucleotide in green, the base pairs flanking the 

lesion in blue, and rest of the DNA helix in grey.  
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Figure C.17. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of PydG adducted DNA. The bulky group is shown in red, 

the damaged dG and the opposing nucleotide in green, the base pairs flanking the lesion in 

blue, and rest of the DNA helix in grey.  
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Figure C.18. Contour plots of the B3LYP/6-31G(d) potential energy for the (A) OPhG, (B) 

1ONPG, (C) 3OPHNG and (D) OPyG nucleoside adducts with respect to θ and  ϕ (deg). The 

relative energy is represented by color; red represents the lowest energy regions, and 

each change in color in the surrounding regions represents an increase in the energy by 

5 kJ/mol.  
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Figure C.19. Select B3LYP/6-31G(d) dihedral angles (θ and , deg) for the fully 

optimized minima identified from the contour plots for the OPhG nucleobase adduct. Zero-

point vibrational energy corrected B3LYP-D3(BJ)/6-311+G(2df,p) relative energies are 

provided in parentheses (kJ/mol). 

 

 

 

Figure C.20 Select B3LYP/6-31G(d) dihedral angles (θ and , deg) for the fully 

optimized minima identified from the contour plots for the 3OPHNG nucleobase adduct. 

Zero-point vibrational energy corrected B3LYP-D3(BJ)/6-311+G(2df,p) relative energies 

are provided in parentheses (kJ/mol). 
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Figure C.21 Select B3LYP/6-31G(d) dihedral angles (θ and , deg) for the fully 

optimized minima identified from the contour plots for the 1ONPG nucleobase adduct. 

Zero-point vibrational energy corrected B3LYP-D3(BJ)/6-311+G(2df,p) relative energies 

are provided in parentheses (kJ/mol).  

 

Figure C.22. Select B3LYP/6-31G(d) dihedral angles (θ and , deg) for the fully 

optimized minima identified from the contour plots for the OPyG nucleobase adduct. Zero-

point vibrational energy corrected B3LYP-D3(BJ)/6-311+G(2df,p) relative energies are 

provided in parentheses (kJ/mol).  
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Figure C.23. Contour plots of the B3LYP/6-31G(d) potential energy for the (A) OPhdG, (B) 

1ONPdG, (C) 3OPHNdG and (D) OPydG nucleoside adducts with respect to θ and   (deg). 

The relative energy is represented by color; red represents the lowest energy regions, 

and each change in color in the surrounding regions represents an increase in the 

energy by 20 kJ.  
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Figure C.24. Select B3LYP/6-31G(d) dihedral angles (, θ and , deg) for the fully 

optimized minima identified from the contour plots for the OPhdG nucleoside adduct. Zero-

point vibrational energy corrected B3LYP-D3(BJ)/6-311+G(2df,p) relative energies are 

provided in parentheses (kJ/mol). 

 

 

Figure C.25. Select B3LYP/6-31G(d) dihedral angles (, θ and , deg) for the fully 

optimized minima identified from the contour plots for the 1ONPdG nucleoside adduct. 

Zero-point vibrational energy corrected B3LYP-D3(BJ)/6-311+G(2df,p) relative energies 

are provided in parentheses (kJ/mol). 
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Figure C.26. Select B3LYP/6-31G(d) dihedral angles (, θ and , deg) for the fully 

optimized minima identified from the contour plots for the 3OPHNdG nucleoside adduct. 

Zero-point vibrational energy corrected B3LYP-D3(BJ)/6-311+G(2df,p) relative energies 

are provided in parentheses (kJ/mol). 

 

 

Figure C.27. Select B3LYP/6-31G(d) dihedral angles (, θ and , deg) for the fully 

optimized minima identified from the contour plots for the OPydG nucleoside adduct. Zero-

point vibrational energy corrected B3LYP-D3(BJ)/6-311+G(2df,p) relative energies are 

provided in parentheses (kJ/mol). 
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Figure C.28. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of OPhdG adducted DNA. The bulky group is shown in 

red, the damaged dG and the opposing nucleotide in green, the base pairs flanking the 

lesion in blue, and rest of the DNA helix in grey.   
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Figure C.29. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of 1ONPdG adducted DNA. The bulky group is shown in 

red, the damaged dG and the opposing nucleotide in green, the base pairs flanking the 

lesion in blue, and rest of the DNA helix in grey.   
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Figure C.30. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of 2ONPdG adducted DNA. The bulky group is shown in 

red, the damaged dG and the opposing nucleotide in green, the base pairs flanking the 

lesion in blue, and rest of the DNA helix in grey.   
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Figure C.31. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of OBPdG adducted DNA. The bulky group is shown in 

red, the damaged dG and the opposing nucleotide in green, the base pairs flanking the 

lesion in blue, and rest of the DNA helix in grey.   
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Figure C.32. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of 1OPHNdG adducted DNA. The bulky group is shown in 

red, the damaged dG and the opposing nucleotide in green, the base pairs flanking the 

lesion in blue, and rest of the DNA helix in grey.   
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Figure C.33. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of 3OPHNdG adducted DNA. The bulky group is shown in 

red, the damaged dG and the opposing nucleotide in green, the base pairs flanking the 

lesion in blue, and rest of the DNA helix in grey.   
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Figure C.34. Representative structures obtained from MD simulations of the B (left), W 

(middle) and S (right) conformations of OPydG adducted  DNA. The bulky group is shown in 

red, the damaged dG and the opposing nucleotide in green, the base pairs flanking the 

lesion in blue, and rest of the DNA helix in grey.   
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Figure C.35. Structure of the unique hydrogen bonding pattern for the lesion site of 
OPydG in the W conformation. 
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Table C.1. Average occupancies (%) for the Watson-Crick hydrogen bonds within the 

base pairs present at the 5− and 3− terminals and flanking the damage site with respect 

to the lesion respectively, in three conformations of the adducted DNA.a 

Conformation Adduct 
Terminal Base Pairs Flanking Base Pairs 

5ʹ-dC1:dG24 3ʹ-dC12:dG13 5ʹ-dC6:dG19 3ʹ-dG8:dC17 

B 
 

PhdG 99.6 99.4 99.4 99.5 
1NPdG 99.7 99.5 99.6 99.5 
2NPdG 99.5 99.5 99.1 99.5 
3BPdG 99.6 99.5 99.1 99.5 

1PHNdG 99.6 99.5 99.5 99.4 
3PHNdG 99.6 99.4 99.1 99.5 

PydG 99.6 99.5 99.9 99.6 
OPhdG 99.6 99.5 99.5 99.4 

1ONPdG 99.6 99.5 99.5 99.3 
2ONPdG 99.6 99.4 99.5 99.3 
OBPdG 99.6 99.4 99.5 99.3 

1OPHNdG 99.6 99.4 99.4 99.3 
3OPHNdG 99.6 99.6 99.4 99.3 

OPydG 99.5 99.5 99.4 99.3 

W 

PhdG 99.6 99.5 99.6 97.5 
1NPdG 99.6 99.4 99.5 98.6 
2NPdG 99.6 99.4 99.6 98.3 
3BPdG 99.6 99.6 99.6 98.8 

1PHNdG 99.6 99.4 99.5 98.6 
3PHNdG 99.6 99.4 99.5 98.4 

PydG 99.6 99.5 99.5 98.3 
OPhdG 99.7 99.5 99.6 98.9 

1ONPdG 99.7 99.5 99.3 99.3 
2ONPdG 99.6 99.6 99.6 99.0 
OBPdG 99.5 99.5 99.5 98.2 

1OPHNdG 99.6 99.5 99.4 96.7 
3OPHNdG 99.6 99.5 99.5 98.8 

OPydG 99.6 99.5 99.3 98.5 

S 

PhdG 99.6 99.2 99.7 97.2 
1NPdG 99.6 99.5 99.1 99.3 
2NPdG 99.5 99.5 99.6 99.0 
3BPdG 99.6 99.4 99.6 99.2 

1PHNdG 99.6 99.5 98.9 99.1 
3PHNdG 99.5 99.5 99.6 99.5 

PydG 99.6 99.5 99.1 98.2 
OPhdG 99.6 99.5 99.3 99.3 

1ONPdG 99.6 99.5 99.1 91.4 
2ONPdG 99.5 99.5 99.4 97.5 
OBPdG 99.5 99.5 99.5 96.2 

1OPHNdG 99.2 99.5 99.5 97.8 
3OPHNdG 99.6 99.4 99.2 97.0 

OPydG 99.4 99.5 99.3 98.6 
aHydrogen-bonding interactions were determined using a cutoff of 3.4 Å for the donor–acceptor distance and 120° for 

the donor–hydrogen–acceptor angle. 
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Table C.2. Occupancies (%) for the Watson-Crick hydrogen bonds involving the 

damaged guanine and pairing dC with respect to the lesion respectively, in three 

conformations of the adducted DNA.a 

Conformation Adduct 
dG7(N1H) – 

dC18(N3)  
dG7(N2H) – 

dC18(O2)  
dC18(N4H) –

dG7(O6)  
dC18(N4H) –

dG7(N7)  
dC18(N4H) –
dG17(OP2) 

dC18(N4H) –
dG17(O6) 

B 

PhdG 100.0 99.9 98.6 - - - 
1NPdG 99.9 99.9 98.8 - - - 
2NPdG 99.8 99.9 98.6 - - - 
3BPdG 99.9 99.9 98.8 - - - 

1PHNdG 99.9 99.8 98.7 - - - 
3PHNdG 99.9 99.9 98.7 - - - 

PydG 99.8 99.9 98.7 - - - 
OPhdG 99.9 99.8 98.3 - - - 

1ONPdG 100.0 99.8 98.4 - - - 
2ONPdG 99.8 99.7 98.0 - - - 
OBPdG 99.8 99.7 98.0 - - - 

1OPHNdG 99.9 99.8 98.1 - - - 
3OPHNdG 99.9 99.8 98.2 - - - 

OPydG 100.0 99.8 98.2 - - - 

W 

PhdG - - 52.9 29.7 - - 
1NPdG - - 91.8 29.7 - - 
2NPdG - - 43.9 63.9 - - 
3BPdG - - 54.9 68.5 - - 

1PHNdG - - 62.1 70.8 - - 
3PHNdG - - 30.8 44.4 - - 

PydG - - 46.5 69.9 - - 
OPhdG - - 81.5 23.4 - - 

1ONPdG - - 40.3 50.0 - - 
2ONPdG - - 69.1 38.3 - - 
OBPdG - - 76.5 45.3 - - 

1OPHNdG - - 65.7 51.4 - - 
3OPHNdG - - 73.7 43.1 - - 

OPydG - - 39.2 55.4 - 39.7 

S 

PhdG - - - - 0.0 - 
1NPdG - - - - 77.0 - 
2NPdG - - - - 48.9 - 
3BPdG - - - - 73.6 - 

1PHNdG - - - - 78.9 - 
3PHNdG - - - - 71.0 - 

PydG - - - - 72.7 - 
OPhdG - - - - 42.5 - 

1ONPdG - - - - 72.0 - 
2ONPdG - - - - 58.3 - 
OBPdG - - - - 74.0 - 

1OPHNdG - - - - 0.0 - 
3OPHNdG - - - - 35.8 - 

OPydG - - - - 35.1 - 
aHydrogen-bonding interactions were determined using a cutoff of 3.4 Å for the donor–acceptor distance and 120° for 

the donor–hydrogen–acceptor angle. 
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Table C.3. Average values and standard deviation (in parentheses) for the backbone 

RMSDa (Å) and key dihedral angles (deg) for different conformations of adducted DNA. 

Adduct Conformation RMSD X θ φ 

PhdG 

B 2.3 (0.5) 226.7 (9.2) 3.5 (6.7) N/A 

W 2.8 (0.5) 53.2 (20.1) 180.7 (9.9) N/A 

S 2.9 (0.5) 37.8 (15.2) 357.9 (8.1) N/A 

1NPdG 

B 2.2 (0.5) 219.6 (12.9) 11.3 (9.7) N/A 

W 2.5 (0.5) 71.5 (8.5) 204.0 (6.1) N/A 

S 2.4 (0.3) 40.8 (7.4) 344.3 (6.4) N/A 

2NPdG 

B 2.2 (0.5) 227.3 (9.7) 3.5 (7.4) N/A 

W 2.9 (0.5) 46.7 (20.0) 180.5 (8.9) N/A 

S 2.4 (0.4) 36.6 (9.8) 354.2 (8.1) N/A 

3BPdG 

B 2.4 (0.5) 226.2 (9.1) 5.2 (7.2) N/A 

W 2.7 (0.4) 58.6 (22.6) 183.3 (10.0) N/A 

S 2.3 (0.5) 36.1 (10.2) 354.0 (6.8) N/A 

1PHNdG 

B 2.6 (0.6) 232.9 (18.8) 12.6 (9.4) N/A 

W 2.7 (0.5) 41.7 (8.9) 202.5 (6.3) N/A 

S 2.0 (0.4) 51.6 (9.9) 343.8 (6.2) N/A 

3PHNdG 

B 2.4 (0.5) 243.3 (13.9) 4.8 (7.2) N/A 

W 2.5 (0.4) 44.7 (13.2) 185.4 (9.5) N/A 

S 2.2 (0.5) 46.5 (10.9) 354.2 (8.2) N/A 

PydG 

B 2.6 (0.6) 232.2 (13.7) 13.0 (7.5) N/A 

W 2.8 (0.5) 40.2 (9.1) 202.7 (6.2) N/A 

S 2.0 (0.4) 52.4 (9.6) 344.4 (6.1) N/A 

OPhdG 

B 2.5 (0.6) 236.0 (20.8) 144.6 (19.1) 90.4 (34.6) 

W 2.6 (0.5) 49.9 (13.0) 196.0 (43.9) 4.7 (48.8) 

S 3.9 (1.4) 45.2 (12.0) 173.7 (21.2) 131.9 (56.0) 

1ONPdG 

B 2.0 (0.4) 230.8 (23.8) 160.2 (16.0) 71.3 (18.6) 

W 2.5 (0.5) 51.4 (12.5) 176.6 (48.5) 356.2 (55.7) 

S 2.5 (0.4) 48.0 (10.1) 204.5 (29.3) 7.8 (64.1) 

2ONPdG 

B 2.0 (0.4) 231.6 (17.5) 142.4 (19.4) 77.6 (89.1) 

W 2.8 (0.6) 51.2 (13.4) 198.9 (40.0) 32.1 (64.5) 

S 2.7 (0.7) 40.6 (12.1) 187.3 (17.5) 153.1 (18.2) 

OBPdG 

B 2.2 (0.5) 233.8 (17.1) 147.6 (16.9) 90.7 (71.1) 

W 2.3 (0.5) 54.6 (12.9) 163.8 (44.1) 9.8 (65.8) 

S 2.4 (0.5) 44.7 (12.0) 207.1 (18.0) 135.1 (18.1) 

1OPHNdG 

B 2.9 (0.6) 239.6 (27.2) 162.6 (15.0) 74.7 (18.0) 

W 2.0 (0.4) 51.7 (12.8) 187.3 (33.1) 33.7 (43.5) 

S 2.6 (0.5) 40.8 (12.2) 188.2 (20.1) 150.7 (18.3) 

3OPHNdG 

B 2.4 (0.5) 234.3 (17.4) 147.1 (15.3) 87.9 (22.5) 

W 2.3 (0.4) 52.1 (13.0) 196.3 (35.4) 47.7 (37.6) 

S 2.1 (0.4) 44.7 (11.8) 188.9 (21.5) 325.5 (17.0) 

OPydG 

B 2.7 (0.6) 232.4 (23.0) 161.6 (16.1) 74.8 (18.8) 

W 3.3 (0.6) 46.5 (10.2) 186.5 (15.1) 321.7 (14.6) 

S 4.6 (0.6) 45.5 (10.8) 190.6 (18.8) 322.9 (16.9) 
aRMSD is calculated with respect to the first frame of the production run. 
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Table C.4. Average and standard deviations (in parentheses) of lesion-site van der Waals and electrostatic interactions (kJ mol–1) within 

different conformations of C-linked adducted DNA.a 

Nucleoside Conformation 
Lesion Stacking energy 

with 5′ bases 
Lesion Stacking energy 

with 3′ bases 
Base pair energy at 

the 5′ base pair 
Base pair energy at 

the 3′ base pair 
Base pair energy at 

the lesion site 

Lesion-site 
Interaction 

energyb 

PhdG 

B 

–63.6 (10.4) –63.6 (9.7) –117.8 (7.6) –118.4 (7.5) –112.8 (6.9) –476.1 (19.9) 
1NPdG –79.8 (12.5) –46.6 (9.5) –119.0 (6.9) –118.2 (7.5) –113.2 (7.0) –476.8 (17.3) 
2NPdG –83.3 (11.8) –46.1 (9.6) –117.4 (8.2) –118.4 (7.3) –113.5 (7.0) –478.8 (17.0) 
3BPdG –84.8 (11.4) –47.3 (9.6) –117.4 (7.8) –118.4 (7.4) –114.4 (6.9) –482.3 (16.5) 

1PHNdG –62.5 (9.9) –63.3 (10.7) –118.6 (7.1) –118.0 (7.6) –113.7 (6.9) –476.2 (17.7) 
3PHNdG –67.1 (9.9) –64.8 (9.9) –117.5 (7.7) –118.4 (7.4) –113.5 (7.1) –481.2 (16.7) 

PydG –63.7 (9.9) –64.9 (9.9) –118.8 (7.0) –118.3 (7.3) –114.1 (7.0) –479.8 (17.3) 
PhdG 

W 

–50.6 (9.7) –38.1 (10.4) –118.8 (7.1) –114.3 (12.2) –42.6 (7.4) –364.4 (21.3) 
1NPdG –45.8 (11.5) –46.9 (10.1) –118.3 (7.3) –113.4 (9.6) –10.4 (30.9) –334.9 (44.2) 
2NPdG 

–53.8 (10.8) –37.9 (10.1) –118.7 (7.1) –115.3 (10.3) –40.4 (10.0) –366.1 (18.4) 
3BPdG –52.1 (10.8) –38.4 (10.3) –118.6 (7.2) –115.8 (8.6) –41.8 (8.6) –366.6 (18.6) 

1PHNdG 
–55.3 (10.3) –44.4 (9.9) –118.2 (7.3) –116.2 (8.2) –44.4 (8.1) –378.4 (16.3) 

3PHNdG –51.2 (12.2) –40.5 (10.5) –118.5 (7.3) –114.4 (9.5) –28.0 (22.9) –352.6 (32.0) 
PydG –59.3 (10.3) –40.5 (9.9) –118.0 (7.1) –115.7 (8.4) –42.0 (8.2) –375.5 (16.5) 
PhdG 

S 

–25.0 (17.4) 10.2 (18.2) –118.8 (6.8) –113.5 (9.9) N/A –247.1 (35.5) 
1NPdG –52.9 (8.7) –10.0 (12.3) –115.1 (7.7) –118.7 (7.8) N/A –296.8 (17.1) 
2NPdG –44.1 (13.8) –15.9 (15.9) –118.3 (7.1) –117.5 (8.0) N/A –295.8 (26.5) 
3BPdG 

–43.0 (9.4) –38.0 (11.9) –118.7 (7.1) –117.8 (7.8) N/A –317.5 (18.6) 
1PHNdG –43.9 (9.7) –53.9 (8.8) –116.2 (7.6) –116.8 (8.2) N/A –330.8 (17.8) 
3PHNdG –38.1 (9.1) –53.2 (8.3) –118.5 (7.0) –118.4 (7.2) N/A –328.2 (16.3) 

PydG –48.0 (10.2) –58.2 (9.6) –116.6 (7.4) –116.6 (10.4) N/A –339.4 (20.5) 
aEnergies calculated with LIE of cpptraj. bCalculated as the sum of all other columns. 
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Table C.5. Average and standard deviations (in parentheses) of the solvent accessible 

surface area (SASA, Å2) of the bulky moiety within different conformations of adducted 

DNA. 

Conformation Adduct SASA Adduct SASA 

B 

PhdG 97.7 (5.8) OPhdG 118.5 (8.7) 
1NPdG 129.9 (7.5) 1ONPdG 143.5 (10.4) 
2NPdG 131.7 (6.6) 2ONPdG 150.3 (8.6) 
3BPdG 178.1 (9.9) OBPdG 187.8 (15.2) 

1PHNdG 169.6 (7.4) 1OPHNdG 182.4 (10.3) 
3PHNdG 169.2 (7.5) 3OPHNdG 184.3 (10.7) 

PydG 166.9 (6.9) OPydG 179.3 (12.5) 

W 

PhdG 77.7 (14.4) OPhdG 64.4 (13.5) 
1NPdG 137.3 (15.6) 1ONPdG 90.7 (10.1) 
2NPdG 107.4 (20.8) 2ONPdG 91.9 (17.1) 
3BPdG 153.0 (21.6) OBPdG 139.9 (22.1) 

1PHNdG 147.3 (25.3) 1OPHNdG 125.2 (15.4) 
3PHNdG 147.4 (28.7) 3OPHNdG 124.1 (11.6) 

PydG 136.6 (24.9) OPydG 120.3 (8.9) 

S 

PhdG 41.8 (24.7) OPhdG 29.4 (11.6) 
1NPdG 55.8 (8.9) 1ONPdG 64.2 (10.7) 
2NPdG 45.1 (10.7) 2ONPdG 38.9 (9.5) 
3BPdG 49.6 (8.5) OBPdG 61.1 (9.1) 

1PHNdG 66.7 (8.2) 1OPHNdG 89.2 (11.4) 
3PHNdG 68.4 (8.3) 3OPHNdG 85.6 (10.3) 

PydG 92.4 (8.9) OPydG 104.2 (10.0) 
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Table C.6. Average and standard deviations (in parentheses) of lesion-site van der Waals and electrostatic interactions (kJ mol–1) within 

different conformations of O-linked adducted DNA.a 

Nucleoside Conformation 
Lesion Stacking energy 

with 5′ bases 
Lesion Stacking energy 

with 3′ bases 
Base pair energy at 

the 5′ base pair 
Base pair energy at 

the 3′ base pair 
Base pair energy at 

the lesion site 

Lesion-site 
Interaction 

energyb 

OPhdG 

B 

–70.9 (12.7) –73.8 (13.2) –118.3 (7.4) –118.1 (7.5) –108.8 (7.4) –489.9 (18.9) 
1ONPdG –68.5 (13.1) –74.2 (12.1) –118.6 (7.2) –117.7 (7.9) –108.1 (7.4) –487.1 (19.2) 
2ONPdG –71.0 (13.1) –71.9 (12.4) –118.4 (7.4) –117.6 (7.9) –108.4 (8.1) –487.3 (19.8) 
OBPdG –73.1 (12.5) –74.6 (11.9) –118.1 (7.7) –118.3 (7.5) –109.4 (7.1) –493.6 (17.6) 

1OPHNdG –67.6 (12.7) –75.2 (12.4) –118.4 (7.4) –117.5 (7.9) –107.8 (7.6) –486.6 (19.5) 
3OPHNdG –70.9 (12.8) –74.1 (12.1) –118.4 (7.4) –118.0 (7.6) –108.9 (7.3) –490.3 (18.2) 

OPydG –68.0 (13.1) –76.9 (13.3) –118.4 (7.4) –117.5 (7.8) –107.7 (7.5) –488.5 (20.1) 
OPhdG 

W 

–55.1 (13.1) –44.9 (18.4) –118.9 (7.1) –115.9 (9.5) –52.2 (9.8) –387.0 (21.0) 
1ONPdG –47.0 (14.1) –49.3 (11.9) –117.3 (7.7) –116.6 (8.1) –49.3 (7.0) –379.5 (21.5) 
2ONPdG –45.1 (15.2) –52.0 (16.9) –118.6 (7.2) –116.2 (8.9) –48.2 (24.3) –380.2 (32.9) 
OBPdG –48.8 (11.0) –68.5 (13.1) –118.5 (7.2) –112.3 (11.8) –46.8 (17.0) –394.9 (29.6) 

1OPHNdG 
–47.9 (14.3) –62.1 (17.3) –118.0 (7.6) –113.3 (12.8) –52.4 (10.4) –393.7 (27.8) 

3OPHNdG –47.1 (12.7) –64.1 (14.3) –118.4 (7.3) –116.3 (8.7) –53.4 (9.2) –399.3 (21.1) 
OPydG -41.3 (14.0) -57.3 (13.0) -118.6 (6.9) -116.8 (10.2) -59.5 (8.3) -393.6 (22.5) 
OPhdG 

S 

–32.5 (15.7) 2.5 (15.4) –117.1 (7.7) –118.3 (7.8) N/A –265.4 (24.4) 
1ONPdG –34.6 (16.5) –26.0 (23.2) –118.0 (7.2) –115.3 (9.7) N/A –293.9 (27.2) 
2ONPdG –36.5 (13.1) –45.3 (15.7) –118.0 (7.3) –115.4 (11.3) N/A –315.2 (25.9) 
OBPdG 

–31.7 (10.4) –63.4 (16.4) –118.7 (7.2) –115.1 (14.8) N/A –328.9 (24.6) 
1OPHNdG –40.8 (15.8) –53.6 (16.3) –118.0 (7.0) –115.3 (9.6) N/A –327.7 (28.0) 
3OPHNdG –46.7 (15.7) –55.6 (15.9) –117.4 (7.3) –115.2 (11.8) N/A –335.0 (29.9) 

OPydG –49.9 (15.5) –64.4 (17.0) –117.6 (7.2) –116.9 (9.1) N/A –348.7 (30.8) 
aEnergies calculated with LIE of cpptraj. bCalculated as the sum of all other columns. 
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Table C.7. Dependence of the average SASA (Å2) on the size of the aromatic bulky 

group for C-linked, O-linked and N-linked adducts. 

Conformation Aryl Group C-linked O-linked N-linkeda Averageb 

B 

One Ringc 97.7 118.5 116.1 110.8 

Two-Fused Ringsd 130.8 146.9 142.6 140.1 

Two Substituted Ringse 178.1 187.8 191.1 185.7 

Three-Fused Ringsf 169.4 183.4 177.8 176.8 

Four-Fused Ringsg 166.9 179.3 175.6 173.9 

S 

One Ringc 41.8 29.4 30.7 34.0 

Two-Fused Ringsd 50.5 51.6 55.5 52.5 

Two Substituted Ringse 49.6 61.1 56.9 55.9 

Three-Fused Ringsf 67.6 87.4 80.7 78.6 

Four-Fused Ringsg 92.4 104.2 107.8 101.5 
aData from DOI: 10.1021/acs.jcim.8b00238. bAverage calculated over all three linkage types. cAveraged over 

the phenyl-derived adducts. dAveraged over the naphthyl-derived adducts. eAveraged over the biphenyl-

derived adducts. fAveraged over the phenanthrenyl-derived adducts. gAveraged over the pyrenyl-derived 

adducts.  
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Table C.8. Dependence of the average LSIE (kJ/mol) on the size of the aromatic bulky 

group for C-linked, O-linked and N-linkeda (adducts). 

Conformation Aryl Group C-linked O-linked N-linked Averageb 

B 

One Ringc –476.1 –489.9 –475.5 –480.5 

Two-Fused Ringsd –477.8 –487.2 –475.8 –480.3 

Two Substituted Ringse –482.3 –493.6 –475.6 –483.8 

Three-Fused Ringsf –478.7 –488.4 –475.9 –481.0 

Four-Fused Ringsg –479.8 –488.5 –473.9 –480.7 

S 

One Ringc –247.1 –265.4 –300.6 –271.0 

Two-Fused Ringsd –296.3 –304.6 –330.9 –310.6 

Two Substituted Ringse –317.5 –328.9 –329.3 –325.2 

Three-Fused Ringsf –329.5 –331.3 –337.2 –332.7 

Four-Fused Ringsg –339.4 –348.7 –358.2 –348.8 
aData from DOI: 10.1021/acs.jcim.8b00238. bAverage calculated over all three linkage types. cAveraged over 

the phenyl-derived adducts. dAveraged over the naphthyl-derived adducts. eAveraged over the biphenyl-

derived adducts. fAveraged over the phenanthrenyl-derived adducts. gAveraged over the pyrenyl-derived 

adducts. 
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Appendix D  
 

 

Supplementary Information for Chapter 4: Conformational Preference and 

Fluorescence Response of a C-Linked C8-Biphenyl-Guanine Lesion in the NarI 

Mutational Hotspot: Evidence for Enhanced syn-Adduct Formation  
 

 

 Contains information on the synthesis of the modified DNA, the molecular dynamics 

protocol, Scheme D.1, Figures D.1–D.30 and Tables D.1–D.7 
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Figure D.1. CD spectral overlays of NarI duplexes, illustrating a general B-form pattern 

with a major positive band at 275 nm, a negative band at 240 nm and crossover at 260 nm. 

NarI(G):NarI(FP) (red lines), NarI(G):NarI(SMI) (dashed red lines), NarI(FBPG):NarI(FP) 

(black lines), NarI(FBPG):NarI(SMI) (dashed black lines) with N=A; C; G or T. 

N=C N=G 

N=T N=A 
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Table D.1. Solvatochromic Properties of FBP-dG. 

Solvent λex (nm) λem (nm)  λfl 

H2O 286 424 0.52 

CHCl3 303 410 0.48 

CH3CN 305 422 0.60 
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Table D.2. Photophysical parameters for the modified NarI (12mer). 

N M λex 

(nm)a 

Δλex 

(nm)b 

λem 

(nm) 

Δλem 

(nm) 

Δν 

(cm-

1)c 

C /f 314 / 421 / 8089 

G 318 4 417 -4 7466 

-2 314 0 417 -4 7866 

G / 313 / 420 / 8118 

C 319 6 416 -4 7305 

-2 315 2 414 -6 7576 

A / 315 / 422 / 8034 

T 323 8 420 -2 7141 

-2 315 0 413 -9 7533 

T 

  

/ 311 / 420 / 8323 

A 323 12 420 0 7141 

-2 315 4 415 -5 7640 
aAll spectra for single strand and duplexes (6.0 μM) were recorded in 50 mM sodium 

phosphate buffer, pH 7, with 0.1 M NaCl. b Change in excitation or emission maximum for 

duplex versus single strand. c Stokes’ shift (Δν) is calculated as (1/λex – 1/λem) dIrel= Isingle-

strand/IFP. e Irel= ISMI/ IFP. f / indicates optical properties of the modified base in the single 

strand. 
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Table D.3. Properties of C-linked C8-aryl-dG adducts in fully paired and SMI NarI 

12-mer duplexes.  

 

 
 

Aryl 

group 

Duplex fully 

paired 

Esyn/Eanti
a 

fully 

paired 

Tm
b 

fully 

paired 

Irel
c 

FBP fully paired 2.3/0.0 −12.5 0.64 

SMI 2.8/0.0 +6.0 4.2 

Phd fully paired 26.4/0.0 −15.7 0.38 

SMI 15.1/0.0 −2.9 0.80 

Furd fully paired 14.2/0.0 -9.1 0.45 

SMI 14.2/0.0 -2.6 2.97 

Qd fully paired 25.1/0.0 −18.6 0.41 

SMI 0.0/23.8 0.0 4.92 

BTe fully paired 18.4/0.0 −15.8 1.45 

SMI 10.0/0.0 +3.8 1.05 

Pye fully paired 7.9/0.0 −20.1 0.85 

SMI 0.0/12.6 +6.2 0.61 
a Calculated relative energies (kJ/mol) of syn versus anti adduct conformation. bTm (°C)  

of adducted duplex vs. unmodified control. c Relative emission intensity of ss vs fully 

paired or SMI vs fully paired duplexes. d Values taken from Ref. 29. e Values taken from 

Ref. 30. 

 

 

 

 
Figure D.2. Chemical numbering and definition of key dihedral angles in the FBPdG 

adduct, with χ = (O4′C1′N9C4), θ = (N9C8C10C11), and ξ = (C12C13C16C17). 

 

 



486 

 

Table D.4: Average values of key dihedral angles (deg.) and backbone RMSD for 

clustered simulations on FPhdG or FBPdG-adducted DNA. 

 

Adduct Conformation χ (°) θ (°) ξ (°) RMSD (Å) 

 
FPhdG 

Major-Groove –133.4 (9.3) –176.7 (6.8) N/A 2.35 (0.55) 

Wedge 38.9 (10.0) 175.9 (8.4) N/A 2.39 (0.43) 

Intercalated 38.9 (13.5) –5.0 (8.5) N/A 3.95 (0.67) 

Base-Displaced 35.8 (8.5) -5.6 (7.3) N/A 3.90 (0.57) 

FBPdG 

Major-Groove –132.5 (9.3) –177.0 (6.9) 162.9 (100.8) 2.32 (0.52) 

Wedge 61.3 (22.7) 
–176.7 

(10.0) 
42.7 (107.8) 2.79 (0.54) 

Intercalated 35.6 (10.7) –4.1 (7.4) –162.0 (28.9) 3.06 (0.53) 

Base-Displaced 40.3 (10.0) –7.7 (7.5) 167.6 (16.8) 3.00 (0.51) 

–2 strand - anti -131.6 (11.1) 4.6 (8.2) 18.9 (101.9) 3.22 (0.55) 

–2 strand - syn 40.2 (10.4) 176.0 (6.7) -179.5 (25.3) 3.69 (0.65) 
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Table D.5: MOL2 file of the F-Phenyl-dG adduct generated using the RED program (atom 

numbering provided in the figure below). 

 
1 P 4.682 0.033 -1.207 P 1 LIG 1.2093 

2 O5' 4.186 1.03 0 OS 1 LIG -0.4938 

3 OP1 4.581 0.757 -2.483 O2 1 LIG -0.7864 

4 OP2 5.894 -0.639 -0.716 O2 1 LIG -0.7950 

5 O3' 0 0 0 O 1 LIG -0.5494 

6 C5' 3.127 1.932 -0.26 CI 1 LIG -0.0222 

7 H5' 2.887 2.429 0.688 H1 1 LIG 0.0806 

8 H5'' 3.42 2.712 -0.98 H1 1 LIG 0.0806 

9 C4' 1.869 1.246 -0.794 CT 1 LIG 0.1858 

10 H4' 1.04 1.964 -0.816 H1 1 LIG 0.0992 

11 O4' 2.118 0.795 -2.146 OS 1 LIG -0.4181 

12 C1' 1.887 -0.604 -2.254 CT 1 LIG 0.1229 

13 H1' 0.883 -0.795 -2.639 H2 1 LIG 0.0912 

14 C3' 1.429 0 0 CT 1 LIG 0.1455 

15 H3' 1.825 0.015 1.023 H1 1 LIG 0.0749 

16 C2' 2.004 -1.158 -0.825 CT 1 LIG -0.0637 

17 H2' 3.047 -1.33 -0.555 HC 1 LIG 0.0455 

18 H2'' 1.444 -2.09 -0.699 HC 1 LIG 0.0455 

19 N9 2.815 -1.158 -3.232 N* 1 LIG -0.0240 

20 C8 2.515 -1.806 -4.443 CK 1 LIG 0.2328 

21 C4 4.182 -1.246 -3.094 CB 1 LIG 0.1719 

22 N7 3.587 -2.314 -5.013 NB 1 LIG -0.5106 

23 C5 4.634 -1.972 -4.19 CB 1 LIG 0.1374 

24 N3 4.92 -0.696 -2.094 NC 1 LIG -0.4924 

25 C6 6.045 -2.234 -4.327 C 1 LIG 0.4724 

26 C2 6.214 -0.915 -2.198 CA 1 LIG 0.5847 

27 O6 6.669 -2.851 -5.169 O 1 LIG -0.5308 

28 N1 6.76 -1.631 -3.227 NA 1 LIG -0.4411 

29 H1 7.755 -1.825 -3.24 H 1 LIG 0.3482 

30 N2 7.049 -0.449 -1.215 N2 1 LIG -0.8464 

31 H21 7.996 -0.206 -1.473 H 1 LIG 0.3871 



488 

32 H22 6.607 0.204 -0.577 H 1 LIG 0.3871 

33 C10 1.172 -1.882 -5.041 CA 1 LIG 0.0197 

34 C11 0.287 -0.789 -5.048 CA 1 LIG -0.1202 

35 H11 0.581 0.153 -4.595 HA 1 LIG 0.1545 

36 C15 0.796 -3.065 -5.7 CA 1 LIG -0.1290 

37 H15 1.492 -3.897 -5.719 HA 1 LIG 0.1692 

38 C12 -0.957 -0.885 -5.669 CA 1 LIG -0.2080 

39 H12 -1.648 -0.049 -5.686 HA 1 LIG 0.1696 

40 C14 -0.441 -3.169 -6.328 CA 1 LIG -0.2164 

41 H14 -0.746 -4.077 -6.837 HA 1 LIG 0.1699 

42 C13 -1.303 -2.077 -6.295 CA 1 LIG 0.2515 

43 F -2.506 -2.175 -6.896 F 1 LIG -0.1896 

 

 

 

 

Table D.6: MOL2 file of the FBP-dG adduct generated using the RED program (atom 

numbering provided in the figure below). 

 
1 P 4.701 0.017 -1.112 P 1 LIG 1.2091 

2 O5 4.162 1.098 0 OS 1 LIG -0.4910 

3 OP1 4.608 0.63 -2.446 O2 1 LIG -0.7864 

4 OP2 5.918 -0.584 -0.547 O2 1 LIG -0.7952 

5 O3' 0 0 0 OS 1 LIG -0.5473 

6 C5' 3.088 1.952 -0.351 CI 1 LIG -0.0175 

7 H5' 2.801 2.504 0.552 H1 1 LIG 0.0816 

8 H5'' 3.384 2.69 -1.114 H1 1 LIG 0.0816 

9 C4' 1.872 1.189 -0.877 CT 1 LIG 0.1523 

10 H4' 1.025 1.877 -0.991 H1 1 LIG 0.1052 

11 O4' 2.196 0.641 -2.175 OS 1 LIG -0.3937 

12 C1' 1.937 -0.755 -2.206 CT 1 LIG 0.1104 

13 H1' 0.946 -0.94 -2.629 H2 1 LIG 0.1002 

14 C3' 1.429 0 0 CT 1 LIG 0.1513 

15 H3' 1.824 0.085 1.02 H1 1 LIG 0.0733 

16 C2' 2.005 -1.213 -0.741 CT 1 LIG -0.0655 
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17 H2' 3.044 -1.38 -0.446 HC 1 LIG 0.0462 

18 H2'' 1.436 -2.131 -0.558 HC 1 LIG 0.0462 

19 N9 2.898 -1.392 -3.104 N* 1 LIG -0.0064 

20 C8 2.64 -2.089 -4.3 CK 1 LIG 0.2410 

21 C4 4.258 -1.167 -3.096 CB 1 LIG 0.1563 

22 N7 3.735 -2.301 -4.998 NB 1 LIG -0.5275 

23 C5 4.75 -1.734 -4.267 CB 1 LIG 0.1547 

24 N3 4.955 -0.501 -2.139 NC 1 LIG -0.5181 

25 C6 6.162 -1.658 -4.549 C 1 LIG 0.4914 

26 C2 6.246 -0.405 -2.378 CA 1 LIG 0.6308 

27 O6 6.817 -2.079 -5.484 O 1 LIG -0.5370 

28 N1 6.832 -0.942 -3.489 NA 1 LIG -0.4811 

29 H1 7.838 -0.893 -3.61 H 1 LIG 0.3568 

30 N2 7.046 0.219 -1.455 N2 1 LIG -0.8602 

31 H21 7.89 0.667 -1.786 H 1 LIG 0.3885 

32 H22 6.53 0.754 -0.762 H 1 LIG 0.3885 

33 C10 1.316 -2.567 -4.726 CA 1 LIG 0.0296 

34 C11 0.362 -3.091 -3.839 CA 1 LIG -0.0793 

35 H11 0.583 -3.163 -2.779 HA 1 LIG 0.1102 

36 C15 1.015 -2.56 -6.098 CA 1 LIG -0.1559 

37 H15 1.76 -2.188 -6.793 HA 1 LIG 0.1604 

38 C12 -0.863 -3.56 -4.307 CA 1 LIG -0.1924 

39 H12 -1.592 -3.937 -3.595 HA 1 LIG 0.1403 

40 C14 -0.206 -3.035 -6.56 CA 1 LIG -0.1317 

41 H14 -0.404 -3.038 -7.628 HA 1 LIG 0.1382 

42 C13 -1.177 -3.538 -5.675 cp 1 LIG 0.0223 

43 C16 -2.485 -4.033 -6.171 cp 1 LIG 0.0372 

44 C17 -3.103 -5.156 -5.593 CA 1 LIG -0.1293 

45 H17 -2.602 -5.688 -4.789 HA 1 LIG 0.1506 

46 C21 -3.144 -3.392 -7.234 CA 1 LIG -0.1522 

47 H21' -2.7 -2.508 -7.683 HA 1 LIG 0.1472 

48 C18 -4.332 -5.625 -6.052 CA 1 LIG -0.2504 

49 H18 -4.807 -6.497 -5.616 HA 1 LIG 0.1744 

50 C20 -4.372 -3.848 -7.707 CA 1 LIG -0.2233 

51 H20 -4.888 -3.35 -8.521 HA 1 LIG 0.1690 

52 C19 -4.949 -4.96 -7.106 CA 1 LIG 0.3046 

53 F -6.139 -5.408 -7.557 F 1 LIG -0.2078 
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Scheme D.1: Synthesis of FPh-dG phosphoramidite and FBP-dG phosphoramidite. 

 

 

 

Synthesis of Modified NarI. FPh-dG and FBP-dG were synthesized by Suzuki-Miyaura 

cross-coupling between 8-Br-dG and 4-fluorophenylboronic acid or 4-(4-

fluorophenyl)phenylboronic acid and converted into the phosphoramidite (Scheme D.1) by 

adaption of the method described previously for other C-linked C8-aryl-dG adducts.1-2 

Solid phase DNA synthesis was then used to incorporate the corresponding 

phosphoramidite into the 12-mer NarI sequence (5′-CTCGGNXCCATC, N=C, 
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X=FBP-dG, FPh-dG) and additionally in oligonucleotides with varying 5′-flanking base (N 

= A, G or T). The various adducted 12-mer sequences were annealed to a complementary 

12-mer sequence or a truncated 10mer sequence 5′-GATGGCCGAG modeling the SMI.  

 

8-(aryl)-2’-deoxyguanosine (2a, 2b). The title compound was synthesized by adaption of 

a previously described method.1 8-Br-dG (1) (0.3 g, 0.9 mmol), Pd(OAc)2 (0.005 g, 0.026 

mmol), TPPTS (0.03 mg, 0.05 mmol), Na2CO3 (0.3 g, 1.7 mmol) and a) F-phenyl-boronic 

acid (0.14 g, 1.2 mmol), b) 4-(4-Fluorophenyl)phenylboronic acid (0.23 g, 1.0 mmol) 

were dissolved in 2:1 H2O: acetonitrile allowed to react for 4 h under reflux at 80 °C. The 

reaction was diluted with ca. 20 mL of water and the pH adjusted to 6−7 with 1 M aq. HCl. 

The mixture was allowed to cool to 0 °C for 16 h hours and the precipitate was recovered 

by vacuum filtration as solid, 

2a) 0.25 g (80 %), 1H NMR (300 MHz, DMSO-d6) δ 1.97-2.04 (m, 1H), 3.07-3.17 (m, 1H), 

3.48-3.54 (m, 1H), 3.60-3.66 (m, 1H), 3.76-3.80 (m, 1H), 4.30-4.32 (t, 1H), 5.15-5.21 (t, 

1H), 5.99-6.04 (t, 1H), 6.59 (s 1H), 7.33-7.39 (t, 2H), 7.65-7.70 (m, 2H). 13C NMR (101 

MHz, DMSO-d6) δ 36.62, 62.12, 71.21, 84.67, 87.92, 115.53, 115.76, 117.12, 131.34, 

131.42, 145.57, 152.05, 154.53, 161.36, 163.82. HRMS calcd for C16H17FN5O4 [M+H+]: 

362.1265, found: 362.1234. b) 0.34 g (90 %). 1H NMR (400 MHz, DMSO-d6) δ 2.04-2.08 

(m, 1H), 3.23-3.27 (m, 1H), 3.59 (s, 1H), 3.70-3.72 (d, 1H), 3.86 (s, 1H), 4.39 (s, 1H), 5.20 

(s, 1H), 5.87 (2, 1H), 6.14-6.17 (t, 1H), 6.74-6.75 (bt, 2H), 7.32-7.36 (t, 2H), 7.73-7.74 (d, 

2H), 7.83-7.85 (d, 4H). 13C NMR (101 MHz, DMSO-d6) δ 37.23, 62.68, 71.78, 85.44, 

88.42, 115.93, 116.13, 117.86, 126.93, 129.011, 129.73, 135.95, 139.74, 145.55, 152.55, 

156.94, 161.03, 162.54, 163.50. HRMS calcd for C22H21FN5O4 [M+H+]: 438.1578, found: 

438.1560. 
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N2-(Dimethylformamidyl)-8-(aryl)-2’-deoxyguanosine (3a, 3b). The title compound 

was synthesized by adaption of a previously described method.2 2a) (0.55 g, 1.322 mmol), 

2b) (0.34 g, 0.78 mmol) and dimethyl-formamide-diethyl-acetal (a) 1.1 mL, 6.08 mmol, b) 

0.53 mL, 3.11 mmol) were dissolved in DMF in a round bottomed flask and allowed to 

react for 16 h at room temperature under argon atmosphere. The resulting solution was then 

evaporated to dryness, washed with MeOH and used without further purification to yield 

product. a) 0.32 g (51 %) 1H NMR (400 MHz, DMSO-d6) δ 2.065-2.11 (m, 1H), 3.04 (s, 

3H), 3.15 (s, 3H), 3.18-3.25 (m, 1H), 3.38 (s, 1H), 3.54-3.57 (m, 1H), 3.65-3.68 (d, 2H), 

3.81-3.82 (d, 2H), 4.92 (s, 1H), 5.25 (s, 1H), 6.06-6.09 (t, 1H), 7.38-7.42 (t, 2H), 7.70-7.73 

(q, 2H), 8.51 (s, 1H). 13C NMR (400 MHz, DMSO-d6) δ 34.84, 37.17, 41.09, 48.84, 62.17, 

71.21, 84.98, 87.95, 115.93, 116.15, 131.70, 131.78, 147.42, 150.92, 157.13, 157.78, 

158.38, 161.80, 162.26, 164.26. HRMS calcd for C19H22FN6O4 [M+H+]: 417.1687, found: 

417.1664. b) 0.16 g (42 %). 1H NMR (300 MHz, DMSO-d6) δ 2.01-2.08 (m, 1H), 3.0 (s, 

3H), 3.11 (s, 3H), 3.17-3.23 (m, 1H), 3.51-3.57 (m, 1H), 3.61-3.66 (m, 1H), 3.76-3.81 (m, 

1H), 4.40-4.41 (d, 1H), 4.82-4.86 (t, 1H), 5.17-5.18 (d, 1H), 6.10-6.15 (t, 1H), 7.25-7.31 

(m, 2H), 7.69-7.71 (d, 2H), 7.75-7.81 (m, 4H), 8.47 (s, 1H). 13C NMR (101 MHz, DMSO-

d6) δ 34.84, 37.17, 41.09, 48.84, 62.17, 71.21, 84.98, 87.95, 115.93, 116.15, 120.31, 126.89, 

126.92, 131.69, 131.78, 147.42, 150.92, 157.13, 157.78, 158.38, 161.80, 164.26. HRMS 

calcd for C25H26FN6O4 [M+H+]: 493.2000, found: 493.1969. 

5’-O-(4,4’-Dimethoxytrityl)-N2-(Dimethylformamidyl)-8-(aryl)-2’-deoxyguanosine 

(4a, 4b). The title compound was synthesized by adaption of a previously described 

method.2 In a round bottomed flask N2-(Dimethylformamidyl)-8-(aryl)-2’-deoxyguanosine 

3a) 0.23 g, 0.47 mmol, 3b) 0.3 g, 0.6 mmol) was dissolved in anhydrous pyridine (10 mL) 

and the resulting solution was cooled to 0 °C. Subsequently, DMT-Cl (a) 0.190 g, 0.56 



493 

mmol, b) 0.25 g, 0.73 mmol) in pyridine (10 mL) was added dropwise. The mixture was 

allowed to react at room temperature under argon atmosphere. The reaction was monitored 

by TLC and after all starting material has been converted into the product (4 h), the resulting 

solution was diluted with CH2Cl2 and washed with water (2x10 mL). TEA (a few drops) 

was added, and the mixture was evaporated to dryness. The crude mixture was purified on 

with silica column chromatography and eluted with MeOH:CH2Cl2:TEA (5:19:5) to yield 

product. a) 0.240 g (70 %) 1H NMR (300 MHz, CDCl3) δ 2.22-2.31 (m, 1H), 3.06 (s, 3H), 

3.11 (s, 3H), 3.20-3.25 (m, 1H), 3.31-3.33 (m, 1H), 3.45 (s, 1H), 3.77-3.78 (d, 6H), 4.00 (s, 

1H), 4.70 (s, 1H), 5.38-5.40 (d, 1H), 6.19-6.23 dd, 1H), 6.79-6.85 (q, 4H), 7.24 (s, 2H), 

7.25 (s, 5H), 7.37-7.48 (m, 4H), 7.86-7.91 (dd, 2H), 8.39 (s, 1H), 11.52 (bs, 1H). 13C NMR 

(101 MHz, CDCl3) δ 35.08, 37.72, 41.29, 55.23, 64.24, 72.74, 83.74, 84.90, 86.33, 113.09, 

115.48, 115.70, 120.45, 126.32, 126.35, 126.90, 127.85, 128.06, 129.96, 129.99, 131.71, 

131.79, 135.78, 135.81, 144.72, 148.80, 151.03, 155.78, 157.79, 157.81, 158.50, 162.32, 

164.80. HRMS calcd for C40H40FN6O6 [M+H+]: 719.2993, found: 719.2936 b) 0.3 g (62 

%) 1H NMR (400 MHz, CDCl3) δ 2.19-2.26 (m, 1H), 2.81 (s, 3H), 2.93 (s, 3H), 3.19-3.25 

(m, 1H), 3.34-3.38 (m, 1H), 3.49-3.53 (m, 1H), 3.69 (s, 6H), 3.99-4.04 (q, 1H), 4.80-4.85 

(q, 1H), 6.21-6.24 (q, 1H), 6.68-6.72 (dd, 4H), 7.08-7.18 (m 5H), 7.23-7.26 (dd, 4H), 7.35-

7.37 (d, 2H), 7.50-7.53 (m, 4H), 7.82-7.84 (d, 2H), 8.31 (s, 1H), 9.14-9.58 (bs, 1H). 13C 

NMR (101 MHz, CDCl3) δ 35.04, 37.84, 41.29, 55.20, 64.38, 72.60, 83.94, 85.11, 86.26, 

113.05, 115.68, 115.89, 120.60, 128.12, 128.69, 128,77, 130.02, 130.11, 135,87, 135.93, 

136.29, 136.32, 141.21, 144.79, 149.77, 151.16, 155.74, 157.74, 158.43, 161.47, 163.93. 

HRMS calcd for C46H44FN6O6 [M+H+]: 795.3306, found: 795.3245. 

3’-O-[(2-Cyanoethoxy)(diisopropylamino)phosphine]-5’-O-(4,4’-Dimethoxytrityl)-

N2-(Dimethylformamidyl)-8-(aryl)-2’-deoxyguanosine (5). The title compound was 
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synthesized by adaption of a previously described method.2 5’-O-(4,4’-Dimethoxytrityl)-

N2-(Dimethylformamidyl)-8-(aryl)-2’-deoxyguanosine 4a) 0.23 g, 0.3 mmol, 4b) 0.25 g, 

0.3 mmol) was dissolved in anhydrous CH2Cl2 (10 mL) and anhydrous TEA (a) 0.2 mL, 1.3 

mmol b) 0.2 mL, 1.4 mmol), subsequently 2-cyanothyl-N,N-

diisopropylchlorophosphoramidite (0.08 mL, 0.38 mmol) was added. The reaction was 

monitored by TLC and after all starting material has been converted into the product (30 

min) the mixture was added dropwise to ice cold hexane and washed with hexane to yield 

product a) 0.13 g (45 %)44 a) 0.97-1.02 (m, 6H), 1.06-1.10 (m, 6H), 2.25-2.41 (m, 2H), 

2.69-2.71 (m, 3H), 2.89 (s, 3H), 3.02-3.03 (d, 3H), 3.43-3.49 (m, 5H), 3.68-3.69 (m, 7H), 

4.11 (s, 2H), 4.9-5.14 (d, 1H), 6.1 (s, 1H), 6.65-6.70 (m, 4H), 7.07-7.15 (m, 9H), 7.22-7.35 

(2H), 7.83 (2H), 8.3-8.4 (d, 1H), 10.1 (s, 1H) 13C NMR (101 MHz, CDCl3)δ 8.9,21.43, 

24.5, 24.5, 35.20, 35.23, 37.14, 41.19, 41.26, 41.31, 43.23, 43.34, 43.35, 55.28, 55.24, 

62.95, 63.55, 73.14, 73.36, 74.30, 74.49, 8.78, 84.86, 84.93, 112.98, 113.02, 115.49, 

115.54, 115.70, 115.76, 117.09, 117.63, 117.73, 120.69, 120.70, 126.30, 126.33, 128.07, 

128.13, 129.93, 130.00, 130.06, 131.70, 131.73, 131.79, 135.92, 144.76, 144.86, 148.82, 

148.85, 155.92, 155.99, 157.83, 157.88, 158.25, 162.31, 162.33, 164.82. HRMS calcd for 

C49H57FN8O7P [M+H+]: 919.4072, found: 919.4013. 

b) 0.18 g (75 %).1H NMR (300 MHz, CDCl3) δ 0.78-0.97 (m, 12H), 2.22-2.35 (m, 3H), 

2.89 (s, 3H), 3.02 (s, 3H), 3.23-3.78 (m, 12H), 4.05-4.19 (m, 1H), 4.95-5.14 (m, 1H), 6.18-

6.25 (m, 1H), 6.65-6.72 (m, 4H), 7.09-7.19 (m, 6H), 7.24-7.29 (m, 4H), 7.36-7.39 (m, 2H), 

7.53-7.62 (d, 4H), 7.89-7.98 (m, 2H), 8.31-8.39 (d, 1H), 8.68-8.69 (bs, 1H). 13C NMR (101 

MHz, CDCl3) δ 19.63, 20.26, 21.59, 22.7, 24.23, 24.34, 35.20, 36.79, 40.89, 41.94, 43.00, 

43.13, 52.76, 55.10, 57.58, 58.29, 60.10, 63.09, 72.80, 74.16, 84.00, 85.84, 112.82, 115.56, 

115.78, 116.49, 116.711, 117.52, 117.66. 120.49, 126.61, 126.85, 127.61, 127.89, 128.54, 
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128.62, 129.81, 135.63, 136.02, 141.11, 144.46, 144.71, 149.27, 150,70, 150.99, 155.71, 

155.74, 155.90, 157.66, 157.79, 158.19, 161.29, 163.74. 31P NMR (300 MHz, CDCl3) δ 

149.34, 148.99 (73.53 %), 14.29 (27.47 %). HRMS calcd for C55H61FN8O7P [M+H+]: 

995.4385, found: 995.4304. 

 

 
 

Figure D.3: ESI- Spectrum of NarI (N=A, X=FBPG). 
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Figure D.4: ESI- Spectrum of NarI (N=C, X=FBPG). 

 
 

Figure D.5: ESI- Spectrum of NarI (N=G, X=FBPG). 

 
 

Figure D.6: ESI- Spectrum of NarI (N=T, X=FBPG). 
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Figure D.7: ESI- Spectrum of NarI (N=C, X=FPhG). 
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Table D.7. ESI-MS Analysis of C8-Aryl-dG Modified NarI (N,X) oligonucleotides.: 

Oligonucleotide Formula Calc 

Mass 

Exptl 

m/z 

  Exptl 

Mass 

NarI (N=A, 

X=FBPG) 

C127H154FN44O70P11 3774.64 [M-7H]7- 538.28 3774.96 

[M-6H]6- 628.16 3774.96 

[M-5H]5- 753.97 3774.96 

[M-4H]4- 942.69 3774.76 

NarI (N=C, 

X=FBPG) 

C126H154FN42O71P11 3750.68 [M-7H]7- 534.88 3751.16 

[M-6H]6- 624.16 3750.96 

[M-5H]5- 749.22 3751.11 

[M-4H]4- 936.75 3751.00 

NarI (N=G, 

X=FBPG) 

C127H154FN44O71P11 3790.96 [M-7H]7- 540.56 3790.92 

[M-6H]6- 630.89 3791.34 

[M-5H]5- 757.19 3789.95 

[M-4H]4- 946.47 3789.88 

NarI (N=T, 

X=FBPG) 

C127H155FN41O72P11 3767.56 [M-7H]7- 537.00 3766.00 

[M-6H]6- 626.66 3765.96 

[M-5H]5- 752.19 3765.95 

[M-4H]4- 940.44 3765.76 

NarI (N=C, 

X=FPhG) 

  

C120H150FN42O71P11 

  

3674.65 

  

[M-7H]7- 524.00 3675.00 

[M-6H]6- 611.5 3675.00 

[M-5H]5- 734.00 3574.00 

[M-4H]4- 917.24 3674.77 
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Figure D.8: 1H NMR of 2a in DMSO-d6. 

 
Figure D.9: 13C NMR (DEPT-135) of 2a in DMSO-d6. 
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Figure D.10: 1H NMR of 2b in DMSO-d6. 

 
Figure D.11: 13C NMR (DEPT-135) of 2b in DMSO-d6. 
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Figure D.12: 1H NMR of 3a in DMSO-d6. 

 

Figure D.13: 13C NMR (DEPT-135) of 3a in DMSO-d6. 
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Figure D.14: 1H NMR of 3b in DMSO-d6. 

 
Figure D.15: 13C NMR (DEPT-135) of 3b in DMSO-d6. 



503 

 
Figure D.16: 1H NMR of 4a in CDCl3. 

 
Figure D.17: 13C NMR (DEPT-135) of 4a in CDCl3. 
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Figure D.18: 1H NMR of 4b in CDCl3. 

 
Figure D.19: 13C NMR (DEPT-135) of 4b in CDCl3. 
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Figure D.20: 1H NMR of 5a in CDCl3. 

 
Figure D.21: 13C NMR (DEPT-135) of 5a in CDCl3. 
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Figure D.22: 31P NMR of 5a in CDCl3. 

 
Figure D.23: 1H NMR of 5b in CDCl3. 
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Figure D.24: 13C NMR (DEPT-135) of 5b in CDCl3. 

 
Figure D.25: 31P NMR of 5b in CDCl3. 
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Figure D.26: The A) major-groove, B) wedge, C) intercalated, and D) base-displaced 

intercalated conformations of FPh-dG adducted NarI (N = C). The damaged G and 

opposing C in green, the bulky moiety in red, and flanking base pairs in blue. 
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Figure D.27: The A) major-groove, B) wedge, C) intercalated, and D) base-displaced 

intercalated conformations of FBP-dG adducted NarI (N = C). The damaged G and 

opposing C in green, the bulky moiety in red, and flanking base pairs in blue.  
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Figure D.28: The helical backbone root mean square deviation (RMSD, Å) over the 100 

ns production trajectories of the A) major-groove, B) wedge, C) intercalated, and D) base-

displaced intercalated conformations of FPh-dG adducted fully paired NarI (N = C).  

 

 

Figure D.29: The helical backbone root mean square deviation (RMSD, Å) over the 100 

ns production trajectories of the A) major-groove, B) wedge, C) intercalated, and D) base-

displaced intercalated conformations of FBP-dG adducted fully paired NarI (N = C).  
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Figure D.30: The helical backbone root mean square deviation (RMSD, Å) over the 100 

ns production trajectories of the A) anti, and B) syn conformations of FBP-dG adducted 

SMI NarI (N = C).  
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Molecular Dynamics Simulations. Both the F-phenyl-dG (FPhdG) and F-biphenyl-dG 

(FBPdG) adducts were studied in the 5′–CTCGGCXCCATC–3′ 12-mer containing the NarI 

sequence (underlined), with X being the fluorine-labeled adduct. The FBPdG adduct was 

also studied in a two-base bulge helix using the same primary 12-mer strand paired with 

the 5′–GAGCCGGTAG–3′ 10-mer strand as done previously for other DNA adducts.1 The 

natural nucleotides were treated with the amber14SB force field, while GAFF parameters 

were used to supplement the amber14SB force field for the adducts. Antechamber of the 

AMBER toolset was used to assign atom types, while R.E.D. version III.43 was used to 

calculate the partial charges of the damaged residues based on B3LYP/6-31G(d) optimized 

structures of the anti and syn conformers. Specifically, the R.E.D. program uses the initial 

structures to calculate the molecular electrostatic potential (MEP) surfaces at the HF/6-

31G* level of theory, and then fits the atomic charges to the MEP surfaces according to a 

restrained electrostatic potential. Importantly, the charges generated using the R.E.D. 

program are fully compatible with the Amber force field.3 Although there are not suitable 

experimental quantities to test our force field against for these systems since the only 

experimental data available is presented in this work, the agreement between NMR and 

MD data provides confidence that our approach is reasonable. Molecular dynamics (MD) 

simulations were run on the adducted DNA duplexes using the PMEMD module of 

AMBER 14. 

 For the fully paired helices, initial structures were generated that correspond to the 

B-type (major-groove), W-type (wedge) and S-type (base-displaced intercalated) 

conformations discussed in the literature for N-linked C8-dG adducts. Specifically, the B-

type conformer places the bulky moiety within the major groove of the helix, while the W-

type conformer places the bulky moiety in the minor groove. In contrast, the S 
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conformation intercalates the bulky moiety within the helix and displaces the opposing base 

into the major groove. These conformers were generated by modifying representative 

structures of previously studied C8-aryl-dG adducts4 using GaussView 5.0. For the B and 

W conformations, the χ dihedral angle (χ = (O4′C1′N9C4)) for each conformation 

initially considered was selected based on the value in the modified representative structure, 

while maintaining interactions between the damaged G and opposing C. For the S 

conformer, the χ dihedral was selected to keep the bulky group planar with respect to the 

flanking bases since the adduct has limited flexibility due to direct attachment of the 

aromatic group to C8 of dG. From these starting conformations, multiple MD simulations 

were performed for shorter timescales (20 ns) with bulky moiety orientations that differ in 

the relative orientation with respect to the damaged nucleobase (θ = (N9C8C10C11), 

Figure D.2). Specifically, θ was initially set to 0°, 30° or 60° in order to enhance sampling 

of possible bulky moiety orientations, while the dihedral angle between the two rings of 

the biphenyl system (ξ = (C12C3C16C17), Figure D.2) was set equal to 0°, which was 

justified based on the sampling of many values over the production runs (Figure 5). It is 

worth noting that because of the lack of flexibility in the C–C linker, the bulky group cannot 

be directed in the 5′ or 3′ direction within a groove as reported in the literature for N-linked 

C8-dG adducts. In cases where these preliminary simulations led to new conformations, 

the corresponding representative structures were then used as initial coordinates for further 

simulations in an iterative process. Free energies estimated from the molecular mechanics-

Poisson Boltzmann surface area (MM-PBSA) approach were then used to determine the 

most favorable structures. Through this cycle, the intercalated conformation (I) was isolated 

where the bulky moiety and opposing C are both intercalated within the DNA duplex. The 
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lowest energy structures obtained from the iterative phase sampling simulations were then 

used for the 100 ns production MD simulations described below. Similarly, preliminary 

conformations for the bulged structures were built based on the X-ray structure of the AF-

dG adduct opposite a –2 deletion site (PDB ID: 1AX6), with GaussView 5.0 used to modify 

the lesion, generate anti lesion orientations and consider several input orientations with 

differing values of key dihedral angles. 

Using the TLEAP module of AMBER, the DNA systems were solvated within a 8 

Å octahedral TIP3P water box, such that there was a minimum of 8 Å between the DNA 

and the edge of the water box in any direction. Furthermore, the systems were neutralized 

with 22 or 20 sodium counter-ions for the full and deletion helices respectively. A cutoff 

distance of 8 Å was used for Leonard-Jones non-bonded interactions, with the particle-

mesh Ewald method used to describe Coulombic interactions. The periodic boundary 

condition was used for all simulation steps. Minimization was performed using 500 steps 

of the steepest descent (SD) algorithm followed by 500 steps of the conjugate gradient (CG) 

minimization algorithm, while restraining the DNA with a 500 kcal mol-1 Å-2 force 

constant. The DNA was subsequently optimized without constraints using 1000 steps of 

SD minimization and 1500 steps of CG minimization. Following minimization, each 

system was heated to 300 K over 20 ps under conditions of constant volume using the 

Langevin thermostat algorithm, while imposing a weak constraint on DNA (10 kcal mol-1 

Å-2). Finally, 100 ns production simulations were performed at constant temperature (300 

K) and pressure (1 atm) using the Langevin and Berendsen algorithms, respectively, and 

the hydrogen atoms were constrained using SHAKE. A 2 fs time step was used for the 

production runs, with the trajectory sampled every 1250 steps. During the production phase, 

25 kcal mol-1 Å-2 distance restraints were used on the Watson-Crick hydrogen bonds in the 



515 

terminal base pairs to prevent unravelling that is a common artifact of MD simulations on 

DNA.5 

Structural analysis was carried out on each 100 ns trajectory using the PTRAJ and 

CPPTRAJ modules of AMBER 14. The stability of the systems was confirmed using the 

backbone root-mean-square deviation (RMSD) compared to the first frame of the 

production run (Table S4, Figures D.28 and D.29). Representative structures were obtained 

by clustering the MD simulations with respect to the relative orientation of the damaged 

nucleobase and 2-deoxyribose (χ), and the bulky moiety and damaged nucleobase (θ). The 

reported structures occur over the entire simulation trajectory, with the exception of the 

FPhdG adducted DNA wedge and base-displaced intercalated conformations. The wedge 

structure interconverts between the reported conformer (46.6% of the simulation time) and 

a slightly higher energy wedge conformer (32.1 kJ/mol) that deviates in χ by approximately 

40, while the base-displaced intercalated conformer dominates the trajectory (87.4% of 

the simulation time) and interconverts with a wedge conformation. A total of 400 frames 

of the water and sodium free trajectories corresponding to the clustered simulations were 

sampled to calculate the enthalpy according to the MMPBSA method, and the entropy was 

estimated using the normal mode analysis method in AMBER.  
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Appendix E  

 

Supplementary Information for Chapter 6: Impact of DNA Adduct Size, Number, 

and Relative Position on the Toxicity of Aromatic Amines: A Molecular Dynamics 

Case Study of ANdG- and APdG-Containing DNA Duplexes 

 

 Contains Figures E.1–E.21 and Tables E.1–E.28 
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Figure E.1: Structure of ANdG adducted DNA in the W conformation, with the major groove 

highlighted and the bulky aryl group (red) in the minor groove. 
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Figure E.2: MD representative structures across the three 500 ns replicas for ANdG (top) or APdG 

(bottom) monoadducted DNA at G1 (left, A, D), G2 (middle B, E) or G3 (right, C, F) in the B 

conformation. The adducted base pair is shown in green, the bulky moiety in red, and the flanking 

base pairs in cyan. 
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Figure E.3: MD representative structures across the three 500 ns replicas for ANdG (top) or APdG 

(bottom) monoadducted DNA at G1 (left, A, D), G2 (middle B, E) or G3 (right, C, F) in the S 

conformation. The adducted base pair is shown in green, the bulky moiety in red, and the flanking 

base pairs in cyan. 
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Figure E.4: MD representative structures across the three 500 ns replicas for ANdG (top) or APdG 

(bottom) diadducted DNA in the GB
1G

B
2 (left, A, D), GB

1G
B
3 (middle, B, E) or GB

2G
B
3 (right, C, F) 

conformations. The adducted base pair is shown in green, the bulky moiety in red, and the 

flanking base pairs in cyan. 
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Figure E.5: MD representative structures across the three 500 ns replicas for ANdG (top) or APdG 

(bottom) diadducted DNA in the GB
1G

S
2

 (left, A, D), GB
1G

S
3 (middle, B, E) or GB

2G
S
3 (right, C, F) 

conformations. The adducted base pair is shown in green, the bulky moiety in red, and the 

flanking base pairs in cyan. 
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Figure E.6: MD representative structures across the three 500 ns replicas for ANdG (top) or APdG 

(bottom) diadducted DNA in the GS
1G

B
2

 (left, A, D), GS
1G

B
3 (middle, B, E) or GS

2G
B
3 (right, C, F) 

conformations. The adducted base pair is shown in green, the bulky moiety in red, and the 

flanking base pairs in cyan.  
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Figure E.7: MD representative structures across the three 500 ns replicas for ANdG (top) or APdG 

(bottom) diadducted DNA in the GS
1G

S
2 (left, A, D), GS

1G
S
3 (middle, B, E) or GS

2G
S
3 (right, C, F) 

conformations. The adducted base pair is shown in green, the bulky moiety in red, and the 

flanking base pairs in cyan. 
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Figure E.8: A) Structure and B) nucleotide numbering of the (undamaged) NarI containing 

sequence investigated in the present work. Helical parameters were calculated using a pseudostep 

between the base pairs on either side of the box.  
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Figure E.9: χavg (deg.) of the adduct in monoadducted (Secondary = Absent) and diadducted DNA, with standard deviations calculated between 

replicas. The bars are color coded based on the lesion under investigation, with the G1 site in red, G2 site in green and G3 site in blue (see main text 

Figure 1 for χ definition).  
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Figure E.10: θavg (deg.) of the adduct in monoadducted (Secondary = Absent) and diadducted DNA, with standard deviations calculated between 

replicas. The bars are color coded based on the lesion under investigation, with the G1 site in red, G2 site in green and G3 site in blue (see main text 

Figure 1 for θ definition).  
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Figure E.11: ϕavg (deg.) of the adduct in monoadducted (Secondary = Absent) and diadducted DNA, with standard deviations calculated between 

replicas. The bars are color coded based on the lesion under investigation, with the G1 site in red, G2 site in green and G3 site in blue (see main text 

Figure 1 for ϕ definition). 
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Figure E.12: MD representative structure of GB
1 

ANdG monoadducted DNA, highlighting the 

linking N–H hydrogen bonding with O4′ of the same nucleotide seen for both ANdG and APdG at 

all positions (left) or O3′ of the 5′ flanking nucleotide seen for ANdG and G1 (right). The adducted 

base is shown in green, the bulky moiety in red, and the flanking base in cyan. 
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Figure E.13:  Histogram of the θ dihedral angle (bolded) over all MD replicas for ANdG- (left) and 
APdG-containing DNA duplexes (right) at G1 (red), G2 (blue) or G3 (green) in monoadducted DNA 

in the S conformation.  

 

Figure E.14: Different views of an overlay of the lesion site from representative structures 

obtained from each MD simulation of ANdG monoadducted DNA in the S conformation, 

highlighting the nonplanarity of the bulky group with respect to the nucleobase. The adducted 

base is shown in green, the bulky moiety in red, and the flanking bases in cyan. 
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Figure E.15: LSIEavg (kJ/mol) of the adduct in monoadducted (Secondary = Absent) and diadducted DNA duplexes, with standard deviations 

calculated between replicas. The bars are color coded based on the lesion under investigation, with the G1 site in red, G2 site in green and G3 site in 

blue.  
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Figure E.16: SASAavg (Å2) of the adduct in monoadducted (Secondary = Absent) and diadducted DNA duplexes, with standard deviations 

calculated between replicas. The bars are color coded based on the lesion under investigation, with the G1 site in red, G2 site in green and G3 site in 

blue. 
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Figure E.17: MD representative structures of APdG monoadducted DNA at G3 (left) and 

diadducted DNA at G2G3 (right), highlighting the shift in sugar orientation in the S conformation 

at G3 upon addition of the second lesion. The adducted base is shown in green, the bulky moiety 

in red, and the flanking bases in cyan. 

 

Figure E.18: MD representative structure of APdG diadducted DNA in the GS
1G

S
2 conformation, 

highlighting the distorted sugar at G2 and G3, the intramolecular hydrogen bonds between the 

linker N–H and O4′, and the lack of lesion overlay due to helical twist. The adducted bases are 

shown in green and the bulky moiety in red.  
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Figure E.19: Histograms of the θ dihedral angle over all MD replicas for ANdG (left) and APdG 

(right) adducted DNA duplexes in the S conformation at G1 (top), G2 (middle) or G3 (bottom). 

The color indicates the presence and location of a second lesion, with ‘None’ corresponding to 

monoadducted DNA.  
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Figure E.20: Different views of an overlay of the lesion site from representative structures 

obtained from each MD simulation of ANdG diadducted DNA in the S conformation, highlighting 

the nonplanarity of the bulky group with respect to the nucleobase. The adducted base is shown in 

green, the bulky moiety in red, and the flanking bases in cyan. 

 

Figure E.21: Structures of A) the GB
1 (left), GB

3 (middle) and GB
1G

B
3 (right) ANdG-containing helices 

and B) the GS
2 (left), GS

3 (middle) and GS
2G

S
3 (right) APdG-containing helices, highlighting the range 

in helical distortion observed for monoadducted and diadducted DNA duplexes. 
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Table E.1: Average (standard deviation in parentheses) backbone RMSD (Å) across MD 

simulations of undamaged and damaged DNA.a 

System 
Primary 

Lesion  

Secondary 

Lesion  

ANdG APdG 

Replica 

1 

Replica 

2 

Replica 

3 

Replica 

1 
Replica 2 

Replica 

3 

Undamaged absent absent 2.9 (0.7) 2.9 (0.7) 3.0 (0.7) 2.9 (0.7) 2.9 (0.7) 3.0 (0.7) 

Monoadducted 

GB
1 absent 4.4 (0.9) 4.1 (0.8) 4.3 (0.8) 4.4 (0.8) 4.2 (0.8) 4.2 (0.8) 

GS
1 absent 4.4 (0.7) 4.4 (0.7) 5.7 (1.0) 5.3 (0.8) 5.6 (1.0) 5.3 (0.7) 

GB
2 absent 4.2 (0.8) 4.1 (0.8) 4.2 (0.8) 4.5 (0.8) 4.2 (0.8) 4.6 (0.7) 

GS
2 absent 4.5 (0.8) 4.9 (0.8) 4.3 (0.7) 6.4 (0.8) 5.8 (0.6) 5.6 (0.6) 

GB
3 absent 3.1 (0.6) 3.5 (0.8) 3.2 (0.6) 3.2 (0.6) 3.4 (0.7) 3.2 (0.7) 

GS
3 absent 3.5 (0.5) 3.6 (0.7) 4.0 (0.8) 4.5 (0.8) 4.6 (0.6) 4.5 (1.1) 

Diadducted 

GB
1 GB

2 2.6 (0.6) 2.7 (0.6) 2.7 (0.6) 3.2 (0.7) 3.3 (0.7) 3.7 (0.7) 

GB
1 GS

2 3.5 (0.7) 4.0 (0.5) 4.1 (0.5) 3.6 (0.7) 3.9 (0.7) 3.4 (0.7) 

GS
1 GB

2 2.9 (0.5) 3.0 (0.6) 3.2 (0.6) 3.8 (0.7) 3.7 (0.7) 4.0 (0.6) 

GS
1 GS

2 6.5 (0.7) 7.0 (0.7) 6.7 (0.7) 4.9 (1.0) 4.9 (1.1) 4.7 (0.9) 

GB
1 GB

3 3.8 (0.8) 3.8 (0.8) 3.4 (0.7) 3.4 (0.7) 3.4 (0.7) 3.7 (0.7) 

GB
1 GS

3 4.1 (0.7) 3.9 (0.8) 3.8 (0.7) 3.7 (0.7) 3.3 (0.6) 3.2 (0.6) 

GS
1 GB

3 3.7 (0.7) 3.9 (0.7) 4.0 (0.7) 3.7 (0.8) 3.6 (0.8) 3.4 (0.7) 

GS
1 GS

3 4.2 (0.8) 4.2 (0.7) 4.1 (0.7) 5.3 (0.8) 4.9 (0.8) 5.2 (0.7) 

GB
2 GB

3 3.5 (0.6) 3.1 (0.6) 3.2 (0.6) 3.8 (0.8) 3.7 (0.8) 3.9 (0.8) 

GB
2 GS

3 3.7 (0.6) 3.8 (0.6) 3.5 (0.6) 7.0 (0.7) 7.0 (0.6) 6.9 (1.5) 

GS
2 GB

3 3.3 (0.6) 4.6 (1.3) 3.4 (0.7) 5.8 (1.0) 5.0 (0.7) 5.1 (0.7) 

GS
2 GS

3 7.4 (1.2) 5.7 (2.3) 3.3 (0.7) 4.9 (1.0) 5.0 (0.9) 5.3 (1.1) 
aRMSDs calculated with respect to the first frame of the corresponding 500 ns MD production 

phase. 
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Table E.2: Occupancies (%) of the Watson-Crick hydrogen bonds at the terminal ends of 

DNA helices.a 

System Adduct Site(s) 
5′-terminal end 3′-terminal end 

Replica 1 Replica 2 Replica 3 Replica 1 Replica 2 Replica 3 

Undamaged absent N/A 99.4 99.5 99.4 99.7 99.8 99.7 

Monoadducted 

ANdG 

GB
1 99.1 99.2 99.9 99.8 99.8 99.9 

GB
2 99.4 99.3 99.8 99.7 99.7 99.8 

GB
3 99.0 99.7 99.8 99.7 99.8 99.8 

APdG 

GB
1 99.2 99.3 99.8 99.1 99.8 99.8 

GB
2 99.1 99.2 99.8 99.7 99.7 99.8 

GB
3 99.1 99.2 99.7 99.7 99.7 99.7 

ANdG 

GS
1 99.1 99.3 99.7 99.7 99.8 99.7 

GS
2 99.6 99.2 99.7 99.7 99.8 99.7 

GS
3 99.7 99.2 99.1 99.8 99.8 99.1 

APdG 

GS
1 99.3 99.1 99.7 99.7 99.8 99.7 

GS
2 99.2 99.0 99.7 99.8 99.8 99.7 

GS
3 99.2 99.2 99.8 99.7 99.7 99.8 

Diadducted 

ANdG 

GB
1GB

2 99.2 99.1 99.7 99.8 99.9 99.7 

GB
1GB

3 99.1 99.1 99.7 99.8 99.8 99.7 

GB
2GB

3 99.3 99.3 99.8 99.7 99.8 99.8 

APdG 

GB
1GB

2 99.3 99.1 99.8 99.8 99.8 99.8 

GB
1GB

3 99.3 99.2 99.7 99.7 99.7 99.7 

GB
2GB

3 99.2 99.2 99.9 99.7 99.8 99.9 

ANdG 

GB
1GS

2 99.1 99.3 99.8 99.9 99.7 99.8 

GB
1GS

3 99.1 99.2 99.7 99.8 99.7 99.7 

GB
2GS

3 99.3 99.4 99.8 99.8 99.8 99.8 

APdG 

GB
1GS

2 99.1 99.1 99.8 99.8 99.8 99.8 

GB
1GS

3 99.2 99.1 99.7 99.7 99.7 99.7 

GB
2GS

3 99.2 99.4 99.7 99.8 99.9 99.7 

ANdG 

GS
1GB

2 99.3 99.2 99.8 99.7 99.8 99.8 

GS
1GB

3 99.2 99.1 99.7 99.7 99.7 99.7 

GS
2GB

3 99.4 99.2 99.7 99.8 99.8 99.7 

APdG 

GS
1GB

2 99.1 99.4 99.7 99.8 99.8 99.7 

GS
1GB

3 99.1 99.0 99.7 99.7 99.7 99.7 

GS
2GB

3 99.4 99.2 99.8 99.9 99.7 99.8 

ANdG 

GS
1GS

2 99.2 99.1 99.8 99.8 99.8 99.8 

GS
1GS

3 99.1 99.1 99.8 99.7 99.7 99.8 

GS
2GS

3 99.2 99.6 99.8 99.8 99.7 99.8 

APdG 

GS
1GS

2 99.4 99.3 99.7 99.8 99.7 99.7 

GS
1GS

3 99.0 99.3 99.8 99.7 99.7 99.8 

GS
2GS

3 99.2 99.2 99.8 99.7 99.8 99.8 
aOccupancies determined as the percent of the simulation that at least three hydrogen bonds exist 

according to a heavy atom distance < 3.2 Å and a heavy atom–hydrogen–heavy atom angle > 

120°.  
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Table E.3: Occupancies (%) of the Watson-Crick hydrogen bonds at the lesion site for undamaged 

and monoadducted DNA duplexes in the B conformation.a 

Hydrogen 

Bondb 
Adductc Site Replica 1 Replica 2 Replica 3 Average 

Standard 

Deviationd 

(X)N2–H 

•••O2(C) 

absent 

G1 99.9 99.9 99.9 99.9 0.0 

G2 99.8 99.8 99.7 99.8 0.0 

G3 99.9 100.0 99.9 99.9 0.0 

ANdG 

GB
1 99.8 99.9 99.9 99.9 0.0 

GB
2 99.9 99.8 99.9 99.9 0.0 

GB
3 99.9 100.0 100.0 100.0 0.0 

APdG 

GB
1 99.8 99.8 99.9 99.8 0.1 

GB
2 99.8 99.7 99.9 99.8 0.1 

GB
3 99.8 99.7 99.8 99.8 0.0 

(X)N1–H 

•••N3(C) 

absent 

G1 100.0 99.9 100.0 100.0 0.0 

G2 100.0 99.9 99.9 99.9 0.0 

G3 100.0 100.0 100.0 100.0 0.0 

ANdG 

GB
1 98.6 99.3 99.3 99.1 0.3 

GB
2 99.9 99.7 99.8 99.8 0.1 

GB
3 99.7 99.8 99.8 99.8 0.0 

APdG 

GB
1 99.9 99.6 99.9 99.8 0.1 

GB
2 99.9 100.0 100.0 100.0 0.0 

GB
3 99.9 99.7 99.9 99.8 0.1 

(C)N4–H 

•••O6(X) 

absent 

G1 98.9 98.7 99.1 98.9 0.1 

G2 98.8 98.8 98.8 98.8 0.0 

G3 99.3 99.1 99.1 99.2 0.1 

ANdG 

GB
1 97.0 97.6 97.7 97.4 0.3 

GB
2 98.8 98.5 98.5 98.6 0.2 

GB
3 98.3 98.2 98.4 98.3 0.1 

APdG 

GB
1 97.6 97.5 97.7 97.6 0.1 

GB
2 99.3 99.2 99.3 99.2 0.1 

GB
3 98.5 98.3 98.5 98.5 0.1 

aOccupancies determined as the percent of the simulation that a hydrogen bonds exist according 

to a heavy atom distance < 3.2 Å and a heavy atom–hydrogen–heavy atom angle > 120°. bX 

represents the damaged nucleotide for adducted DNA or the undamaged nucleotide for natural 

DNA. cAbsent indicates undamaged DNA. dStandard deviation calculated over the occupancies 

from the three replicates.   
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Table E.4: Occupancies (%) of the Watson-Crick hydrogen bonds at the lesion sites for 

diadducted DNA duplexes in the B conformation.a 

Hydrogen 

Bondb 

Adduc

t 

Primar

y  

Lesion 

Secondary Lesion 

G1-B G1-S G2-B G2-S G3-B G3-S 

(X)N2–

H•••O2(C) 

ANdG 

GB
1 N/A N/A 99.9 95.3 99.9 99.7 

GB
2 99.8 99.7 N/A N/A 99.8 99.8 

GB
3 99.9 99.9 99.9 99.8 N/A N/A 

APdG 

GB
1 N/A N/A 99.8 97.8 99.9 99.9 

GB
2 99.8 99.3 N/A N/A 99.8 99.8 

GB
3 99.9 99.8 99.8 99.4 N/A N/A 

(X)N1–

H•••N3(C) 

ANdG 

GB
1 N/A N/A 99.5 95.5 99.1 98.4 

GB
2 99.9 99.5 N/A N/A 99.8 99.9 

GB
3 99.7 99.2 99.8 99.6 N/A N/A 

APdG 

GB
1 N/A N/A 99.1 94.9 99.7 99.6 

GB
2 99.9 99.5 N/A N/A 99.9 100.0 

GB
3 99.8 99.9 99.9 99.9 N/A N/A 

(C)N4–

H•••O6(X) 

ANdG 

GB
1 N/A N/A 97.4 82.6 97.2 96.3 

GB
2 98.9 97.6 N/A N/A 98.6 98.8 

GB
3 98.1 97.5 98.1 98.1 N/A N/A 

APdG 

GB
1 N/A N/A 95.6 90.8 97.1 97.6 

GB
2 99.5 98.7 N/A N/A 99.0 99.3 

GB
3 98.4 98.5 98.5 98.6 N/A N/A 

aOccupancies determined as the percent of the simulation that a hydrogen bonds exist according 

to a heavy atom distance < 3.2 Å and a heavy atom–hydrogen–heavy atom angle > 120°. bX 

represents the damaged nucleotide. 
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Table E.5: Occupancies (%) of the Watson-Crick hydrogen bonds flanking the nucleotides at the 

lesion site in monoadducted DNA duplexes.a,b 

Adduct Site 
Replica 1 Replica 2 Replica 3 Replica 1 Replica 2 Replica 3 

dC5:dG28 dG7:dC26 

ANdG 
GB

1 99.1 98.9 99.1 98.8 98.7 98.7 

GS
1 99.0 98.9 97.4 99.2 98.9 98.1 

APdG 
GB

1 98.7 98.7 98.8 98.9 98.8 98.8 

GS
1 98.1 98.4 98.8 99.1 98.9 99.1 

  dG6:dC27 dC8:dG25 

ANdG 
GB

2 99.1 98.9 99.0 99.4 99.1 99.3 

GS
2 98.5 96.0 98.2 97.8 98.4 97.9 

APdG 
GB

2 98.9 98.8 99.1 99.3 99.2 99.3 

GS
2 97.8 98.5 98.5 95.0 98.1 92.9 

  dC8:dG25 dC10:dG23 

ANdG 
GB

3 99.2 99.1 99.2 98.9 98.9 98.8 

GS
3 99.4 98.7 99.2 97.0 97.5 92.3 

APdG 
GB

3 99.1 98.7 98.9 98.8 98.7 99.0 

GS
3 98.8 98.2 98.5 93.0 92.2 96.1 

aNucleotide numbering is illustrated in Figure E.8. bOccupancies determined as the percent of the 

simulation that at least three hydrogen bonds exist according to a heavy atom distance < 3.2 Å and 

a heavy atom–hydrogen–heavy atom angle > 120°. 
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Table E.6: Occupancies (%) of the Watson-Crick hydrogen bonds flanking the nucleotides at the 

lesion sites in G1G2 diadducted DNA duplexes.a,b 

Adduct Sites 
Replica 1 

Replica 

2 

Replica 

3 
Replica 1 

Replica 

2 

Replica 

3 

dC5:dG28 dC8:dG25 

ANdG 

GB
1G

B
2 98.9 99.0 99.0 99.4 99.4 99.2 

GB
1G

S
2 99.4 99.3 99.4 96.7 97.3 97.6 

GS
1G

B
2 98.9 99.1 99.0 99.2 99.5 99.3 

GS
1G

S
2 97.7 98.4 98.6 98.3 97.6 97.7 

APdG 

GB
1G

B
2 98.0 98.5 98.5 99.0 99.3 99.2 

GB
1G

S
2 97.8 98.6 98.6 99.3 99.3 99.2 

GS
1G

B
2 98.2 97.7 98.5 99.3 99.0 99.2 

GS
1G

S
2 98.4 98.4 98.2 99.3 99.4 99.2 

aNucleotide numbering is illustrated in Figure E.8. bOccupancies determined as the percent of the 

simulation that at least three hydrogen bonds exist according to a heavy atom distance < 3.2 Å and 

a heavy atom–hydrogen–heavy atom angle > 120°. 
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Table E.7: Occupancies (%) of the Watson-Crick hydrogen bonds flanking the nucleotides at the 

lesion sites in G1G3 diadducted DNA duplexes.a,b 

Adduct Sites 
Replica 1 

Replica 

2 

Replica 

3 
Replica 1 

Replica 

2 

Replica 

3 

dC5:dG28 dG7:dC26 

ANdG 

GB
1G

B
3 99.0 99.2 99.1 98.8 99.0 98.6 

GB
1G

S
3 99.0 99.1 99.1 99.0 99.0 98.8 

GS
1G

B
3 99.0 98.9 98.7 98.7 99.1 99.2 

GS
1G

S
3 98.6 98.8 99.1 99.1 99.5 99.3 

APdG 

GB
1G

B
3 98.7 98.8 98.7 99.0 99.2 98.9 

GB
1G

S
3 98.8 98.6 98.8 99.0 99.0 98.9 

GS
1G

B
3 98.5 98.5 98.1 99.2 99.1 99.1 

GS
1G

S
3 98.5 97.2 98.4 99.1 99.3 99.1 

 dC8:dG25 dC10:dG23 

ANdG 

GB
1G

B
3 99.0 99.2 99.0 98.7 98.9 98.7 

GB
1G

S
3 99.2 99.1 99.2 93.5 94.8 98.9 

GS
1G

B
3 99.0 99.2 99.0 98.7 98.7 98.9 

GS
1G

S
3 99.0 99.3 99.1 95.6 98.4 94.2 

APdG 

GB
1G

B
3 98.7 98.9 98.7 98.7 98.9 98.9 

GB
1G

S
3 98.8 99.1 99.1 93.7 93.0 92.6 

GS
1G

B
3 98.7 98.7 98.3 98.8 98.7 98.9 

GS
1G

S
3 99.1 99.0 99.1 95.4 94.5 93.7 

aNucleotide numbering is illustrated in Figure E.8.  bOccupancies determined as the percent of the 

simulation that at least three hydrogen bonds exist according to a heavy atom distance < 3.2 Å and 

a heavy atom–hydrogen–heavy atom angle > 120°. 
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Table E.8: Occupancies (%) of the Watson-Crick hydrogen bonds flanking the nucleotides at the 

lesion sites in G2G3 diadducted DNA duplexes.a,b 

 

 

 

 

 

 

aNucleotide numbering is illustrated in Figure E.8. bOccupancies determined as the percent of the 

simulation that at least three hydrogen bonds exist according to a heavy atom distance < 3.2 Å and 

a heavy atom–hydrogen–heavy atom angle > 120°. 

  

Adduct Sites 
Replica 1 

Replica 

2 

Replica 

3 

dG6:dC27 

ANdG 

GB
2G

B
3 98.9 98.8 99.1 

GB
2G

S
3 99.0 99.1 99.0 

GS
2G

B
3 99.0 97.7 98.7 

GS
2G

S
3 98.8 98.9 98.9 

APdG 

GB
2G

B
3 98.8 98.8 98.7 

GB
2G

S
3 98.9 98.9 99.1 

GS
2G

B
3 97.2 97.8 97.9 

GS
2G

S
3 99.4 99.3 99.3 

 dC8:dG25 

ANdG 

GB
2G

B
3 99.1 99.2 99.2 

GB
2G

S
3 99.1 98.2 98.9 

GS
2G

B
3 97.6 97.8 97.8 

GS
2G

S
3 94.0 98.9 98.6 

APdG 

GB
2G

B
3 99.0 98.9 99.0 

GB
2G

S
3 99.2 99.0 98.9 

GS
2G

B
3 46.2 94.2 92.1 

GS
2G

S
3 77.1 75.4 41.8 

 dC10:dG23 

ANdG 

GB
2G

B
3 98.7 98.9 98.9 

GB
2G

S
3 93.5 95.6 94.7 

GS
2G

B
3 99.0 98.9 99.0 

GS
2G

S
3 98.7 97.6 99.3 

APdG 

GB
2G

B
3 98.9 98.6 98.7 

GB
2G

S
3 93.8 94.7 95.9 

GS
2G

B
3 99.0 99.0 99.0 

GS
2G

S
3 99.1 99.0 98.7 
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Table E.9: Average (standard deviation in parentheses) χ dihedral angle (deg.) for each replica 

and across all replicas (χavg) for undamaged and monoadducted DNA.a   

Adduct Site Replica 1 Replica 2 Replica 3 χavg BSEc 

absentb 

G1 256.2 (19.3) 252.9 (18.9) 252.5 (19.4) 253.9 (2.0) 1.2 

G2 244.1 (16.7) 241.1 (19.7) 244.3 (15.2) 243.2 (1.8) 0.9 

G3 254.1 (16.2) 254.1 (15.8) 254.5 (15.3) 254.2 (0.2) 0.4 

ANdG 

GB
1 231.0 (12.8) 225.5 (17.7) 229.9 (14.2) 228.8 (2.9) 0.7 

GB
2 225.0 (13.1) 223.4 (14.6) 225.9 (12.2) 224.8 (1.3) 0.6 

GB
3 230.7 (12.5) 231.0 (12.2) 231.2 (12.3) 231.0 (0.3) 0.1 

APdG 

GB
1 196.0 (16.3) 210.9 (21.6) 201.2 (19.7) 202.7 (7.5) 13.3 

GB
2 215.9 (16.6) 217.6 (13.8) 221.0 (12.3) 218.1 (2.6) 0.8 

GB
3 216.5 (21.8) 217.9 (21.9) 218.7 (21.1) 217.7 (1.1) 3.1 

ANdG 

GS
1 55.3 (12.8) 59.5 (16.3) 58.2 (14.4) 57.6 (2.2) 0.6 

GS
2 48.4 (16.3) 57.4 (16.8) 51.7 (17.6) 52.5 (4.6) 0.9 

GS
3 50.3 (21.9) 54.7 (18.8) 44.5 (14.9) 49.8 (5.2) 1.2 

APdG 

GS
1 41.6 (16.9) 45.2 (28.1) 44.1 (20.2) 43.6 (1.9) 0.9 

GS
2 55.9 (38.7) 51.9 (46.4) 40.8 (19.9) 49.6 (7.8) 3.0 

GS
3 38.2 (16.6) 39.4 (14.9) 47.4 (54.2) 41.7 (5.0) 4.8 

aχ = ∠(O4′−C1′−N9−C4). See Figure 1 in the main text. bUndamaged DNA. cBlock standard error 

(BSE) extrapolated from all frames of the three replicas fitted to a monomolecular growth model. 

 

Table E.10: Average (standard deviation in parentheses) θ dihedral angle (deg.) for each replica 

and across all replicas (θavg) for monoadducted DNA.a   

Adduct Site Replica 1 Replica 2 Replica 3 θavg BSEb 

ANdG 

GB
1 124.9 (22.7) 132.6 (31.6) 126.8 (25.2) 128.1 (4.0) 1.7 

GB
2 141.8 (23.5) 143.9 (25.1) 141.2 (22.9) 142.3 (1.4) 2.1 

GB
3 132.7 (19.6) 132.6 (18.6) 132.5 (19.1) 132.6 (0.1) 0.2 

APdG 

GB
1 182.8 (41.3) 171.6 (38.7) 177.0 (41.3) 177.1 (5.6) 18.9 

GB
2 173.1 (22.0) 172.3 (19.3) 169.9 (20.7) 171.8 (1.7) 11.5 

GB
3 158.1 (33.4) 157.8 (33.5) 155.6 (33.4) 157.2 (1.4) 11.5 

ANdG 

GS
1 263.0 (40.2) 241.9 (26.0) 235.6 (58.0) 246.8 (14.4) 11.4 

GS
2 244.9 (77.7) 99.1 (85.7) 245.4 (69.7) 196.5 (84.4) 10.5 

GS
3 262.9 (27.0) 79.3 (86.9) 246.2 (22.4) 196.1 (101.6) 8.5 

APdG 

GS
2 171.9 (21.2) 163.3 (49.1) 223.6 (33.8) 186.3 (32.6) 16.6 

GS
2 182.3 (58.1) 197.3 (29.9) 202.5 (28.7) 194.1 (10.5) 13.0 

GS
3 195.3 (30.6) 181.8 (28.0) 186.6 (28.1) 187.9 (6.8) 18.2 

aθ = ∠(N9−C8−N10–C10). See Figure 6.1 in the main text.  bBlock standard error (BSE) 

extrapolated from all frames of the three replicas fitted to a monomolecular growth model. 
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Table E.11: Average (standard deviation in parentheses) φ dihedral angle (deg.) for each replica 

and across all replicas (φ avg) for monoadducted DNA.a   

Adduct Site Replica 1 Replica 2 Replica 3 φavg BSEb
 

ANdG 

GB
1 0.6 (11.8) 0.4 (11.9) 0.6 (11.8) 0.5 (0.1) 0.2 

GB
2 6.0 (12.3) 6.0 (12.4) 6.3 (12.3) 6.1 (0.1) 0.2 

GB
3 2.7 (11.9) 2.5 (11.8) 2.8 (11.9) 2.7 (0.1) 0.1 

APdG 

GB
1 4.3 (12.3) 7.3 (13.2) 5.0 (12.6) 5.5 (1.3) 0.4 

GB
2 16.7 (12.1) 17.8 (11.7) 17.5 (11.6) 17.3 (0.4) 0.2 

GB
3 10.8 (13.0) 11.0 (12.9) 10.8 (13.0) 10.9 (0.1) 0.5 

ANdG 

GS
1 3.3 (11.1) 2.7 (10.9) 2.8 (10.8) 2.9 (0.2) 0.2 

GS
2 -0.5 (10.6) 0.4 (10.7) -0.1 (10.9) -0.1 (0.3) 0.1 

GS
3 1.4 (10.7) 0.0 (9.9) 1.5 (9.4) 1.0 (0.7) 15.7 

APdG 

GS
1 -3.8 (11.2) -4.0 (11.3) -3.3 (10.4) -3.7 (0.3) 0.1 

GS
2 -4.8 (12.3) -6.1 (12.1) -7.8 (11.6) -6.3 (1.2) 0.3 

GS
3 -7.3 (11.1) -7.5 (11.0) -6.6 (11.7) -7.2 (0.4) 0.3 

aφ = ∠(C8−N10–C10–C11). See Figure 1 in the main text. bBlock standard error (BSE) 

extrapolated from all frames of the three replicas fitted to a monomolecular growth model. 

  



546 

Table E.12: Occupancies (%) of the non-Watson-Crick hydrogen bonds at the lesion site of 

monoadducted DNA.a,b 

Adduct Site Hydrogen Bondc Replica 

1 

Replica 

2 

Replica 

3 
Averaged Standard 

Deviatione 

ANdG 

GB
1 (X6)N10–H•••O3'(C5) 33.0 25.8 29.9 29.6 2.9 

GB
1 (X6)N10–H•••O4'(X6) 48.5 52.2 50.3 50.3 1.5 

GB
2 (X7)N10–H•••O4'(X7) 80.2 79.9 79.5 79.9 0.3 

GB
3 (X9)N10–H•••O4'(X9) 75.1 75.2 74.6 75.0 0.3 

APdG 

GB
1 (X6)N10–H•••O4'(X6) 53.5 50.1 53.7 52.4 1.6 

GB
2 (X7)N10–H•••O4'(X7) 48.5 48.8 46.3 47.9 1.1 

GB
3 (X9)N10–H•••O4'(X9) 60.7 60.7 59.9 60.4 0.4 

ANdG 

GS
1 (C27)N4–H•••O6(X6) 63.5 0.0 0.0 21.2 29.9 

GS
1 (X6)N10–H•••N1(G28) 19.4 21.3 0.0 13.5 9.6 

GS
1 (X6)N10–H•••N2(G28) 45.9 50.7 0.0 32.2 22.9 

GS
1 (X6)N10–H•••O4'(G7) 6.1 0.0 46.9 17.7 20.8 

GS
1 (C27)N4–H•••OP2(C26) 5.7 8.0 10.1 7.9 1.8 

GS
2 (C26)N4–H•••O6(X7) 18.8 57.5 28.6 35.0 16.4 

GS
2 (C26)N4–H•••N7(X7) 7.9 22.9 15.5 15.4 6.1 

GS
2 (X7)N10–H•••O2(C27) 17.6 5.7 12.6 11.9 13.5 

GS
2 (X7)N10–H•••O4'(C8) 17.3 34.1 10.4 20.6 7.1 

GS
2 (X7)N10–H•••N2(G6) 28.2 13.0 28.1 23.1 16.1 

GS
3 (C24)N4–H•••O6(X9) 0.0 37.1 0.0 12.4 17.5 

GS
3 (X9)N10–H•••O4'(C10) 0.0 33.8 0.0 11.3 15.9 

GS
3 (X9)N10–H•••N2(G25) 37.1 12.7 50.8 33.5 15.7 

GS
3 (X9)N10–H•••N3(G25) 37.6 21.9 21.0 26.8 7.6 

APdG 

GS
1 (C27)N4–H•••OP2(C26) 60.7 0.0 33.0 31.3 24.8 

GS
1 (C26)N4–H•••O6(X6) 0.0 0.0 29.7 9.9 14.0 

GS
1 (X6)N10–H•••N2(G28) 0.0 6.1 36.4 14.1 15.9 

GS
2 (X7)N10–H•••N2(G6) 7.3 8.6 10.1 8.7 1.2 

GS
2 (X7)N10–H•••O4'(X7) 11.5 16.0 0.0 9.2 6.8 

GS
2 (C26)N4–H•••OP2(G25) 19.8 34.1 23.3 25.7 6.1 

GS
3 (C24)N4–H•••OP2(G23) 30.5 43.6 36.1 36.7 5.4 

aNucleotide numbering is illustrated in Figure E.8. bOccupancies determined as the percent of the 

simulation that a hydrogen bonds exist according to a heavy atom distance < 3.2 Å and a heavy 

atom–hydrogen–heavy atom angle > 120°. cX represents the damaged nucleotide. dAverage 

occupancy calculated over the three replicates. eStandard deviation calculated over the three 

replicas.  
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Table E.13: Average (standard deviation in parentheses) lesion site interaction energy (kJ/mol) for 

undamaged and monoadducted DNA duplexes. 

Adduct Site LSIEavg, b 

Dataset 

Standard 

Deviationc 

LSIE 

BSEd 

Average 

Stackinge 

Dataset 

Standard 

Deviation
c 

Average 

Hydrogen 

Bondingf  

Dataset 

Standard 

Deviationc 

absenta 

G1 –215.9 (0.7) 13.7 0.1 –97.3 (0.6) 12.1 –118.6 (0.0) 7.4 

G2 –208.4 (0.1) 14.8 0.1 –90.7 (0.3) 12.3 –117.7 (0.1) 7.6 

G3 –235.7 (0.5) 14.4 0.0 –117.2 (0.4) 12.3 –118.6 (0.1) 7.3 

ANdG 

GB
1 –213.9 (0.4) 15.8 0.2 –104.5 (0.5) 12.9 –109.4 (0.2) 8.7 

GB
2 –209.9 (0.2) 15.2 0.0 –99.8 (0.2) 12.9 –110.2 (0.1) 7.3 

GB
3 –239.4 (0.2) 14.6 0.1 –129.6 (0.1) 12.7 –109.8 (0.1) 7.5 

APdG 

GB
1 –201.5 (0.7) 15.5 2.6 –96.7 (0.4) 13.9 –104.7 (0.4) 8.0 

GB
2 –226.3 (0.3) 17.1 0.2 –119.2 (0.4) 14.8 –107.1 (0.3) 6.9 

GB
3 –246.4 (0.4) 16.8 0.9 –140.5 (0.3) 14.5 –105.9 (0.1) 7.7 

ANdG 

GS
1 –24.1 (65.1) 74.9 1.7 –40.0 (35.8) 44.4 15.9 (29.3) 33.5 

GS
2 –33.7 (25.1) 72.0 1.5 –48.7 (15.0) 46.2 15.1 (10.1) 30.1 

GS
3 –39.1 (64.2) 91.3 2.1 –47.9 (39.7) 57.5 8.9 (24.6) 36.5 

APdG 

GS
1 –123.3 (36.2) 51.6 1.1 –103.4 (21.6) 33.7 –19.9 (15.1) 23.8 

GS
2 –101.2 (7.4) 49.6 0.8 –106.8 (4.4) 37.6 5.6 (3.6) 16.1 

GS
3 –81.5 (7.1) 49.4 1.3 –86.7 (4.9) 37.8 5.2 (2.3) 13.9 

aUndamaged DNA. bAverage of the sum of stacking and hydrogen-bonding interactions for the 

adducted base, bulky moiety and opposing C, with standard deviation calculated between the 

replicas. cStandard deviation calculated over the 1.5 μs dataset from the three replicas. dBlock 

standard error (BSE) extrapolated from all frames of the three replicas fitted to a monomolecular 

growth model. eAverage of the stacking between the adduct (base and bulky moiety) plus the 

opposing C and the flanking nucleobases, with standard deviation calculated between the replicas.  
fAverage of the hydrogen-bonding interaction between the adduct and the pairing C, with standard 

deviation calculated between the replicas. 
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Table E.14: Average (standard deviation in parentheses) pseudostep parametersa for undamaged 

and monoadducted DNA.  

Adduct Site Rise (Å) Shift (Å) 
Slide 

(Å) 
Roll (deg.) Tilt (deg.) Twist (deg.) 

Axial Bend 

(deg.) 

absentb N/A 22.7 (0.0) 0.5 (0.1) 3.0 (0.1) –9.7 (0.5) 0.2 (0.7) –117.0 (0.6) 39.4 (0.4) 

ANdG 

GB
1 22.6 (0.0) 1.5 (0.1) 3.2 (0.1) –8.5 (0.4) –5.3 (0.8) –119.9 (0.6) 39.1 (0.3) 

GB
2 22.5 (0.0) 1.1 (0.2) 4.3 (0.0) –12.7 (0.1) –5.5 (0.4) –121.8 (0.1) 39.3 (0.4) 

GB
3 22.4 (0.3) 0.0 (0.1) 3.5 (0.3) –16.3 (2.0) –0.5 (1.8) –117.4 (2.5) 39.0 (0.8) 

APdG 

GB
1 22.4 (0.0) 2.3 (0.1) 4.2 (0.1) –7.3 (1.4) –6.2 (1.0) –126.6 (2.0) 46.5 (0.1) 

GB
2 22.6 (0.2) 0.9 (0.2) 4.1 (0.6) –13.3 (1.5) –4.2 (2.2) –120.8 (3.4) 37.6 (2.2) 

GB
3 22.7 (0.0) –0.5 (0.0) 3.4 (0.1) –14.7 (0.6) –2.2 (0.1) –121.6 (0.3) 39.5 (0.2) 

ANdG 

GS
1 21.5 (1.2) 2.4 (1.7) 6.0 (3.1) –28.1 (14.1) –22.7 (11.1) –124.8 (5.1) 49.0 (5.3) 

GS
2 22.5 (0.1) 0.7 (0.1) 3.7 (0.5) –28.5 (5.1) –3.4 (2.3) –117.3 (0.7) 45.1 (0.4) 

GS
3 22.6 (1.4) –0.8 (1.4) 4.5 (3.0) –20.6 (7.3) 14.9 (11.6) –119.8 (6.8) 44.4 (7.3) 

APdG 

GS
2 22.4 (0.2) 2.9 (0.5) 4.8 (0.3) –24.5 (5.6) –13.8 (3.2) –129.9 (4.5) 44.1 (2.5) 

GS
2 21.8 (0.4) 1.5 (0.3) 6.1 (1.1) –31.6 (3.9) –5.7 (1.2) –131.6 (2.5) 46.8 (0.8) 

GS
3 21.9 (0.4) –2.5 (0.8) 6.7 (1.0) –21.6 (2.3) 14.5 (1.4) –134.0 (1.0) 46.7 (1.2) 

aThe pseudostep is defined in Figure E.8. bUndamaged DNA. 
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Table E.15: Relative deviations in the pseudostep parameters from undamaged DNA, with the 

number of Xs representing the degree of distortion.a, b  

Adduct Site(s) Rise Shift Slide Roll Tilt Twist 
Axial 

Bend 

ANdG 

GB
1 - - - - - - - 

GB
2 - - - - - - - 

GB
3 - - - - - - - 

APdG 

GB
1 - - - - - - - 

GB
2 - - - - - - - 

GB
3 - - - - - - - 

ANdG 

GS
1 - - X X XX - - 

GS
2 - - - X - - - 

GS
3 - - - X X - - 

APdG 

GS
1 - X - X X X - 

GS
2 - - X XX - X - 

GS
3 - X X X X X - 

ANdG 

GB
1G

B
2 - X X - - X - 

GB
1G

B
3 - - - - - - - 

GB
2G

B
3 - - X - - - - 

APdG 

GB
1G

B
2 - X X - X X - 

GB
1G

B
3 - - X - - X - 

GB
2G

B
3 - - X X X X - 

ANdG 

GB
1G

S
2 - - - - - - - 

GB
1G

S
3 - - XX X X X X 

GB
2G

S
3 - - XX X X X - 

APdG 

GB
1G

S
2 - - X - - XXX - 

GB
1G

S
3 X - XXX X X XX - 

GB
2G

S
3 - X XX X - XX - 

ANdG 

GS
1G

B
2 X X XX XX XXX X X 

GS
1G

B
3 X X XX XXX XX - X 

GS
2G

B
3 - - X XXX - - X 

APdG 

GS
1G

B
2 - XX XX X X XXX - 

GS
1G

B
3 - - X XX X XX - 

GS
2G

B
3 - - - X - 

XXXX

X 
- 

ANdG 

GS
1G

S
2 - - - - - - - 

GS
1G

S
3 XX - XXXX XXXX - X XX 

GS
2G

S
3 - X XXX - - 

XXXX

X 
- 

APdG 

GS
1G

S
2 - XXX XXX XXXX X 

XXXX

X 
- 

GS
1G

S
3 X - XXX XX - XX X 

GS
2G

S
3 - XX 

XXXX

X 

XXXX

X 
X 

XXXX

X 
- 

aThe pseudostep is defined in Figure E.8. bEach X represents a 2 Å or 10° change from the value 

in undamaged DNA, with five Xs indicating changes > 12 Å or 60°. 
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Table E.16: Average (standard deviation in parentheses) solvent accessible surface area of the 

hydrophobic aryl bulky group (SASA, Å2) for monoadducted DNA. 

Adduct Site Replica 1 Replica 2 Replica 3 SASAavg, a 
Dataset 

Standard 

Deviationb 

BSEc 

ANdG 

GB
1 117.7 (6.1) 119.0 (6.9) 118.0 (6.5) 

118.2 

(0.7) 
6.5 

0.2 

GB
2 117.1 (6.0) 117.4 (6.1) 116.8 (5.9) 

117.1 

(0.3) 
6.0 

0.2 

GB
3 118.4 (6.0) 118.6 (5.9) 118.5 (5.8) 

118.5 

(0.1) 
5.9 

0.1 

APdG 

GB
1 188.7 (6.0) 184.3 (7.3) 187.1 (6.8) 

186.7 

(2.2) 
6.9 

11.2 

GB
2 180.5 (6.5) 179.8 (6.1) 179.9 (5.7) 

180.0 

(0.4) 
6.1 

16.5 

GB
3 181.0 (7.7) 180.6 (7.6) 180.3 (7.7) 

180.6 

(0.3) 
7.6 

18.8 

ANdG 

GS
1 66.3 (22.1) 59.4 (14.2) 86.5 (32.6) 

70.7 

(14.1) 
26.8 

2.4 

GS
2 70.2 (23.4) 88.2 (25.9) 73.7 (25.5) 77.4 (9.6) 26.2 2.1 

GS
3 69.2 (29.1) 74.9 (22.2) 58.7 (16.8) 67.6 (8.2) 24.2 2.6 

APdG 

GS
2 106.7 (9.9) 

109.6 

(14.8) 
113.7 (10.9) 

110.0 

(3.5) 
12.4 

0.6 

GS
2 

116.7 

(21.1) 
108.0 

(11.3) 
108.5 (11.1) 

111.1 

(4.9) 
15.8 

1.1 

GS
3 

107.0 

(11.4) 
107.0 

(10.1) 
104.3 (11.8) 

106.1 

(1.6) 
11.2 

0.7 
aAverage SASA over the three replicates with the standard deviation (parentheses) calculated 

between the replicas. bStandard deviation calculated over the 1.5 μs dataset from the three 

replicas. cBlock standard error (BSE) extrapolated from all frames of the three replicas fitted to a 

monomolecular growth model. 
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Table E.17: Average (standard deviation in parentheses) χ dihedral angle (deg.) for each replica 

and across all replicas (χavg) for diadducted DNA.a   

Adduct 
Primary 

Lesion  

Secondary 

Lesion  
Replica 1 Replica 2 Replica 3 χavg BSEb Δχc 

ANdG 

GB
1 

GB
2 216.4 (22.5) 223.1 (20.7) 211.2 (23.6) 216.9 (6.0) 1.6 –11.9 

GS
2 227.1 (11.2) 228.6 (10.9) 228.0 (11.6) 227.9 (0.8) 0.3 –0.9 

GB
3 228.3 (15.7) 229.4 (14.6) 229.5 (14.2) 229.1 (0.7) 0.7 0.3 

GS
3 228.3 (14.9) 225.1 (17.0) 230.9 (13.3) 228.1 (2.9) 0.7 –0.7 

GB
2 

GB
1 226.8 (12.3) 227.2 (12.1) 226.4 (12.7) 226.8 (0.4) 0.3 2.0 

GS
1 244.1 (22.6) 242.5 (27.7) 245.1 (30.0) 243.9 (1.3) 2.3 19.1 

GB
3 220.7 (15.8) 217.7 (17.8) 218.8 (17.2) 219.1 (1.5) 1.1 –5.7 

GS
3 222.6 (11.0) 221.3 (14.7) 223.2 (10.8) 222.4 (1.0) 0.6 –2.4 

GB
3 

GB
1 231.0 (12.6) 231.5 (12.3) 230.6 (12.6) 231.0 (0.5) 0.2 0.0 

GS
1 228.9 (14.4) 229.5 (13.1) 229.1 (13.3) 229.2 (0.3) 0.4 –1.8 

GB
2 224.4 (16.7) 227.2 (14.4) 227.0 (14.5) 226.2 (1.6) 0.8 –4.8 

GS
2 229.9 (14.8) 227.4 (15.8) 228.6 (15.5) 228.6 (1.3) 0.7 –2.4 

APdG 

GB
1 

GB
2 191.3 (21.7) 189.8 (20.6) 183.4 (15.8) 188.2 (4.2) 12.6 –14.5 

GS
2 222.8 (19.8) 222.2 (21.6) 211.1 (24.9) 218.7 (6.6) 1.8 16.0 

GB
3 201.0 (20.3) 198.6 (19.0) 200.3 (19.6) 200.0 (1.2) 2.0 –2.8 

GS
3 211.7 (20.0) 209.7 (20.6) 210.6 (20.5) 210.7 (1.0) 2.0 8.0 

GB
2 

GB
1 214.4 (18.3) 216.8 (14.4) 217.4 (13.2) 216.2 (1.6) 3.4 –1.9 

GS
1 221.5 (18.1) 218.2 (20.3) 216.3 (19.5) 218.7 (2.6) 2.4 0.5 

GB
3 201.4 (20.3) 215.1 (14.8) 212.4 (16.7) 209.6 (7.3) 1.4 –8.5 

GS
3 216.3 (15.0) 210.2 (19.1) 216.3 (15.5) 214.3 (3.5) 1.2 –3.9 

GB
3 

GB
1 220.8 (20.1) 209.4 (22.7) 212.1 (22.0) 214.1 (6.0) 3.2 –3.6 

GS
1 218.4 (18.4) 210.5 (22.1) 203.8 (21.1) 210.9 (7.3) 3.2 –6.8 

GB
2 204.5 (25.4) 203.9 (24.0) 196.8 (22.4) 201.8 (4.3) 3.8 –15.9 

GS
2 203.5 (19.6) 211.3 (20.8) 207.2 (21.0) 207.3 (3.9) 1.9 –10.4 

ANdG 

GS
1 

GB
2 54.5 (14.3) 56.9 (13.4) 57.3 (13.6) 56.2 (1.5) 0.5 –1.4 

GS
2 53.4 (16.8) 48.5 (14.2) 49.9 (15.5) 50.6 (2.5) 0.3 –7.1 

GB
3 49.4 (14.6) 48.8 (13.1) 47.3 (14.1) 48.5 (1.1) 0.6 –9.1 

GS
3 50.1 (14.7) 48.0 (13.9) 55.3 (18.2) 51.1 (3.7) 0.3 –6.5 

GS
2 

GB
1 65.0 (16.8) 68.0 (15.7) 67.7 (15.1) 66.9 (1.6) 0.4 14.4 

GS
1 57.6 (12.8) 61.9 (12.8) 62.0 (12.6) 60.5 (2.5) 0.5 8.0 

GB
3 43.3 (14.0) 53.6 (17.6) 43.6 (14.0) 46.8 (5.8) 0.8 –5.7 

GS
3 53.5 (23.7) 70.0 (36.1) 101.0 (34.4) 74.8 (24.1) 3.3 22.3 

GS
3 

GB
1 49.0 (17.2) 44.0 (14.8) 47.7 (14.3) 46.9 (2.6) 0.6 –2.9 

GS
1 44.6 (15.3) 49.9 (15.1) 46.8 (16.0) 47.1 (2.6) 0.6 –2.7 

GB
2 44.5 (15.1) 60.1 (17.3) 44.7 (15.2) 49.8 (9.0) 1.0 –0.1 

GS
2 52.4 (15.9) 64.7 (15.7) 69.9 (14.1) 62.3 (8.9) 1.0 12.5 

APdG 

GS
1 

GB
2 41.1 (13.3) 44.4 (24.6) 53.3 (35.9) 46.2 (6.3) 2.2 2.6 

GS
2 146.9 (26.0) 129.5 (37.9) 139.5 (21.5) 138.6 (8.8) 5.1 95.0 

GB
3 45.8 (19.9) 42.1 (19.2) 40.6 (17.9) 42.9 (2.7) 0.5 –0.8 

GS
3 45.1 (24.3) 50.5 (41.2) 43.6 (18.9) 46.4 (3.6) 1.7 2.8 

GS
2 

GB
1 174.1 (20.6) 176.3 (18.6) 170.1 (24.9) 173.5 (3.1) 10.3 123.9 

GS
1 190.8 (16.0) 183.7 (17.9) 188.7 (16.4) 187.7 (3.7) 14.8 138.2 

GB
3 64.7 (35.1) 43.0 (25.7) 46.2 (32.0) 51.3 (11.7) 2.6 1.7 

GS
3 131.4 (32.4) 135.5 (15.6) 132.2 (17.3) 133.1 (2.2) 5.2 83.5 

GS
3 

GB
1 37.8 (16.4) 37.4 (15.5) 37.0 (15.5) 37.4 (0.4) 0.3 –4.3 

GS
1 43.6 (27.2) 45.2 (41.5) 41.5 (21.9) 43.4 (1.9) 2.7 1.8 

GB
2 39.1 (29.5) 36.1 (18.0) 47.4 (45.1) 40.9 (5.9) 2.8 –0.8 

GS
2 170.3 (18.9) 171.7 (18.7) 177.7 (21.0) 173.2 (4.0) 15.6 131.6 

aχ = ∠(O4′−C1′−N9−C4). See Figure 1 in the main text. bBlock standard error (BSE) extrapolated 

from all frames of the three replicas fitted to a monomolecular growth model. cCalculated as the 

difference in χavg for the lesion in diadducted DNA minus monoadducted DNA.   
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Table E.18: Average (standard deviation in parentheses) θ dihedral angle (deg.) for each replica 

and across all replicas (θavg) for diadducted DNA.a   

Adduct 
Primary  

Lesion 

Secondary 

Lesion 
Replica 1 Replica 2 Replica 3 θavg BSEb Δθc 

ANdG 

GB
1 

GB
2 141.5 (37.3) 134.9 (35.0) 149.9 (39.6) 142.1 (7.5) 7.2 14.0 

GS
2 144.8 (21.3) 139.8 (19.3) 139.9 (20.2) 141.5 (2.9) 1.2 13.4 

GB
3 127.4 (27.9) 125.2 (25.8) 125.5 (25.0) 126.0 (1.2) 1.5 –2.1 

GS
3 130.4 (26.7) 135.5 (29.7) 127.6 (23.9) 131.2 (4.0) 1.0 3.0 

GB
2 

GB
1 143.8 (24.1) 141.2 (23.0) 146.6 (25.2) 143.9 (2.7) 0.9 1.6 

GS
1 134.7 (21.7) 136.4 (18.3) 138.7 (24.1) 136.6 (2.0) 1.5 –5.7 

GB
3 147.8 (27.7) 150.0 (29.6) 149.3 (29.2) 149.0 (1.1) 6.0 6.7 

GS
3 148.9 (22.0) 148.3 (26.8) 147.7 (22.2) 148.3 (0.6) 3.6 6.0 

GB
3 

GB
1 132.8 (19.2) 132.8 (18.6) 133.1 (19.3) 132.9 (0.2) 0.2 0.3 

GS
1 135.6 (21.7) 134.4 (20.6) 134.6 (20.8) 134.9 (0.7) 0.5 2.3 

GB
2 139.2 (26.4) 135.4 (22.9) 135.4 (23.8) 136.7 (2.2) 1.1 4.1 

GS
2 130.0 (22.3) 133.2 (27.0) 131.6 (23.4) 131.6 (1.6) 2.5 –1.0 

APdG 

GB
1 

GB
2 185.3 (19.9) 186.0 (18.7) 190.1 (16.5) 187.1 (2.6) 13.6 10.0 

GS
2 174.2 (18.6) 172.7 (18.7) 180.0 (20.4) 175.7 (3.9) 16.5 –1.5 

GB
3 178.3 (41.3) 180.8 (40.2) 174.7 (43.0) 178.0 (3.1) 18.4 0.8 

GS
3 167.6 (39.8) 172.5 (38.2) 170.0 (38.4) 170.1 (2.4) 15.9 –7.1 

GB
2 

GB
1 176.0 (16.9) 175.3 (16.1) 177.0 (15.3) 176.1 (0.9) 14.7 4.3 

GS
1 169.6 (21.6) 171.3 (21.9) 173.5 (25.0) 171.5 (2.0) 13.9 –0.3 

GB
3 175.6 (29.1) 168.6 (24.4) 170.3 (23.6) 171.5 (3.7) 16.9 –0.3 

GS
3 174.2 (20.9) 177.1 (23.0) 174.6 (20.9) 175.3 (1.6) 15.3 3.5 

GB
3 

GB
1 156.4 (32.4) 167.2 (36.5) 163.6 (36.0) 162.4 (5.5) 14.6 5.2 

GS
1 163.5 (31.1) 169.0 (34.9) 176.7 (33.5) 169.7 (6.6) 16.7 12.5 

GB
2 172.3 (35.4) 176.2 (31.1) 183.2 (29.7) 177.3 (5.5) 17.9 20.1 

GS
2 155.4 (38.7) 165.1 (37.6) 168.1 (39.3) 162.9 (6.7) 13.4 5.7 

ANdG 

GS
1 

GB
2 117.3 (20.7) 99.6 (21.5) 99.8 (46.5) 105.6 (10.2) 6.7 –141.3 

GS
2 246.5 (81.7) 253.9 (29.0) 250.2 (60.0) 250.2 (3.7) 4.6 3.3 

GB
3 251.0 (58.1) 254.8 (30.1) 248.4 (43.8) 251.4 (3.2) 8.0 4.6 

GS
3 249.7 (60.9) 249.4 (34.4) 101.0 (51.1) 200.0 (85.8) 8.7 –46.8 

GS
2 

GB
1 157.0 (83.6) 89.8 (68.2) 93.9 (72.9) 113.6 (37.7) 10.7 –82.9 

GS
1 97.9 (25.3) 91.7 (18.8) 91.8 (20.5) 93.8 (3.6) 1.1 –102.7 

GB
3 261.5 (22.3) 126.7 (88.3) 262.3 (22.2) 216.8 (78.0) 8.2 20.4 

GS
3 261.7 (39.9) 254.0 (41.9) 222.0 (38.9) 245.9 (21.1) 5.0 49.4 

GS
3 

GB
1 245.0 (74.8) 246.2 (28.2) 265.7 (39.1) 252.3 (11.6) 7.5 56.2 

GS
1 248.2 (29.7) 267.4 (67.1) 246.4 (58.9) 254.0 (11.6) 8.0 57.9 

GB
2 246.4 (22.5) 89.6 (72.3) 241.8 (40.2) 192.6 (89.2) 10.3 –3.5 

GS
2 262.9 (52.0) 91.6 (57.9) 98.1 (80.9) 150.8 (97.1) 11.1 –45.3 

APdG 

GS
1 

GB
2 184.9 (18.8) 185.6 (19.5) 188.1 (20.1) 186.2 (1.7) 16.1 –0.1 

GS
2 179.1 (24.2) 187.4 (19.0) 188.8 (18.7) 185.1 (5.2) 14.4 –1.2 

GB
3 206.2 (38.2) 178.3 (28.7) 172.8 (23.2) 185.8 (17.9) 18.2 –0.5 

GS
3 213.4 (36.2) 179.6 (26.2) 189.9 (35.9) 194.3 (17.3) 17.3 8.0 

GS
2 

GB
1 174.0 (14.4) 174.8 (15.2) 172.9 (16.4) 173.9 (0.9) 1.5 –20.1 

GS
1 168.3 (15.8) 172.5 (13.9) 171.2 (14.5) 170.7 (2.1) 12.2 –23.3 

GB
3 194.9 (24.1) 189.0 (32.5) 187.0 (29.5) 190.3 (4.1) 17.0 –3.7 

GS
3 195.2 (16.9) 202.7 (14.4) 198.0 (14.0) 198.6 (3.7) 5.7 4.6 

GS
3 

GB
1 195.7 (28.6) 205.3 (27.2) 202.4 (26.2) 201.1 (5.0) 11.8 13.2 

GS
1 220.3 (28.9) 206.6 (28.8) 219.2 (27.8) 215.4 (7.6) 6.5 27.5 

GB
2 204.2 (25.1) 197.5 (27.9) 198.0 (27.6) 199.9 (3.7) 12.2 12.0 

GS
2 167.6 (19.3) 180.5 (23.3) 166.9 (18.2) 171.7 (7.7) 13.9 –16.2 

aθ = ∠(N9−C8−N10−C10). See Figure 1 in the main text. bBlock standard error (BSE) 

extrapolated from all frames of the three replicas fitted to a monomolecular growth model. 
cCalculated as the difference in θavg for the lesion in diadducted DNA minus monoadducted DNA.
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Table E.19: Average (standard deviation in parentheses) φ dihedral angle (deg.) for each replica 

and across all replicas (φavg) for diadducted DNA.a   

Adduct 
Primary  

Lesion  

Secondary 

Lesion 
Replica 1 Replica 2 Replica 3 φavg BSEb Δφc 

ANdG 

GB
1 

GB
2 359.5 (12.8) 359.9 (13.1) 359.7 (12.3) 359.7 (0.2) 0.4 –0.8 

GS
2 4.9 (12.3) 3.1 (11.8) 2.6 (11.9) 3.5 (1.2) 0.3 3.0 

GB
3 0.6 (11.7) 0.4 (11.9) 359.9 (11.9) 0.3 (0.3) 0.8 –0.2 

GS
3 1.1 (12.0) 1.0 (12.2) 0.8 (12.0) 1.0 (0.1) 0.1 0.5 

GB
2 

GB
1 4.8 (11.6) 4.9 (11.9) 5.2 (11.6) 5.0 (0.2) 0.2 –1.1 

GS
1 358.7 (11.7) 0.8 (11.5) 1.4 (11.7) 0.3 (1.2) 0.2 –5.8 

GB
3 6.0 (12.4) 5.3 (12.4) 5.5 (12.4) 5.6 (0.4) 0.2 –0.5 

GS
3 8.0 (12.2) 6.8 (12.5) 7.9 (12.3) 7.5 (0.6) 0.1 1.5 

GB
3 

GB
1 2.7 (12.0) 2.3 (12.0) 2.6 (12.1) 2.5 (0.2) 0.2 –0.1 

GS
1 2.6 (12.2) 3.3 (12.1) 2.8 (12.2) 2.9 (0.3) 0.1 0.3 

GB
2 2.6 (12.2) 3.0 (12.0) 2.8 (12.1) 2.8 (0.2) 0.2 0.2 

GS
2 1.0 (12.0) 1.8 (12.2) 0.4 (12.2) 1.1 (0.7) 1.6 –1.6 

APdG 

GB
1 

GB
2 10.5 (11.6) 10.3 (11.4) 8.4 (10.9) 9.7 (1.1) 0.4 4.2 

GS
2 12.0 (11.6) 13.1 (11.4) 11.0 (11.6) 12.0 (1.1) 0.3 6.5 

GB
3 4.5 (12.4) 5.4 (12.6) 4.3 (12.7) 4.8 (0.6) 0.3 –0.7 

GS
3 7.4 (13.8) 7.9 (13.4) 8.2 (13.5) 7.8 (0.4) 0.6 2.3 

GB
2 

GB
1 11.5 (11.7) 11.5 (11.6) 10.2 (11.3) 11.1 (0.7) 0.5 –6.2 

GS
1 8.6 (12.3) 8.3 (12.6) 7.3 (12.4) 8.0 (0.7) 0.4 –9.3 

GB
3 13.9 (12.9) 17.3 (12.3) 16.6 (12.1) 15.9 (1.8) 0.5 –1.4 

GS
3 16.7 (12.1) 15.3 (12.5) 16.8 (12.0) 16.3 (0.8) 0.4 –1.1 

GB
3 

GB
1 11.8 (12.9) 8.7 (13.1) 8.6 (13.1) 9.7 (1.8) 0.5 –1.2 

GS
1 12.2 (13.3) 9.6 (13.2) 9.2 (13.2) 10.3 (1.6) 0.5 –0.6 

GB
2 8.3 (12.3) 10.6 (12.6) 7.8 (12.3) 8.9 (1.5) 0.4 –2.0 

GS
2 358.9 (13.2) 5.6 (13.6) 3.9 (13.7) 2.8 (2.8) 0.6 –8.1 

ANdG 

GS
1 

GB
2 358.0 (10.7) 359.6 (10.1) 359.6 (10.1) 359.1 (0.9) 0.3 –3.9 

GS
2 2.1 (10.5) 1.6 (10.6) 1.5 (10.6) 1.7 (0.3) 0.2 –1.2 

GB
3 1.5 (10.7) 2.2 (10.5) 1.4 (10.6) 1.7 (0.4) 0.1 –1.2 

GS
3 1.8 (10.5) 1.8 (10.7) 0.1 (10.6) 1.2 (1.0) 0.8 –1.7 

GS
2 

GB
1 0.9 (10.8) 1.2 (10.8) 1.1 (10.7) 1.0 (0.2) 0.2 1.1 

GS
1 359.9 (10.7) 1.7 (10.7) 1.6 (10.7) 1.1 (0.8) 0.2 1.1 

GB
3 358.6 (10.2) 359.8 (10.8) 358.5 (10.1) 359.0 (0.8) 0.2 –1.0 

GS
3 2.4 (11.3) 2.4 (11.0) 1.5 (10.9) 2.1 (0.5) 0.2 2.2 

GS
3 

GB
1 180.9 (9.6) 180.9 (9.5) 184.9 (10.4) 182.2 (2.3) 13.0 1.2 

GS
1 180.5 (9.5) 183.4 (10.6) 180.7 (9.5) 181.5 (1.6) 14.8 0.5 

GB
2 181.6 (9.3) 180.5 (9.9) 181.0 (9.4) 181.0 (0.6) 14.5 0.1 

GS
2 183.9 (10.8) 181.2 (10.5) 180.9 (10.6) 182.0 (1.6) 15.7 1.0 

APdG 

GS
1 

GB
2 353.3 (11.0) 353.9 (11.1) 354.5 (11.2) 353.9 (0.6) 0.2 –2.4 

GS
2 1.7 (11.7) 2.3 (11.5) 2.9 (11.3) 2.3 (0.6) 0.3 6.0 

GB
3 355.9 (11.0) 356.3 (11.2) 356.1 (11.2) 356.1 (0.2) 0.1 –0.2 

GS
3 357.3 (11.0) 356.0 (11.8) 356.6 (11.2) 356.6 (0.6) 0.2 0.3 

GS
2 

GB
1 354.3 (11.8) 353.2 (11.6) 355.8 (12.3) 354.4 (1.3) 0.4 0.7 

GS
1 358.1 (11.1) 358.6 (11.4) 358.9 (11.2) 358.5 (0.4) 0.4 4.8 

GB
3 355.1 (12.4) 353.6 (11.6) 354.2 (12.1) 354.3 (0.7) 0.5 0.6 

GS
3 9.0 (12.7) 3.2 (12.1) 9.7 (11.9) 7.3 (3.5) 0.7 13.6 

GS
3 

GB
1 352.6 (11.1) 352.7 (11.2) 352.5 (11.1) 352.6 (0.1) 0.1 –0.3 

GS
1 355.5 (11.7) 354.4 (11.7) 354.7 (11.2) 354.9 (0.6) 0.4 2.0 

GB
2 354.5 (11.1) 354.1 (11.0) 356.2 (11.9) 354.9 (1.1) 0.7 2.1 

GS
2 2.1 (13.2) 2.4 (14.1) 358.6 (13.4) 1.1 (1.7) 0.6 8.2 

aφ = ∠(C8−N10−C10–C11). See Figure 1 in the main text. bBlock standard error (BSE) 

extrapolated from all frames of the three replicas fitted to a monomolecular growth model. 
cCalculated as the difference in φavg for the lesion in diadducted DNA minus monoadducted DNA.  
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Table E.20: Average (standard deviation in parentheses) solvent accessible surface area of the 

hydrophobic aryl bulky group (SASA, Å2) for diadducted DNA. 

Primary  

Lesion  

Secondary 

Lesiona 

ANdG APdG 

SASAavg b 

Dataset 

Standard 

Deviationc 

BSEd SASAavg b 

Dataset 

Standard 

Deviationc 

BSEd 

GB
1 

absent 118.2 (0.7) 6.5 0.2 186.7 (2.2) 6.9 11.2 

GB
2 103.1 (2.9) 11.9 0.7 164.0 (0.8) 6.1 0.3 

GS
2 115.4 (1.7) 6.7 0.3 144.4 (1.7) 12.2 0.7 

GB
3 118.1 (0.1) 6.4 0.7 187.3 (0.2) 6.8 7.7 

GS
3 118.4 (0.7) 6.8 0.8 184.0 (0.0) 7.8 18.7 

GB
2 

absent 117.1 (0.3) 6.0 0.2 180.0 (0.4) 6.1 16.5 

GB
1 95.0 (0.3) 10.7 0.2 149.0 (0.6) 7.5 0.4 

GS
1 104.9 (1.9) 12.0 0.8 161.8 (0.7) 8.0 0.5 

GB
3 118.6 (0.6) 6.6 0.3 172.4 (2.4) 15.9 16.8 

GS
3 115.6 (1.3) 6.4 0.2 179.5 (1.4) 7.9 16.2 

GB
3 

absent 118.5 (0.1) 5.9 0.1 180.6 (0.3) 7.6 18.8 

GB
1 118.4 (0.1) 6.0 0.1 181.8 (1.7) 7.9 19.2 

GS
1 117.7 (0.2) 6.5 0.1 182.1 (1.9) 8.0 19.0 

GB
2 118.3 (0.2) 6.7 0.2 168.1 (0.6) 18.4 5.7 

GS
2 118.9 (0.5) 7.2 1.6 176.1 (10.2) 18.2 18.0 

GS
1 

absent 70.7 (14.1) 26.8 2.4 110.0 (3.5) 12.4 0.6 

GB
2 64.6 (2.5) 22.5 1.5 112.9 (0.9) 11.8 0.4 

GS
2 72.1 (3.0) 20.6 0.8 80.9 (3.9) 12.2 0.7 

GB
3 69.2 (7.7) 22.8 1.8 106.2 (3.0) 12.3 0.7 

GS
3 62.6 (2.7) 17.1 1.5 111.8 (4.2) 12.6 0.7 

GS
2 

absent 77.4 (9.6) 26.2 2.1 111.1 (4.9) 15.8 1.1 

GB
1 89.9 (2.8) 21.9 0.7 110.1 (2.1) 13.4 0.4 

GS
1 94.8 (1.0) 17.1 1.1 95.6 (0.5) 10.9 0.9 

GB
3 61.2 (14.8) 23.5 2.1 102.3 (1.0) 11.7 0.6 

GS
3 61.8 (5.0) 20.4 1.8 99.6 (2.0) 9.4 0.3 

GS
3 

absent 67.6 (8.2) 24.2 2.6 106.1 (1.6) 11.2 0.7 

GB
1 59.7 (6.5) 19.6 1.6 110.1 (1.6) 10.1 0.4 

GS
1 57.7 (4.9) 18.9 1.8 111.8 (1.5) 13.2 0.9 

GB
2 68.1 (17.4) 26.8 2.7 108.7 (2.5) 11.7 0.9 

GS
2 93.6 (26.7) 30.2 3.8 103.6 (5.0) 13.5 0.8 

aAbsent indicates monoadducted DNA. bAverage SASA over the three replicates, with the 

standard deviation (parentheses) calculated between the replicates. cStandard deviation calculated 

over the 1.5 μs dataset from the three replicas. dBlock standard error (BSE) extrapolated from all 

frames of the three replicas fitted to a monomolecular growth model. 
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Table E.21: Occupancies (%) for the non-Watson-Crick hydrogen bonds at the diadducted DNA lesion sites in the B conformation.a,b 

Adduct 
Primary 

Lesion 
Hydrogen Bondc 

Secondary Lesion 

None G1-B G1-S G2-B G2-S G3-B G3-S 

 
ANdG 

GB
1 (X6)N10–H•••O3'(C5) 29.6 N/A N/A 23.1 0.0 35.5 23.1 

GB
1 (X6)N10–H•••O4'(X6) 50.3 N/A N/A 50.0 80.7 46.8 56.5 

GB
2 (X7)N10–H•••O4'(X7) 79.9 79.1 69.3 N/A N/A 77.1 82.5 

GB
3 (X9)N10–H•••O3'(C8) 0.0 0.0 0.0 0.0 42.3 N/A N/A 

GB
3 (X9)N10–H•••O4'(X9) 75.0 75.1 74.0 73.6 57.2 N/A N/A 

APdG 

GB
1 (X6)N10–H•••O4'(X6) 52.4 N/A N/A 81.2 65.8 53.4 50.4 

GB
2 (X7)N10–H•••O4'(X7) 47.9 69.1 74.9 N/A N/A 58.9 51.5 

GB
3 (X9)N10–H•••O4'(X9) 60.4 57.3 59.5 69.3 56.7 N/A N/A 

aNucleotide numbering is illustrated in Figure E.8. bOccupancies determined as the percent of the simulation that a hydrogen bonds exist according 

to a heavy atom distance < 3.2 Å and a heavy atom–hydrogen–heavy atom angle > 120°. cX represents the damaged nucleotide
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Table E.22: Average (standard deviation in parentheses) pseudostep parametersa within 

undamaged and diadducted DNA.  

Adduct Sites Rise (Å) 
Shift 

(Å) 
Slide (Å) Roll (deg.) Tilt (deg.) Twist (deg.) 

Axial Bend 

(deg.) 

absentb N/A 22.7 (0.0) 0.5 (0.1) 3.0 (0.1) –9.7 (0.5) 0.2 (0.7) –117.0 (0.6) 39.4 (0.4) 

ANdG 

GB
1G

B
2 22.3 (0.1) 2.7 (0.2) 5.1 (0.2) –8.7 (0.3) –9.3 (1.2) –128.0 (1.3) 39.4 (0.0) 

GB
1G

B
3 22.4 (0.0) 1.1 (0.1) 4.1 (0.1) –13.5 (0.4) –6.1 (0.9) –122.5 (0.3) 38.8 (0.2) 

GB
2G

B
3 22.2 (0.0) 0.6 (0.1) 5.4 (0.1) –18.2 (0.4) –7.3 (0.8) –125.6 (0.7) 39.9 (0.2) 

APdG 

GB
1G

B
2 22.0 (0.1) 3.7 (0.1) 6.6 (0.1) –11.2 (0.9) –11.9 (0.6) –135.6 (0.6) 40.0 (0.0) 

GB
1G

B
3 22.3 (0.1) 1.6 (0.0) 5.3 (0.2) –10.8 (1.3) –8.8 (0.5) –132.8 (0.8) 39.5 (0.2) 

GB
2G

B
3 22.2 (0.1) 

–0.2 

(0.1) 
6.1 (0.2) –19.7 (1.9) –10.2 (0.8) –131.5 (0.7) 41.2 (0.7) 

ANdG 

GB
1G

S
2 22.2 (0.0) 2.0 (0.3) 4.3 (0.2) –14.7 (3.0) –9.2 (1.8) –119.7 (1.7) 41.0 (0.8) 

GB
1G

S
3 21.3 (0.5) 

–0.8 

(0.4) 
8.3 (0.7) –25.9 (1.9) 19.0 (0.7) –132.9 (2.0) 50.0 (0.7) 

GB
2G

S
3 20.9 (0.6) 

–1.3 

(0.8) 
8.6 (1.6) –28.0 (6.3) 16.8 (10.0) –132.1 (2.6) 49.2 (4.2) 

APdG 

GB
1G

S
2 24.3 (0.1) 0.1 (0.1) –0.8 (0.1) –14.2 (1.3) –9.6 (0.8) –151.2 (1.1) 38.5 (0.1) 

GB
1G

S
3 20.7 (0.3) 

–1.3 

(0.2) 
9.7 (0.4) –23.2 (1.9) 11.2 (1.7) –140.9 (0.9) 44.7 (0.9) 

GB
2G

S
3 21.0 (0.5) 

–2.4 

(0.2) 
8.9 (0.9) –23.8 (5.9) 9.0 (4.0) –142.4 (6.0) 45.7 (1.3) 

ANdG 

GS
1G

B
2 20.6 (1.1) 3.3 (0.9) 8.7 (1.0) –35.9 (4.3) –32.5 (1.6) –127.6 (2.2) 54.7 (1.9) 

GS
1G

B
3 20.1 (0.2) 2.8 (0.3) 8.9 (0.3) –43.0 (2.8) –28.4 (2.7) –126.9 (0.2) 55.0 (2.4) 

GS
1G

S
3 21.6 (0.8) 0.8 (0.6) 6.5 (2.0) –47.3 (12.2) –7.0 (1.1) –125.7 (3.6) 55.3 (5.2) 

APdG 

GS
1G

B
2 22.0 (0.1) 4.7 (0.3) 7.0 (0.1) –21.7 (1.5) –10.7 (1.0) –148.4 (1.3) 41.8 (0.3) 

GS
1G

B
3 21.5 (0.2) 2.3 (0.1) 6.6 (0.4) –30.5 (3.4) –13.8 (0.9) –139.6 (1.7) 47.7 (2.5) 

GS
1G

S
3 21.5 (0.3) 1.0 (0.2) 3.5 (6.1) –27.2 (13.4) –6.8 (5.5) –37.9 (179.4) 45.4 (10.9) 

ANdG 

GS
1G

S
2 22.6 (0.2) 0.5 (1.1) 1.7 (1.7) –17.0 (4.5) –1.3 (8.0) –116.7 (0.8) 41.7 (0.1) 

GS
1G

S
3 18.3 (0.6) 0.8 (0.5) 12.6 (0.4) –56.9 (1.7) –1.7 (4.2) –135.8 (2.7) 61.5 (0.2) 

GS
2G

S
3 22.3 (1.9) 

–2.3 

(1.3) 
10.1 (0.3) –12.8 (40.0) –2.6 (14.9) –47.5 (175.1) 46.4 (14.2) 

APdG 

GS
1G

S
2 22.9 (0.9) 7.5 (0.5) 10.6 (0.6) 32.3 (3.3) 19.4 (4.0) 138.2 (3.8) 29.5 (2.6) 

GS
1G

S
3 20.3 (0.0) 

–0.1 

(0.2) 
9.3 (0.7) –38.8 (3.6) 5.9 (0.8) –144.6 (6.2) 50.4 (2.1) 

GS
2G

S
3 22.4 (1.1) 

–5.2 

(1.7) 
14.5 (0.6) 50.3 (7.1) –17.0 (5.7) 116.0 (8.8) 41.0 (4.2) 

aThe pseudostep is defined in Figure E.8. bUndamaged DNA. 
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Table E.23: Occupancies (%) for the non-Watson-Crick hydrogen bonds at the diadducted DNA 

damage sites in the S conformation.a,b 

Adduct 
Primary 

Lesion 
Hydrogen Bondc 

Secondary Lesion 

Absentd GB
1 GS

1 GB
2 GS

2 GB
3 GS

3 

ANdG 

GS
1 

(C27)N4–H•••O6(X6) 21.2 N/A N/A 8.0 50.3 0.0 0.0 

(X6)N10–H•••N1(G28) 13.5 N/A N/A 13.7 0.0 18.1 22.9 

(X6)N10–H•••N2(G28) 32.2 N/A N/A 49.2 0.0 47.7 48.4 

(X6)N10–H•••N3(G28) 0.0 N/A N/A 10.8 0.0 0.0 10.3 

(X6)N10–H•••O4'(X7) 17.7 N/A N/A 0.0 93.7 0.0 0.0 

(C27)N4–H•••OP2(C26) 7.9 N/A N/A 0.0 0.0 0.0 6.3 

GS
2 

(C26)N4–H•••OP2(G25) 0.0 6.8 0.0 N/A N/A 0.0 15.8 

(C26)N4–H•••O6(X7) 35.0 76.0 88.5 N/A N/A 9.7 15.2 

(C26)N4–H•••N7(X7) 15.4 0.0 0.0 N/A N/A 0.0 0.0 

(X6)N10–H•••O4'(X7) 17.7 0.0 93.7 N/A N/A 0.0 0.0 

(X7)N10–H•••O4'(C8) 20.6 37.8 80.8 N/A N/A 10.6 0.0 

(X7)N10–H•••O2(C27) 11.9 0.0 0.0 N/A N/A 14.2 0.0 

(X7)N10–H•••N2(G6) 23.1 0.0 0.0 N/A N/A 25.4 36.0 

(X7)N10–H•••O4'(X7) 0.0 0.0 0.0 N/A N/A 0.0 17.5 

(X7)N1–H•••O6(G25) 0.0 8.8 12.4 N/A N/A 0.0 0.0 

GS
3 

(C24)N4–H•••O6(X9) 12.4 9.8 9.8 16.6 53.1 N/A N/A 

(C24)N4–H•••N7(X9) 0.0 0.0 0.0 0.0 21.8 N/A N/A 

(X9)N10–H•••O2(C10) 0.0 0.0 0.0 0.0 15.4 N/A N/A 

(X9)N10–H•••O4'(C10) 11.3 0.0 0.0 15.2 16.8 N/A N/A 

(X9)N10–H•••N1(G25) 0.0 9.3 9.1 0.0 0.0 N/A N/A 

(X9)N10–H•••N2(G25) 33.5 44.1 46.6 36.9 11.9 N/A N/A 

(X9)N10–H•••N3(G25) 26.8 23.8 26.7 12.6 0.0 N/A N/A 

APdG 

GS
1 

(C27)N4–H•••OP2(C26) 31.3 N/A N/A 6.7 0.0 49.4 28.3 

(X6)N10–H•••N2(G28) 14.1 N/A N/A 0.0 0.0 10.6 13.5 

(C26)N4–H•••O6(X6) 9.9 N/A N/A 0.0 0.0 0.0 0.0 

(X6)N10–H•••O4'(X6) 0.0 N/A N/A 0.0 90.6 0.0 0.0 

GS
2 

(X7)N10–H•••O4'(X7) 0.0 97.5 98.2 N/A N/A 11.4 95.7 

(C26)N4–H•••OP2(G25) 25.7 62.1 83.0 N/A N/A 40.1 0.0 

GS
3 

(C24)N4–H•••OP2(G23) 36.7 19.4 8.7 20.0 53.5 N/A N/A 

(X9)N10–H•••N2(G25) 0.0 10.4 20.2 9.6 0.0 N/A N/A 

(X9)N10–H•••N3(G25) 0.0 0.0 10.2 0.0 0.0 N/A N/A 

(X9)N10–H•••O4'(X9) 0.0 0.0 0.0 0.0 93.6 N/A N/A 
aNucleotide numbering is illustrated in Figure E.8. bOccupancies determined as the percent of the 

simulation that a hydrogen bonds exist according to a heavy atom distance < 3.2 Å and a heavy 

atom–hydrogen–heavy atom angle > 120°. cX represents the damaged nucleotide. dAbsent 

indicates monoadducted DNA. 
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Table E.24: Average (standard deviation in parentheses) lesion site interaction energies (kJ/mol) 

for monoadducted and diadducted DNA duplexes in the B conformation. 

Adduct 
Primary 

Lesion 

Secondary 

Lesiona LSIEavg b 

Dataset 

Standard 

Deviationc 

LSIE 

BSEd 

Average 

Stackinge 

Dataset 

Standard 

Deviationc 

Average 

Hydrogen 

Bondingf 

Dataset 

Standard 

Deviationc 

ANdG 

GB
1 

absent –213.9 (0.4) 15.8 0.2 –104.5 (0.5) 12.9 –109.4 (0.2) 8.7 

GB
2 –223.4 (0.2) 15.4 0.2 –113.6 (0.2) 13.2 –109.8 (0.1) 8.0 

GS
2 –206.0 (5.4) 29.0 0.4 –108.4 (1.2) 19.6 –97.6 (4.2) 16.2 

GB
3 –214.4 (0.4) 15.4 0.2 –104.9 (0.2) 12.6 –109.5 (0.1) 8.6 

GS
3 –212.2 (0.5) 17.5 0.2 –103.6 (0.5) 13.3 –108.7 (0.2) 10.3 

GB
2 

absent –209.9 (0.2) 15.2 0.0 –99.8 (0.2) 12.9 –110.2 (0.1) 7.3 

GB
1 –218.9 (0.4) 15.9 0.3 –108.3 (0.5) 14.0 –110.6 (0.1) 7.0 

GS
1 –203.7 (34.4) 40.9 0.9 –94.8 (33.5) 38.9 –108.9 (1.0) 8.5 

GB
3 –208.9 (0.1) 15.8 0.1 –99.0 (0.0) 13.2 –109.9 (0.1) 7.5 

GS
3 –213.4 (1.5) 15.3 0.4 –103.0 (1.2) 13.0 –110.4 (0.3) 7.1 

GB
3 

absent –239.4 (0.2) 14.6 0.1 –129.6 (0.1) 12.7 –109.8 (0.1) 7.5 

GB
1 –238.2 (0.2) 15.1 0.1 –128.6 (0.2) 12.9 –109.6 (0.0) 7.8 

GS
1 –237.1 (0.3) 16.2 0.2 –127.8 (0.1) 13.2 –109.3 (0.1) 8.4 

GB
2 –238.1 (0.3) 14.9 0.2 –128.5 (0.3) 13.1 –109.6 (0.0) 7.6 

GS
2 –241.4 (1.9) 15.3 0.2 –131.4 (1.7) 12.9 –110.0 (0.2) 7.9 

APdG 

GB
1 

absent –201.5 (0.7) 15.5 2.6 –96.7 (0.4) 13.9 –104.7 (0.4) 8.0 

GB
2 –195.8 (0.7) 18.7 0.1 –93.8 (0.7) 16.9 –102.0 (0.1) 9.0 

GS
2 –227.3 (4.7) 33.5 0.6 –127.7 (3.6) 26.1 –99.6 (2.9) 15.8 

GB
3 –201.1 (0.4) 15.6 0.7 –96.8 (0.4) 13.9 –104.3 (0.1) 8.2 

GS
3 –200.6 (0.3) 16.3 0.5 –95.3 (0.2) 14.2 –105.2 (0.1) 8.3 

GB
2 

absent –226.3 (0.3) 17.1 0.2 –119.2 (0.4) 14.8 –107.1 (0.3) 6.9 

GB
1 –224.8 (0.9) 19.7 0.1 –117.3 (0.8) 18.1 –107.5 (0.1) 6.6 

GS
1 –227.6 (1.0) 22.1 0.2 –121.4 (0.7) 20.3 –106.1 (0.4) 8.4 

GB
3 –223.3 (2.0) 17.5 0.1 –117.7 (1.4) 15.0 –105.6 (0.5) 7.1 

GS
3 –228.1 (1.4) 18.7 0.2 –120.9 (1.2) 16.0 –107.3 (0.3) 6.9 

GB
3 

absent –246.4 (0.4) 16.8 0.9 –140.5 (0.3) 14.5 –105.9 (0.1) 7.7 

GB
1 –244.5 (1.3) 16.8 1.0 –138.8 (1.1) 14.7 –105.7 (0.2) 7.7 

GS
1 –243.5 (1.5) 16.7 1.3 –137.9 (1.2) 14.6 –105.6 (0.3) 7.6 

GB
2 –242.3 (1.3) 17.9 0.1 –137.3 (1.0) 15.8 –105.1 (0.3) 7.6 

GS
2 –244.3 (2.7) 18.2 0.2 –139.1 (3.0) 16.3 –105.1 (0.4) 7.7 

aAbsent indicates monoadducted DNA. bAverage of the sum of stacking and hydrogen-bonding 

interactions for the adducted base, bulky moiety and opposing C, with standard deviation 

calculated between the replicas. cStandard deviation calculated over the 1.5 μs dataset from the 

three replicas. dBlock standard error (BSE) extrapolated from all frames of the three replicas 

fitted to a monomolecular growth model. eAverage of the stacking between the adduct (base and 

bulky moiety) plus the opposing C and the flanking nucleobases, with standard deviation 

calculated between the replicas. fAverage of the hydrogen-bonding interaction between the adduct 

and the pairing C, with standard deviation calculated between the replicas. 
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Table E.25: Average (standard deviation in parentheses) lesion site interaction energy (kJ/mol) for 

monoadducted and diadducted DNA duplexes in the S conformation. 

Adduct 
Primary 

Lesion 

Secondary 

Lesiona 
LSIEavg, b 

Dataset 

Standard 

Deviationc 

LSIE 

BSEd 

Average 

Stackinge 

Dataset 

Standard 

Deviationc 

Average 

Hydrogen 

Bondingf 

Dataset 

Standard 

Deviationc 

ANdG 

GS
1 

absent –24.1 (65.1) 74.9 1.7 –40.0 (35.8) 44.4 15.9 (29.3) 33.5 

GB
2 –50.9 (89.2) 96.0 2.4 –58.0 (48.4) 55.6 7.1 (40.8) 42.7 

GS
2 –20.2 (66.9) 74.5 1.8 –25.9 (45.1) 51.4 5.7 (21.8) 25.5 

GB
3 25.5 (1.8) 27.4 0.5 –13.6 (1.2) 24.4 39.1 (0.9) 8.3 

GS
3 19.9 (4.1) 36.4 0.7 –17.2 (4.0) 29.2 37.1 (0.4) 11.2 

GS
2 

absent –33.7 (25.1) 72.0 1.5 –48.7 (15.0) 46.2 15.1 (10.1) 30.1 

GB
1 –67.7 (1.8) 37.7 0.5 –78.0 (1.5) 28.4 10.3 (0.2) 17.2 

GS
1 –27.6 (38.7) 55.8 1.0 –39.8 (37.3) 46.4 12.3 (1.5) 18.0 

GB
3 2.4 (36.2) 57.2 1.2 –25.2 (22.0) 37.7 27.6 (14.2) 23.1 

GS
3 –156.8 (18.3) 48.2 1.3 –117.3 (9.1) 29.5 –39.5 (9.3) 21.8 

GS
3 

absent –39.1 (64.2) 91.3 2.1 –47.9 (39.7) 57.5 8.9 (24.6) 36.5 

GB
1 –18.0 (87.0) 92.8 2.3 –28.2 (44.2) 50.4 10.3 (42.8) 44.8 

GS
1 –23.4 (88.8) 95.0 2.4 –31.9 (45.6) 51.5 8.5 (43.2) 45.8 

GB
2 21.5 (36.4) 61.4 1.3 –10.5 (22.9) 40.5 32.1 (13.5) 24.4 

GS
2 –117.3 (26.0) 59.8 1.3 –83.4 (11.7) 35.9 –33.9 (15.5) 28.1 

APdG 

GS
1 

absent –123.3 (36.2) 51.6 1.1 –103.4 (21.6) 33.7 –19.9 (15.1) 23.8 

GB
2 –85.2 (1.6) 25.6 0.2 –82.4 (1.4) 24.2 –2.8 (0.3) 3.5 

GS
2 –93.9 (7.0) 32.1 0.5 –81.8 (9.1) 31.2 –12.1 (2.7) 9.0 

GB
3 –77.6 (5.5) 46.0 1.0 –78.4 (3.7) 32.3 0.8 (1.8) 16.0 

GS
3 –119.8 (39.7) 56.9 1.2 –103.7 (25.1) 39.5 –16.1 (14.6) 22.5 

GS
2 

absent –101.2 (7.4) 49.6 0.8 –106.8 (4.4) 37.6 5.6 (3.6) 16.1 

GB
1 –138.2 (2.4) 22.7 0.2 –135.2 (3.1) 23.4 –3.0 (0.8) 4.7 

GS
1 –113.0 (10.6) 40.0 1.1 –105.8 (10.6) 38.6 –7.1 (0.4) 4.9 

GB
3 –108.4 (3.8) 41.0 0.7 –110.3 (3.4) 32.9 1.9 (2.2) 11.6 

GS
3 –159.0 (17.4) 34.7 0.8 –144.5 (16.5) 33.6 –14.6 (1.4) 5.5 

GS
3 

absent –81.5 (7.1) 49.4 1.3 –86.7 (4.9) 37.8 5.2 (2.3) 13.9 

GB
1 –56.0 (9.7) 49.3 0.7 –67.9 (7.0) 37.3 12.0 (2.8) 13.9 

GS
1 –83.5 (10.4) 69.8 1.7 –79.6 (4.2) 43.7 –3.8 (6.2) 30.8 

GB
2 –63.6 (12.5) 50.3 0.9 –72.9 (9.2) 38.0 9.3 (3.3) 14.4 

GS
2 –115.3 (15.2) 37.4 1.1 –112.2 (15.9) 38.1 –3.1 (0.8) 6.0 

aAbsent indicates monoadducted DNA. bAverage of the sum of stacking and hydrogen-bonding 

interactions for the adducted base, bulky moiety and opposing C, with standard deviation 

calculated between the replicas. cStandard deviation calculated over the 1.5 μs dataset from the 

three replicas. dBlock standard error (BSE) extrapolated from all frames of the three replicas 

fitted to a monomolecular growth model. eAverage of the stacking between the adduct (base and 

bulky moiety) plus the opposing C and the flanking nucleobases, with standard deviation 

calculated between the replicas. fAverage of the hydrogen-bonding interaction between the adduct 

and the pairing C, with standard deviation calculated between the replicas. 
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Table E.26: Average Δ(SASAavg) and Δ(LSIEavg) upon the addition of a second lesion. 

Primary 

Lesion 

Secondary 

Lesiona 

ANdG APdG 

Δ(SASAavg)b  

(Å2) 

Δ(LSIEavg)c 

(kJ/mol) 

Δ(SASAavg)b  

(Å2) 

Δ(LSIEavg)c 

(kJ/mol) 

GB
1 

absent 0.0 0.0 0.0 0.0 

GB
2 –15.1 –9.5 –22.8 5.7 

GS
2 –2.8 7.8 –42.3 –25.8 

GB
3 –0.1 –0.5 0.6 0.4 

GS
3 0.2 1.7 –2.7 0.9 

GB
2 

absent 0.0 0.0 0.0 0.0 

GB
1 –22.1 –8.9 –31.1 1.6 

GS
1 –12.2 6.2 –18.3 –1.2 

GB
3 1.5 1.0 –7.7 3.1 

GS
3 –1.5 –3.5 –0.6 –1.8 

GB
3 

absent 0.0 0.0 0.0 0.0 

GB
1 –0.1 1.2 1.2 1.9 

GS
1 –0.7 2.3 1.5 2.9 

GB
2 –0.2 1.3 –12.5 4.1 

GS
2 0.4 –2.0 –4.5 2.1 

GS
1 

absent 0.0 0.0 0.0 0.0 

GB
2 –6.2 –26.8 2.9 38.1 

GS
2 1.4 4.0 –29.1 29.4 

GB
3 –1.6 49.6 –3.9 45.7 

GS
3 –8.1 44.0 1.8 3.5 

GS
2 

absent 0.0 0.0 0.0 0.0 

GB
1 12.6 –34.0 –1.0 –37.1 

GS
1 17.5 6.1 –15.5 –11.8 

GB
3 –16.1 36.1 –8.7 –7.2 

GS
3 –15.6 –123.1 –11.5 –57.8 

GS
3 

absent 0.0 0.0 0.0 0.0 

GB
1 –7.9 21.1 4.0 25.5 

GS
1 –9.9 15.7 5.7 –1.9 

GB
2 0.5 60.6 2.6 17.9 

GS
2 26.0 –78.2 –2.5 –33.7 

aAbsent indicates monoadducted DNA. bΔ(SASAavg) denotes the SASAavg of a given adduct site in 

the presence of a second lesion (diadducted DNA) minus the SASAavg of the same adduct site in 

the absence of a second lesion (monoadducted DNA). cΔ(LSIEavg) denotes the LSIEavg of a given 

adduct site in the presence of a second lesion (diadducted DNA) minus the LSIEavg of the same 

adduct site in the absence of a second lesion (monoadducted DNA). 
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Table E.27: MOL2 file containing partial charges and atom types of the ANdG adduct used for 

MD simulations (atom numbers are provided in the associated figure).  

 
 

1 P 4.7050 0.0520 -1.1680 P 1 LIG 1.2090 

2 O5' 4.1730 1.0760 0.0000 OS 1 LIG -0.4900 

3 OP1 4.6090 0.7320 -2.4680 O2 1 LIG -0.7864 

4 OP2 5.9220 -0.5810 -0.6380 O2 1 LIG -0.7953 

5 O3 0.0000 0.0000 0.0000 OS 1 LIG -0.5474 

6 C5' 3.1010 1.9490 -0.3030 CI 1 LIG -0.0102 

7 H5' 2.8330 2.4680 0.6250 H1 1 LIG 0.0752 

8 H5'' 3.3910 2.7140 -1.0420 H1 1 LIG 0.0752 

9 C4' 1.8690 1.2180 -0.8380 CT 1 LIG 0.1830 

10 H4' 1.0270 1.9170 -0.9140 H1 1 LIG 0.0978 

11 O4' 2.1700 0.7140 -2.1590 OS 1 LIG -0.4082 

12 C1' 1.9220 -0.6850 -2.2280 CT 1 LIG 0.1596 

13 H1' 0.9300 -0.8780 -2.6450 H2 1 LIG 0.0902 

14 C3' 1.4280 0.0000 0.0000 CT 1 LIG 0.1484 

15 H3' 1.8240 0.0530 1.0220 H1 1 LIG 0.0720 

16 C2' 2.0070 -1.1870 -0.7800 CT 1 LIG -0.0617 

17 H2' 3.0480 -1.3520 -0.4920 HC 1 LIG 0.0466 

18 H2'' 1.4440 -2.1140 -0.6290 HC 1 LIG 0.0466 

19 N9 2.8790 -1.2770 -3.1530 N* 1 LIG -0.0563 

20 C8 2.6100 -2.0090 -4.3140 CR 1 LIG 0.4678 

21 C4 4.2540 -1.2720 -3.0400 CB 1 LIG 0.1484 

22 N7 3.6880 -2.4790 -4.8900 NB 1 LIG -0.5254 

23 C5 4.7300 -2.0310 -4.1010 CB 1 LIG 0.0762 

24 N4 4.9730 -0.6260 -2.0850 NC 1 LIG -0.5421 

25 C6 6.1500 -2.2180 -4.2500 C 1 LIG 0.5106 

26 C2 6.2750 -0.7780 -2.1980 CA 1 LIG 0.6729 

27 O6 6.7970 -2.8430 -5.0700 O 1 LIG -0.5407 

28 N1 6.8450 -1.5130 -3.1980 NA 1 LIG -0.4810 

29 H1 7.8500 -1.6540 -3.2180 H 1 LIG 0.3501 

30 N2 7.0960 -0.2220 -1.2480 N2 1 LIG -0.8752 

31 H21 8.0220 0.0670 -1.5350 H 1 LIG 0.3884 
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32 H22 6.6240 0.4340 -0.6340 H 1 LIG 0.3884 

33 N10 1.3100 -2.3020 -4.7270 N2 1 LIG -0.5894 

34 H10 1.3080 -3.1770 -5.2390 H 1 LIG 0.3511 

35 C10 0.4170 -1.3450 -5.2830 CA 1 LIG 0.2156 

36 C11 0.6440 0.0360 -5.2250 CA 1 LIG -0.0547 

37 H11 1.5430 0.4310 -4.7640 HA 1 LIG 0.1212 

38 C15 -0.7540 -1.8230 -5.8900 CA 1 LIG -0.2053 

39 H15 -0.9360 -2.8950 -5.9310 HA 1 LIG 0.1458 

40 C12 -0.2970 0.9160 -5.7630 CA 1 LIG -0.2343 

41 H12 -0.1060 1.9850 -5.7080 HA 1 LIG 0.1637 

42 C14 -1.6780 -0.9360 -6.4340 CA 1 LIG -0.1747 

43 H14 -2.5760 -1.3250 -6.9060 HA 1 LIG 0.1548 

44 C13 -1.4580 0.4430 -6.3720 CA 1 LIG -0.1124 

45 H13 -2.1820 1.1350 -6.7910 HA 1 LIG 0.1321 

 

Table E.28: MOL2 file containing partial charges and atom types of the APdG adduct used for 

MD simulations (atom numbers are provided in the associated figure). 

 

1 P 4.9760 0.3860 -1.3260 P 1 LIG 1.1662 

2 O5' 4.1390 0.9990 0.0000 OS 1 LIG -0.4956 

3 OP1 5.1120 1.4640 -2.3580 O2 1 LIG -0.7681 

4 OP2 6.1010 -0.4220 -0.7550 O2 1 LIG -0.7681 

5 O3 0.0000 0.0000 0.0000 OS 1 LIG -0.5424 

6 C5' 3.1040 1.8950 -0.2820 CI 1 LIG -0.0196 

7 H5' 3.4230 2.6620 -0.9830 H1 1 LIG 0.0821 

8 H5'' 2.8550 2.3890 0.6500 H1 1 LIG 0.0821 

9 C4' 1.8570 1.2140 -0.8200 CT 1 LIG 0.1633 

10 H4' 1.0480 1.9310 -0.8780 H1 1 LIG 0.1054 

11 O4' 2.1080 0.7240 -2.1370 OS 1 LIG -0.4032 

12 C1' 1.8650 -0.6500 -2.2260 CT 1 LIG 0.1513 

13 H1' 0.8780 -0.8250 -2.6240 H2 1 LIG 0.0873 

14 C3' 1.4070 0.0000 0.0000 CT 1 LIG 0.1347 

15 H3' 1.7910 0.0400 1.0120 H1 1 LIG 0.0784 

16 C2' 1.9750 -1.1690 -0.7950 CT 1 LIG -0.0572 
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17 H2' 3.0130 -1.3300 -0.5360 HC 1 LIG 0.0443 

18 H2'' 1.4270 -2.0920 -0.6530 HC 1 LIG 0.0443 

19 N9 2.7970 -1.2560 -3.1630 N* 1 LIG -0.0519 

20 C8 4.0990 -0.9300 -3.5110 CR 1 LIG 0.3777 

21 C4 2.5500 -2.4460 -3.7900 CB 1 LIG 0.1445 

22 N7 4.6490 -1.7930 -4.2750 NB 1 LIG -0.4566 

23 C5 3.6890 -2.7690 -4.4570 CB 1 LIG 0.0570 

24 N3 1.3850 -3.1370 -3.7080 NC 1 LIG -0.4990 

25 C6 3.7200 -3.9790 -5.2240 C 1 LIG 0.4977 

26 C2 1.3980 -4.2210 -4.4050 CA 1 LIG 0.5921 

27 O6 4.5820 -4.4690 -5.8910 O 1 LIG -0.5456 

28 N1 2.4720 -4.6420 -5.1190 NA 1 LIG -0.4138 

29 H1 2.3970 -5.4580 -5.6890 H 1 LIG 0.3351 

30 N2 0.2780 -4.9950 -4.4810 N2 1 LIG -0.8656 

31 H21 0.3970 -5.9770 -4.5990 H 1 LIG 0.3895 

32 H22 -0.4320 -4.7410 -3.8300 H 1 LIG 0.3895 

33 N10 4.6780 0.2390 -3.0360 N2 1 LIG -0.3628 

34 H10 4.0050 0.9680 -2.9720 H 1 LIG 0.2783 

35 C10 5.9550 0.6490 -3.5100 CA 1 LIG 0.0814 

36 C15 6.1060 1.8360 -4.2310 CA 1 LIG 0.0633 

37 C11 7.0640 -0.1160 -3.1790 CA 1 LIG -0.2616 

38 H11 6.9210 -1.0300 -2.6350 HA 1 LIG 0.1751 

39 C14 7.4130 2.2570 -4.5810 CA 1 LIG 0.0181 

40 C23 4.9910 2.6640 -4.6450 CA 1 LIG -0.1706 

41 H23 3.9870 2.3450 -4.4390 HA 1 LIG 0.1296 

42 C12 8.3300 0.2810 -3.5480 CA 1 LIG -0.1240 

43 H12 9.1750 -0.3300 -3.2860 HA 1 LIG 0.1527 

44 C16 7.6070 3.4880 -5.2930 CA 1 LIG 0.0859 

45 C13 8.5310 1.4720 -4.2390 CA 1 LIG 0.0232 

46 C22 5.1770 3.8110 -5.3090 CA 1 LIG -0.2254 

47 H22' 4.3310 4.4020 -5.6120 HA 1 LIG 0.1573 

48 C21 6.4980 4.2810 -5.6550 CA 1 LIG 0.0462 

49 C17 8.9100 3.9110 -5.6360 CA 1 LIG 0.0488 

50 C24 9.8500 1.9270 -4.6100 CA 1 LIG -0.1744 

51 H24 10.6920 1.3130 -4.3430 HA 1 LIG 0.1419 

52 C20 6.7030 5.4740 -6.3400 CA 1 LIG -0.1411 

53 H20 5.8560 6.0770 -6.6170 HA 1 LIG 0.1383 

54 C18 9.0760 5.1110 -6.3220 CA 1 LIG -0.1473 

55 H18 10.0680 5.4350 -6.5840 HA 1 LIG 0.1409 

56 C25 10.0320 3.0790 -5.2670 CA 1 LIG -0.1962 

57 H25 11.0200 3.4070 -5.5350 HA 1 LIG 0.1453 
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58 C19 7.9830 5.8840 -6.6680 CA 1 LIG -0.2217 

59 H19 8.1290 6.8080 -7.1990 HA 1 LIG 0.1629 
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Supplementary Information for Chapter 7: Effects of a Second Local DNA Damage 

Event on the Mutagenicity of the Human Carcinogen 4-Aminobiphenyl: A 

Molecular Dynamics Study of Damaged DNA Structure 

 

 Contains Figures F.1–F.19 and Tables F.1–F.28 
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Figure F.1: Structural cluster criteria for of ABPdG adducted DNA containing the adduct in the syn 

orientation. A) The maximum distance criteria used to assign a structure to the conformation. B) 

The minimum distance criteria used to assign a structure to the S conformation. C) The relative 

locations of the adducted base, bulky group and pairing C with respect to the flanking nucleobases 

(grey) for DNA in the S (red), W (blue) and I (green) conformations.  
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Figure F.2: MD representative structures for damaged DNA containing anti ABPdG at G1 

calculated across five 500 ns replicas by clustering with respect to the helical conformation. The 

values in parentheses indicates the number of frames populated for a given cluster among the 

50,000 analyzed. The adducted base pair is shown in green, the bulky moiety in red, and the 

flanking base pairs in cyan. 
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Figure F.3: MD representative structures for damaged DNA containing anti ABPdG at G2 

calculated across five 500 ns replicas by clustering with respect to the helical conformation. The 

values in parentheses indicates the number of frames populated for a given cluster among the 

50,000 analyzed. The adducted base pair is shown in green, the bulky moiety in red, and the 

flanking base pairs in cyan. 
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Figure F.4: MD representative structures for damaged DNA containing anti ABPdG at G3 

calculated across five 500 ns replicas by clustering with respect to the helical conformation. The 

values in parentheses indicates the number of frames populated for a given cluster among the 

50,000 analyzed. The adducted base pair is shown in green, the bulky moiety in red, and the 

flanking base pairs in cyan. 
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Figure F.5: MD representative structures for damaged DNA containing syn ABPdG at G1 calculated 

across five 500 ns replicas by clustering with respect to the I helical conformation. The values in 

parentheses indicates the number of frames populated for a given cluster among the 50,000 

analyzed. The adducted base pair is shown in green, the bulky moiety in red, and the flanking 

base pairs in cyan. 
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Figure F.6: MD representative structures for damaged DNA containing syn ABPdG at G2 calculated 

across five 500 ns replicas by clustering with respect to the I helical conformation. The values in 

parentheses indicates the number of frames populated for a given cluster among the 50,000 

analyzed. The adducted base pair is shown in green, the bulky moiety in red, and the flanking 

base pairs in cyan. 
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Figure F.7: MD representative structures for damaged DNA containing syn ABPdG at G3 calculated 

across five 500 ns replicas by clustering with respect to the I helical conformation. The values in 

parentheses indicates the number of frames populated for a given cluster among the 50,000 

analyzed. The adducted base pair is shown in green, the bulky moiety in red, and the flanking 

base pairs in cyan. 

  



573 

 

Figure F.8: MD representative structures for damaged DNA containing syn ABPdG at G1 calculated 

across five 500 ns replicas by clustering with respect to the S helical conformation. The values in 

parentheses indicates the number of frames populated for a given cluster among the 50,000 

analyzed. The adducted base pair is shown in green, the bulky moiety in red, and the flanking 

base pairs in cyan. 
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Figure F.9: MD representative structures for damaged DNA containing syn ABPdG at G2 calculated 

across five 500 ns replicas by clustering with respect to the S helical conformation. The values in 

parentheses indicates the number of frames populated for a given cluster among the 50,000 

analyzed. The adducted base pair is shown in green, the bulky moiety in red, and the flanking 

base pairs in cyan. 
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Figure F.10: MD representative structures for damaged DNA containing syn ABPdG at G3 

calculated across five 500 ns replicas by clustering with respect to the S helical conformation. The 

values in parentheses indicates the number of frames populated for a given cluster among the 

50,000 analyzed. The adducted base pair is shown in green, the bulky moiety in red, and the 

flanking base pairs in cyan. 
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Figure F.11: MD representative structures for damaged DNA containing syn ABPdG at G1 

calculated across five 500 ns replicas by clustering with respect to the W helical conformation. 

The values in parentheses indicates the number of frames populated for a given cluster among the 

50,000 analyzed. The adducted base pair is shown in green, the bulky moiety in red, and the 

flanking base pairs in cyan. 
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Figure F.12: MD representative structures for damaged DNA containing syn ABPdG at G2 

calculated across five 500 ns replicas by clustering with respect to the W helical conformation. 

The values in parentheses indicates the number of frames populated for a given cluster among the 

50,000 analyzed. The adducted base pair is shown in green, the bulky moiety in red, and the 

flanking base pairs in cyan.  
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Figure F.13: MD representative structures for damaged DNA containing syn ABPdG at G3 

calculated across five 500 ns replicas by clustering with respect to the W helical conformation. 

The values in parentheses indicates the number of frames populated for a given cluster among the 

50,000 analyzed. The adducted base pair is shown in green, the bulky moiety in red, and the 

flanking base pairs in cyan.  
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Figure F.14: A) Structure and B) nucleotide numbering of the (undamaged) NarI containing 

sequence investigated in the present work. Helical parameters were calculated with 

Curves+/Canal using a pseudostep between the base pairs on either side of the box. 
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Figure F.15: Histograms of the ξ dihedral angle over all MD replicas for ABPdG adducts at G1 

(left), G2 (middle) and G3 (right) for each clustered conformation. The color indicates the 

damaged DNA system. 
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Figure F.16: Representative structure of GS
2 monoadducted DNA, highlighting the hydrogen bond 

between linker N–H and O4′ achieved through a sugar rotation that also shifts χ.  
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Figure F.17: Structure of G1
antiG2

syn diadducted DNA, highlighting disruption of the WC hydrogen bonds at 

G1 due to displacement of the pairing C into the minor groove to stack with the bulky group of the flanking 

G2
syn adduct.  
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Figure F.18: Representative structure of G1
synG2

syn
 diadducted DNA, highlighting the disruption in 

the WC hydrogen bonding in the 3′ flanking base pair to increase stacking with G2. 
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Figure F.19: Δ(LSIEavg) versus Δ(SASAavg) for ABPdG containing DNA upon addition of a second 

adduct with the first lesion in the anti (top) or syn (bottom) conformation at G1 (red), G2 (blue) or 

G3 (green). Labels represent the site and conformation of the second lesion. Negative values 

indicate increased stability. 
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Table F.1: Average (standard deviation in parentheses) backbone RMSD (Å) across MD simulations of undamaged and 

damaged DNA.a 

System 
Primary 

Lesion 

Secondary 

Lesion 
Replica 1 Replica 2 Replica 3 Replica 4 Replica 5 

Undamaged N/A N/A 2.8 (0.6) 2.6 (0.6) 2.8 (0.6) 2.8 (0.6) 3.0 (0.6) 

Monoadducted 

G1
anti absent 3.8 (0.8) 3.8 (0.8) 4.5 (0.7) 4.5 (0.7) 4.8 (0.6) 

G1
syn absent 5.0 (0.7) 5.3 (0.7) 5.2 (0.7) 5.1 (0.8) 5.2 (0.7) 

G2
anti absent 4.5 (0.9) 4.8 (0.7) 4.4 (0.8) 4.0 (0.8) 4.4 (0.8) 

G2
syn absent 3.3 (0.9) 6.1 (0.6) 6.1 (0.9) 5.5 (0.6) 5.7 (0.7) 

G3
anti absent 3.2 (0.6) 3.0 (0.7) 3.1 (0.6) 3.2 (0.6) 3.4 (0.7) 

G3
syn absent 4.4 (0.5) 4.4 (0.7) 4.8 (0.8) 5.6 (0.9) 4.6 (0.6) 

Diadducted 

G1
anti G2

anti 2.9 (0.7) 2.9 (0.7) 2.7 (0.6) 3.0 (0.7) 2.7 (0.6) 

G1
syn G2

anti 3.4 (0.8) 4.1 (0.8) 3.2 (0.5) 4.1 (1.1) 3.8 (1.0) 

G1
anti G2

syn 5.5 (1.2) 3.3 (0.6) 3.9 (0.8) 4.1 (0.5) 5.0 (1.5) 

G1
syn G2

syn 6.5 (0.9) 5.2 (0.9) 5.8 (0.9) 6.3 (0.8) 6.0 (1.2) 

G1
anti G3

anti 3.2 (0.8) 3.3 (0.8) 3.5 (0.7) 3.6 (0.8) 3.4 (0.7) 

G1
syn G3

anti 3.9 (0.9) 3.8 (0.6) 3.6 (0.6) 3.8 (0.6) 3.8 (0.7) 

G1
anti G3

syn 4.0 (0.9) 3.3 (0.6) 3.6 (0.7) 3.5 (0.8) 3.9 (0.7) 

G1
syn G3

syn 3.8 (0.7) 4.3 (0.8) 4.3 (0.9) 4.6 (1.0) 3.8 (0.8) 

G2
anti G3

anti 3.3 (0.6) 3.1 (0.6) 3.6 (0.6) 3.1 (0.6) 3.3 (0.6) 

G2
syn G3

anti 3.3 (0.7) 3.0 (0.6) 3.0 (0.6) 3.0 (0.6) 4.3 (1.0) 

G2
anti G3

syn 3.8 (0.6) 4.1 (0.9) 4.1 (0.7) 4.1 (1.0) 3.7 (0.6) 

G2
syn G3

syn 5.7 (1.1) 5.4 (1.0) 5.7 (1.0) 4.2 (1.0) 5.4 (0.8) 
aRMSDs calculated with respect to the first frame of the corresponding 500 ns MD production phase. 
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Table F.2: Occupancies (%) of the Watson-Crick hydrogen bonds at the 5′ end of damaged DNA helix.a 

System 
Primary 

Lesion 

Secondary 

Lesion 
Replica 1 Replica 2 Replica 3 Replica 4 Replica 5 

Undamaged N/A N/A 93.3 90.4 94.5 92.7 94.6 

Monoadducted 

G1
anti absent 99.2 99.2 99.6 99.6 99.8 

G1
syn absent 99.0 99.1 99.3 94.2 91.4 

G2
anti absent 99.2 99.7 99.3 96.0 93.9 

G2
syn absent 99.3 99.2 99.1 99.2 93.7 

G3
anti absent 99.2 99.3 99.0 94.8 91.4 

G3
syn absent 99.1 99.1 99.2 93.4 87.0 

Diadducted 

G1
anti G2

anti 99.3 99.1 99.3 91.7 90.5 

G1
syn G2

anti 99.5 99.3 99.3 93.3 96.8 

G1
anti G2

syn 99.3 99.2 99.6 90.4 92.5 

G1
syn G2

syn 99.3 99.0 99.3 93.8 91.2 

G1
anti G3

anti 99.4 99.3 99.3 94.7 90.1 

G1
syn G3

anti 99.0 99.2 99.3 84.1 91.9 

G1
anti G3

syn 99.6 99.1 99.1 91.7 88.3 

G1
syn G3

syn 99.2 99.2 99.1 93.6 99.4 

G2
anti G3

anti 99.3 99.2 99.2 91.2 99.2 

G2
syn G3

anti 99.0 99.3 99.4 94.7 93.6 

G2
anti G3

syn 99.1 99.2 99.1 94.6 91.1 

G2
syn G3

syn 99.2 99.3 99.1 94.7 87.9 
aOccupancies determined as the percentage of the simulation that at least three hydrogen bonds exist according to a 

heavy atom distance < 3.2 Å and a heavy atom–hydrogen–heavy atom angle > 120°. 
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Table F.3: Occupancies (%) of the Watson-Crick hydrogen bonds at the 3′ end of damaged DNA helix.a 

System 
Primary 

Lesion 

Secondary 

Lesion 
Replica 1 Replica 2 Replica 3 Replica 4 Replica 5 

Undamaged N/A N/A 96.9 97.5 96.0 97.1 97.0 

Monoadducted 

G1
anti absent 99.0 99.1 99.5 99.6 99.7 

G1
syn absent 99.8 99.8 99.8 96.8 95.8 

G2
anti absent 99.6 99.4 99.7 97.4 97.2 

G2
syn absent 99.8 99.7 99.8 99.9 95.8 

G3
anti absent 99.8 99.7 99.8 97.1 94.9 

G3
syn absent 99.7 99.7 99.8 96.6 97.0 

Diadducted 

G1
anti G2

anti 99.8 99.8 99.8 97.4 97.1 

G1
syn G2

anti 99.8 99.8 99.8 96.6 98.3 

G1
anti G2

syn 99.7 99.8 99.8 97.2 97.3 

G1
syn G2

syn 99.8 99.8 99.7 97.0 96.9 

G1
anti G3

anti 99.8 99.6 99.8 95.8 97.1 

G1
syn G3

anti 99.8 99.8 99.7 94.2 97.1 

G1
anti G3

syn 99.8 99.8 99.8 97.1 97.1 

G1
syn G3

syn 99.8 99.7 99.8 97.4 99.8 

G2
anti G3

anti 99.8 99.7 99.8 97.2 99.7 

G2
syn G3

anti 99.8 99.8 99.7 97.9 96.8 

G2
anti G3

syn 99.7 99.8 99.9 97.2 97.3 

G2
syn G3

syn 99.8 99.8 99.8 96.8 97.4 
aOccupancies determined as the percentage of the simulation that at least three hydrogen bonds exist according to a 

heavy atom distance < 3.2 Å and a heavy atom–hydrogen–heavy atom angle > 120°. 
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Table F.4: Occupancies (%) of the Watson-Crick hydrogen bonds flanking the lesion site in monoadducted DNA.a,b 

Site Base Pair Replica 1 Replica 2 Replica 3 Replica 4 Replica 5 

G1
anti 

dC5:dG28 99.0 99.0 99.1 99.1 99.0 

dG7:dC26 98.9 98.9 98.7 98.9 98.8 

G1
syn 

dC5:dG28 98.9 98.9 99.0 98.9 98.9 

dG7:dC26 99.0 99.0 98.9 98.9 99.1 

G2
anti 

dG6:dC27 98.8 99.2 98.9 99.1 99.1 

dC8:dG25 99.3 99.5 99.3 99.3 99.2 

G2
syn 

dG6:dC27 97.5 98.5 99.1 99.1 99.0 

dC8:dG25 98.3 97.9 98.3 97.9 95.3 

G3
anti 

dC8:dG25 98.9 99.0 98.9 99.0 99.1 

dC10:dG23 98.7 98.7 98.8 98.9 98.9 

G3
syn 

dC8:dG25 99.0 98.5 99.1 99.1 99.2 

dC10:dG23 88.7 82.3 91.5 89.5 83.8 
aNucleotide numbering is illustrated in Figure F.14. bOccupancies determined as the percentage of the simulation that at 

least three hydrogen bonds exist according to a heavy atom distance < 3.2 Å and a heavy atom–hydrogen–heavy atom 

angle > 120°. 
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Table F.5: Occupancies (%) of the Watson-Crick hydrogen bonds flanking the lesion sites in diadducted DNA.a,b 

Sites Base Pair Replica 1 Replica 2 Replica 3 Replica 4 Replica 5 

G1
antiG2

anti 
dC5:dG28 99.1 99.0 98.9 98.9 99.0 

dC8:dG25 99.4 99.3 99.2 99.2 99.4 

G1
antiG2

syn 
dC5:dG28 98.2 98.7 98.6 99.0 98.5 

dC8:dG25 97.7 98.4 97.6 98.0 98.7 

G1
synG2

anti 
dC5:dG28 99.0 99.1 97.6 98.5 98.9 

dC8:dG25 99.3 99.1 99.2 98.6 99.3 

G1
synG2

syn 
dC5:dG28 98.6 97.1 98.8 98.1 98.3 

dC8:dG25 97.8 0.1 85.7 98.8 30.9 

G1
antiG3

anti 

dC5:dG28 98.9 99.1 99.1 99.0 99.1 

dG7:dC26 98.9 99.0 98.8 99.0 98.7 

dC8:dG25 99.0 98.8 99.0 99.2 99.0 

dC10:dG23 98.8 98.7 98.8 98.8 98.7 

G1
antiG3

syn 

dC5:dG28 98.9 98.9 99.1 99.1 99.0 

dG7:dC26 98.7 97.3 98.3 98.2 98.9 

dC8:dG25 98.8 97.9 98.8 98.1 99.2 

dC10:dG23 81.3 87.9 76.2 83.3 95.0 

G1
synG3

anti 

dC5:dG28 99.0 98.5 98.1 98.3 98.1 

dG7:dC26 98.8 98.9 98.7 98.8 98.9 

dC8:dG25 98.9 99.2 99.0 98.8 99.2 

dC10:dG23 98.8 98.7 98.9 98.6 98.6 

G1
synG3

syn 

dC5:dG28 98.7 98.5 98.3 98.1 98.7 

dG7:dC26 99.1 98.8 98.7 97.9 98.3 

dC8:dG25 98.6 99.0 98.8 98.8 98.3 

dC10:dG23 98.2 94.1 92.8 77.0 90.5 

G2
antiG3

anti 

dG6:dC27 99.0 98.8 98.9 99.0 99.0 

dC8:dG25 99.1 98.9 99.2 99.2 99.1 

dC10:dG23 98.8 98.8 98.8 98.7 98.7 

G2
antiG3

syn 

dG6:dC27 99.0 98.9 99.3 99.2 99.1 

dC8:dG25 98.2 99.0 98.3 98.9 99.0 

dC10:dG23 92.7 99.1 96.3 98.5 95.3 

G2
synG3

anti 

dG6:dC27 98.9 99.0 99.1 98.9 98.6 

dC8:dG25 98.2 98.0 98.1 98.3 94.4 

dC10:dG23 99.0 99.0 98.8 99.0 99.2 

G2
synG3

syn 

dG6:dC27 98.9 99.0 98.9 99.0 99.1 

dC8:dG25 97.8 98.2 53.7 98.3 86.7 

dC10:dG23 98.5 96.4 98.0 98.8 98.6 
aNucleotide numbering is illustrated in Figure F.14. bOccupancies determined as the percentage of the simulation that at 

least three hydrogen bonds exist according to a heavy atom distance < 3.2 Å and a heavy atom–hydrogen–heavy atom 

angle > 120°. 
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Table F.6: Occupancies (%) of the Watson-Crick hydrogen bonds at G1, G2 or G3 for undamaged, monoadducted and 

diadducted DNA.a 

System 

Primar

y 

Lesion 

Secondar

y Lesion 

Replic

a 1 

Replic

a 2 

Replic

a 3 

Replic

a 4 

Replic

a 5 

Averag

e 

Standard 

Deviation
b

 

Undamaged 

G1 N/A 99.1 99.2 99.1 99.0 99.1 99.1 0.1 

G2 N/A 98.7 98.6 98.7 98.8 98.8 98.7 0.1 

G3 N/A 99.3 99.2 99.3 99.3 99.2 99.2 0.0 

Monoadducte

d 

G1
anti absent 98.8 98.6 98.1 98.5 98.9 98.6 0.3 

G2
anti absent 99.6 99.6 99.6 99.6 99.8 99.7 0.1 

G3
anti absent 98.9 99.3 99.4 99.3 99.4 99.3 0.2 

Diadducted 

G1
anti G2

anti 98.6 98.4 98.9 99.1 99.1 98.8 0.3 

G1
anti G2

syn 82.3 99.1 78.6 28.1 98.1 77.2 25.9 

G1
anti G3

anti 98.3 98.4 98.4 98.2 97.7 98.2 0.3 

G1
anti G3

syn 98.4 98.6 98.7 98.9 98.8 98.7 0.2 

G2
anti G1

anti 99.8 99.7 99.8 99.7 99.7 99.7 0.0 

G2
anti G1

syn 99.2 98.9 99.5 98.3 98.5 98.9 0.4 

G2
anti G3

anti 99.6 99.4 99.5 99.7 99.5 99.6 0.1 

G2
anti G3

syn 99.5 99.6 99.6 99.4 99.6 99.5 0.1 

G3
anti G1

anti 99.2 99.5 99.3 99.3 99.5 99.4 0.1 

G3
anti G1

syn 99.5 99.3 99.3 99.4 99.6 99.4 0.1 

G3
anti G2

anti 99.4 99.3 99.4 99.3 99.5 99.4 0.1 

G3
anti G2

syn 99.0 99.1 99.2 99.1 99.0 99.1 0.1 
aOccupancies determined as the percentage of the simulation that at least three hydrogen bonds exist according to a 

heavy atom distance < 3.2 Å and a heavy atom–hydrogen–heavy atom angle > 120°. bStandard deviation calculated 

between the replicas. 
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Table F.7: Occupancies (%) and number of framesa (in parentheses) of the S, I, and W conformations of ABPdG 

monoadducted and diadducted DNA. 

Primary Lesion Secondary Lesionb
 Intercalated Stacking Wedge 

G1
syn 

absent 98.44% (49219) 1.56% (780) 0.00% (1) 

G2
anti 38.23% (19117) 61.77% (30883) 0.00% (0) 

G2
syn 16.21% (8106) 40.10% (20049) 43.69% (21845) 

G3
anti 64.52% (32258) 35.48% (17740) 0.00% (2) 

G3
syn 50.91% (25455) 43.91% (21955) 5.18% (2590) 

G2
syn 

absent 55.83% (27917) 29.05% (14526) 15.11% (7557) 

G1
anti 33.01% (16505) 58.38% (29190) 8.61% (4305) 

G1
syn 24.84% (12419) 48.17% (24083) 27.00% (13498) 

G3
anti 83.47% (41736) 3.26% (1631) 13.27% (6633) 

G3
syn 27.27% (13635) 34.06% (17032) 38.67% (19333) 

G3
syn 

absent 62.66% (31331) 30.89% (15443) 6.45% (3226) 

G1
anti 31.98% (15988) 62.98% (31492) 5.04% (2520) 

G1
syn 44.07% (22033) 54.38% (27188) 1.56% (779) 

G2
anti 25.28% (12638) 44.30% (22152) 30.42% (15210) 

G2
syn 35.62% (17808) 64.03% (32013) 0.36% (179) 

aA total of 10,000 frames were analyzed from each replica, resulting in a total of 50,000 frames for each system. 
bAbsent indicates monoadducted DNA.  
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Table F.8: Average (standard deviation in parentheses) structural features of monoadducted DNA, including the C1′–

C1′ distance at the lesion site, the χopp (χ for the C opposing the adduct) dihedral angle and the angle between the two 

ring planes of the biphenyl moiety. 

System Conformation Site 
C1′–C1′ 

(Å) 
χopp (deg.) 

Ring Interplanar 

Angle (deg.)b 

undamaged N/A 

G1 10.7 (0.2) 252.1 (19.3) N/A 

G2 10.8 (0.2) 247.7 (16.1) N/A 

G3 10.7 (0.2) 253.2 (16.9) N/A 

monoadducted 

B 

GB
1 10.7 (0.2) 256.4 (19.2) 33.7 (11.5) 

GB
2 10.8 (0.2) 250.0 (15.6) 33.4 (11.4) 

GB
3 10.7 (0.2) 259.1 (15.1) 33.5 (11.5) 

I 

GI
1 8.3 (0.5) 239.5 (10.8) 30.6 (11.5) 

GI
2 8.4 (0.8) 236.4 (11.5) 27.9 (11.0) 

GI
3 8.7 (1.0) 242.3 (54.8) 29.6 (11.3) 

S 

GS
1 12.9 (2.0) 247.3 (17.4) 27.6 (11.3) 

GS
2 15.3 (1.4) 247.5 (20.7) 25.5 (9.7) 

GS
3 12.6 (2.1) 245.3 (33.8) 28.4 (10.9) 

W 

GW
1 7.6 (N/A)a 281.6 (N/A)a 34.1 (0.0) 

GW
2 11.4 (0.4) 249.9 (14.1) 33.9 (11.5) 

GW
3 9.0 (0.6) 63.1 (11.9) 31.8 (10.6) 

aConformation only has one frame for this system. b Calculated using vectors in cpptraj.  
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Table F.9: Average (standard deviation in parentheses) χavg, θavg, ϕavg, and  ξavg dihedral angles (deg.) for each 

conformation across all replicas for undamaged and monoadducted DNA.a,b 

System Conformation Site χavg θavg ϕavg ξavg 

undamaged N/A 

G1 
256.9 

(14.9) 
N/A N/A N/A 

G2 
249.4 

(15.5) 
N/A N/A N/A 

G3 
253.5 

(15.3) 
N/A N/A N/A 

monoadducted 

B (anti) 

GB
1 (G1

anti) 
226.3 

(16.7) 
129.1 (30.9) 0.0 (11.8) –4.4 (18.9) 

GB
2 (G2

anti) 
225.2 

(12.7) 
142.5 (29.8) 5.7 (12.2) –13.7 (20.8) 

GB
3 (G3

anti) 
228.8 

(13.9) 
133.3 (23.3) 2.3 (11.9) 3.5 (22.7) 

syn 

G1
syn 49.6 (13.6) 253.0 (29.8) 3.1 (10.6) 134.4 (94.9) 

G2
syn 66.6 (53.4) 229.6 (68.3) 0.3 (10.5) 186.4 (82.7) 

G3
syn 46.1 (15.3) 237.0 (34.2) 2.1 (11.1) 176.6 (105.7) 

I 

GI
1 49.7 (13.3) 254.4 (25.1) 3.3 (10.6) 29.5 (95.1) 

GI
2 46.8 (15.4) 256.9 (31.1) 0.5 (10.0) –15.5 (89.7) 

GI
3 48.2 (18.7) 248.5 (43.5) 3.1 (10.7) –17.5 (94.5) 

S 

GS
1 50.6 (22.5) 197.4 (35.5) –2.6 (11.6) 3.0 (70.9) 

GS
2 

164.4 

(39.9) 
180.2 (23.6) –1.4 (11.6) 18.8 (28.8) 

GS
3 58.1 (44.5) 196.7 (40.6) –3.0 (11.9) 3.7 (77.3) 

W 

GW
1 61.8 (N/A)c 226.6 (N/A)c 19.2 (N/A)c –25.9 (N/A)c 

GW
2 61.4 (14.8) 79.5 (19.5) 2.4 (10.1) –54.0 (95.2) 

GW
3 48.9 (13.8) 258.9 (22.3) 7.2 (11.1) –19.8 (92.8) 

aχ = ∠(O4′−C1′−N9−C4), θ = ∠(N9−C8−N10–C10), φ = ∠(C8−N10–C10–C11) and ξ = ∠(C12−C13–C16–C17). 
bStandard deviation calculated over all frames corresponding to the specified conformation. cConformation only has one 

frame for this system.  
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Table F.10: Occupancies (%) of the non-Watson-Crick hydrogen bonds at the lesion site of monoadducted DNA.a,b 

Site Hydrogen Bond Occupancy Site Hydrogen Bond Occupancy 

GB
1 

(G6)N10–

H•••O3'(C5) 
34.2% 

GI
1 

(G6)N10–

H•••N1(G28) 
19.8% 

(G6)N10–

H•••O4'(G6) 
41.9% 

(G6)N10–

H•••N2(G28) 
57.4% 

GB
2 

(G7)N10–

H•••O4'(G7) 
79.1% 

(G6)N10–

H•••N3(G28) 
19.2% 

GB
3 

(G9)N10–

H•••O4'(G9) 
66.0% 

GI
2 

(G7)N10–H•••N2(G6) 30.0% 

GW
1 

(G6)N10–

H•••N2(G28) 
100.0% 

(G7)N10–

H•••O2(C27) 
19.5% 

(C26)N4–

H•••O6(G6) 
100.0% 

GI
3 

(G9)N10–

H•••N2(G25) 
36.6% 

(C27)N4–

H•••O6(G6) 
100.0% 

(G9)N10–

H•••N3(G25) 
27.4% 

(G28)N2–

H•••O4'(G6) 
100.0% GS

1 
(C27)N4–

H•••OP2(C26) 
36.0% 

GW
2 

(G7)N10–

H•••O4'(C8) 
42.2% 

Gs
2 

(G7)N10–H•••O4'(G7) 84.2% 

(C26)N4–

H•••O6(G7) 
75.6% 

(C26)N4–

H•••OP2(G25) 
62.7% 

(C26)N4–

H•••N7(G7) 
44.2% 

(C27)N4–

H•••O2(C26) 
46.6% 

GW
3 

(G9)N10–

H•••N2(G25) 
56.3% 

GS
3 

(G9)N10–H•••O4'(G9) 14.1% 

(G9)N10–

H•••N3(G25) 
27.9% 

(C23)N2–

H•••O2(C24) 
14.4% 

(C24)N4–

H•••O6(G9) 
67.2% 

(C23)N2–

H•••N3(C24) 
14.0% 

(C24)N4–

H•••N7(G9) 
41.4% 

(C24)N4–

H•••OP2(G23) 
10.9% 

aNucleotide numbering is illustrated in Figure F.14 bOccupancies determined as the percentage of the simulation that a 

hydrogen bonds exist according to a heavy atom distance < 3.2 Å and a heavy atom–hydrogen–heavy atom angle > 

120°. 
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Table F.11: Average (standard deviation in parentheses) pseudostep parametersa for undamaged, 

monoadducted and diadducted DNA.  

System Rise (Å) Shift (Å) Slide (Å) Roll (deg.) Tilt (deg.) Twist (deg.) 

undamaged 22.8 (0.8) –0.9 (2.6) 3.4 (2.6) –8.8 (12.7) 1.7 (14.5) –115.0 (9.1) 

G1
anti 22.9 (0.8) 0.7 (2.6) 2.9 (2.6) –5.1 (11.9) 0.1 (13.2) –116.4 (10.1) 

G2
anti 22.6 (1.0) 0.8 (2.9) 4.3 (2.8) –7.6 (12.7) –3.8 (13.9) –118.8 (9.5) 

G3
anti 22.5 (1.0) –0.8 (2.6) 4.7 (2.8) –12.0 (13.0) –0.6 (14.7) –118.6 (9.4) 

G1
syn 20.5 (1.8) 4.9 (2.4) 8.4 (2.8) –19.5 (13.9) –39.1 (16.7) –128.7 (10.0) 

G2
syn 22.0 (2.0) –0.4 (4.2) 5.5 (4.5) –29.5 (22.1) –15.7 (20.4) –125.2 (14.3) 

G3
syn 20.7 (1.6) –0.6 (2.2) 9.4 (3.1) –34.1 (15.0) 6.6 (13.1) –127.8 (13.9) 

G1
antiG2

anti 22.5 (1.1) 2.8 (2.9) 4.7 (2.8) –4.2 (13.9) –2.9 (15.0) –127.1 (10.5) 

G1
antiG3

anti 22.4 (1.0) 0.9 (2.8) 4.9 (2.8) –8.9 (12.9) –1.6 (15.1) –122.7 (10.1) 

G2
antiG3

anti 22.0 (1.3) 1.2 (2.8) 6.6 (2.9) –12.1 (14.6) –7.2 (15.5) –126.6 (10.5) 

G1
antiG2

syn 24.5 (2.7) 1.0 (5.7) 3.3 (4.3) 0.5 (21.8) –8.0 (22.9) –164.1 (41.7) 

G1
antiG3

syn 21.8 (1.9) 0.9 (3.0) 7.5 (3.9) –22.9 (22.5) 8.7 (18.6) –133.4 (14.1) 

G2
antiG3

syn 23.5 (2.8) 1.4 (3.1) 2.8 (6.7) –13.8 (22.7) –1.9 (16.5) –145.2 (28.7) 

G1
synG2

anti 22.4 (3.0) 4.5 (5.0) 4.6 (5.1) –11.8 (18.0) –4.6 (38.6) –147.0 (23.4) 

G1
synG3

anti 20.7 (2.3) 2.8 (4.0) 7.7 (3.9) –21.0 (15.0) –27.2 (26.9) –132.1 (13.1) 

G2
synG3

anti 20.8 (1.8) 1.1 (2.9) 8.6 (2.8) –42.6 (16.4) –27.3 (17.0) –124.8 (10.0) 

G1
synG2

syn 21.2 (2.8) 3.4 (5.3) 7.0 (6.0) –17.4 (24.9) –29.3 (32.5) –140.0 (31.7) 

G1
synG3

syn 21.2 (4.1) 2.5 (4.6) 6.9 (8.1) –30.3 (37.2) –14.3 (25.1) –152.2 (30.6) 

G2
synG3

syn 24.6 (2.7) 0.5 (4.4) 2.9 (8.2) –20.2 (44.2) –6.3 (20.5) –167.4 (32.8) 
aThe pseudostep is defined in Figure F.14.  
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Table F.12: Relative deviations in the pseudostep parameters from undamaged DNA, with the 

number of Xs representing the degree of distortion.a, b 

System Rise (Å) Shift (Å) Slide (Å) Roll (deg.) Tilt (deg.) Twist (deg.) 

undamaged - - - - - - 

G1
anti - - - - - - 

G2
anti - - - - - - 

G3
anti - - - - - - 

G1
syn XX XX X XXXX X X 

G2
syn - X - X XX X 

G3
syn - XX X - XX X 

G1
antiG2

anti X - - - - X 

G1
antiG3

anti - - - - - - 

G2
antiG3

anti X X - - - X 

G1
antiG2

syn - - - - - XXXX 

G1
antiG3

syn - XX - - X X 

G2
antiG3

syn X - - - - XXX 

G1
synG2

anti XX - - - - XXX 

G1
synG3

anti X XX X XX X X 

G2
synG3

anti X XX - XX XXX - 

G1
synG2

syn XX X - XXX - XX 

G1
synG3

syn X X - X XX XXX 

G2
synG3

syn - - - - X XXXXX 
aThe pseudostep is defined in Figure F.14. bEach X represents a 2 Å or 10° change from the value 

for undamaged DNA, with five Xs indicating changes > 10 Å or 50°. 
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Table F.13: Average (standard deviation in parentheses) solvent accessible surface area of the 

hydrophobic aryl bulky group (SASA, Å2) for monoadducted and diadducted DNA. 

Primary 

Lesion 

Secondary 

Lesiona SASA (Å2) 
Primary 

Lesion 

Secondary 

Lesiona SASA (Å2) 

G1
anti 

Absent 199.9 (8.1) 

G1
syn 

Absent 126.8 (16.0) 

G2
anti 161.4 (13.5) G2

anti 82.7 (44.4) 

G2
syn 162.9 (27.3) G2

syn 99.3 (38.4) 

G3
anti 200.2 (8.0) G3

anti 100.8 (45.0) 

G3
syn 198.8 (10.2) G3

syn 89.6 (42.1) 

G2
anti 

Absent 198.9 (6.2) 

G2
syn 

Absent 108.1 (40.4) 

G1
anti 151.6 (10.4) G1

anti 68.1 (44.1) 

G1
syn 170.8 (21.2) G1

syn 94.4 (36.5) 

G3
anti 197.0 (11.5) G3

anti 120.5 (16.4) 

G3
syn 196.5 (10.2) G3

syn 110.4 (35.8) 

G3
anti 

Absent 199.7 (8.6) 

G3
syn 

Absent 105.0 (28.7) 

G1
anti 199.4 (9.0) G1

anti 90.1 (29.8) 

G1
syn 198.6 (10.1) G1

syn 85.4 (44.3) 

G2
anti 193.4 (19.6) G2

anti 92.9 (56.0) 

G2
syn 199.6 (10.3) G2

syn 54.4 (22.8) 
aAbsent indicates monoadducted DNA.  
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Table F.14: Average (standard deviation in parenthesesa) lesion site interaction energies (kJ/mol) 

for undamaged, monoadducted and diadducted DNA. 

Primary 

Lesion 

Secondary 

Lesionb 
LSIEavg c 

Average 

Stackingd 

Average 

Hydrogen 

Bondinge 

Average Bulky 

Group-

Backbone 

Interactionsf 

G1
g  absent -219.9 (3.3) -101.2 (2.9) -118.6 (1.8) N/A 

G2
g absent -205.6 (3.7) -88.3 (3.1) -117.4 (1.9) N/A 

G3
g absent -236.3 (3.5) -117.8 (3.0) -118.5 (1.7) N/A 

G1
anti 

absent 
-229.7 

(20.6) 
-102.9 (3.0) -106.0 (2.1) -20.9 (11.2) 

G2
anti 

-250.9 

(19.9) 
-126.1 (3.3) -106.0 (2.1) -18.8 (10.6) 

G2
syn 

-240.8 

(17.0) 
-139.2 (6.8) -75.1 (11.0) -26.4 (14.3) 

G3
anti 

-226.4 

(72.0) 
-101.4 (3.0) -105.6 (2.4) -19.5 (10.7) 

G3
syn 

-225.9 

(36.5) 
-100.7 (3.1) -105.8 (2.1) -19.4 (10.6) 

G2
anti 

absent 
-219.3 

(16.8) 
-99.5 (3.1) -106.8 (1.7) -12.9 (5.9) 

G1
anti 

-243.9 

(16.2) 
-120.1 (3.3) -107.1 (1.6) -16.7 (6.2) 

G1
syn 

-227.8 

(76.7) 
-103.4 (7.3) -105.2 (2.0) -19.2 (7.4) 

G3
anti 

-219.8 

(78.9) 
-99.9 (3.2) -106.6 (1.7) -13.3 (5.9) 

G3
syn 

-219.6 

(75.2) 
-99.1 (3.3) -106.7 (1.8) -13.8 (6.8) 

G3
anti 

absent 
-244.3 

(17.1) 
-125.7 (3.1) -106.0 (2.0) -12.6 (6.7) 

G1
anti 

-243.1 

(17.2) 
-125.1 (3.1) -106.0 (1.9) -12.0 (6.6) 

G1
syn 

-244.6 

(56.6) 
-125.1 (3.1) -106.0 (1.9) -13.4 (8.0) 

G2
anti 

-246.2 

(19.6) 
-125.4 (3.2) -106.1 (1.8) -14.7 (8.4) 

G2
syn 

-258.7 

(38.0) 
-127.9 (3.1) -106.3 (1.8) -24.5 (10.5) 

G1
syn 

absent -26.9 (21.2) -15.7 (5.4) 34.0 (1.6) -45.1 (12.1) 

G2
anti 

-114.6 

(50.3) 
-81.7 (12.1) 11.6 (4.3) -44.5 (11.3) 

G2
syn 

-156.1 

(48.1) 
-90.1 (13.0) -14.0 (6.5) -51.9 (18.9) 

G3
anti -68.3 (72.0) -43.3 (9.6) 21.7 (4.5) -46.8 (11.4) 

G3
syn 

-141.2 

(79.7) 
-86.8 (12.0) -6.4 (7.0) -48.0 (9.5) 

G2
syn absent -78.2 (16.7) -50.2 (10.0) 15.0 (5.8) -43.0 (9.6) 
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G1
anti 

-164.9 

(20.0) 
-109.2 (7.9) -8.1 (5.2) -47.6 (9.3) 

G1
syn 

-147.0 

(61.2) 
-84.5 (14.1) -13.2 (6.1) -49.2 (13.7) 

G3
anti -55.6 (27.6) -33.5 (8.4) 20.7 (6.4) -42.8 (10.0) 

G3
syn 

-201.5 

(16.5) 
-123.3 (5.9) -35.1 (5.2) -43.0 (10.7) 

G3
syn 

absent -92.2 (89.1) -50.3 (13.4) 7.3 (7.7) -48.6 (12.5) 

G1
anti 

-149.1 

(17.8) 
-87.2 (11.8) -3.1 (6.5) -58.8 (15.7) 

G1
syn 

-100.2 

(58.2) 
-57.6 (12.0) 6.3 (6.1) -48.9 (11.1) 

G2
anti 

-125.6 

(43.0) 
-69.2 (8.4) -10.8 (6.1) -45.5 (12.2) 

G2
syn 

-139.9 

(64.8) 
-74.3 (6.9) -12.2 (2.6) -53.4 (9.5) 

aStandard deviation calculated over the five replicas. bAbsent indicates monoadducted DNA. 

cAverage of the sum of stacking and hydrogen-bonding for the adducted base, bulky moiety and 

opposing C as well as bulky group-backbone interactions. dAverage of the stacking interactions 

between the adduct (base and bulky moiety) plus the opposing C and the flanking nucleobases. 
eAverage of the hydrogen-bonding interactions between the adduct and the pairing C. fAverage of 

the noncovalent interactions between the bulky moiety and the sugar–phosphate backbone of 

nearby nucleotides. gUndamaged helices. 
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Table F.15: Average (standard deviation in parentheses)a C1′ – C1′ interstrand distance (Å) for each conformation 

across all replicas for diadducted DNA. 

Primary 

Lesion 

Secondary 

Lesion 
C1′ – C1′ 

Δ(C1′ – 

C1′) b 

Primary 

Lesion 

Secondary 

Lesion 
C1′ – C1′ 

Δ(C1′ – 

C1′) b 

GB
1 G2

anti 10.8 (0.2) 0.0 GS
1 G2

anti 13.9 (0.9) 1.0 

GB
1 G2

syn 10.7 (0.8) -0.1 GS
1 G2

syn 12.7 (1.5) -0.2 

GB
1 G3

anti 10.7 (0.2) 0.0 GS
1 G3

anti 14.7 (1.2) 1.8 

GB
1 G3

syn 10.7 (0.2) 0.0 GS
1 G3

syn 14.5 (1.8) 1.5 

GB
2 G1

anti 10.8 (0.2) 0.0 GS
2 G1

anti 14.6 (1.8) -0.7 

GB
2 G1

syn 10.7 (0.2) -0.1 GS
2 G1

syn 13.1 (1.9) -2.3 

GB
2 G3

anti 10.8 (0.2) 0.0 GS
2 G3

anti 10.2 (1.8) -5.1 

GB
2 G3

syn 10.8 (0.2) 0.0 GS
2 G3

syn 12.9 (2.9) -2.4 

GB
3 G1

anti 10.7 (0.2) 0.0 GS
3 G1

anti 12.9 (1.8) 0.2 

GB
3 G1

syn 10.7 (0.2) 0.0 GS
3 G1

syn 14.0 (2.0) 1.4 

GB
3 G2

anti 10.7 (0.2) 0.0 GS
3 G2

anti 14.8 (1.7) 2.2 

GB
3 G2

syn 10.8 (0.2) 0.1 GS
3 G2

syn 15.3 (1.0) 2.7 

GI
1 G2

anti 9.4 (1.0) 1.1 GW
1 G2

anti N/Ac N/Ac 

GI
1 G2

syn 9.8 (1.5) 1.5 GW
1 G2

syn 10.6 (1.0) 2.9 

GI
1 G3

anti 8.5 (0.8) 0.3 GW
1 G3

anti 7.7 (0.6) 0.0 

GI
1 G3

syn 8.3 (0.9) 0.0 GW
1 G3

syn 9.3 (0.8) 1.7 

GI
2 G1

anti 11.5 (1.8) 3.1 GW
2 G1

anti 11.3 (0.8) -0.2 

GI
2 G1

syn 8.9 (1.1) 0.5 GW
2 G1

syn 10.5 (1.4) -0.9 

GI
2 G3

anti 8.2 (0.6) -0.3 GW
2 G3

anti 10.4 (1.0) -1.1 

GI
2 G3

syn 8.5 (0.9) 0.1 GW
2 G3

syn 9.5 (0.6) -1.9 

GI
3 G1

anti 8.6 (0.8) -0.1 GW
3 G1

anti 8.9 (0.6) -0.1 

GI
3 G1

syn 9.8 (2.1) 1.1 GW
3 G1

syn 11.3 (0.8) 2.3 

GI
3 G2

anti 10.8 (2.9) 2.0 GW
3 G2

anti 11.5 (0.5) 2.5 

GI
3 G2

syn 12.8 (1.6) 4.1 GW
3 G2

syn 11.4 (0.5) 2.4 
aStandard deviation calculated over all frames corresponding to the specified conformation. bCalculated as the in C1′ – 

C1′ distance for the lesion in diadducted DNA minus the corresponding lesion in monoadducted DNA. cConformation 

has no frames. 
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Table F.16: Average lesion site (standard deviation in parentheses)a χ dihedral angle (deg.) for each conformation 

across all replicas (χavg) for diadducted DNA.b 

Primary 

Lesion 

Secondary 

Lesion 
χavg Δχc  

Primary 

Lesion 

Secondary 

Lesion 
χavg Δχc 

GB
1 G2

anti 
216.9 

(22.8) 
-9.4 GS

1 G2
anti 59.9 (35.5) 9.3 

GB
1 G2

syn 
224.7 

(26.6) 
-1.6 GS

1 G2
syn 55.0 (22.1) 4.4 

GB
1 G3

anti 
223.5 

(17.6) 
-2.8 GS

1 G3
anti 

108.9 

(52.7) 
58.2 

GB
1 G3

syn 
226.3 

(16.5) 
0.0 GS

1 G3
syn 

118.0 

(53.6) 
67.4 

GB
2 G1

anti 
224.8 

(12.7) 
-0.4 GS

2 G1
anti 

174.7 

(50.0) 
10.3 

GB
2 G1

syn 
224.0 

(43.4) 
-1.2 GS

2 G1
syn 63.8 (39.4) -100.7 

GB
2 G3

anti 
216.8 

(17.3) 
-8.4 GS

2 G3
anti 47.8 (15.2) -116.6 

GB
2 G3

syn 
223.1 

(15.0) 
-2.1 GS

2 G3
syn 

131.3 

(62.8) 
-33.1 

GB
3 G1

anti 
228.8 

(13.8) 
0.0 GS

3 G1
anti 46.4 (15.3) -11.6 

GB
3 G1

syn 
228.9 

(13.4) 
0.1 GS

3 G1
syn 

118.3 

(59.5) 
60.3 

GB
3 G2

anti 
224.9 

(16.1) 
-3.9 GS

3 G2
anti 

173.1 

(57.7) 
115.0 

GB
3 G2

syn 
225.6 

(16.6) 
-3.2 GS

3 G2
syn 

164.8 

(40.3) 
106.7 

GI
1 G2

anti 60.2 (15.1) 10.5 GW
1 G2

anti N/Ad N/Ad 

GI
1 G2

syn 56.2 (17.0) 6.5 GW
1 G2

syn 61.7 (17.1) -0.1 

GI
1 G3

anti 50.6 (15.3) 0.9 GW
1 G3

anti 36.9 (21.1) -24.9 

GI
1 G3

syn 50.0 (21.6) 0.3 GW
1 G3

syn 51.0 (40.1) -10.8 

GI
2 G1

anti 
163.5 

(75.1) 
1 16.7 GW

2 G1
anti 77.4 (58.9) 16.0 

GI
2 G1

syn 57.9 (16.6) 11.1 GW
2 G1

syn 58.0 (14.7) -3.4 

GI
2 G3

anti 46.1 (14.0) -0.7 GW
2 G3

anti 54.3 (18.0) -7.1 

GI
2 G3

syn 50.4 (21.5) 3.6 GW
2 G3

syn 68.9 (34.2) 7.6 

GI
3 G1

anti 46.6 (14.6) -1.6 GW
3 G1

anti 48.6 (13.8) -0.3 

GI
3 G1

syn 64.9 (48.2) 16.7 GW
3 G1

syn 63.0 (24.1) 14.1 

GI
3 G2

anti 91.9 (74.0) 43.7 GW
3 G2

anti 68.6 (53.8) 19.7 

GI
3 G2

syn 
139.1 

(55.1) 
90.9 GW

3 G2
syn 

171.8 

(40.3) 
122.9 

aStandard deviation calculated over all frames corresponding to the specified conformation. bχ = ∠(O4′−C1′−N9−C4). 
cCalculated as the χavg for the lesion in diadducted DNA minus the corresponding lesion in monoadducted DNA. 
dConformation has no frames.  
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Table F.17: Average lesion site (standard deviation in parentheses)a χopp (χ for the C opposing the adduct)  dihedral 

angle (deg.) for each conformation across all replicas for diadducted DNA.b 

Primary 

Lesion 

Secondary 

Lesion 
χopp Δχopp c Primary 

Lesion 

Secondary 

Lesion 
χopp Δχopp c 

GB
1 G2

anti 
233.0 

(20.2) -23.4 
GS

1 G2
anti 

243.5 

(19.5) -3.8 

GB
1 G2

syn 
256.4 

(19.1) 0.0 
GS

1 G2
syn 

253.0 

(29.9) 5.7 

GB
1 G3

anti 
253.9 

(19.9) -2.5 
GS

1 G3
anti 

249.5 

(21.0) 2.1 

GB
1 G3

syn 
254.9 

(19.0) -1.6 
GS

1 G3
syn 

246.0 

(24.6) -1.4 

GB
2 G1

anti 
250.9 

(15.4) 0.8 
GS

2 G1
anti 

247.5 

(39.9) 0.1 

GB
2 G1

syn 
256.8 

(18.3) 6.7 
GS

2 G1
syn 

243.7 

(34.4) -3.7 

GB
2 G3

anti 
250.6 

(15.8) 0.6 
GS

2 G3
anti 

255.3 

(18.0) 7.9 

GB
2 G3

syn 
251.4 

(15.9) 1.3 
GS

2 G3
syn 

246.4 

(26.5) -1.1 

GB
3 G1

anti 
258.4 

(15.2) -0.8 
GS

3 G1
anti 

241.4 

(34.3) -3.8 

GB
3 G1

syn 
258.6 

(15.0) -0.6 
GS

3 G1
syn 

234.7 

(25.4) -10.5 

GB
3 G2

anti 
256.5 

(16.6) -2.6 
GS

3 G2
anti 

235.8 

(24.3) -9.5 

GB
3 G2

syn 
250.5 

(17.9) -8.6 
GS

3 G2
syn 

237.9 

(24.5) -7.4 

GI
1 G2

anti 
234.1 

(12.1) -5.4 
GW

1 G2
anti 

N/Ad N/Ad 

GI
1 G2

syn 
258.8 

(51.3) 19.3 
GW

1 G2
syn 

316.7 

(81.9) 35.1 

GI
1 G3

anti 
240.8 

(11.3) 1.3 
GW

1 G3
anti 

224.3 (3.0) -57.3 

GI
1 G3

syn 
147.2 

(88.2) -92.4 
GW

1 G3
syn 

67.2 (36.1) -214.3 

GI
2 G1

anti 
239.8 

(67.8) 3.4 
GW

2 G1
anti 

248.0 

(17.9) -1.9 

GI
2 G1

syn 
69.9 (81.4) -166.5 

GW
2 G1

syn 
251.2 

(91.9) 1.3 

GI
2 G3

anti 
239.7 

(11.9) 3.3 
GW

2 G3
anti 

256.4 

(16.3) 6.5 

GI
2 G3

syn 62.2 (19.6) -174.2 GW
2 G3

syn 61.8 (17.9) -188.2 

GI
3 G1

anti 
243.7 

(69.3) 1.3 
GW

3 G1
anti 

62.5 (21.3) -0.6 

GI
3 G1

syn 
232.0 

(22.2) -10.4 
GW

3 G1
syn 

249.3 

(19.1) 186.2 

GI
3 G2

anti 
233.4 

(22.5) -9.0 
GW

3 G2
anti 

247.6 

(17.8) 184.5 

GI
3 G2

syn 
202.0 

(20.8) -40.3 
GW

3 G2
syn 

197.9 

(17.8) 134.8 
aStandard deviation calculated over all frames corresponding to the specified conformation. bχopp = 

∠(O4′−C1′−N1−C2). cCalculated as the χopp for the lesion in diadducted DNA minus the corresponding lesion in 

monoadducted DNA. dConformation has no frames.  
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Table F.18: Average lesion site (standard deviation in parentheses)a θ dihedral angle (deg.) for each conformation 

across all replicas (θavg) for diadducted DNA.b 

Primary 

Lesion 

Secondary 

Lesion 
θavg Δθc Primary 

Lesion 

Secondary 

Lesion 
θavg Δθc 

GB
1 G2

anti 
138.6 

(35.4) 9.6 
GS

1 G2
anti 

196.8 

(23.6) -0.6 

GB
1 G2

syn 
158.0 

(28.3) 28.9 
GS

1 G2
syn 

163.4 

(40.3) -34.0 

GB
1 G3

anti 
133.4 

(33.8) 4.4 
GS

1 G3
anti 

189.4 

(22.0) -8.0 

GB
1 G3

syn 
131.9 

(30.6) 2.8 
GS

1 G3
syn 

182.5 

(28.9) -14.9 

GB
2 G1

anti 
149.2 

(41.9) 6.7 
GS

2 G1
anti 

157.5 

(33.6) -22.7 

GB
2 G1

syn 
169.9 

(60.0) 27.4 
GS

2 G1
syn 

150.8 

(43.9) -29.4 

GB
2 G3

anti 
149.2 

(52.8) 6.7 
GS

2 G3
anti 

234.4 

(59.3) 54.2 

GB
2 G3

syn 
143.9 

(45.0) 1.4 
GS

2 G3
syn 

211.1 

(53.1) 30.9 

GB
3 G1

anti 
133.3 

(26.3) 0.0 
GS

3 G1
anti 

183.2 

(38.8) -13.5 

GB
3 G1

syn 
132.9 

(36.9) -0.4 
GS

3 G1
syn 

181.0 

(30.1) -15.7 

GB
3 G2

anti 
139.7 

(30.2) 6.4 
GS

3 G2
anti 

173.3 

(27.0) -23.4 

GB
3 G2

syn 
133.7 

(25.9) 0.4 
GS

3 G2
syn 

175.5 

(25.8) -21.2 

GI
1 G2

anti 
228.6 

(60.1) -25.7 
GW

1 G2
anti 

N/Ad N/Ad 

GI
1 G2

syn 
211.4 

(68.7) -43.0 
GW

1 G2
syn 

198.9 

(66.0) -27.6 

GI
1 G3

anti 
251.2 

(59.6) -3.2 
GW

1 G3
anti 

265.3 

(18.4) 38.8 

GI
1 G3

syn 
254.0 

(26.3) -0.4 
GW

1 G3
syn 

244.9 

(53.1) 18.4 

GI
2 G1

anti 
127.8 

(50.4) -129.1 
GW

2 G1
anti 

120.2 

(79.5) 40.7 

GI
2 G1

syn 
282.8 

(74.0) 26.0 
GW

2 G1
syn 

126.0 

(87.8) 46.5 

GI
2 G3

anti 
263.4 

(23.5) 6.5 
GW

2 G3
anti 

254.7 

(82.5) 175.2 

GI
2 G3

syn 
266.0 

(44.3) 9.2 
GW

2 G3
syn 

243.3 

(37.4) 163.8 

GI
3 G1

anti 
251.4 

(41.3) 2.9 
GW

3 G1
anti 

259.3 

(24.0) 0.4 

GI
3 G1

syn 
222.7 

(72.0) -25.8 
GW

3 G1
syn 

77.4 (59.6) -181.5 

GI
3 G2

anti 
208.2 

(53.2) -40.3 
GW

3 G2
anti 

91.2 (61.1) -167.7 

GI
3 G2

syn 
160.8 

(26.8) -87.8 
GW

3 G2
syn 

141.0 

(29.9) -117.9 
aStandard deviation calculated over all frames corresponding to the specified conformation. bθ = ∠(N9−C8−N10–C10). 
cCalculated as the θavg for the lesion in diadducted DNA minus the corresponding lesion in monoadducted DNA. 
dConformation has no frames. . 
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Table F.19: Average lesion site (standard deviation in parentheses)a ϕ dihedral angle (deg.) for each conformation 

across all replicas (ϕavg) for diadducted DNA.b  

Primary 

Lesion 

Secondary 

Lesion 
ϕavg Δϕc Primary 

Lesion 

Secondary 

Lesion 
ϕavg Δϕc 

GB
1 G2

anti -0.7 (12.2) -0.7 GS
1 G2

anti -0.8 (11.3) 1.9 

GB
1 G2

syn 3.4 (12.2) 3.4 GS
1 G2

syn -2.1 (10.8) 0.5 

GB
1 G3

anti 0.3 (11.8) 0.3 GS
1 G3

anti 1.9 (11.7) 4.5 

GB
1 G3

syn 0.4 (11.8) 0.4 GS
1 G3

syn 0.0 (12.1) 2.6 

GB
2 G1

anti 5.3 (11.5) -0.4 GS
2 G1

anti -1.6 (11.1) 0.0 

GB
2 G1

syn 3.4 (11.8) -2.4 GS
2 G1

syn -2.7 (11.2) -1.1 

GB
2 G3

anti 5.6 (12.3) -0.1 GS
2 G3

anti 1.1 (11.3) 2.7 

GB
2 G3

syn 5.4 (12.2) -0.3 GS
2 G3

syn -0.4 (11.6) 1.2 

GB
3 G1

anti 2.1 (11.8) -0.2 GS
3 G1

anti -6.1 (11.0) 0.0 

GB
3 G1

syn 2.4 (11.8) 0.1 GS
3 G1

syn -1.8 (11.3) 4.3 

GB
3 G2

anti 2.7 (11.9) 0.5 GS
3 G2

anti -1.5 (11.1) 4.6 

GB
3 G2

syn 0.3 (12.0) -2.0 GS
3 G2

syn 3.0 (11.8) 9.1 

GI
1 G2

anti 1.5 (12.1) -1.8 GW
1 G2

anti N/Ad N/Ad 

GI
1 G2

syn 0.6 (11.1) -2.6 GW
1 G2

syn 2.7 (11.4) -16.5 

GI
1 G3

anti 2.7 (10.7) -0.5 GW
1 G3

anti -1.7 (20.4) -21.0 

GI
1 G3

syn 3.3 (10.5) 0.1 GW
1 G3

syn 5.4 (11.6) -13.8 

GI
2 G1

anti -1.2 (10.6) 0.0 GW
2 G1

anti 0.5 (11.8) 0.0 

GI
2 G1

syn -2.9 (10.3) -1.7 GW
2 G1

syn -0.1 (10.9) -0.6 

GI
2 G3

anti -0.4 (9.9) 0.9 GW
2 G3

anti 2.1 (11.5) 1.6 

GI
2 G3

syn 1.8 (10.1) 3.1 GW
2 G3

syn 6.7 (10.6) 6.2 

GI
3 G1

anti 3.3 (10.1) 0.0 GW
3 G1

anti 8.1 (10.6) 0.0 

GI
3 G1

syn 3.2 (10.5) -0.1 GW
3 G1

syn 0.3 (10.3) -7.7 

GI
3 G2

anti 2.4 (10.6) -1.0 GW
3 G2

anti -0.7 (10.3) -8.7 

GI
3 G2

syn 3.4 (12.3) 0.0 GW
3 G2

syn -1.1 (11.0) -9.2 
aStandard deviation calculated over all frames corresponding to the specified conformation. bϕ = ∠(C8−N10–C10–C11). 
cCalculated as the ϕavg for the lesion in diadducted DNA minus the corresponding lesion in monoadducted DNA. 
dConformation has no frames. 
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Table F.20: Average lesion site (standard deviation in parentheses)a ξ dihedral angle (deg.) for each conformation 

across all replicas (ξavg) for diadducted DNA.b  

Primary 

Lesion 

Secondary 

Lesion 
ξ avg Δξ c Primary 

Lesion 

Secondary 

Lesion 
ξ avg Δξ c 

GB
1 G2

anti 24.4 (27.2) 28.8 GS
1 G2

anti 28.8 (91.3) 25.9 

GB
1 G2

syn 4.8 (12.1) 9.2 GS
1 G2

syn 24.4 (90.1) 21.4 

GB
1 G3

anti 
-7.5 (24.4) -3.1 

GS
1 G3

anti 
-13.7 

(54.6) -16.6 

GB
1 G3

syn 12.0 (12.9) 16.3 GS
1 G3

syn -6.3 (85.8) -9.3 

GB
2 G1

anti 
0.8 (14.0) 14.5 

GS
2 G1

anti 
-71.6 

(91.3) -90.4 

GB
2 G1

syn 9.0 (8.2) 22.7 GS
2 G1

syn 44.8 (90.5) 26.0 

GB
2 G3

anti 9.3 (17.3) 23.0 GS
2 G3

anti -0.3 (92.6) -19.2 

GB
2 G3

syn 
-23.5 

(34.3) -9.8 
GS

2 G3
syn 

13.5 (70.6) -5.3 

GB
3 G1

anti 34.3 (33.2) 30.9 GS
3 G1

anti 29.8 (89.2) 26.1 

GB
3 G1

syn 22.5 (27.2) 19.1 GS
3 G1

syn 13.4 (90.0) 9.6 

GB
3 G2

anti 4.3 (27.3) 0.8 GS
3 G2

anti 6.6 (87.5) 2.9 

GB
3 G2

syn 
-12.3 

(25.0) -15.8 
GS

3 G2
syn 

-7.2 (85.4) -10.9 

GI
1 G2

anti 
-57.9 

(95.1) -87.4 
GW

1 G2
anti 

N/Ad N/Ad 

GI
1 G2

syn 
-12.5 

(94.7) -41.9 
GW

1 G2
syn 

-6.9 (95.3) 19.0 

GI
1 G3

anti -5.8 (95.4) -35.2 GW
1 G3

anti 24.8 (2.8) 50.7 

GI
1 G3

syn 
-14.5 

(93.5) -43.9 
GW

1 G3
syn 

8.9 (94.5) 34.7 

GI
2 G1

anti 
-21.6 

(93.0) -6.1 
GW

2 G1
anti 

-15.9 

(95.0) 38.0 

GI
2 G1

syn 
-38.1 

(93.1) -22.7 
GW

2 G1
syn 

-65.4 

(95.5) -11.4 

GI
2 G3

anti 
-56.7 

(93.1) -41.3 
GW

2 G3
anti 

3.3 (95.7) 57.2 

GI
2 G3

syn 0.2 (94.1) 15.6 GW
2 G3

syn 12.4 (94.6) 66.4 

GI
3 G1

anti 
-15.4 

(91.9) 2.1 
GW

3 G1
anti 

21.4 (93.1) 41.2 

GI
3 G1

syn 
-28.8 

(93.8) -11.3 
GW

3 G1
syn 

-6.1 (92.5) 13.7 

GI
3 G2

anti 
-45.2 

(92.2) -27.7 
GW

3 G2
anti 

9.6 (95.3) 29.4 

GI
3 G2

syn 
-62.8 

(83.2) -45.3 
GW

3 G2
syn 

-1.1 (11.0) -9.2 
aStandard deviation calculated over all frames corresponding to the specified conformation. bξ = ∠(C12−C13–C16–

C17). cCalculated as the ξavg for the lesion in diadducted DNA minus the corresponding lesion in monoadducted DNA. 
dConformation has no frames. 
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Table F.21: Average (standard deviation in parentheses) interplanar angle (deg.) between the two rings in the biphenyl 

moiety for each conformation and across all replicas for diadducted DNA.a 

Primary 

Lesion 

Secondary 

Lesion 

Interplanar 

Angle 

Δ 

Interplanar 

Angleb 

Primary 

Lesion 

Secondary 

Lesion 

Interplanar 

Angle 

Δ 

Interplanar 

Angleb 

GB
1 G2

anti 32.4 (11.4) -1.3 GS
1 G2

anti 24.0 (10.1) -3.6 

GB
1 G2

syn 28.5 (11.1) -5.1 GS
1 G2

syn 30.9 (10.3) 3.3 

GB
1 G3

anti 33.4 (11.4) -0.2 GS
1 G3

anti 23.7 (9.7) -3.9 

GB
1 G3

syn 28.9 (10.7) -4.7 GS
1 G3

syn 24.3 (10.2) -3.3 

GB
2 G1

anti 32.4 (11.4) -1.0 GS
2 G1

anti 28.4 (10.5) 3.0 

GB
2 G1

syn 30.4 (11.5) -3.0 GS
2 G1

syn 33.4 (10.9) 7.9 

GB
2 G3

anti 33.5 (11.5) 0.2 GS
2 G3

anti 31.3 (12.7) 5.8 

GB
2 G3

syn 29.6 (11.0) -3.8 GS
2 G3

syn 27.7 (11.2) 2.2 

GB
3 G1

anti 33.4 (11.4) -0.1 GS
3 G1

anti 28.3 (10.5) 0.0 

GB
3 G1

syn 33.4 (11.4) -0.1 GS
3 G1

syn 26.8 (10.4) -1.5 

GB
3 G2

anti 33.5 (11.5) 0.0 GS
3 G2

anti 27.2 (10.2) -1.2 

GB
3 G2

syn 33.5 (11.4) 0.0 GS
3 G2

syn 26.7 (10.2) -1.7 

GI
1 G2

anti 31.3 (11.5) 0.7 GW
1 G2

anti N/Ac N/Ac 

GI
1 G2

syn 31.1 (11.3) 0.5 GW
1 G2

syn 32.6 (11.5) -1.6 

GI
1 G3

anti 30.8 (11.5) 0.2 GW
1 G3

anti 29.1 (0.5) -5.0 

GI
1 G3

syn 29.9 (11.1) -0.7 GW
1 G3

syn 31.0 (11.4) -3.1 

GI
2 G1

anti 28.5 (12.2) 0.6 GW
2 G1

anti 32.1 (11.4) -1.9 

GI
2 G1

syn 34.6 (11.3) 6.7 GW
2 G1

syn 33.9 (11.5) 0.0 

GI
2 G3

anti 29.7 (11.0) 1.8 GW
2 G3

anti 32.7 (12.1) -1.3 

GI
2 G3

syn 30.5 (10.6) 2.6 GW
2 G3

syn 31.4 (10.2) -2.5 

GI
3 G1

anti 29.5 (11.2) -0.1 GW
3 G1

anti 32.2 (10.5) 0.4 

GI
3 G1

syn 30.3 (11.1) 0.6 GW
3 G1

syn 33.4 (11.1) 1.6 

GI
3 G2

anti 30.1 (11.3) 0.5 GW
3 G2

anti 32.8 (11.2) 1.0 

GI
3 G2

syn 31.8 (9.7) 2.1 GW
3 G2

syn 29.5 (10.9) -2.3 
aStandard deviation calculated over all frames corresponding to the specified conformation. bCalculated as the 

interplanar angle for the lesion in diadducted DNA minus monoadducted DNA. cConformation has no frames.  
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Table F.22: Occupancies (%) of the non-Watson-Crick hydrogen bonds at the (anti) lesion site of diadducted DNA in the B conformation.a,b 

Primary 

Lesion 

Secondary 

Lesion 

Hydrogen Bond 

 (G6)N10–H ••• O4'(G6) (G6)N10–H ••• O3'(C5) 

GB
1 Absent 41.9% 34.2% 

GB
1 G2

anti 48.4% 21.7% 

GB
1 G2

syn 60.2% 0.0% 

GB
1 G3

anti 45.4% 28.1% 

GB
1 G3

syn 47.2% 26.7% 

 (G7)N10–H ••• O4'(G7) (C27)N4–H ••• OP2(C26) (G7)N10–H ••• O4'(C8) 

GB
2 Absent 74.1% 0.0% 0.0% 

GB
2 G1

anti 71.3% 0.0% 0.0% 

GB
2 G1

syn 56.4% 12.7% 0.0% 

GB
2 G3

anti 70.3% 0.0% 9.1% 

GB
2 G3

syn 71.7% 0.0% 0.0% 

 (G9)N10–H ••• O4'(G9) (G9)N10–H ••• O3(C8) 

GB
3 Absent 66.0% 5.7% 

GB
3 G1

anti 66.2% 0.0% 

GB
3 G1

syn 64.4% 10.3% 

GB
3 G2

anti 64.5% 8.6% 

GB
3 G2

syn 49.0% 41.9% 
aNucleotide numbering is illustrated in Figure F.14. bOccupancies determined as the percentage of the simulation that a hydrogen bonds exist according to a heavy atom distance < 

3.2 Å and a heavy atom¬hydrogen–heavy atom angle > 120°. 
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Table F.23: Average (standard deviation in parentheses)a SASA of the hydrophobic bulky group (Å2) for each 

conformation across all replicas for diadducted DNA. 

Primary 

Lesion 

Secondary 

Lesion 
SASAavg Δ(SASAavg)b Primary 

Lesion 

Secondary 

Lesion 
SASAavg Δ(SASAavg)b 

GB
1 G2

anti 161.4 (13.5) -38.5 GS
1 G2

anti 52.9 (13.7) -14.1 

GB
1 G2

syn 162.9 (27.3) -37.0 GS
1 G2

syn 66.2 (25.2) -0.8 

GB
1 G3

anti 200.2 (8.0) 0.3 GS
1 G3

anti 46.3 (17.8) -20.7 

GB
1 G3

syn 198.8 (10.2) -1.2 GS
1 G3

syn 47.0 (16.6) -20.0 

GB
2 G1

anti 151.6 (10.4) -47.3 GS
2 G1

anti 54.9 (30.7) 3.4 

GB
2 G1

syn 170.8 (21.2) -28.1 GS
2 G1

syn 73.7 (34.7) 22.3 

GB
2 G3

anti 197.0 (11.5) -1.8 GS
2 G3

anti 105.2 (21.3) 53.8 

GB
2 G3

syn 196.5 (10.2) -2.3 GS
2 G3

syn 89.1 (51.5) 37.6 

GB
3 G1

anti 199.4 (9.0) -0.3 GS
3 G1

anti 74.2 (23.0) 1.4 

GB
3 G1

syn 198.6 (10.1) -1.1 GS
3 G1

syn 57.5 (22.7) -15.3 

GB
3 G2

anti 193.4 (19.6) -6.3 GS
3 G2

anti 48.7 (21.6) -24.1 

GB
3 G2

syn 199.6 (10.3) 0.0 GS
3 G2

syn 47.2 (16.4) -25.5 

GI
1 G2

anti 131.6 (31.6) 4.0 GW
1 G2

anti N/Ac N/Ac 

GI
1 G2

syn 102.4 (26.9) -25.3 GW
1 G2

syn 124.5 (28.4) 2.5 

GI
1 G3

anti 131.2 (21.4) 3.6 GW
1 G3

anti 102.2 (1.2) -19.8 

GI
1 G3

syn 123.5 (18.6) -4.1 GW
1 G3

syn 121.1 (17.4) -0.9 

GI
2 G1

anti 76.5 (47.0) -42.7 GW
2 G1

anti 139.2 (40.2) -22.5 

GI
2 G1

syn 96.2 (24.8) -23.0 GW
2 G1

syn 125.3 (32.1) -36.4 

GI
2 G3

anti 117.2 (10.9) -2.1 GW
2 G3

anti 144.7 (22.0) -17.0 

GI
2 G3

syn 116.2 (14.9) -3.0 GW
2 G3

syn 125.5 (13.2) -36.2 

GI
3 G1

anti 119.7 (18.9) -3.4 GW
3 G1

anti 115.0 (14.0) 0.7 

GI
3 G1

syn 117.0 (41.1) -6.1 GW
3 G1

syn 153.9 (29.5) 39.6 

GI
3 G2

anti 94.6 (42.0) -28.6 GW
3 G2

anti 156.0 (36.5) 41.7 

GI
3 G2

syn 73.1 (24.9) -50.1 GW
3 G2

syn 101.2 (16.4) -13.1 
aStandard deviation calculated over all frames corresponding to the specified conformation. bCalculated as the SASAavg 

for the lesion in diadducted DNA minus monoadducted DNA. cConformation has no frames.  
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Table F.24: Occupancies (%) of the non-Watson-Crick hydrogen bonds at the (syn) lesion site of diadducted DNA in the I conformation.a,b 

Primary 

Lesion 

Secondary 

Lesion 

Hydrogen Bond 

 (G6)N10–H••• 

O4'(G/G7) 

(G6)N10–H••• 

N1(G28) 

(G6)N10–H••• 

N2(G28) 

(G6)N10–H••• 

N3(G28) 

GI
1 Absent 0.0% 19.8% 57.4% 19.2% 

GI
1 G2

anti 5.5% 6.7% 36.6% 7.0% 

GI
1 G2

syn 30.4% 7.2% 20.5% 7.8% 

GI
1 G3

anti 7.0% 15.8% 50.3% 17.5% 

GI
1 G3

syn 0.0% 15.9% 56.9% 25.6% 

 (G7)N10–H••• 

N2(G/G6) 

(G7)N10–H••• 

O4'(G7) 

(G7)N10–H••• 

O4'(C8) 

(G7)N10–H••• 

O2(C27) 

(C27)N4–H••• 

N4(C26) 

GI
2 Absent 30.0% 0.0% 0.0% 19.5% 0.0% 

GI
2 G1

anti 0.0% 36.0% 23.3% 0.0% 0.0% 

GI
2 G1

syn 0.0% 0.0% 10.6% 0.0% 24.7% 

GI
2 G3

anti 22.9% 0.0% 0.0% 20.0% 0.0% 

GI
2 G3

syn 33.8% 0.0% 0.0% 8.8% 15.5% 

 (G9)N10–H•••O4'(G9) (G9)N10–H•••N2(G25) (G9)N10–H•••N3(G25) 

GI
3 Absent 0.0% 36.6% 27.4% 

GI
3 G1

anti 0.0% 40.9% 34.0% 

GI
3 G1

syn 15.5% 26.3% 20.8% 

GI
3 G2

anti 36.4% 24.7% 17.3% 

GI
3 G2

syn 59.6% 0.0% 0.0% 
aNucleotide numbering is illustrated in Figure F.14. bOccupancies determined as the percentage of the simulation that a hydrogen bonds exist according to a heavy atom distance < 

3.2 Å and a heavy atom¬hydrogen–heavy atom angle > 120°. 
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Table F.25: Occupancies (%) of the non-Watson-Crick hydrogen bonds at the (syn) lesion site of diadducted DNA in the S conformation.a,b 

Primar

y 

Lesion 

Secondary 

Lesion 

Hydrogen Bond 

 (G6)N10–H•••O4'(G6) (G6)N10–H•••O4'(G/G7) (C27)N4–H•••N3(G25) (C27)N4–H•••OP2(C26) 

GS
1 Absent 0.0% 0.0% 0.0% 36.0% 

GS
1 G2

anti 16.2% 0.0% 0.0% 22.0% 

GS
1 G2

syn 0.0% 50.5% 30.5% 0.0% 

GS
1 G3

anti 55.3% 0.0% 0.0% 48.6% 

GS
1 G3

syn 60.7% 0.0% 0.0% 48.2% 

 (G6)N10–

H ••• 

O4'(G7) 

(G7)N10–

H ••• 

N2(G/G6) 

(G7)N10–

H ••• 

O4'(G7) 

(G7)N10–

H ••• 

O4'(C8) 

(C8)N4–H 

••• 

OP2(G7) 

(C26)N4–

H ••• 

O2(C8) 

(C26)N4–

H ••• 

OP2(G25) 

(C27)N4–

H ••• 

O2(C26) 

(C27)N4–

H ••• 

OP2(C26) 

GS
2 Absent 0.0% 0.0% 84.2% 0.0% 0.0% 0.0% 62.7% 46.6% 0.0% 

GS
2 G1

anti 0.0% 0.0% 72.3% 7.2% 0.0% 0.0% 49.3% 25.2% 0.0% 

GS
2 G1

syn 42.7% 0.0% 14.2% 51.7% 10.8% 0.0% 65.1% 0.0% 0.0% 

GS
2 G3

anti 0.0% 20.4% 0.0% 7.5% 6.5% 28.2% 24.4% 15.5% 29.9% 

GS
2 G3

syn 0.0% 8.5% 56.2% 0.0% 10.0% 0.0% 63.9% 44.0% 0.0% 

 (G9)N10–H•••O4'(G9) (C23)N2–H•••O2(C24) (C23)N2–H•••N3(C24) (C24)N4–H•••OP2(G23) 

GS
3 Absent 14.1% 14.4% 14.0% 10.9% 

GS
3 G1

anti 0.0% 21.2% 17.3% 0.0% 

GS
3 G1

syn 50.2% 10.6% 16.0% 30.9% 

GS
3 G2

anti 74.0% 0.0% 5.7% 49.7% 

GS
3 G2

syn 82.1% 0.0% 0.0% 53.4% 
aNucleotide numbering is illustrated in Figure F.14. bOccupancies determined as the percentage of the simulation that a hydrogen bonds exist according to a heavy atom distance < 

3.2 Å and a heavy atom–hydrogen–heavy atom angle > 120°. 
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Table F.26: Occupancies (%) of the non-Watson-Crick hydrogen bonds at the (syn) lesion site of diadducted DNA in the W conformation.a,b 

Primar

y 

Lesion 

Secondary 

Lesion 

Hydrogen Bond 

 (G6)N10–H 

••• 

O4'(G/G7) 

(G6)N10–H 

••• 

N2(G28) 

(G6)N10–H 

••• 

N3(G28) 

(C26)N4–H 

••• 

O6(G6) 

(C27)N4–H 

••• 

O6(G6) 

(C27)N4–H 

••• 

N7(G6) 

(G28)N2–H 

••• 

O4'(G6) 

GW
1 Absent 0.0% 100.0% 0.0% 100.0% 100.0% 0.0% 100.0% 

GW
1 G2

anti N/Ac N/Ac N/Ac N/Ac N/Ac N/Ac N/Ac 

GW
1 G2

syn 31.4% 27.5% 0.0% 11.0% 53.3% 45.3% 0.0% 

GW
1 G3

anti 0.0% 50.0% 50.0% 0.0% 0.0% 0.0% 0.0% 

GW
1 G3

syn 0.0% 49.2% 16.7% 0.0% 50.5% 49.0% 0.0% 

 (G6)N10–H 

••• 

O4'(G7) 

(G7)N10–H 

••• 

N2(G/G6) 

(G7)N10–H 

••• 

O4'(C8) 

(C26)N4–H 

••• 

O6(G7) 

(C26)N4–H 

••• 

N7(G7) 

(C26)N4–H 

••• 

O2(C8) 

(C27)N4–H 

••• 

OP2(C26) 

GW
2 Absent 0.0% 0.0% 42.2% 75.6% 44.2% 0.0% 0.0% 

GW
2 G1

anti 0.0% 5.9% 23.1% 70.4% 26.8% 7.1% 9.7% 

GW
2 G1

syn 48.6% 0.0% 35.7% 72.7% 23.7% 0.0% 0.0% 

GW
2 G3

anti 0.0% 26.1% 0.0% 26.0% 68.9% 24.1% 30.9% 

GW
2 G3

syn 0.0% 40.8% 0.0% 42.7% 58.8% 0.0% 0.0% 

 (G9)N10–

H 

••• 

O4'(G9) 

(G9)N10–

H 

••• 

O2(C10) 

(G9)N10–

H 

••• 

N3(C10) 

(G9)N10–

H 

••• 

O4'(C10) 

(G9)N10–

H 

••• 

N2(G25) 

(G9)N10–

H 

••• 

N3(G25) 

(C23)N2–

H 

••• 

N3(C24) 

(C24)N4–

H 

••• 

O6(G9) 

(C24)N4–

H 

••• 

N7(G9) 

GW
3 Absent 0.0% 0.0% 0.0% 0.0% 56.3% 27.9% 0.0% 67.2% 41.4% 

GW
3 G1

anti 0.0% 0.0% 0.0% 0.0% 56.6% 32.3% 0.0% 70.3% 36.6% 

GW
3 G1

syn 0.0% 35.9% 0.0% 0.0% 5.1% 0.0% 72.5% 48.5% 6.4% 

GW
3 G2

anti 11.2% 0.0% 0.0% 39.8% 0.0% 0.0% 0.0% 77.7% 45.3% 

GW
3 G2

syn 49.3% 6.0% 25.4% 0.0% 0.0% 0.0% 0.0% 32.8% 55.2% 
aNucleotide numbering is illustrated in Figure F.14. bOccupancies determined as the percentage of the simulation that a hydrogen bonds exist 

according to a heavy atom distance < 3.2 Å and a heavy atom–hydrogen–heavy atom angle > 120°. cConformation has no frames. 
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Table F.27: Δ(SASAavg) and Δ(LSIEavg) for ABPdG diadducted DNA highlighting the 

impact upon addition of a second lesion. 

Primary 

Lesion 

Secondary 

Lesion 

Δ(SASAavg) 

(Å2)a 

Δ(LSIEavg) 

(kJ/mol)b 

G1
anti 

absent 0.0 0.0 

G2
anti –38.5 –21.2 

G2
syn –37.0 –11.0 

G3
anti 0.3 3.3 

G3
syn –1.2 3.9 

G2
anti 

absent 0.0 0.0 

G1
anti –47.3 –24.6 

G1
syn –28.1 –8.6 

G3
anti –1.8 –0.6 

G3
syn –2.3 –0.3 

G3
anti 

absent 0.0 0.0 

G1
anti –0.3 1.2 

G1
syn –1.1 –0.3 

G2
anti –6.3 –2.0 

G2
syn 0.0 –14.4 

G1
syn 

absent 0.0 0.0 

G2
anti –44.1 –87.7 

G2
syn –27.4 –129.2 

G3
anti –25.9 –41.4 

G3
syn –37.2 –114.4 

G2
syn 

absent 0.0 0.0 

G1
anti –40.0 –86.7 

G1
syn –13.7 –68.8 

G3
anti 12.4 22.6 

G3
syn 2.3 –123.3 

G3
syn 

absent 0.0 0.0 

G1
anti –14.8 –56.8 

G1
syn –19.6 –8.0 

G2
anti –12.1 –33.4 

G2
syn –50.6 –47.6 

aCalculated as the SASA for the lesion in diadducted DNA minus the corresponding lesion in monoadducted DNA. 
bCalculated as the difference in LSIE for the lesion in diadducted DNA minus the corresponding lesion in 

monoadducted DNA. 
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Table F.28: MOL2 file containing partial charges and atom types of the ABPdG adduct used 

for MD simulations (atom numbers are provided in the associated figure). 

 
1 P 5.286 2.259 0.416 P 1 UNL 1.2097 

2 O5' 3.956 1.39 0 OS 1 UNL -0.489 

3 OP1 4.85 3.558 0.947 O2 1 UNL -0.7854 

4 OP2 6.186 1.327 1.111 O2 1 UNL -0.7961 

5 O3' 0 0 0 OS 1 UNL -0.5564 

6 C5' 2.85 2.071 -0.537 CI 1 UNL -0.0003 

7 H5' 3.153 2.703 -1.366 H1 1 UNL 0.0695 

8 H5'' 2.378 2.694 0.218 H1 1 UNL 0.0695 

9 C4' 1.851 1.054 -1.038 CT 1 UNL 0.2036 

10 H4' 0.966 1.576 -1.384 H1 1 UNL 0.0894 

11 O4' 2.433 0.347 -2.11 OS 1 UNL -0.4156 

12 C1' 2.056 -1.002 -2.047 CT 1 UNL 0.2371 

13 H1' 1.088 -1.141 -2.503 H2 1 UNL 0.033 

14 C3' 1.407 0 0 CT 1 UNL 0.1661 

15 H3' 1.783 0.23 0.99 H1 1 UNL 0.0605 

16 C2' 1.989 -1.301 -0.551 CT 1 UNL -0.043 

17 H2' 2.981 -1.474 -0.154 HC 1 UNL 0.0363 

18 H2'' 1.371 -2.163 -0.331 HC 1 UNL 0.0363 

19 N9 2.973 -1.791 -2.824 N* 1 UNL 0.0089 

20 C8 4.359 -1.885 -2.756 CR 1 UNL 0.2068 

21 N7 4.841 -2.715 -3.604 NB 1 UNL -0.3943 

22 C5 3.745 -3.213 -4.283 CB 1 UNL 0.0202 

23 C6 3.665 -4.177 -5.34 C 1 UNL 0.4962 

24 O6 4.514 -4.811 -5.894 O 1 UNL -0.552 

25 N1 2.313 -4.352 -5.726 NA 1 UNL -0.3959 

26 H1 2.176 -5.063 -6.412 H 1 UNL 0.3284 

27 C2 1.241 -3.719 -5.189 CA 1 UNL 0.5574 

28 N2 0.017 -4.077 -5.679 N2 1 UNL -0.8548 
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29 H21 -0.035 -4.334 -6.64 H 1 UNL 0.3841 

30 H22 -0.719 -3.475 -5.381 H 1 UNL 0.3841 

31 N3 1.326 -2.852 -4.241 NC 1 UNL -0.4904 

32 C4 2.6 -2.647 -3.826 CB 1 UNL 0.1747 

33 N10 5.042 -1.146 -1.832 N2 1 UNL -0.2954 

34 H10 4.564 -0.353 -1.463 H 1 UNL 0.2901 

35 C11 6.409 -1.227 -1.515 CA 1 UNL 0.0946 

36 C12 7.353 -1.908 -2.275 CA 1 UNL -0.0501 

37 H12 7.06 -2.419 -3.166 HA 1 UNL 0.0915 

38 C16 6.828 -0.572 -0.358 CA 1 UNL -0.2184 

39 H16 6.101 -0.077 0.258 HA 1 UNL 0.1271 

40 C13 8.679 -1.92 -1.871 CA 1 UNL -0.1843 

41 H13 9.392 -2.438 -2.486 HA 1 UNL 0.1484 

42 C15 8.154 -0.585 0.022 CA 1 UNL -0.1187 

43 H15 8.44 -0.088 0.932 HA 1 UNL 0.1295 

44 C14 9.114 -1.262 -0.727 cp 1 UNL -0.0043 

45 C17 10.545 -1.284 -0.313 cp 1 UNL 0.0284 

46 C18 11.181 -0.125 0.128 CA 1 UNL -0.1012 

47 H18 10.637 0.802 0.148 HA 1 UNL 0.1132 

48 C22 11.284 -2.464 -0.356 CA 1 UNL -0.1032 

49 H22' 10.81 -3.375 -0.674 HA 1 UNL 0.1212 

50 C19 12.51 -0.145 0.515 CA 1 UNL -0.1867 

51 H19 12.982 0.763 0.847 HA 1 UNL 0.1441 

52 C21 12.615 -2.484 0.027 CA 1 UNL -0.181 

53 H21' 13.165 -3.408 -0.01 HA 1 UNL 0.1432 

54 C20 13.234 -1.325 0.466 CA 1 UNL -0.1187 

55 H20 14.267 -1.341 0.765 HA 1 UNL 0.1321 
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Appendix G  

 

Supplementary Information for Chapter 8: Understanding the Nucleotide Excision Repair 

of the 2-Acetylaminofluorene-C8-dG Adduct: Impact of Number of Adducted Sites and 

Helical Conformation 

 

Contains Figures G.1–G.11 and Tables G.1–G.6 
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Figure G.1: Histograms of the overlap between the umbrella sampling windows during Stage 1 (top left), 

Stage 2 (top right), Stage 3 (bottom left) and Stage 4 (bottom right) for Rad4 binding to the B 

conformation of AAFdG monoadducted DNA. See Figure 4 for descriptions of the binding stages. 

 

 

Figure G.2: Histograms of the overlap between the umbrella sampling windows during Stage 1 (top left), 

Stage 2 (top right), Stage 3 (bottom left) and Stage 4 (bottom right) for Rad4 binding to the S 

conformation of AAFdG monoadducted DNA. See Figure 4 for descriptions of the binding stages. 



617 
 

 

Figure G.3: Histograms of the overlap between the umbrella sampling windows during Stage 1 (top left), 

Stage 2 (top right), Stage 3 (bottom left) and Stage 4 (bottom right) for Rad4 binding to the BB 

conformation of AAFdG diadducted DNA. See Figure 4 for descriptions of the binding stages. 

 

Figure G.4: Histograms of the overlap between the umbrella sampling windows during Stage 1 (top left), 

Stage 2 (top right), Stage 3 (middle left), Stage 3b (middle right) and Stage 4 (bottom) for Rad4 binding 

to undamaged DNA. See Figure 4 for descriptions of the binding stages.  
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Figure G.5: Free energy plots for the different stages of Rad4 binding to the B conformation of AAFdG 

monoadducted DNA. See Figure 4 for descriptions of the binding stages. The green circle represents the 

starting CV, and the yellow circle represents the final data point. 
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Figure G.6: Free energy plots for the different stages of Rad4 binding to the S conformation of AAFdG 

monoadducted DNA. See Figure 4 for descriptions of the binding stages. The green circle represents the 

starting CV, and the yellow circle represents the final data point. 

  



620 
 

 

Figure G.7: Free energy plots for the different stages of Rad4 binding to the BB conformation of AAFdG 

diadducted DNA. See Figure 4 for descriptions of the binding stages. The green circle represents the 

starting CV, and the yellow circle represents the final data point.
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Figure G.8: Free energy plots for the different stages of Rad4 binding to undamaged DNA. See Figure 4 

for descriptions of the binding stages. The green circle represents the starting CV, and the yellow circle 

represents the final data point. 
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Figure G.9: MD representative structures of AAFdG diadducted DNA in the BB conformation. The DNA 

twist for all systems was calculated by defining a pseudostep between the base pairs on either side of 

the central damaged section (NarI sequence) shown in tubes (left). The DNA bending was calculated 

over the tube region on the right, with the AAF moiety shown in red. Beyond the first base pair on either 

side of the central fragment, the surrounding DNA shown as wireframe was not included in the 

calculations of these structural parameters.  
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Figure G.10: MD structures of the Rad4-DNA complexes, with the duplex in the B conformation (left) or 

the S conformation (right), after the coordination of the base flipping residues (Stage 2), showing the 

differing interactions between the PHE “flipping path” residues of the BHD3 domain (purple) and Arg494 

from the BHD2 domain (cyan), and the C pairing (green) across from the damage site.  
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Figure G.11: MD structure of a Rad4 binding to AAFdG adducted DNA that was in the B conformation, 

after the formation of the helical cavity (Stage 3), highlighting the interactions of key stabilizing residues, 

namely the PHE “flipping path” from the BHD3 domain (purple) and Arg494 from the BHD2 domain 

(cyan), that stabilize the flipped nucleobases (green).  
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Table G.1: Collective variables used to sample the initial binding and recognition of the B conformation 

of AAFdG monoadducted DNA.  

US Step Collective Variables 

Stage 1 

Distance Between COM1 and COM2 

COM1 is the COM of sugar-phosphate 
backbone heavy atoms of the damaged 
nucleotide and its 3′ flanking nucleotide 

COM2 is the COM of the main chain heavy 
atoms (excluding the O) of the binding 
pocket of Rad4 (ARG494, TYR497, 
MET498, ASN554, PHE556, ASN558, 
GLU560, PHE562, PRO592, VAL594, 
SER596, PHE597, PRO607 and LEU609) 

Stage 2 

Distance Between COM1 and COM2 

COM1 is the COM of the N7, C5, C6 and 
O6 atoms of the 5′ interstrand neighbor to 
the bound adduct 

COM2 is the COM of the MET498 main 
chain heavy atoms from the binding 
pocket of Rad4  

Stage 3 

Dihedral Angle Formed from the Four Following Atoms 

N1 of the 3' flanking 
G with respect to 
the adduct 

O4' of the 
interstrand 3′ C 
with respect to the 
adduct 

O4' of the C paired 
with the adduct 

N4 of the C paired 
with the adduct 

Stage 4 

Distance Between COM1 and COM2 

COM1 is the COM of the four sugar rings 
of the base pairs flanking the two bound 
bases 
 

COM2 is the COM of the backbone of the 
leading edge of the BHD3 (SER603, 
THE604 and VAL605) 
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Table G.2: Collective variables used to sample the initial binding and recognition of the S conformation 

of AAFdG monoadducted DNA. Bolded regions represent differences in the CVs from the AAFdG 

monoadducted DNA in the B conformation (Table G.1).  

US Step Collective Variables 

Stage 1 

Distance Between COM1 and COM2 

COM1 is the COM of sugar-phosphate 
backbone heavy atoms of the damaged 
nucleotide and its 3′ flanking nucleotide 

COM2 is the COM of the main chain heavy 
atoms (excluding the O) of the binding 
pocket of Rad4 (ARG494, TYR497, 
MET498, ASN554, PHE556, ASN558, 
GLU560, PHE562, PRO592, VAL594, 
SER596, PHE597, PRO607 and LEU609) 

Stage 2 

Distance Between COM1 and COM2 

COM1 is the COM of the N7, C5, C6 and 
O6 atoms of the 5′ interstrand neighbor to 
the bound adduct 

COM2 is the COM of the MET498 main 
chain heavy atoms from the binding 
pocket of Rad4  

Stage 3 

Dihedral Angle Formed from the Four Following Atoms 

N1 of the 3' flanking 
G with respect to 
the adduct 

O4' of the 
interstrand 3′ C 
with respect to the 
adduct 

O4' of the 5′ 
interstrand 
neighbor to the 
bound adduct 

N1 of the 5′ 
interstrand 
neighbor to the 
bound adduct 

Stage 4 

Distance Between COM1 and COM2 

COM1 is the COM of the four sugar rings 
of the base pairs flanking the two bound 
bases 
 

COM2 is the COM of the backbone of the 
leading edge of the BHD3 (SER603, 
THE604 and VAL605) 
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Table G.3: Collective variables used to sample the initial binding and recognition of AAFdG diadducted 

DNA.a Bolded regions represent differences in the CVs from the AAFdG monoadducted DNA in the B 

conformation (Table G.1). 

US Step Collective Variables 

Stage 1 

Distance Between COM1 and COM2 

COM1 is the COM of sugar-phosphate 
backbone heavy atoms of the damaged 
nucleotide and its 3′ flanking nucleotide 

COM2 is the COM of the main chain heavy 
atoms (excluding the O) of the binding 
pocket of Rad4 (ARG494, TYR497, 
MET498, ASN554, PHE556, ASN558, 
GLU560, PHE562, PRO592, VAL594, 
SER596, PHE597, PRO607 and LEU609) 

Stage 2 

Distance Between COM1 and COM2 

COM1 is the COM of the N7, C5, C6 and 
O6 atoms of the 5′ interstrand neighbor to 
the bound adduct 

COM2 is the COM of the MET498 main 
chain heavy atoms from the binding 
pocket of Rad4  

Stage 3 

Dihedral Angle Formed from the Four Following Atoms 

N1 of the 3' flanking 
G with respect to 
the adduct 

O4' of the 
interstrand 3′ C 
with respect to the 
adduct 

O4' of the 5′ 
interstrand 
neighbor to the 
bound adduct 

N1 of the 5′ 
interstrand 
neighbor to the 
bound adduct 

Stage 4 

Distance Between COM1 and COM2 

COM1 is the COM of the four sugar rings 
of the base pairs flanking the two bound 
bases 
 

COM2 is the COM of the backbone of the 
leading edge of the BHD3 (SER603, 
THE604 and VAL605) 

aThe diadducted DNA was considered in the BB conformation. 
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Table G.4: Collective variables used to sample the initial binding and recognition of undamaged DNA. 

Bolded regions represent differences in the CVs from the AAFdG monoadducted DNA in the B 

conformation (Table G.1). 

US Step Collective Variables 

Stage 1 

Distance Between COM1 and COM2 

COM1 is the COM of sugar-phosphate 
backbone heavy atoms of the recognized 
(probed) nucleotide and its 3′ flanking 
nucleotide 

COM2 is the COM of the main chain heavy 
atoms (excluding the O) of the binding 
pocket of Rad4 (ARG494, TYR497, 
MET498, ASN554, PHE556, ASN558, 
GLU560, PHE562, PRO592, VAL594, 
SER596, PHE597, PRO607 and LEU609) 

Stage 2 

Distance Between COM1 and COM2 

COM1 is the COM of the N7, C5, C6 and 
O6 atoms of the 5′ interstrand neighbor to 
the recognized (probed) nucleotide 

COM2 is the COM of the MET498 main 
chain heavy atoms from the binding 
pocket of Rad4  

Stage 3 

Dihedral Angle Formed from the Four Following Atoms 

N1 of the 3' flanking 
G with respect to 
the recognized 
(probed) nucleotide 

O4' of the 
interstrand 3′ C 
with respect to the 
recognized 
(probed) nucleotide 

O4' of the C paired 
with the recognized 
(probed) nucleotide 

N4 of the C paired 
with the recognized 
(probed) nucleotide 

Stage 3b 

Dihedral Angle Formed from the Four Following Atoms 

N3 of the 
interstrand 3′ C 
with respect to the 
recognized 
(probed) nucleotide 

O4' of the 3' 
flanking G with 
respect to the 
recognized 
(probed) 
nucleotide 

O4' of the 
recognized 
(probed) 
nucleotide 

N1 of the 
recognized 
(probed) 
nucleotide 

Stage 4 

Distance Between COM1 and COM2 

COM1 is the COM of the four sugar rings 
of the base pairs flanking the two bound 
bases 
 

COM2 is the COM of the backbone of the 
leading edge of the BHD3 (SER603, 
THE604 and VAL605) 
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Table G.5: Umbrella sampling protocols for Rad4 binding to damaged and undamaged DNA. 

System Stage 
Starting 

CVa 

Ending 
CVb Intervalc Number of 

Windowsd Restraint Forcee 

AAFdG-B 

1 12.6 Å 28.6 Å 0.4 Å 41 10 kcal/(mol Å2) 

2 5.6 Å 22.4 Å 0.4 Å 43 20 kcal/(mol Å2) 

3 15° 220° 5° 42 100 kcal/(mol rad2) 

4 2.0 Å 14.9 Å 0.3 Å 44 40 kcal/(mol Å2) 

AAFdG-S 

1 12.6 Å 28.6 Å 0.4 Å 41 10 kcal/(mol Å2) 

2 5.6 Å 24.4 Å 0.4 Å 48 20 kcal/(mol Å2) 

3 15° 220° 5° 42 100 kcal/(mol rad2) 

4 2.0 Å 17.9 Å 0.3 Å 54 40 kcal/(mol Å2) 

AAFdG-BB 

1 12.6 Å 28.6 Å 0.4 Å 41 10 kcal/(mol Å2) 

2 5.6 Å 24.4 Å 0.4 Å 48 20 kcal/(mol Å2) 

3 15° 220° 5° 42 100 kcal/(mol rad2) 

4 2.0 Å 15.8 Å 0.3 Å 47 40 kcal/(mol Å2) 

Undamaged 

1 12.6 Å 28.6 Å 0.4 Å 41 10 kcal/(mol Å2) 

2 5.6 Å 22.4 Å 0.4 Å 43 20 kcal/(mol Å2) 

3 15° 220° 5° 42 100 kcal/(mol rad2) 

3b 15° 220° 5° 42 100 kcal/(mol rad2) 

4 2.0 Å 15.8 Å 0.3 Å 47 40 kcal/(mol Å2) 
aMinimum CV value of the simulation windows considered. bMaximum CV value of the simulation 

windows considered. cInterval between each umbrella sampling window. dNumber of umbrella sampling 

windows simulated for each stage. eForce of the restraint used to maintain the CV value in the desired 

range.  

 

Table G.6: Helical untwist relative to unbound canonical DNA, helical bend around the bound site and 

the AS interaction volumea between BHD2 and the minor groove of the duplexes.b,c 

System 
Prebound State Bound State 

Helical 
Untwist (°) 

Helical 
Bend (°) 

AS Volume 
(Å3) 

Helical 
Untwist (°) 

Helical 
Bend (°) 

AS Volume 
(Å3) 

AAFdG-B 15.4 (2.1) 29.7 (2.8) 213.7 (15.0) 44.0 (1.1) 43.7 (1.6) 361.8 (12.6) 
AAFdG-S 28.2 (1.6) 33.8 (2.3) 298.9 (25.3) 28.7 (1.5) 31.9 (1.7) 358.9 (21.8) 

AAFdG-BB 34.3 (1.2) 45.6 (1.7) 194.5 (25.3) 29.4 (2.0) 69.6 (3.3) 234.1 (33.0) 

Undamaged 6.4 (2.2) 20.6 (0.8) 265.8 (8.3) –d –d –d 
aThe AlphaSpace (AS) volume was calculated using the AlphaSpace3 package. bAverages calculated over 

five 1 μs replicas. cBlock Standard error (in parenthesis) calculated over the five replicates. dThe bound 

state of the undamaged duplex by Rad4 was not modelled due to the lack of formation of a productive 

bound complex.  


