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Abstract

Using computational methods, the formation pathways and structures of four
experimentally-observed DNA intrastrand cross-links are determined. These lesions
originate from the uracil radical and are of particular importance due to their potential
role in the activity of the 5-halouracils as radiosensitizing agents in anti-tumour
treatments. The formation pathways are studied with density functional theory under
conditions relevant to both UV and ionizing radiation. Results reveal these intrastrand
cross-links are likely to form under therapeutic conditions and provide an explanation
for their observed formation preferences. The structures of the cross-links in DNA are
determined with molecular dynamics simulations to reveal the distortions these lesions
induce to the helix. This has provided information about the potential biological
implications of these lesions, where results indicate intrastrand cross-links are likely
both mutagenic and cytotoxic. Therefore, these lesions may contribute to tumour cell

death in the therapeutic use of halouracils.
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Chapter 1. Introduction

1.1. General Background

Free radicals are commonly described as highly reactive compounds that contain
one or more unpaired electrons (a non-zero spin).! However, an alternative definition also
describes radicals as “any transient species (atom, molecule or ion) [with] a short lifetime in
the gaseous phase under ordinary laboratory conditions”, which includes reactive species
with zero spin (such as singlet oxygen and singlet carbene) and excludes stable species with
non-zero spin (such as triplet oxygen and nitric oxide).! These chemically-reactive species
have important implications in many fields such as atmospheric chemistry, combustion and

cellular biology.

Within our cells, radicals can be advantageous and are necessary in the activation of
certain enzymes, signal transduction and oxidative stress responses.2 However, radicals are
also prone to initiating unwanted side reactions. Deoxyribononucleic acid, commonly
known as DNA, is susceptible to a variety of detrimental reactions with radicals that form as
a result of cellular processes (for example, as by-products of metabolism) or external
sources (for example, radiation). These reactions have been shown to form many different

lesions in DNA that contribute to cell death, aging, and disease.23

Although radicals have been implicated to cause cancer, the controlled creation of
radicals can be used to kill unwanted cells. This is the approach employed in the therapeutic
use of radiation to minimize or eliminate tumours. A recent strategy of this type involves
the direct creation of DNA radicals, which react with other DNA components to damage
DNA and thereby induce cell death. This thesis uses molecular modeling to examine the

formation mechanism and structure of damaging DNA intrastrand cross-links that are



generated by the uracil-5-yl radical, as well as their potential to contribute to the death of

tumour cells.

1.2. DNA Overview
DNA contains the information necessary for life. DNA is universal to all living
organisms and stores information in genes through the sequencing of its components. From

these genes, ribonucleic acid (RNA) and proteins are constructed to carry out cell functions.

DNA is a biopolymer comprised of repeating monomeric units called nucleotides
(Figure 1-1(a)).*> Each nucleotide consists of a phosphate group and a nucleoside, where a
nucleoside is composed of a 2"-deoxyribose sugar and a nucleobase (Figure 1-1(a, b)). Each
monomeric unit contains a glycosidic linkage (C1-N9 or C1'-N1) between the
2'-deoxyribose sugar and one of the four nitrogenous DNA nucleobases: adenine (A),
thymine (T), guanine (G) and cytosine (C) (Figure 1-1). The uracil (U) nucleobase is
naturally found in RNA and is structurally similar to T, but differs in the presence of
hydrogen at C5 rather than a methyl group. The purine nucleobases, A and G, are comprised
of two fused rings, while the pyrimidines, C and T (U), consist of one ring. The 5’ end of each
nucleotide is linked to the 3’ end of the previous nucleotide via a phosphodiester bond to
create a DNA strand involving a deoxyribose-phosphate backbone with a 5" to 3’

directionality (Figure 1-1(c)).

DNA adopts a double-stranded helical structure in which the two strands run in
anti-parallel directions. Within this complex, each nucleobase is engaged in Watson-Crick
hydrogen bonds with its complementary base in the opposite strand to form G-+C and AT

(A---U) base pairs (Figure 1-1(a, b)). Our genes are encoded within the sequencing of these
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Figure 1-1: Illustration of the structure and numbering of DNA components. (a) A
nucleotide unit (phosphate, 2'-deoxyribose and nucleobase) showing the Watson-Crick
hydrogen bonding between A and T/U. (b) A nucleoside unit showing the Watson-Crick
hydrogen bonding between C and G. (c) An illustration of the polymeric nature of DNA

showing the deoxyribose-phosphate backbone, nucleobases (B) and strand direction.

base pairs, with specific hydrogen bonds ensuring the integrity of the genetic code.
Hydrogen bonds, in conjunction with inter- and intrastrand m-m stacking interactions
between the nucleobases, contribute to the stability of the helix. These non-covalent
interactions have the benefit of being easily reversible, which allows the DNA strands to

separate and unwind during biological processes, such as replication and transcription.

Due to the number of degrees of freedom in double-stranded DNA (dsDNA), this
macromolecule can adopt many different conformations. Under biological conditions, DNA
adopts the B-conformation (B-DNA), which is also observed in X-ray crystal structures.+5

This average conformation consists of a right-handed double helix. The backbone of each



nucleotide is described by six torsion angles (o, B, v, §, € and , Figure 1-2(a)), the average
values of which are well-established for B-DNA,6 and the deoxyribose moiety adopts C2'-
endo puckering (Figure 1-2(a)). Each nucleobase is in the anti orientation (x = 180 + 90°,
Figure 1-2(a))* about the glycosidic bond ensuring the Watson-Crick face is available for
hydrogen bonding with the complementary nucleobase in the opposite strand.
Alternatively, if the syn (x = 0 = 90°)* orientation is present in DNA, Watson-Crick hydrogen
bonding cannot occur. Instead the Hoogsteen face is exposed to the complementary strand,
which may create a mispair upon replication and induce a mutation. Grooves, designated as
major (width = 11.7 A, depth = 8.5 A) and minor (width = 5.7 4, depth = 7.5 &), are present
between the strands (Figure 1-2(b)),> and play an important role in initiating DNA-protein

interactions.”

(@) (b)

Figure 1-2: Illustration of select structural parameters used to define conformations of
DNA, including (a) important torsion angles within a nucleotide and (b) the major and
minor grooves of a DNA helix.



1.3. Modified DNA

1.3.1. Common Forms of DNA Damage

The structure of DNA is prone to damage from both natural processes (for example,
nucleobase deamination and hydrolysis) and environmental agents (for example, UV
sunlight, X-rays).8-12 As the carrier of genetic material, modifications to DNA components
have important biological repercussions. Although mechanisms have evolved to repair
many forms of DNA damage,!3 some repair pathways are prone to errors and lesions are not
always eliminated.l* While some mutations are responsible for genetic variation and

evolution,!4 others result in disease and/or cause cell death.

The following sections will discuss the effects of UV and ionizing radiation on DNA,
and the resulting lesions. Radiation is of particular interest due to its ability to generate
radicals and excited states that result in high yields of DNA damage.1516 Furthermore, these
forms of radiation are responsible for the production of the uracil radical that leads to a
variety of DNA lesions, including intrastrand cross-links, which have anti-tumour

capabilities.

1.3.1.1. Exposure of DNA to UV radiation

Absorption of a UV photon by a molecule results in the excitation of an electron
from the ground state. When an electron within DNA is excited, m-orbital overlap between
the nucleobases allows for charge delocalization and charge transfer states to occur.l?
Specifically, absorption of a UV photon by DNA results in the creation of a delocalized
excitation over several stacked nucleobases within a strand.18 After a few picoseconds, this
excited state localizes to a charge-separated dimer state, which creates a m-radical cation
(hole) and a m-radical anion (electron).1® Although the extent of charge separation depends

on the identity and redox potential of the two bases,!? the longest-lived and most stable



charge separation occurs between a guanine radical cation (G**) due to the low ionization

potential of G,2° and a thymine radical anion (T*-) due to the high electron affinity of T.2!

To avoid DNA damage from excited states, the charge-separated dimer undergoes
electron-hole recombination.?2 This arises through an internal conversion (IC)i process in
which a transition occurs from the first singlet excited state to the singlet ground state
through conical intersections (potential energy surface degeneracies) that are easily
accessible from the excited state through structural distortions.22 When transferred to the
ground state, the molecule is in an excited vibrational state, where the bases return to
equilibrium by vibrationally transferring energy to surrounding solvent molecules.23 In this

way, DNA resists UV damage.

Despite the intrinsic IC relaxation mechanism of DNA, UV radiation is known to
damage DNA. For example, alternate states may become populated through intersystem
crossings (ISC),i which create long-lived triplet states that are precursors for certain DNA
lesions.24 Alternatively, damage may also originate directly from an IC. The most commonly-
formed UV-lesion is the cyclobutane pyrimidine dimer (CPD) involving thymine, which
forms from the cycloaddition of the C5-C6 double bonds of adjacent Ts to create a
cyclobutane ring (Figure 1-3(a)). This product originates from the first singlet excited state,
where an IC enables ultrafast dimer formation.23 However, since dimerization is faster than
base motion, the two adjacent Ts must be in precisely the right conformation upon UV
irradiation to form CPDs.2325 Qtherwise, the IC will return DNA to its undamaged, pre-
irradiation state. Enzymes have evolved to repair CPDs. For example, the photolyase

enzyme is present in many organisms and utilizes visible light to photocleave the

i Internal conversion: transition from a higher electronic state to a lower electronic state in
which the spin state remains the same (example: from S; to So).

i Intersystem crossing: transition from a higher electronic state to a lower electronic state
in which the spin state changes (example: from T to So).
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interpyrimidine bonds.26.27 Alternatively, CPDs are removed from human DNA by nucleotide
excision repair (NER) pathways through cleavage the DNA backbone.26 Nevertheless, this

lesion is not always repaired and has been directly linked to skin cancer.?”

As discussed above, the most stable charge-separated states involve G** and T--. If
charge recombination does not occur, these species may cause DNA damage through
subsequent reactions. Indeed, these radical ions are precursors to a variety of DNA lesions.
For example, G*+ can react with water or oxygen to form mutagenic 7,8-dihydro-8-
oxoguanine (8-0xoG, Figure 1-3(b)).2829 Generation of T*- can cleave the glycosidic bond

(initiate base release) or the C3'-03’ or C5'-05' bonds (initiate strand breaks).30

(a) 0] O (b) H O (c) 0] (d) NH,
HN NH N NH NH HOw XN
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Cyclobutane thymine dimer 7,8-dihydro-8-oxoguanine  Thymine glycol  5-hydroxycytosine
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N NH @] 0]
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)\\J\/'[N \ )=0 % © ~"OH \&0
H,N” N N HO
0 0
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0 0 (0]
P N
0 O

Guanine-thymine intrastrand cross-link

Figure 1-3: Common DNA lesions resulting from exposure of DNA to UV and/or ionizing
radiation.



1.3.1.2. Exposure of DNA to lonizing Radiation

A photon of ionizing radiation (for example, y- or X-rays) contains enough energy to
remove an electron from (ionize) a molecule. Since ionizing radiation is absorbed by the
components of a mixture in proportion to their weight contributions, the majority of energy
is absorbed by water upon cellular exposure.3! Therefore, the resulting damage to DNA is

indirect and caused by the radicals produced from the radiolysis of water (hydroxyl radicals

(*OH), solvated electrons (€, ) and hydrogen atoms (H*), Figure 1-4).

ionizing R —
H0 radiaton~ 120 + ¢

ionizing *
M0 aiation™ H2C

+

H,0't *OH + H

e + NHO0 — = gy

H0* —= "OH + H

Figure 1-4: Reactions resulting from the exposure of water to ionizing radiation. See Ref. 31

Cells are protected from the harmful effects of these radicals by antioxidants, where
*OH cannot travel more than 2 A before being scavenged.3! Nevertheless, *OH can cause DNA
damage. For example, *OH easily undergoes addition to double bonds. This can occur at C5
of a pyrimidine to form a Cé6-centered radical, which subsequently leads to a pyrimidine
glycol (Figure 1-3(c)) and 5-hydroxypyrimidine (Figure 1-3(d)).10 Alternatively, *OH can
add to C8 of G to create an N7-centred radical, which forms 8-oxoG (Figure 1-3(b)).1012 The
hydroxyl radical also participates in hydrogen abstraction reactions, with pyrimidine

nucleobases being particularly susceptible. For example, hydrogen abstraction at the C5



methyl group of T may produce intrastrand cross-links (Figure 1-3(e)).1° The *OH species
may also attack the 2’-deoxyribose moiety to create abasic sites (Figure 1-3(d)) and 2'-
deoxyribonolactone (Figure 1-3(g)), which can subsequently form detrimental strand

breaks.12

The solvated electron (€,,) is the most powerful reducing agent and has a

substantial lifetime compared to other (*OH, H*) radical species, which allows it to persist in
a cell and produce a variety of lesions.3! This electron efficiently attaches to DNA to form
m-radical anions localized on pyrimidines, most commonly thymine (T+), which
subsequently breaks the glycosidic or a C-0 backbone bond.3° Like *OH, the hydrogen atom
(H+) prefers to add to the C5-C6 double bond of pyrimidines, but hydrogen abstraction by

H- is unlikely.31

1.3.2. Intentional DNA Damage

While DNA damage is commonly considered undesirable and much research has
focused on the repair of detrimental lesions,132632 DNA damage can be harnessed as a tool
to kill unwanted tumour cells. Many current anti-cancer treatments employ this strategy in
an attempt to selectively induce apoptosis in tumour cells.33-35 While repair mechanisms
have evolved to overcome common forms of DNA damage, complex lesions such as double-
strand breaks, tandem lesions (adjacent damaged nucleotides in the same strand) and
clustered lesions (multiple damage sites within 20 base pairs) have shown particular
promise in anti-tumour therapies due to their disruption of DNA structure and difficulty to
repair.15163133 When coupled with the disruption of the normal functioning of DNA repair
pathways in tumour cells, this makes complex DNA lesions ideal anti-cancer agents. 151636

However, the search for new and efficient cancer treatments is never-ending, and is fuelled



by both the side-effects and resistances that accompany many drugs. The following sections

examine well-known and efficient anti-cancer agents.

1.3.2.1. Cisplatin

Cisplatin, the common name for cis-diaminodichloroplatinum(II) (PtCl;(NHs).), is a
widely-used anti-tumour therapy that lethally damages DNA and stops fundamental cellular
processes. Cisplatin consists of a platinum(II) centre coordinated to two Cl- ions and two
NH3 groups in a square planar geometry. Under cellular conditions, cisplatin undergoes
aquation to produce the reactive dication, Pt(H20)2(NHs3),2+ (Figure 1-5(a)).3437.38 This
species attacks N7 of purine nucleobases in DNA to form intrastrand cross-links with the
major product (65%) being the 1,2-GG lesion (Figure 1-5(b)), followed by 1,2-AG (25%)
and 1,3-GG (5-10%), and a small portion of interstrand cross-links also being formed.3839
The major GG lesion is known to induce a bend of 40° towards the major groove.394° The
recognition of this DNA damage involves over 20 different proteins, which ultimately ends

in cell apoptosis (programmed cell death).34

(a) cl C‘)HZ
+2H,0

H,N—Pt—Cl — =2 3 | HoN—Pt——0H,
_2cCr |

Figure 1-5: (a) The cellular activation of cisplatin to the reactive aqua species and (b) the
structure of the major 1,2-GG intrastrand cross-link with cisplatin (green) bonded to N7 of
adjacent guanine nucleobases. Crystal structure geometry (PDB: 3LPV) from Ref. 39
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The therapeutic use of cisplatin has been faced with challenges. Side effects occur
due to cell death in normal tissues at drug concentrations required to maintain
effectiveness in cancerous tissues. Second-generation platinum drugs like carboplatin
improve upon cisplatin in this respect by minimizing side effects,3132 but tumours are prone
to develop resistances after prolonged exposure to carboplatin.3? Alternatively, oxaliplatin
has provided increased sensitivity in resistant cells and minimized toxicity in normal
tissues.3¢ However, despite these apparent successes, platinum-based compounds are only
prescribed for a small range of tumours in humans.3” Therefore, the search is ongoing for

improved therapeutic strategies.

1.3.2.2. Radiation

Radiation has been used as an anti-tumour treatment since the late 19t century.*!
The ability to control radiated areas, coupled with the small travel radius of the resulting
radicals, allows for the preferential targeting and killing of tumour cells. Furthermore, the
tendency for radiation to produce clustered lesions makes this treatment particularly
effective.1516 The radiation products discussed above (Section 1.4.1.2.) induce cell death
through complex signalling cascades, with DNA double strand breaks (DSBs) implicated as
the primary contributor.#? A 1-Gy dose results in 105 ionizations per cell, which produces up

to 2000 single strand breaks (SSBs) and 40 DSBs.*3

Radiation therapy has also been used synergistically with chemotherapeutic agents.
For example, cisplatin exposure in conjunction with radiation increases the uptake of the
platinum compound into the cell.#! Additionally, the effectiveness of ionizing radiation can
be improved by administering radiosensitizing agents, which amplify DNA damage. Such

compounds will be discussed in the following section.
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1.4. 5-Halouracils and Their Use in Anti-Tumour Therapies

1.4.1. Fluorouracil

5-fluorouracil (FU) is currently used as a chemotherapeutic agent and exerts
cytotoxic effects in a variety of ways. The van der Waals radius of F (1.35 A, Figure 1-6(a))
is similar to that of H (1.2 A), making FU a U analogue.#* Through cellular exposure to FU and
subsequent conversion to active metabolites, FU is incorporated into the U position of
RNA.45 FU disrupts normal RNA functioning, such as the assembly of RNA-protein complexes
and post-translational modifications by inhibiting the conversion of uridine to
pseudouridine.> 5-fluoro-2'-deoxyuridine monophosphate may also act as a competitive
inhibitor of thymidylate synthase, an enzyme that catalyzes the de novo synthesis of
thymidine monophosphate from 2'-deoxyuridine monophosphate.#> This decreases the
concentration of thymidine in the nucleotide pool, which results in the incorporation of FU
and U into DNA.#5 Although repair mechanisms exist to remove U and FU from DNA,*6 these
bases will continue to be incorporated into DNA due to low concentrations of thymidine,

eventually leading to cancer cell death.#s

() o o (b)
‘/CH3;
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H H H H
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Figure 1-6: The structures and van der Waals radii (A) of the C5 substituents#* for (a) uracil
and its analogue, 5-fluorouracil, as well as (b) thymine and its 5-halouracil analogues.
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1.4.2. Chloro-, Bromo- and lodouracils

The use of 5-chlorouracil (¢IU), 5-bromouracil (BrU) and 5-iodouracil (!U) in anti-
tumour therapies differs substantially from that of FU. These three 5-halouracils (XU) are
analogues of the T nucleobase due to the similarities in van der Waals radii (Figure 1-6(b))
of C1 (1.80 A), Br (1.95 A) and I (2.15 A) to the C5-methyl (2.0 A) of T.4* Therefore, cellular
exposure to these 5-halo-2"-deoxyuridines results in XU incorporation into the T position of
DNA upon replication. Furthermore, XU are radiosensitizing agents that enhance the effects
of radiation therapy on tumour cells.#* In this regard, they must first be “activated” by
radiation, which causes dissociation of the halogen and production of a radical, before

exerting their cytotoxic effects.

The radiosensitizing ability of these halouracils was fortuitously discovered in the
1950’s when examining the mutagenic effects of radiation on cells while employing B'U and
IU as density labels in DNA.4447 Shortly thereafter, the potential for these compounds to act
as anti-cancer agents was recognized, which led to numerous in vitro and in vivo studies, as
well as clinical trials employing ionizing radiation.#4484% Several factors made the
administration of these 5-halo-2'-deoxyuridines with radiation appealing. Halouracils
showed relatively low toxicity in non-radiated tissues>® and toxicity could be minimized by
administering 5-bromo-2'-deoxyuridine rather than 5-iodo-2’-deoxyuridine.** DNA damage
could also be controlled though both the preferential incorporation of XU into rapidly
dividing tumour cells and limiting the radiated area.***8 Furthermore, the radiation product
of XU was reactive under the hypoxic conditions found in tumour cells, compared to other

radicals that require reaction with O prior to initiating DNA damage.5!

Despite these apparent benefits, clinical trials failed to reveal a survival advantage

for patients.#¢ One major obstacle was achieving adequate and preferential incorporation
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into tumour DNA without overexposing normal tissues.*52 Developments in recent years
concerning preferential XU incorporation into tumour DNA have renewed interest in their
use as anti-tumour therapies. Specifically, administration of 5-chloro-2'-deoxycytidine relies
on the elevated levels of deoxycytidine kinase and cytosine deaminase in tumour cells for
preferential incorporation of €U into tumour DNA over adjacent normal tissues where these
enzymes are in lower concentrations.535¢ Once 5-chloro-2'-deoxycytidine enters a tumour
cell, it is metabolized by deoxycytidine kinase to 5-chloro-2'-deoxycytidine monophosphate
and then deaminated by cytosine deaminase to produce 5-chloro-2'-deoxyuridine
monophosphate. Additional phosphorylation reactions by higher kinases yield 5-chloro-2'-
deoxyuridine triphosphate, from which €U is incorporated into the T position of DNA during
replication. Interestingly, 5-chloro-2'-deoxyuridine monophosphate, like 5-fluoro-2'-
deoxyuridine monophosphate, can also inhibit thymidylate synthase to increase the
incorporation of WU over T in tumour DNA. Complementing the above, a recent study
considered mutations to human deoxycytidine kinase that increase its specificity for 5-halo-

2'-deoxycytidines.55

1.4.2.1. The Uracil-5-yl Radical

Following the discovery of the radiosensitizing ability of the halouracils, the
observed cytotoxicity was attributed to DNA-damaging reactions initiated by the uracil-5-yl
radical (U+), which forms following exposure of XU-containing DNA to either UV or ionizing
radiation.>¢ U* is a o-radical, which is more reactive than m-carbon radicals and allows U* to
damage DNA without first reacting with 0,51 Products of U commonly occur in the
presence of an adjacent 5'-purine nucleobase (see Section 1.5) and literature examining
reactions of U typically use BrU since it is the closest analogue of T among all XU (Figure

1-6). Therefore, generation of U* will be discussed below for exposure of the 5'-GB*U-3" and
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5'-ABrU-3’ sequences to UV and ionizing radiation. While identical mechanisms for radical

generation occur for 9U, differences exist for 'U, which will also be outlined.

1.4.2.2. UV Irradiation of the Halouracils

Due to the enhanced reactivity of purine-8'U sequences in DNA and the low
ionization potential of the purine nucleobases,? it was long believed that creation of U* in
dsDNA was initiated by a photoinduced single electron transfer (PSET) from the purine
adjacent to BrU. In the proposed process, the purine base absorbs a UV photon, which excites
an electron and oxidizes the purine to a purine radical cation, while BrU is reduced to a
radical anion (BrU*-).57-59 In natural DNA, the excess electron on T~ is located in a m* orbital
and can undergo radiationless charge recombination via ICs. However, the excess electron
in BrU*- occupies the o* orbital localized on the C5-Br bond,’® which results in the
dissociation of a bromide anion (Br-) and the creation of U- adjacent to a 5’-purine radical

cation (for example, Figure 1-7(a)).

With the discovery of diverse products of U* and differences in sequence
preferences, the commonly-accepted mechanism of U® generation presented above required
re-evaluation. Since G has the lowest ionization potential among the natural DNA
nucleobases,?? PSET should be preferred in the 5'-GB"U-3' sequence, which should result in
more DNA damage in this sequence. However, certain DNA lesions selectively form in the
5'-ABrJ-3’ sequence (Section 1.5.1.).57-5961-65 To explain this discrepancy, fast back-electron
transfer in the 5'-GBrU-3' sequence was proposed to prevent the loss of Br- and generation
of U-57.61 However, other DNA lesions preferentially form in the 5'-GBU-3’ sequence

(Section 1.5.3.).66-68
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Figure 1-7: The generation of the uracil-5-yl radical following exposure of BrU-containing
DNA to (a, b) UV or (c) ionizing radiation in the presence of a 5'-G or 5'-A.

More recently, these inconsistencies were addressed using the 5'-GAABUT-3’
sequence, which was identified as a “hotspot” for U* generation and DNA damage.6264 This
sequence is rendered inactive if G is substituted for a nucleobase with a higher ionization
potential,é* which indicates that G, not A, is oxidized and donates an electron to BrU and that

electron transfer can occur over a longer range than initially expected (Figure 1-7(b)).
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Furthermore, reactivity was maximized with two intervening A bases between G and BrU,
which verifies the role of A in slowing back-electron transfer from BrU.64 This indicates long-
range sequence effects are important in generating U+, which may also affect the

preferences for the products formed.

In light of the discovery that G is the electron donor, a recent computational study
examined possible excitations occurring when BrU-containing DNA is exposed to UV
radiation.®® Excitations were studied in stacked 5-ABU-3' and 5'-GBrU-3' nucleobase
dimers in averaged crystal-structure geometries using CASPT2/CASSCF and the 6-311G(d)
basis set. In both sequences, UV radiation at 300 nm results in a local excitation on the BrU
chromophore (BrU*), rather than a direct electron (charge) transfer as previously
proposed.57-59 In the first excited state, BrU* is highly oxidative and capable of oxidizing a
nearby G to form the charge-separated species. Subsequently, Br- dissociates to generate U-.
The direct creation of charge transfer states (A*+BrU*- or G-+ BrU*-) from UV photons does not

occur due to the high energies of these states and the low oscillator strengths.

It is now clear that UV irradiation of BrU-containing dsDNA results in a local
excitation of BrU, followed by oxidation of a nearby G to create either the 5'-G-*U*-3' or
5'-AU--3’ species in DNA (Figure 1-7 (a, b)). While a 5'-A-*U--3’ reactant is of little
relevance to dsDNA, it is applicable to UV irradiation of 5-ABrU-3’ dinucleoside
monophosphates used in experiment since no G is presenté6-68 and may be relevant to
single-stranded DNA (ssDNA) where long-range electron transfer from a nearby G is less

efficient.

Generation of U* in dsDNA containing U has a smaller sequence selectivity
compared with BrU.5970 This was proposed to occur for one of two reasons:5 (1)

dehalogenation occurs faster for I- than Br-, which means slowing back-electron transfer
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with adjacent adenines is not as important; or (2) C5-1 bond homolysis occurs. Support has
been found for both scenarios. Using the previously-determined “hotspot” sequence
(5'-GAXUT-3"), maximum reactivity was found for 'U when n=2, as was the case for BrU,
which indicates heterolysis from an electron transfer processes.’”® However, the amount of
DNA damage observed was higher for U than BrU,6470 which supports I- dissociation being
faster than Br- dissociation. For n=0, 6 or 7, no reactivity was observed for BrU, while U
produces DNA damage, which indicates C5-1 homolysis occurs.”® Therefore, homolysis and
heterolysis of 'U is highly dependent on the DNA sequence.”® In the instance 'U undergoes
homolysis upon UV exposure, DNA damaging reactions must originate from the 5'-GU*-3’

and 5'-AU*-3’ species.

1.4.2.3. lonizing Irradiation of the Halouracils
As discussed in Section 1.3.1.2., most reactions following exposure of cellular DNA to

ionizing radiation result from the radiolysis of water. In regards to U* generation in

XU-containing DNA, the free electron (& ) is the most important species. For many years it

was believed €, was responsible for the creation of U¢, where the high electron affinity of

BrJ caused the base to act as an efficient electron sink.”! Upon attachment of the solvated
electron to BrU, the electron occupies the o* orbital localized on the C5-Br bond of BrU--,
which causes dissociation of Br- and generation of U.. However, Br- dissociation occurs

slowly and is competitive with electron transfer.72

A more efficient mechanism for the generation of U* from free-electrons has recently

been proposed.®1¢2 Prior to solvation, a free electron exists in a precursor state (€ ),

which has an energy close to the dissociative electron attachment (DEA) energies of

halogen-containing compounds.”* However, reactions with €., have been difficult to study
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due to its femtosecond (fs) lifetime. Recent advances in laser spectroscopy have provided
resolution on the fs-level, which allows for the observation of the transition state (BrU*-*) for

electron attachment by monitoring transient absorption. Experiments examining 5-bromo-

2'-deoxyuridine in solution have determined that €, is responsible for DEA in BrU.7273

Specifically, attachment of €., to BU (0.2 ps) creates the vibrationally-excited, dissociative

BrJ--* species.”3 Subsequently, ultrafast (1.5 ps) Br- dissociation occurs before electron

transfer is possible.7273

In terms of the series of XUs, dissociative electron attachment increases as ¢U < B'U
<< U, and can be attributed to 'U having two vibrationally-excited €., states, while ¢'U and

BrJ have one.”3 Therefore, it can be conclusively determined that DNA damage from the
exposure of XU-containing dsDNA to ionizing radiation, originates from U< within the

5'-GU*-3" and 5'-AU"-3' sequences.

1.5. Reactions of the Uracil-5-yl Radical
A range of lesions are produced as a result of reactions initiated by U-. These have
been detected following the exposure of XU-containing DNA to UV or ionizing radiation. The

following sections will discuss these products.

1.5.1. Single- and Double-Strand Breaks and the 2'-Deoxyribonolactone Intermediate
In the 1970’s, strand breaks were identified as the primary product of U-.74 These
lesions occur following exposure of BrU-containing DNA to either UV4957-59.6162,6474-77 or
ionizing*9.63.6578-80 radiation, despite differences in the formation mechanism. However,
more SSBs are induced from UV77 than ionizing®3 radiation. Both SSBs and DSBs may form,
and involve the creation of a nick or gap in the backbone of one or both strands,

respectively.49.57-59.61,63,6575-80 While a DSB commonly results from the concurrent formation

19



of SSBs on opposite strands in close proximity, they may also form from a one-photon

process.’475

Although the exact mechanism for strand break formation is not fully understood,
certain aspects of the reaction pathway are known (Figure 1-8).81-87 Many intermediates
exist and the strand break can adopt many structural forms. Regardless of whether strand
breaks are formed from UV or ionizing radiation, the reaction is initiated by U- abstracting a
hydrogen atom from the 5'-adjacent deoxyribose moiety to form uracil and a sugar radical.
This particular step has been examined in the 5'-AU*-3' sequence with molecular modeling,

which found abstraction was preferred from C2' of the deoxyribose rather than C1'.8889

Following the formation of the sugar radical, electron transfer to a nearby G**
regenerates G and creates a cationic sugar, which can undergo a hydride shift (Figure 1-8).
From these sugar-cation intermediates, several reactions may take place. A nick can form
between the 5'-phosphate of U-containing nucleotide and the adjacent sugar,588384 which
results in the formation of 3'-keto-2'-deoxynucleotide or furanylnucleotide (Figure 1-8 (1)
and (2), respectively).5983 Alternatively, a nucleobase may be released with the formation of
the alkali-labile 2’-deoxyribonolactone intermediate (Figure 1-8 (3)).61.81.8285-87 This lesion
is mutagenic by preferentially pairing with G887 and cytotoxic by inducing DNA-protein
cross-links.?? From this lactone residue, successive elimination reactions release the sugar

as a methylenefuranone to generate a gap in the DNA backbone (Figure 1-8 (4)).87

The formation of strand breaks with UV radiation is highly sequence dependent in
dsDNA.575961 Specifically, strand breaks are formed 8 times more efficiently with a
5'-flanking A than G in synthetic oligonucleotides.5” Enhancements in SSB formation occur

in the “hotspot” 5'-GAABrUBU-3' sequence, where intervening adenines play a role in
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Figure 1-8: Outline of the reaction pathway for strand break formation resulting from the

uracil-5-yl radical.

slowing back electron transfer to G*+.62 Interestingly, this sequence specificity is not

observed in ssDNA where m-orbital overlap is disrupted,58 which provides evidence for the

role of m-mediated intrastrand electron transfer in the formation of Ue. Strand breaks

resulting from ionizing radiation of BrU-containing DNA have also shown no sequence

preferences in ssDNA and dsDNA.65
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Strand breaks have been implicated as the primary initiator of cell death resulting
from U-.50 In particular, DSBs are considered among the most cytotoxic lesions since their
repair is complex and may cause deletions or insertions.42 However, SSBs and DSBs do not
completely account for the cell death observed in survival curves, which suggests additional
forms of damage or cellular processing of the initial damage to a DSB.4° Indeed, other BrU
photoproducts were detected as early as 1973, but were not identified.”* More recent

studies have clarified the identity of these products, which are discussed below.

1.5.2. Interstrand Cross-links

Interstrand cross-links resulting from U, which involve covalent bonds between
nucleobases on opposite strands, were first reported in 2005.50636577.80 An initial study
exposed synthetic 25-base, BrU-containing duplex oligonucleotides to y-rays.63 Fully
complementary dsDNA was considered in addition to semi-complementary dsDNA
containing a central 5-base mismatch (AAB'UAA//CCCCC). These sequences were irradiated
(¢°Co, 1.18 MeV and 1.33 MeV) at a dose of 3.91 Gy min-}, and interstrand cross-links
detected with denaturing PAGE gel electrophoresis. However, using this detection method,
the composition and exact connectivity of these cross-links cannot be determined.
Interstrand cross-links were found to form exclusively in the mismatched region, which
may either adopt a bulged or a zipper-like structure.391 Regardless of the exact
conformation of the mismatched region, it presents an environment unique from ssDNA and

dsDNA that favours interstrand cross-link formation.

Interstrand cross-links were also detected following UV irradiation of the same
sequences at 252 nm, 280 nm, 290 nm, 302 nm and 313 nm, with maximum damage
detected at 280 nm.?? Again, interstrand cross-links were exclusively observed in the

mismatched region. Strand breaks were also detected, but formed preferentially in
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complementary DNA. Therefore, the authors proposed that in vivo, UV irradiation of dsDNA
containing BrU will primarily result in SSBs, while mismatched regions will form interstrand

cross-links.?7

Additional studies have examined the conformation and sequence dependence of
interstrand cross-link formation following BrU activation by y-rays.6580 While interstrand
cross-links form in semi-complementary B-DNA, they are not produced in complementary
or semi-complementary A-DNA.80 This conformation-dependence indicates the mismatched
region adopts a zipper-like structure rather than a bulge, which would be less affected by
the differences between A- and B-DNA.8® Mismatched DNA in the zipper arrangement
naturally occurs in human centromeres, which may be a suitable target for the use of XU in
anti-tumour therapies.>® Interstrand cross-link formation was also found to depend on
sequence. Twelve variations in the 5-base mismatch region were considered, with 10-12
distinct cross-links detected overall.6> The presence of pyrimidines in the mismatch region
promotes the formation of interstrand cross-links and SSBs, while G does not.65 Since the
most abundant interstrand cross-links occur when C is present on the opposite strand of the
mismatch, the C5-C6 double bond of C was proposed to be the preferred site of radical

attack.

Interstrand cross-links are particularly detrimental DNA lesions due to the inability
of the helix to separate during fundamental cellular processes like replication or
transcription.92 Furthermore, interstrand cross-link repair involves the creation of a DSB.93
Indeed, previous studies that detected DSBs resulting from U in cellular DNA may have
actually detected the attempted enzymatic repair of an interstrand cross-link. This supports
previous proposals that cellular processing of the initial damage to a DSB may explain why

DBSs cannot fully account for cell survival curves.*?
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1.5.3. Intrastrand Cross-links

In addition to the strand breaks and interstrand cross-links produced by U,
intrastrand cross-links have been identified.6¢-¢8 These lesions involve a covalent bond
between uracil and an adjacent purine nucleobase.5¢-68 The sequence-dependent formation
of intrastrand cross-links following UVB irradiation of BrU-containing synthetic DNA was
first reported in 2006.¢ The intrastrand cross-links were identified in dinucleoside
monophosphates following UVB-irradiation of the 5'-GBrU-3’, 5'-BrUG-3" and 5'-ABrU-3’
sequences. Following UV irradiation of a solution of each dinucleoside monophosphate at
290 nm, photoproducts were separated using high-performance liquid chromatography
(HPLC) and a reverse-phase column. Each fraction was subjected to electrospray ionization-
mass spectrometry (ESI-MS) and tandem spectrometry (MS/MS) to determine the
composition of the cross-link and its characteristic fragment ions. To establish the
connectivity of each cross-link, H-NMR was used. These cross-linked dinucleoside
monophosphates were used as standards to identify the intrastrand cross-links formed in
two synthetic, complementary dsDNA oligonucleotides with the
5'-d(ATGGCGB'UGCTAT)-3' and 5'-d(ATGGCABrUGCTAT)-3' sequences. After irradiating
the oligonucleotides at 290 nm, enzymatic digestion produced free nucleotides and cross-
linked dinucleoside monophosphates. The cross-links were identified using LC-MS/MS, and

comparing to the retention times and characteristic fragment ions of the standards.

Six different intrastrand cross-links were identified in dinucleoside
monophosphates (Figure 1-9). Each cross-link involves the C5 site of U and either C8 (C8)
or N2 (C2) of G (A). For example, a cross-link forms between C8 of a 5'-G and C5 of a 3'-U,

denoted as 5'-G[8-5]U-3' (Figure 1-9(a)). In synthetic dsDNA, 5'-U[5-N2]G-3" (Figure
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Figure 1-9: Intrastrand cross-links resulting from the uracil-5-yl radical.

1-9(f)) was not detected. As a general trend, cross-link yields increase as 5'-A[2-5]U-3' <
5'-A[8-5]U-3' < 5'-U[5-8]G-3' < 5'-G[8-5]U-3" and with irradiation time (Table 1-1). This
is in contrast to the sequence specificity observed for strand break formation, where a 5'-A
is preferred over a 5'-G. 5'-G[N2-5]U-3’" was omitted from the above trend since it is only
observed at large radiation doses with a questionable (0.2 + 0.2 %) yield. Interestingly,
5'-U[5-8]G-3’ is not detected in the 5-ABUG-3’' sequence despite its high yield in
5'-GBrUG-3' sequences (Table 1-1). This is indicative of the importance of the local

sequence in U* generation and in the identity of the products formed.

In 2007, intrastrand cross-links produced by U* were identified in cellular DNA.67
MCF-7 human breast cancer cells were cultured in 5-bromo-2'-deoxyuridine and

subsequently exposed to UVB radiation at 290 nm, enzymatically digested and subjected to
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Table 1-1: Yields of the intrastrand cross-link products resulting from UVB-irradiated BrU-
containing oligonucleotides See Ref. 66.2

5'-G[8-5]U-3' 5'-U[5-8]G-3' 5'-A[8-5]U-3' 5'-A[2-5]U-3' 5'-G[N2-5]U-3'

10 min irradiation

5'-GBUG-3’ 0.5+0.1 0.16 £ 0.05 N/A N/A -b
5'-AB'UG-3' N/A -b 0.09 £ 0.03 0.03+0.01 N/A
90 min irradiation

5'-GBrUG-3’ 3+x1 1.1+0.2 N/A N/A 0.2+0.2
5'-ABrUG-3’ N/A -b 0.10 £ 0.05 0.05 +0.02 N/A

aPercent conversion of the parent duplex averaged from 3-6 measurements.bNot detected.

the same LC-MS/MS identification procedure described above. Four intrastrand cross-links
(Figure 1-9 (a-d)) were detected and their yields quantified. The relative abundances of the
lesions (Table 1-2) parallels that presented above. Interestingly, the yield of the most and
least abundant cross-links decrease with increasing irradiation time, which may reflect a

product decomposition or preferred repair of these cross-links.67

Table 1-2: Yields of the intrastrand cross-link products resulting from UVB-irradiated
BrJ-containing cellular DNA. See Ref. 67.2

5-G[8-5]U-3'  5'-U[5-8]G-3'  5-A[8-5]U-3'  5'-A[2-5]U-3'
9 min irradiation 130 = 20 5710 51 1.1+0.1
70 min irradiation 89 +10 71+10 7+1 =b
aExpressed as lesions/106 nucleosides. PNot detected.

Since G** is a well-known precursor to 8-0xoG, detection of 8-0xoG can confirm the
presence of G**. Therefore, the yields of 8-0xoG in irradiated DNA were quantified to
provide insight into the mechanism of U* generation. Indeed, the yield of 8-0xoG in UV-
irradiated BrU-substituted DNA was greater than natural DNA, which verifies the role of G

oxidation in UV-induced U generation.

The yields of BrU- and U-containing nucleotides were also measured following
irradiation and digestion of DNA to shed light on the efficiency of BrU activation.6” Prior to

UV exposure, 8'U replaced 30.6% of T in DNA. Following 9 minutes of irradiation, 14.5% of T
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remained as BrU while 10.8% T was converted to U,%7 which may result from the first
(hydrogen abstraction) step of strand break formation. The remaining 5.3% of T is
converted to other products of U-. While these numbers support strand breaks as the
dominant product of U, other lesions also form that might actually be more cytotoxic.
Unfortunately, the digestion procedures employed in this study do not allow for the

simultaneous detection of strand breaks and intrastrand cross-links.

To rationalize the sequence dependence of intrastrand cross-link formation, the
authors stated intrastrand stacking was responsible. Specifically, it was proposed that
stronger stacking facilitates better electron transfer and therefore higher cross-link yields.
The authors reported that the stacking strength increases as 5'-A < 5'-G and 5'-pyrimidine-
purine-3' < 5'-purine-pyrimidine-3".9* However, recent computational investigations into
the strength of nucleobase stacking interactions do not support these trends.?5-97 Therefore,
it is unlikely that stacking strength plays a role in the observed cross-link formation

preferences.

To explore the conformation-dependence of intrastrand cross-link formation, BrU-
containing G-quadruplex DNA was also studied.®8 G-quadruplex structures, which are found
in telomeres and promoter sequences, provide a unique environment to study intrastrand
cross-link formation due to the presence of various loop regions that differ in the proximity
of adjacent bases and strength of stacking interactions. DNA was UVA-irradiated at 365 nm
and the 5'-G[8-5]U-3’' intrastrand cross-link was isolated and detected using the
techniques described above. Indeed, the yield of this cross-link is greater in loops where G
and BrU are in closer proximity, which the authors again attribute to stronger stacking
interactions. However, the closeness of the nucleobases also shortens the distance between

C8 of G and C5 of U, which has been previously noted in the literature and proposed to
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influence the preferences of intrastrand cross-link formation.98-102 [nterestingly, the overall
yield of 5'-G[8-5]U-3’ was 2-fold higher in the G-quadruplex than in synthetic dsDNA. A
closer examination of the quadruplex sequence suggests this may be attributed to a new
“hotspot” sequence repeated throughout the motif, 5-GGGBUTA-3’, which favours
intrastrand cross-link formation. Specifically, G stretches have a lower ionization potential
than a single G and adjacent pyrimidines provide a more efficient electron sink,193 which

may enhance the generation of 5'-G*+U*-3'".

The above experimental work has conclusively identified the composition and
connectivity of four intrastrand cross-link that form following UV irradiation of BrU-
containing cellular DNA. However, the exact structure of these lesions and distortions to the
helix are unknown. Furthermore, there is no information on the reaction by which these
lesions form. Although a reaction pathway has been proposed (Figure 1-10),66 A-containing
cross-links are erroneously generated by an A**-containing reactant (Figure 1-10(b)).
Furthermore, the origin of the observed sequence selectivity is unknown. This thesis sets
out to fill these gaps in our knowledge of U--mediated intrastrand cross-link formation.

However, first, the information known about related intrastrand cross-links is presented.

1.6. Related Purine-Pyrimidine Intrastrand Cross-links

Given the complexity of cellular responses to DNA damage, insight into the
implications of U-containing intrastrand cross-links may be provided through knowledge of
the biological processing of comparatively well-studied lesions with similar structures.
Indeed, related intrastrand cross-links have been examined using experimental and
computational methods, and significantly more is known about the formation and structure

of these lesions, as well as their implications in DNA repair and replication. Furthermore,
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Figure 1-10: Proposed formation mechanism of intrastrand cross-links from UV irradiation
of BrU-containing cellular DNA in the presence of (a) G or (b) A. See Ref. 66.

the biological processing of related lesions can provide clues as to the potential
contributions of purine-U intrastrand cross-links to the observed cell death when XU are

used in anti-tumour therapies. These studies are discussed below.

1.6.1. Experimental Studies
Intrastrand cross-links have been detected in natural DNA following exposure to
ionizing radiation and originate from reactions with *OH that create a C5- (or C5-methyl-)

pyrimidine radical.8102.104-106 This results in purine-pyrimidine cross-links with a [8-5] (or
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[8-5-Me]) linkage (for example, Figure 1-3(e)), where preferences are observed for G over
A, and for the purine in the 5'-position.?8102104 For example, experiments isolated four
intrastrand cross-links in y-irradiated natural DNA, which varied in their yields as
5-G[8-5-Me]T-3' > 5'-T[5-Me -8]G-3’' > 5'-A[8-5-Me]T-3' > 5'-T[5-Me -8]A-3'.98
Therefore, the formation of these intrastrand cross-links is similar to those produced by U*

formed upon exposure of BrU-containing DNA to ionizing radiation.

The effects of related purine-pyrimidine cross-links on repair and replication have
been studied.104-111 In general, lesions that cause substantial disruptions to the DNA helix
are likely to be repaired, where bulky lesions, including intrastrand cross-links, are
removed via a nucleotide excision repair (NER) pathway. The excision of the
5'-G[8-5]C-3",109 5'-G[8-5-Me]mC-3’ (mC, 5-methylcytosine)10? and 5'-G[8-5-Me]T-3"108,109
intrastrand cross-links by UvrABC (E. coli) Nuclease was studied in vitro and a correlation
between duplex destabilization and repair efficiency was found, with 5-G[8-5-Me]mC-3’
repair being least efficient.10? Additionally, 5'-G[8-5-Me]T-3’ is repaired less efficiently
than other lesions (CPDs, bulky damage sites).198 This is attributed to the lack of recognition
of the intrastrand cross-link, despite the detection of the resulting DNA distortion and
binding of the repair enzyme.108 These results indicate G-pyrimidine cross-links may escape
NER pathways and persist in cells. Furthermore, compromised repair functions in tumours

may also contribute to the perseverance of these lesions in cancer cells.3654

Intrastrand cross-links that are not repaired are detrimental to DNA replication.
Studies of the 5-G[8-5]C-3'104107.110 and 5'-G[8-5-Me]T-3'105.106,112 cross-links and various
non-human DNA polymerases found these intrastrand cross-links can be cytotoxic and
mutagenic. Specifically, certain polymerases stall at the lesion,!05-107.110 while others

incorporate the correct nucleotide across the cross-linked pyrimidine prior to
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stalling.105.107,110 This is due to a lack of an appropriate hydrogen bonding partner for G. If a
stalled polymerase is not resolved, the complex can collapse into a DSB!13 or completely
block replication, leading to cell death. 105106 Alternatively, replication past the cross-link
can occur with translesion synthesis (TLS). TLS by yeast polymerase 191 or E.coli
polymerase V110 erroneously incorporates a purine nucleotide opposite the cross-linked G,
likely due to steric considerations.104106110 [n contrast, in vitro TLS of 5'-G[8-5-Me]T-3' by
human polymerase 1 was found to insert the correct nucleotides opposite the cross-link.111
However, in vivo replication of 5'-G[8-5-Me]T-3" and 5'-T[5-Me-8]G-3’ in mammalian cells
caused cellular mutations (transversions, transitions, and deletions) with the later
displaying greater mutational frequency, where these errors were attributed to TLS by

other polymerases or the involvement of accessory proteins.!11

1.6.2. Computational Studies

To elucidate the mutagenesis mechanism of the above cross-links, calculations were
performed on 5-G[8-5-Me]T-3" and 5'-G[8-5]C-3'. Using the semi-empirical PM3 method
and a dinucleoside monophosphate model, it was found that the Watson-Crick hydrogen-
bonding face of the cross-linked pyrimidine is unperturbed, while the cross-linked G adopts
a syn orientation to expose the Hoogsteen face.104106 Although this provides an explanation
for stalling and error-prone TLS by some polymerases, it cannot explain the correct
replication of 5-G[8-5-Me]T-3’ by human polymerase m, or the mutations observed

afterwards.

In an attempt to elucidate the observed formation preferences of T-containing
intrastrand cross-links,98102104¢ molecular modeling has been used to study the mechanism
of formation of GT- and AT-containing intrastrand cross-links.114115 Using a dinucleoside

monophosphate model and B3LYP/6-31G(d,p), cross-link formation pathways were
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determined. Overall, the reactions are initiated by bond formation and followed by the
removal of H8* of the purine. For the four cross-links considered, the barrier for breaking
the C8-H8 bond is similar in magnitude. Therefore, the selectivity for G over A occurs
during bond formation, where the barrier is smaller for G than A. However, the preference
for sequences with a 5'-purine, rather than a 3'-purine is proposed to occur in the second
step since H8 is more accessible for removal from the cross-linked intermediate in

5'-purine sequences.

The above illustrates the strength of a computational approach in the examination
of both the structures and formation mechanisms of radical-initiated lesion formation.
Computational methods will be used in this thesis to study U-containing intrastrand cross-
links to provide insight into the formation and structure of these lesions, as well as their

biological implications.

1.7.  Thesis Overview

This thesis uses molecular modeling to examine the formation mechanism and
structure of the four purine-U intrastrand cross-links that occur in cellular DNA from U-.
Although experimental studies have identified these cross-links, their structures and
mechanisms for formation are unknown. Furthermore, the effects of these lesions on the
DNA helix and the biological fate of cross-linked DNA have not been studied. Therefore, the
goal of this thesis is to determine the formation mechanism of the four U-containing
intrastrand cross-links under conditions relevant to UV and ionizing radiation. Additionally,
the structure of these lesions, as well as the distortions induced to the helix, will be

established.

Using the proposed reaction pathways (Figure 1-10) as a basis, the formation of

these lesions will be studied under the conditions relevant to UV (from 5'-G**U*-3’" and
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5'-AU*-3’) and ionizing (from 5'-GU-*-3' and 5'-AU*-3') radiation. Although these lesions
have not been detected in studies employing ionizing radiation, indirect evidence suggests
they may contribute to the cytotoxicity of B'U in tumours. For example, strand breaks and
certain interstrand cross-links are produced regardless of the form of irradiation used to
create U-.49.57-59,61-6574-80 Furthermore, purine-pyrimidine intrastrand cross-links have been
detected following the exposure of natural DNA to ionizing radiation.?8102104-106 [ndirect
evidence also exists for the formation of intrastrand cross-links following exposure of BrU-
substituted DNA to ionizing radiation, where an observed decrease in the number of SSBs in
the 5'-GBrU-3' sequence was proposed to be due to preferential formation of intrastrand
cross-links.65 Additionally, it is possible these intrastrand cross-links have been formed in
studies employing ionizing radiation, but were not detected due to the digestion and
detection procedures commonly used, which complicates the simultaneous identification of
SSBs, DSBs and inter- and intrastrand cross-links.5065116 Therefore, it is important to
examine the formation of these lesions by ionizing radiation and thereby determine the
likelihood of their formation during the use of XU in conjunction with (ionizing) radiation as

an anti-tumour therapy.

A high sequence dependence has been reported for intrastrand cross-link formation
resulting from U-. Although experimental reports postulate this is attributed to
enhancement of intramolecular electron transfer due to the strength of intrastrand stacking
interactions,®6-68 recent computational investigations of nucleobase stacking do not support
this proposal.?>-97 Furthermore, intrastrand cross-links formed following the exposure of
natural DNA to ionizing radiation report the same sequence dependence,?8102104 hut their
formation does not involve an intramolecular electron transfer, which indicates a more
general selection rule is responsible. Interestingly, experimental studies have noted a trend

between cross-link yields and the distance between the two sites coupling to form the
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bond,%8-102 though the origin of this correlation is unknown. Studies of purine[8-5-Me]T
formation by the Barone group have proposed the barrier for the bond formation step
controls the G > A preference, while the accessibility of the hydrogen atom for removal
dictates the 5'-purine > 3'-purine preference.!14115 By determining the formation pathways
of the four U--induced intrastrand cross-links in this thesis, the correlations noted
experimentally and the factors proposed by Barone et al. can be tested and new ideas can be
put forth. Therefore, an additional goal of this thesis is to provide an enhanced

understanding of the factors that dictate intrastrand cross-link formation.

In addition to the above contributions, this thesis will determine the structures of
these U-containing lesions within DNA and the resulting distortions to the helix. By
comparing these results to the structures of related purine-pyrimidine cross-links and their
effect on fundamental biological processes (repair and replication), as well as to DNA
distortions induced by other successful anti-tumour therapies, insight will be provided into
the biological fate of the purine-U intrastrand cross-links in tumour cells, and their

potential to contribute to the observed cytotoxicity of BrU.

Before the formation of these intrastrand cross-links can be studied, an accurate
computational approach must be determined. Chapter 2 details the selection of a
computational model that is used to study intrastrand cross-link formation in the
remainder of this thesis. Chapter 3 describes the formation of the most abundant cross-link,
5'-G[8-5]U-3’, under conditions relevant to both UV and ionizing radiation, as well as its
resulting structure in the DNA helix and its biological implications. Chapter 4 similarly
describes the formation and structure of 5'-U[5-8]G-3’, and begins to establish the
preferences of intrastrand cross-link formation based on comparison to the 5'-G[8-5]U-3’

cross-link. Chapter 5 investigates both 5'-A[8-5]U-3"and 5'-A[2-5]U-3’, and tests the ideas
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proposed in Chapter 4, as well as provides additional insight into the factors governing
cross-link formation. Finally, Chapter 6 provides an overview of this thesis and outlines

possible future directions of this work.
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Chapter 2. Determining an Accurate Computational Approach to

Model Reactions Between Adjacent DNA Componentsiii

2.1. Introduction

One of the main goals of this thesis is to use molecular modeling to examine the
formation mechanisms of U-containing intrastrand cross-links. Unfortunately, a variety of
computational models (DNA truncations, phosphate groups, environments) and methods
have been used to gain information about radical-initiated DNA damage involving adjacent
nucleic acid components,8889.114115117-120 which makes logically selecting the best
computational approach for subsequent studies nearly impossible. Therefore, this chapter
will identify an accurate computational approach that can be used to study the structures

and formation pathways of intrastrand cross-links.

Although the complex features of DNA have been well characterized experimentally,
modern computational methods cannot always accurately reproduce the structure of this
biomolecule.95121-123 Adding to this computational challenge is the relatively large size of
even short DNA oligomers, which necessitates structural truncations for improved
computational efficiency. The structural model investigated in the present study must be
large enough to describe key features of a DNA helix, yet small enough that highly accurate
(density functional theory (DFT)) methods suitable for thermodynamic and kinetic studies
of DNA damage can be employed. While it is possible to model base-base intrastrand
reactions in the absence of the sugar-phosphate backbone,!1? computational constraints are
required to obtain planar arrangements of the bases, which are not suitable when studying

modified DNA since the exact structure is often unknown. In contrast, inclusion of the DNA

i Churchill, C.D.M. Wetmore, S.D. Phys. Chem. Chem. Phys. 2011, DOL
10.1039/C1CP21689A. Reproduced by permission of the PCCP Owner Societies.
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backbone naturally restricts the geometric freedom available to the nucleobases.
Furthermore, the torsional degrees of freedom in the backbone may play an important role
in determining the structure or reaction barriers. The inclusion of the DNA backbone will
also allow the optimum computational approach identified in this chapter to be used in
future studies of reactions between other nucleic acid components (for example, base-sugar
reactions). Therefore, this chapter focuses on the ability of a dinucleoside monophosphate

(Figure 2-1) to replicate the structure of this unit in a single strand within B-DNA.
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Figure 2-1: The (anionic) dinucleoside monophosphate and sequences considered in this
chapter, as well as the structure and numbering of G and pyrimidine (T, U, B'U) nucleobases.

There are many questions surrounding how to correctly describe the DNA
phosphate residues in small computational models, which has been depicted in the
literature as an anionic group,120124137 3 neutral group resulting from full
protonation8889.114,115,120,127-129,132,137 or a neutral group resulting from inclusion of a
counterion0,95121-123,133,137-146 (typlcally Na+)_133,137,141,143,145,146 In addition to issues

surrounding the atomic composition of the computational model, the level of theory must
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be carefully considered. In the present work, DFT is used due to its computational efficiency
and resistance to spin contamination compared to commonly-used ab initio techniques,!4?
which make it an ideal choice for studies of radical reactions. Unfortunately, it is unlikely
that all DFT methods will reproduce the fundamental features of a DNA double helix, since
the ability to describe stacking interactions between DNA nucleobases is a common obstacle
for many widely-used DFT functionals.95121.148 Nevertheless, the presence of a physical link
between the nucleobases via the deoxyribose-phosphate backbone may sufficiently restrain
base motion to permit characterization of stacked arrangements. Therefore, careful testing
of phosphate models and methods must be performed to identify a combination that
accurately mimics the conformation of dsDNA. Different environmental conditions must
also be investigated since the role of the surrounding medium on the calculated structure

and reactivity of DNA is complex.149

In this chapter, the ability of a dinucleoside monophosphate (Figure 2-1) to predict
B-DNA structures is tested for three sequences (5-GT-3', 5'-GU-3’ and 5'-GBrU-3’). By
including these three base variations, a given computational approach will be tested for
consistency in the reproduction of dsDNA structures when a purine is in the 5’ position
relative to a natural (T) or modified (U, BrU) pyrimidine. BU is considered since it is the
dominant XU used in experimental studies examining DNA damage resulting from
UJ+50.57-59,61,63,65-68,74-77,808384150 and was used to generate the intrastrand cross-links of
interest in this thesis.66-68 U, a form of DNA damage that results from deamination of C, is
considered due to its structural similarities to T, while the corresponding T sequence was
chosen to allow for a direct comparison to experimental data for natural DNA. All
pyrimidines were placed adjacent to 5'-G due the experimentally-observed preference for
intrastrand cross-link formation in the 5’-GBrU-3' sequence.66-68 The three sequences will be

considered using three DFT functionals (B3LYP, MPWB1K and M06-2X), which were chosen
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based on their high use in the literature, availability in common software packages, ability
to describe non-covalent interactions and/or general success for chemical
reactions.121148151-156 A]l sequence and method combinations will be considered with three
phosphate models (neutral, anionic and counterion) and two surrounding environments
(gas phase and water), which collectively represent the extremes of the environmental

conditions relevant to DNA.157.158

The overall suitability of a specific computational approach (phosphate model],
environment and method combination) will be judged based on its ability to reproduce the
structural features of the natural (T-containing) DNA double helix. Although modifications
to DNA nucleobases can drastically affect the structure of the double helix, comparisons to
the structure of natural DNA are expected to be valid for all bases considered in the present
work due to the structural similarities of U and BrU to T. Only one study has attempted to
develop an accurate computational approach for modeling B-DNA using a dinucleoside
monophosphate system.!33 Although this previous contribution was valuable in formulating
the work in this chapter, the present study considers a greater number of phosphate
models, computational methods and environmental conditions. Furthermore, this approach
is based on the intention to use the best computational model and method combination to
study radical-induced intrastrand cross-link formation, which imposes additional criteria
on the computational methodology. In addition to the rather specific applications of this
model, the approach developed here can be applied to a broader range of DNA modeling,
such as the prediction of structures involving natural or modified DNA components and the
investigation of a variety of radical-initiated reactions between adjacent (intrastrand)

nuclelc aCId Components_10,12,26,98,102,104-106,142,159-162
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2.2. Computational Details

2.2.1. Generation of the Dinucleoside Monophosphate

The dinucleoside monophosphate models used in the present work (Figure 2-1)
were initially built to resemble a natural B-DNA double helix (described in Section 1.2.2.)
since the primary goal is to retain a dsDNA structure rather than analyze the complex
conformational space of a dinucleoside monophosphate. In general, two starting points are
typically used to generate DNA fragments: (1) a crystal structure, or (2) a common software
package that employs averaged geometries from natural DNA crystal structures. While the
former approach may be preferred, experimental structures do not exist for the 5'-GBrU-3’
sequence in DNA, which is common for many forms of modified DNA. In contrast, the latter
approach provides a universal and consistent way to build structures regardless of the

modification under consideration.

In the present study, the B-conformation of a natural 5'-GT-3' dinucleoside
monophosphate with an anionic phosphate group (Figure 2-2) was assembled using the
Nucleic Acid Database built in the HyperChem 5.1 program suite.163 Although HyperChem
inserts a deoxyribose moiety in the C3'-exo puckering, the sugar puckering following full
optimization has been shown to be independent of the initial input.133 Similarly, the present
work shows that structures generally adopt the C2'-endo puckering (defined by a
pseudorotational phase angle (P) between 144 - 190°* Figure 2-3) of B-DNA following
optimization. Additionally, to obtain a structure representative of a DNA double helix, the
terminal C5'-hydroxyl group was constrained such that the £(HO5'C5'C4’) torsion angle
(Figure 2-1) equals 180°, which directs this group away from G and thereby prevents

hydrogen bonds that are non-native to natural B-DNA.

40



Figure 2-2: Important torsion angles in the backbone of a natural 5'-GT-3' dinucleoside
monophosphate with an anionic phosphate group. The phosphate oxygen protonated to
obtain the neutral phosphate model is indicated with an asterisk.
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Figure 2-3: Definition of the (a) pseudorotation phase angle (P, °) and illustration of the
(b) pseudorotation cycle and corresponding sugar puckering classifications describing the
furanose ring in nucleic acids. Classifications belonging to the envelope and twist forms are

indicated, and the range of phase angles found in B-DNA (P = 144 - 190°)4 is highlighted.
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2.2.2. The Consideration of Different Computational Approaches

Although the phosphate unit within the DNA backbone contains a monoanionic
charge and several computational studies of DNA have used an anionic model (see, for
example, Refs. 120, 124-137), a charge-neutralized model may better mimic the true
biological system by accounting for stabilizing forces in the surroundings. Indeed, under
biological conditions, the presence of cation-water networks near the phosphate backbone
are known to provide stability to cellular DNA.# Furthermore, computational studies have
found that charge-neutralized systems better represent the structure and conformational
preferences of natural DNA.127-129131133137.164 Many groups have employed neutralized
phosphate models obtained by coordinating a counterion,130.132,133,137-141,143,145146 commonly
Na+133137,141,143,145146 to the phosphate residue. In this work, the counterion phosphate
model was generated by inserting a sodium counterion (Na*) equidistant (approximately
2.2 A) from the two phosphate oxygens. Alternatively, some groups have used fully
protonated phosphate groups in DNA models,8889.114.115,120,127-129,132,137 which neutralize the
charge while avoiding the addition of a computationally-demanding heavy atom. In the
present study, the phosphate oxygen furthest from the DNA nucleobases (Figure 2-2,
denoted with an asterisk) was protonated to generate the neutral model, which prevents
interactions with this acidic proton that are non-native to B-DNA. For each phosphate
model, the methyl group at the C5 position of T was subsequently changed to hydrogen (U)

or bromine (BrU).

For all phosphate model and sequence combinations, optimizations were performed
in both the gas phase and water. Full (water) solvation was accounted for implicitly using
the IEF-PCM formalism165 and a dielectric of 78.4. Although an isolated dinucleoside
monophosphate is fully solvated, the conditions are more complex for a dinucleoside unit

within double-stranded DNA, which likely experiences a range of environments
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(polarities).166.167 Indeed, a series of dielectric constants have been found to describe the
regions within, and surrounding, DNA.168-172 Due to this complexity, computational studies
have used a variety of dielectric constants ranging between the gas phase and water
extremes to mimic a DNA environment (see, for example Refs. 88, 89, 114, 117, 119, 120,
131, 137, 141, 149, 158 and 173). Therefore, a dielectric of 78.4 was chosen in order to
evaluate the structural differences at the two (relevant) polarity extremes. The dsDNA

environment will likely lie between the two (gas and water) environments considered.

Optimizations were performed with the B3LYP, MPWB1K and M06-2X functionals in
combination with the 6-31G(d,p) basis set and frequency calculations characterized the
resulting structures as minima. This basis set was selected for computational efficiency
given the size of the dinucleoside monophosphate model, number of structures considered
and intended future applications. As mentioned in the Section 2.1., the DFT functionals were
chosen based on their popularity, availability, description of non-covalent interactions
and/or success for thermochemical kinetic studies. 21486873 The choice of each functional is
further justified in the Section 2.3.. Although PW91 has been previously used in conjunction
with dinucleoside monophosphates to obtain B-like conformations of DNA,133.145 this
functional was not included in the present work since the ability of PW91 to treat radicals
and reproduce reaction kinetics is unknown, which makes it an unreliable choice for
studying the formation of Us-mediated intrastrand cross-links. While DFT-D methods are
promising for describing dispersion-dominated systems,174 they generally require the use of

large basis sets, which are not suitable for a model of this size.

Using all three functionals, the nine phosphate model and sequence combinations
were optimized in both the gas phase and water, which yields 54 final (optimized)

structures. These optimized structures are carefully analyzed in Section 2.3. to identify the

43



computational model and method combination that most accurately reproduces the
conformation of B-DNA. Although different input structures or initial orbital guesses could
be used if a suitable structure is not obtained or convergence issues exist upon optimization
of the HyperChem-generated structures, a systematic and reproducible approach has been
used to build models of both natural and modified DNA. To avoid user bias and intervention,
any model and method combination unable to directly yield optimized structures similar to
dsDNA using this standard input was discarded. The model and method combination
identified through this systematic analysis will therefore be useful for reliably studying

systems with unknown structures, which includes intrastrand cross-links.

All calculations were performed using Gaussian 09.175

2.3. Results and Discussion

2.3.1. Judging the Accuracy of a Computational Approach

Combining the three phosphate models (anionic, neutral, counterion), three
methods (B3LYP, MPWB1K, M06-2X), two environments (gas, water) and three sequences
(5'-GT-3', 5'-GU-3’, 5'-GBrU-3") yields 54 unique optimized structures. When identifying
the most appropriate computational approach, a large emphasis will initially be placed on
the ability to reproduce the base-base orientation found in natural B-DNA double helices
since this is likely the most difficult geometric feature to reproduce with computational
methods. To facilitate this analysis, the angle (designated as ¢) between base planes
(defined as the mean plane generated using endocyclic heavy atoms) was quantified using
the Mercury software package.1’¢ The ¢ angle has been previously used to quantify base-
base orientations in DNA133.145146 and combines the values of tilt and roll commonly used to
describe nucleic acid structure.* To further aid structural characterization, a categorization

scheme was developed to classify structures as: (1) distorted, (2) repelled, (3) tilted
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(¢ >30%) or (4) stacked (¢ < 30°). An example of each classification is given in Figure 2-4. In
distorted structures (Figure 2-4 (a)), the nucleobases do not interact with each other, but
instead at least one base twists to form nucleobase-backbone interactions through
hydrogen or halogen bonds. This orientation differs from the repelled configurations
(Figure 2-4(b)) in which the nucleobases remain distant from each other, but do not
interact with the backbone. In tilted structures (Figure 2-4(c)), m-m contacts are present
between the bases, but the relative base-base orientation has substantial deviations from
planarity. In contrast, stacked structures (Figure 2-4(d)) have near-parallel base-base
arrangements due to attractive m-m interactions. While distorted and repelled base
arrangements are not found in B-DNA, variations in base-base orientations commonly exist.
The ¢ angle provides a means of quantifying these variations, where computational
approaches yielding significant deviations from stacked structures (i.e., ¢ > 30°) will be

discarded.
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Figure 2-4: Representation of the four classifications of optimized base-base orientations:
(a) distorted, (b) repelled, (c) tilted and (d) stacked.

Due to the large number of configurations considered, only structures of the
optimized 5'-GT-3' sequence, which are representative of all structures and can be directly
compared to natural DNA, are provided in Figures 2-5 to 2-7. The remaining 5'-GU-3’" and

5'-GBrU-3’ sequences are also discussed in the text, while the corresponding data is
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included in Appendix A (Figures A-1 to A-6). In the discussion below, the relative base-
base orientation will first be considered to identify non-stacked structures. Since there is a
strong structural dependence on the functional used, the results for each functional will be
presented in turn. Second, important backbone torsion angles will be analyzed and
compared to experimental crystal structure data to select the most accurate computational

approach.

2.3.2. Analysis of the Base-Base Orientation

2.3.2.1. B3LYP

The popular (hybrid-GGA (generalized gradient approximation)) B3LYP functional
has dominated the computational chemistry literature since its development, as evidenced
by its use in 80% of all DFT studies between 1999 and 2006.148 Successful applications of
this functional include the description of hydrogen-bonding interactionsl77.178 and
radicals.179 Despite the inability of B3LYP to describe stacking interactions,148153 it has been
applied to many biological systems including structural and conformational studies of
natural and modified DNA using models comprised of  backbone
CompOnents,124'125'130'134'136'143 nucleosides126,137,180,181 and HUCleotideS,127'129'132’135'137'14’4, as
well as larger and more complicated DNA systems.182183 In relation to future applications of
the present work, this functional has been used to study radical reactions between adjacent
nucleobases. For example, CPD formation between adjacent T nucleobases has been
examined.117119 B3LYP has also been used in conjunction with a dinucleoside
monophosphate and neutral (protonated) phosphate model to examine hydrogen
abstraction®® resulting from nucleobase radicals, as well as the formation of T-containing
intrastrand cross-links that result following the exposure of natural DNA to ionizing

radiation.114115 While these studies observed larger inter-base distances than found in
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natural DNA, B3LYP was deemed to provide sufficiently accurate structures by the
authors.114115 Dye to this rather surprising conclusion that B3LYP can describe dinucleoside
monophosphates, coupled with the prominent use of this functional to examine the
properties of DNA and the kinetics of the associated reactions, the ability of B3LYP to
produce a conformation of a dinucleoside monophosphate characteristic of B-DNA is first

considered.

Table 2-1: Classification of the dinucleoside monophosphate structures optimized with
B3LYP, as well as the angle between the base planes (¢ (°) in parentheses).a-¢

Gas Water
B3LYP Anionic  Neutral Counterion Anionic Neutral  Counterion

5_GT-3' distorted tilted tilted distorted repelled distorted
(80.2) (47.5) (56.8) (83.4) (38.4) (83.4)

5'_GU-3' distorted tilted tilted distorted repelled distorted
(86.9) (48.5) (56.1) (87.6) (43.4) (78.6)

5_GErU_3’ distorted  tilted tilted distorted distorted distorted
(11.1) (37.7) (53.7) (67.9) (46.1) (33.0)

aFor a representative illustration of the classifications, see Figure 2-4. A full description of
the classifications is provided in Section 2.3.1.. PThe corresponding optimized structures are
provided in Figures 2-5, A-1 and A-4. <@ is the angle between the mean planes generated
using endocyclic heavy atoms of each nucleobase.

All gas-phase B3LYP optimized structures (Table 2-1, Figures 2-5(a-c)) can be
classified as either distorted or tilted regardless of the phosphate model used. Distorted
structures are obtained for the anionic phosphate model, where at least one nucleobase
twists to form close hydrogen contacts with the backbone (Figure 2-5(a)). In the case of the
5'-GBrU-3’ sequence, a halogen bond (d(Br-+0) = 3.241 A) is formed between Br and the
terminal 5'-hydroxyl oxygen. Significantly tilted structures are obtained with B3LYP for
both the neutral (protonated) and counterion phosphate models (Figures 2-5(b)), where
the angle between the nucleobase planes (@) ranges from 37° to 57° (Table 2-1). Generally,

these tilted arrangements are accompanied by pyramidalization of the amino group at C2 of
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G, which has been noted in previous structural studies of dinucleoside monophosphates28-30
and leads to an out-of-plane N-H---O hydrogen bond with 04’ of the 3’ sugar and/or the 04

carbonyl group of the pyrimidine (Figure 2-5(b, c)).
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Figure 2-5: B3LYP structures of the 5'-GT-3' dinucleoside monophosphate sequence
optimized in the gas phase (a-c) and water (d-f) using the anionic (a, d), neutral
(protonated) (b, €) and counterion (¢, f) phosphate models.

In addition to the gas-phase results discussed above, optimizations in implicit
solvent (water) were considered to determine the effect of the surrounding environment on
the dinucleoside monophosphate structure. Solvent-phase optimizations do not improve
the gas-phase results of the B3LYP functional (Table 2-1 and Figures 2-5(d-f)). In fact, the
structures obtained in solvent are either similar to those obtained in the gas phase or

deviate from B-DNA to a greater extent than the gas-phase geometries. For example, the
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base orientations for the neutral model of the T and U-containing sequences are tilted in the
gas phase, but repelled in water (Figures 2-5 (b) and 2-5 (e), which can likely be attributed
to weakening of out-of-plane N-H--O contacts upon solvation. Similarly, the counterion
model with all three sequences yields a tilted arrangement in the gas phase that contains an
out-of-plane hydrogen bond between N2H of G and 04' of the 3’ sugar, but a distorted

arrangement in water that lacks this contact.

Thus, while previous studies deemed that gas-phase B3LYP calculations on a neutral
dinucleoside monophosphate sufficiently recreate the structural features of DNA,114115 the
above work clearly shows this approach is unacceptable since highly distorted geometries
are obtained upon optimization. Therefore, even though the popular B3LYP functional has
been successfully used in many biochemical applications,137.177-179 its failure to describe
stacking interactions, even in the presence of the physical restraint provided by the
backbone, indicates that this functional should not be used to examine extended DNA
systems. Indeed, previous B3LYP studies have required computational constraints between
adjacent nucleobases to obtain a representative dsDNA geometry.117119 The following
sections consider functionals that were designed to account for a range of non-covalent

interactions, including those with large dispersion contributions.

2.3.2.2. MPWB1K

The (hybrid meta-GGA) MPWB1K functional was designed for thermochemistry,
thermochemical kinetics and non-covalent interactions.’s! Computational benchmarks have
illustrated that MPWB1K describes stacking interactions in biological systems.121184185
Other successful biological applications of this functional include the description of C-H--m
interactions involving aromatic amino acids,186 ONIOM treatment of DNA-protein

interactions,’8’” and the reproduction of CCSD(T) barriers for phosphodiester bond
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hydrolysis.188 Most relevant to the present work, MPWB1K has been used in conjunction
with a (neutral) dinucleoside monophosphate model to study hydrogen abstraction, and a
stacked base arrangement was found.8? These previous successes make MPWB1K a logical

choice to consider in the present work.

Table 2-2: Classification of the dinucleoside monophosphate structures optimized with
MPWBI1K, as well as the angle between the base planes (¢ (°) in parentheses).a—

Gas Water
MPWB1K Anionic Neutral Counterion Anionic Neutral Counterion
5/_GT-3’ tilted tilted stackedd tilted tilted stacked d
(38.1) (47.4) (12.5) (33.9) (41.4) (8.0)
5_GU-3' tilted stacked stackedd stacked stacked stacked
(39.5) (14.5) (14.6) (24.8) (8.9) (10.1)
5/_GBrU—3' tilted stacked stacked tilted distorted stackedd
(37.3) (9.2) (9.3) (37.6) (52.8) (7.8)

aFor a representative illustration of the classifications, see Figure 2-4. A full description of
the classifications is provided in Section 2.3.1.. PThe corresponding optimized structures are
provided in Figures 2-6, A-2 and A-5. ¢ is the angle between the mean planes generated
using endocyclic heavy atoms of each nucleobase. dDue to SCF convergence issues,
structures were obtained using M06-2X-optimized structures as input rather than the
standard HyperChem-generated structures.

MPWB1K gas-phase optimizations of the dinucleoside monophosphates considered
in this study yield unsatisfactory results (Table 2-2, Figures 2-6(a-c)). Tilted structures are
obtained for all sequences with the anionic phosphate model, where the angle between base
planes (@) ranges from 37° to 40° (Table 2-2). Optimization in water leads to similar
structures with a slight decrease in ¢, which ranges between 25° and 38° however,
technical issues create questions about the reproducibility of these results.v When the

neutral phosphate model is employed, stacked arrangements are obtained for sequences

v Although optimizations of the anionic model in water starting from the same (HyperChem
generated) input yield similar, tilted base-base orientations, small deviations exist between
these optimized structures that are outside commonly-accepted variations for GO09
optimizations.
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containing U (¢ = 14.5°) and BU (¢ = 9.3°). However, a significantly tilted orientation is
found for the T sequence (¢ = 47.4°), which suggests this method-phosphate model
combination cannot uniformly predict dsDNA conformations. Optimizations in water offer
no improvement, where the U sequence is stacked, but the T and B'U sequences are

significantly tilted (¢ = 41.4° and 52.8°, respectively).
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Figure 2-6: MPWB1K structures of the 5'-GT-3’ dinucleoside monophosphate sequence
optimized in the gas phase (a-c) and water (d-f) using the anionic (a, d), neutral
(protonated) (b, e) and counterion (c, f) phosphate models.

Calculations combining MPWB1K and the counterion phosphate model were
plagued with computational challenges. Specifically, SCF convergence problems arose in
both the gas phase and water. These issues most commonly occur when generating the

molecular orbitals prior to the first optimization step and could not be fixed by providing
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alternate orbital guesses. In an attempt to isolate and understand this problem, alternate
input geometries were used. For the natural (5-GT-3') sequence, attempts to use
experimental crystal structures as the input geometry were similarly unsuccessful, which
eliminates the HyperChem-generated structures as the source of the problem. Interestingly,
convergence could be obtained when geometries optimized with a different level of theory
(M06-2X) were used as input,y which indicates MPWB1K is remarkably sensitive to the
input geometry. Since these convergence problems only occurred for the counterion
phosphate model, MPWB1K may have difficulty describing the orbitals of (Na+*) ions at

certain geometries with respect to the deoxyribose-phosphate backbone.

While MPWB1K treats stacking interactions better than B3LYP and has been
successfully applied in other biological studies,89.121184186-189 jt is not recommended when
attempting to replicate the features of a dinucleoside monophosphate in dsDNA.
Furthermore, while it is unknown whether the technical problems encountered in the
present work will occur in other applications of MPWB1K, researchers interested in using
this functional are cautioned to carefully test its performance for the particular problems

and systems of interest.

2.3.2.3. M06-2X

Similar to MPWB1K, the (hybrid meta-GGA) M06-2X functional was parameterized
to describe non-covalent interactions and Kkinetics.!55 Indeed, many computational

benchmarks focusing on biological systems have concluded that M06-2X is a useful method

v Optimizations with MPWB1K and the counterion phosphate model, when using the
HyperChem-generated inputs, were successful for the 5'-GBrU-3' sequence in the gas phase
and the 5'-GU-3' sequence in water. For the remaining sequences (5'-GT-3"and 5'-GU-3'in
gas and 5'-GT-3' and 5'-GBrU-3’ in water), SCF convergence was too problematic when
using the HyperChem-generated input structures and convergence could only be obtained
when using M06-2X-optimized structures as input.
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for studying m-m interactions.154156185189-194 For example, recent works on biomolecular
binding motifs,194 and DNA-protein m-m interactions,185 as well as stacked A,193 T19 and U190
dimers, found that M06-2X yields binding strengths comparable to CCSD(T). In fact, one
study revealed that M06-2X more consistently recovers CCSD(T)/CBS m-m interaction
energies than MPWB1K.185 Furthermore, the successful examination of singlet-triplet
transitions,195 electronic excitation energies!6 and bond dissociation energies!9’ with
MO06-2X is indicative of the general utility of this functional, as well as its likely success in
studies of intrastrand cross-link formation and other reactions involving DNA radicals.
Thus, M06-2X is a good candidate for investigating the structure of natural and modified
DNA sequences. It has been reported that artificial oscillations exist on M06-2X potential
energy surfaces describing weak, dispersion interactions, such as the benzene dimer, when
using small integration grids.198 However, no such oscillations were observed for DNA-
protein m-m interactions with MO06-2X and default integration grids.!85 Therefore, this

artefact is not anticipated to affect the results of the present study.

Table 2-3: Classification of the dinucleoside monophosphate structures optimized with
MO06-2X, as well as the angle between the base planes (¢ (°) in parentheses).a—¢

Gas Water
M06-2X Anionic Neutral = Counterion Anionic  Neutral Counterion
5_GT-3' stacked  distorted stacked stacked distorted stacked
(28.8) (43.6) (12.9) (4.9) (36.2) (4.7)
5'_GU-3' stacked  distorted stacked stacked distorted stacked
(13.3) (41.4) (5.8) (3.8) (37.6) (5.1)
5_GErU_3’ stacked stacked stacked stacked  stacked stacked
(28.8) (7.6) (8.3) (5.6) (5.4) (5.0)

aFor a representative illustration of the classifications, see Figure 2-4. A full description of
the classifications is provided in Section 2.3.1.. PThe corresponding optimized structures are
provided in Figures 2-7, A-3 and A-6. <@ is the angle between the mean planes generated
using endocyclic heavy atoms of each nucleobase.
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As discussed for MPWBI1K, a stacked nucleobase arrangement is not uniformly
predicted for all sequences by M06-2X gas-phase optimizations with the neutral phosphate
model (Table 2-3). Specifically, M06-2X yields a stacked 5'-GBrU-3’ sequence (¢ = 7.6°), but
distorted T- and U-containing sequences (¢ = 43.6° and 41.4°, respectively). The
corresponding optimizations in water remain inconsistent, where a stacked geometry is
again only obtained for BrU. Since none of the functionals considered in the present work
consistently predict stacked base-base arrangements for all nucleobase sequences when
used with the neutral phosphate model, the problem must lie with the phosphate model
rather than the functional employed. Despite previous applications of a neutral phosphate
model in the literature,8889114115120,127-129,132,137 thijs model cannot consistently reproduce the
structure of dsDNA for the (5'-G-pyrimidine-3") sequences considered and is eliminated as

a viable phosphate model.

® counterion

Figure 2-7: M06-2X structures of the 5'-GT-3' dinucleoside monophosphate sequence
optimized in the gas phase (a-c) and water (d-f) using the anionic (a, d), neutral
(protonated) (b, e) and counterion (c, f) phosphate models.
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Despite similar intended applications of the M06-2X and MPWB1K functionals,151.155
the optimized structures obtained with the anionic dinucleoside monophosphate model are
substantially different (Tables 2-2 and 2-3, Figures 2-6 and 2-7). Indeed, M06-2X
consistently predicts stacked base arrangements in both the gas phase and water.
Specifically, the angle between base planes () in the gas-phase structures ranges between
13° and 29°, while the corresponding structures in water yield more parallel base-base
arrangements (4° < ¢ < 6°). These results emphasize the superior performance of the
anionic phosphate model over the protonated counterpart, and the ability of M06-2X to
describe stacked arrangements in biomolecules, which is supported by recent

literature.154.156,185,189-194

Like the anionic model, the counterion phosphate model yields stacked base-base
arrangements for all sequences when optimized with M06-2X. However, the base planes are
more parallel for the counterion model in the gas-phase (6° < ¢ < 13°) than the anionic
model, whereas the inclusion of a counterion has a smaller effect when optimizations are
performed in water (¢ < 5°). For the T-containing sequence in the gas phase, the ¢ angle
(12.9°) is similar to the value (8.7°) reported in a previous (gas-phase) study with the PW91
functional and a (Nat*) counterion phosphate model.145 Based on this structural analysis,
MO06-2X optimizations with either the anionic or counterion phosphate model will provide
stacked nucleobase arrangements using a dinucleoside monophosphate model of natural or
modified DNA. In addition to predicting a stacked base arrangement, this functional
reproduces other important structural features of dsDNA. For example, the nucleobases are
in the DNA-preferred anti orientation (x = 180 + 90°, Figure 2-2)* about the glycosidic bond
and close contacts (such as those between C8-H of G and the terminal 05’ hydroxyl group,
or between C6-H of the pyrimidine and 05’)# are predicted. These features further testify to

the ability of these combinations to mimic dsDNA structures.
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Although optimizations in water lead to slightly more planar nucleobase
arrangements than optimizations in the gas phase, the relative (stacked) base-base
orientations obtained under the two environmental extremes are very similar. This
indicates that -1 stacked nucleobase geometries are relatively unaffected by the polarity
of the environment when using this computational approach, and optimizations in
environments of intermediate polarity should also yield stacked nucleobase arrangements.
Furthermore, the base-base orientation is more dependent on the chosen density functional
and phosphate model than the environmental conditions imposed. Nevertheless, solvent
may play a larger role in other aspects of DNA structure, such as the many torsional degrees
of freedom in the DNA backbone. Therefore, to further assess the ability of the
computational model and method combinations to reproduce dinucleoside monophosphate
conformations relevant to B-DNA, the structure of the deoxyribose-phosphate backbone is

next considered.

2.3.3. Analysis of the Deoxyribose-Phosphate Backbone Orientation

In the analysis of the backbone structure, important calculated torsion angles
(Figure 2-2) will be compared to experimental averagesé (Table 2-4) determined by a
statistical analysis of structures in the Nucleic Acid Database with resolutions better than
1.9 A that do not contain modifications, mismatches or molecules bound. Since an
experimental crystal structure represents an average geometry, the flexible and dynamic
nature of DNA, including a variety of possible backbone conformations, is not captured in
this statistical analysis. Nevertheless, in cases where large differences exist between the
optimized and (average) experimental backbone torsion angles, a comparison of the
calculated and experimental structures will be used to rule out computational model and

method combinations.
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Although a comparison of the calculated and experimental backbone conformations
is provided in Appendix A for all computational models, methods and sequences (Tables
A-1 to A-3), the discussion within the text will focus on the computational method and
model combinations that consistently yield stacked base-base orientations relevant to
B-DNA (M06-2X with the anionic and counterion phosphate models in the gas phase and
water). Table 2-4 provides a detailed comparison of the calculated and experimental

backbone structures for the natural 5'-GT-3' sequence.
Table 2-4: Backbone torsion angles (°) and deoxyribose pseudorotational phase angles (P, °)

calculated with M06-2X for the 5'-GT-3’ sequence, as well as the average value (Exp.) and
standard deviation (SD) obtained from experiment.2b

Gas Water
Za Anionic Counterion Anionic Counterion Exp.c SDc
x5’ 2103 [33.7] 236.8 [7.2] 227.2 [16.8] 230.0 [15.0] 258 14

85 1481 [7.1] 1472 [6.2] 149.8 [8.8] 1498 [8.8] 128 13
£ 1619 [11.1] 1706 [2.4] 158.0 [15.0] 1558 [17.2] 184 11
7 279.0 [40] 2649 [0.0] 2768 [18] 2772 [2.2] 265 10
a 2713 [11.7] 2951 [0.0] 2746 [8.4] 2744 [8.6] 298 15
B 250.5 [65.5] 197.2 [12.2]  240.7 [55.7] 2368 [51.8] 176 9
y 56.1 [0.0] 545 [0.0] 480 [0.0] 502 [0.0] 48 11
x3' 2779 [289] 2579 [89] 2650 [13.0] 263.8 [148] 241 8
§3' 1554 [14.4] 149.8 [8.8] 1540 [16.0] 1525 [115] 128 13
P5'  165.7 165.9 170.6 172.6 144-190¢
P3' 1995 171.2 178.7 172.8 144-190¢

aSee Figure 2-2 for definitions of backbone torsion angles. PEach value in square brackets
represents the difference between the calculated angle and experimental average within
one standard deviation, where a value of zero indicates that the calculated angle falls within
the standard deviation of the experimental average. <See Ref. 6. dSee Ref. 4.

For all computational model and method combinations that consistently yield a
stacked base-base configuration, the smallest deviations from experiment occur in the ¢ and
y torsion angles (Tables 2-4 and A-1 to A-3). The largest deviations occur in the {3 and
angles. Deviations in x, which controls the relative arrangement of the nucleobase with

respect to the sugar moiety, are expected based on the known flexibility of DNA* and the
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lack of stabilization from additional surrounding nucleobases. Since experiments reveal that
a large correlation between the x and  torsion angles is intrinsic to the dinucleoside
monophosphate structure,* it is not surprising that large deviations also occur in the 8 angle

in these models.

The backbone torsion angles and pseudorotation phase angles (sugar puckering)
obtained using the counterion model are closer to the experimental values than those
obtained using the anionic model (Table 2-4). Similarly, Polteva et al133 previously
reported that charge-neutralized dinucleoside monophosphates better mimic
characteristics of experimental crystal structures than anionic models. The effect of charge
neutralization is more pronounced in the gas phase than water, where electrostatic
interactions are weaker. Since charge neutralization also leads to more planar base
arrangements (Table 2-4), the counterion phosphate model provides superior structural
data and is the phosphate treatment of choice for use in conjunction with DFT methods to

mimic large dsDNA systems.

Although the size of the basis set implemented in the present work was restricted to
ensure that the best approach identified would be practical for studying Us-induced
intrastrand cross-link formation, diffuse functions may affect the results obtained,
especially for anionic systems. To verify that the poorer results obtained with the anionic
phosphate model are not due to a lack of diffuse functions, optimizations of the 5'-GT-3’
sequence were performed using the 6-31+G(d,p) basis set and the anionic and counterion
phosphate models in conjunction with M06-2X. Analysis of the optimized geometries (Table
A-4) confirms that the charge-neutralized model provides superior results to the
corresponding anionic model even upon the inclusion of diffuse functions. Therefore, the

conclusions drawn above are valid.
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The gas-phase backbone configurations obtained from optimizations of the
counterion phosphate model are closer to experiment than those obtained in water.
Nevertheless, inclusion of (implicit) water does not significantly affect the backbone
torsional angles, and the global structures are qualitatively similar (Figures 2-5 to 2-7, A-1
to A-6). If other (Kkinetic) applications of the M06-2X counterion phosphate model require
the inclusion of environmental effects, data indicates that (implicit) water can be
incorporated into the calculation while maintaining structural accuracy. Since the structure
of the dinucleoside monophosphate (relative base-base orientation, backbone torsional
angles) is similar in both the gas phase and fully-solvated environments, comparable
structures are expected for environments of intermediate polarity. Most importantly, it is
clear from the results presented here that the choice of functional and phosphate model is
more important for accurate reproduction of the conformation of a dinucleoside
monophosphate in dsDNA than the environmental conditions. Taken together, these results
indicate M06-2X in conjunction with the counterion model (in a variety of environments)
should be used to study radical-induced intrastrand cross-link formation. This approach
will also be applicable to studying structures and/or reactions involving adjacent natural or

modified DNA components.

2.4. Conclusions

In this chapter, 54 optimized structures of dinucleoside monophosphates were
obtained by combining three methods (B3LYP, MPWB1K, M06-2X), three phosphate models
(anionic, neutral, counterion), two environments (gas, water) and three sequences
(5'-GT-3', 5'-GU-3', 5'-GBrU-3’). These structures were compared to average structural
parameters of natural (double-stranded) B-DNA to identify the optimum computational
approach to study intrastrand cross-link formation. Despite the natural restraint provided

by the phosphate backbone in the structural model, the B3LYP functional does not
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accurately predict a characteristic B-DNA structure due to its inability to describe
dispersion interactions. Furthermore, many technical difficulties were encountered with
MPWB1K, which may limit the use of this functional. In contrast, depending on the
phosphate model employed, stacked base-base orientations that are relevant to B-DNA

could be obtained for all sequences with M06-2X.

Although a neutral (protonated) DNA phosphate model has been widely used in
previous literature, this model cannot consistently predict stacked base-base alignments. In
contrast, both the MO06-2X anionic and counterion phosphate models yield stacked
nucleobase arrangements. However, the counterion model yields slightly more planar
relative base-base orientations and backbone torsion angles more comparable to
experimental crystal structures of B-DNA. This result emphasizes the importance of charge
neutralization in DNA models, and suggests that the counterion phosphate model should be

used in conjunction with M06-2X/6-31G(d,p) to mimic larger dsDNA systems.

Comparison of two environmental extremes (gas phase and bulk water) shows that
slightly more parallel base arrangements are calculated in water, but gas-phase backbone
torsion angles are more representative of average crystal structure data. Nevertheless, since
these differences are generally small and DNA is flexible, it is proposed that the global
structure is relatively unaffected by the surrounding medium. Therefore, the use of M06-2X
optimizations of a dinucleoside monophosphate with the counterion phosphate model in
either the gas phase or water (or presumably an environment with intermediate polarity)

are recommended to reliably mimic the structure of this unit within B-DNA.

The computational approach identified in this chapter will be useful for determining
the local structure of natural or modified DNA for which experimental structural data is

missing. This methodology will also be useful for studying a variety of reactions between

60



adjacent nucleic acid components, including reactions between two nucleobases or a
nucleobase and a sugar moiety. Indeed, this model is used throughout the remaining

chapters to study the structure and formation of U-containing intrastrand cross-links.
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Chapter 3. The Formation and Structure of the 5'-G[8-5]U-3’

Intrastrand Cross-link"i

3.1. Introduction

As discussed in Section 1.5.3., four DNA intrastrand cross-links have been detected
following UV irradiation of BrU-containing cellular DNA. Although the connectivity of these
intrastrand cross-link products has been determined,t6-¢8 the proposed reaction
mechanism®¢ has not been studied and no information exists on the orientation of the cross-
links in DNA or their effects on the structure of the double helix. Therefore, this chapter
begins by studying the most abundant intrastrand cross-link, 5'-G[8-5]U-3’ (Figure 3-1).
Initially, the formation mechanism is determined under conditions relevant to UV radiation
(5'-G+U--3' reactant), which corresponds to the experimental conditions under which these
lesions have been observed. Next, formation is studied from the 5'-GU*-3’ reactant, which is
relevant to ionizing irradiation of XU-containing DNA and UV irradiation of 'U since C5-I
may undergo homolysis.”? Since ionizing radiation is typically used in clinical applications,
this work will establish whether 5'-G[8-5]U-3" is likely to be generated under
therapeutically-relevant conditions. Finally, the structures of the cross-link product, as well
as cross-linked DNA, are analyzed and compared to that of natural DNA. Together, the
calculations and discussion in this chapter will provide an enhanced understanding of the
structure and formation mechanism of 5'-G[8-5]U-3’, and unveil the potential contribution
of this lesion to the ability of XU to be effectively used in conjunction with radiation as an

anti-tumour therapy.

vi Reprinted in part with permission from Churchill, C.D.M., Eriksson, L.A., Wetmore, S. D.,
Chem. Res. Toxicol., submitted for publication; manuscript ID: tx-2011-003239. Copyright
2011 American Chemical Society.
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UV radiation: 5-G*"U-3' _GI8—51L)-3"
ionizing radiation: 5'-GU -3’ S—GI8-51U-3

Figure 3-1: The structure and numbering of the (a) 5'-G**U*-3’ and 5'-GU"-3' reactants and
(b) the 5'-G[8-5]U-3’ product. The x¢ (£(04'C1'N9C4)), xu (£(04'C1'N1C2)) and 6
(£(N9C8C5C4)) torsion angles describing the nucleobase orientations are indicated in bold.

3.2. Computational Details

3.2.1. DFT Calculations

The 5'-G[8-5]U-3’ lesion was studied using the computational approach
recommended in Chapter 2. Specifically, a dinucleoside monophosphate model was
complexed with a sodium counterion (Na*) and optimizations were performed with IEF-
PCM-M06-2X/6-31G(d,p) and a dielectric constant corresponding to water (g = 78.4).155.165
Although the results in Chapter 2 found no significant structural differences between gas-
and solvent-phase optimizations, the effects of solvation were required for studying cross-
link formation to naturally maintain the interaction between Na+* and the phosphate group,
whereas gas-phase optimizations resulted in the cation migrating away from the backbone
as structural changes occurred along the reaction pathway. The unrestricted formalism was
used for systems with unpaired electrons. Frequency calculations were performed to

confirm the nature of all stationary points, and calculate scaled (0.9580)!99 zero-point
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corrected energies (AEzpvc), scaled (0.9470)19 thermal corrections to the enthalpy (AH) and
unscaled thermal corrections to the Gibbs free energy (AG) under standard conditions
(1 atm and 298.15 K). To obtain AG, the solvation energy (including the non-electrostatic
component) was calculated with the SMD solvation model.2%0 The reaction coordinates were
confirmed by following the imaginary mode corresponding to the transition state in both
directions to the neighbouring minima. Throughout the reaction pathway, the terminal C5'-
hydroxyl group was constrained to eliminate interactions non-native to natural B-DNA
(£(HO5'C5'C4") = 180°). All energies are reported relative to the reactant. The relative
stability of stationary points is discussed using the optimization energy (AE), unless

otherwise noted. All DFT calculations were performed with Gaussian 09.175

3.2.2. Molecular Dynamics Simulations

To gain insight into the conformation(s) of the intrastrand cross-link within DNA, as
well as helical distortion due to the formed cross-link, 55 ns molecular dynamics
simulations of DNA containing 5'-G[8-5]U-3’ were performed using YASARA.201 Double-
stranded complementary B-DNA was generated with the 5-d(GCATGGCGTGCTATGC)-3’
sequence using the nucgen module of AmberTools.202 This sequence was chosen due to
formation of 5’-G[8-5]U-3’ in the synthetic 5-d(ATGGCGB'UGCTAT)-3' oligonucleotide
following UV exposure,®¢ and include additional capping GC bases to reduce unwinding of
the helix during the simulation.293 Cross-linked DNA was generated by overlaying the
backbone of the M06-2X-optimized dinucleoside monophosphate product onto the central
5'-GT-3' sequence (bold). Simulations were performed using the AMBERO3 forcefield204 for
the natural components and GAFF205 (Table B-1) for the cross-linked dinucleotide (Figure
B-2). For comparison, the corresponding natural strand was simulated for 28 ns. Simulation
snapshots were saved every 25 ps and analysis was performed on all structures following a

3 ns equilibration. DNA strands were analyzed using the Curves+ program.z¢ Further
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details of the simulation (page B-5), including the atom types and charges used (Table B-1),

can be found in Appendix B.

3.3. Results and Discussion

3.3.1. Cross-link Formation From UV Radiation

The 5'-G-+U--3’ biradical reactant formed upon UV exposure of XU-containing DNA is
initially in a triplet state (Figure 3-2(a)). The fully-optimized reactant (R, Figure 3-3) is
characterized by an anti orientation of the nucleobases (x¢ = 255.4° and yy = 277.5°vii Figure
3-1), a stacked base-base orientation and a slightly nonplanar U base (Rr, Figure 3-3). Both
sugar moieties adopt the C2'-endo puckering characteristic of B-DNA. Mulliken spin
densities reveal an unpaired electron localized at C5 of U (1.048 e-) and an unpaired
electron highly delocalized on G (C8 = 0.314 e-, C5 =0.312 e, N3 =0.184 e-, 06 = 0.132 e-
and N2 = 0.104 e-). Cross-link formation from UV radiation proceeds from this triplet
reactant to a singlet product (5'-G[8-5]U-3"), which requires a spin flip. This can occur via

one of two pathways (Figure 3-2(a)), which are discussed below and compared.

3.3.1.1. Pathway (1): Bond Formation on the Lowest-lying Triplet Surface

In the first pathway, bond formation occurs on the triplet surface (Pathway (1),
Figure 3-2(a)). Prior to bond formation, a conformational change occurs (Figure 3-3),
where U rotates about the glycosidic bond (xu) from the stacked Rt (xu = 277.5) to a T-

shaped orientation in the intermediate (I1r, xy = 179.7°). These minima are connected by

vi While the classical anti domain is defined as x = 180 * 90° (Section 1.2.), this particular
orientation about the glycosidic bond is classified as high anti (270° < x < 300%), which is
common for purines and still allows the Watson-Crick hydrogen bonding to be maintained
(See Ref. 6).
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Figure 3-2: Reaction scheme for cross-link formation resulting from (a) UV and (b) ionizing
radiation and important stationary points on the lowest-lying triplet state (blue), singlet
ground state (green) and lowest-lying doublet surface (red).

a transition state (TS1rt) with a small barrier (AE* = 21.0 k] mol-! (Figure 3-4(a)), AG* = 4.3
k] mol-1 (Table 3-1)). Subsequently, association occurs as the distance between C8 of G and
C5 of U decreases from I1r (d(C8-C5) = 4.162 A) through the transition state (TS2r, d(C8-
C5) =2.231 A) to the cross-linked intermediate (121, d(C8-C5) = 1.512 A). During this
process the C8-H8 bond lengthens, C8 becomes sp3-hybridized and the G glycosidic bond
(xc) changes from 243.7° (I11) to 282.7° (I121). Additionally, a twist (6, Figure 3-1) of 207.2°
occurs between the bonded nucleobases in 121. Mulliken spin densities for 121 show that the
two unpaired electrons are delocalized over the G (N7 = 0.548 e-, C4 = 0.116 e-, 06 = 0.118
e-and N9 =0.096 e-) and U (C5 =0.696 e-, 04 = 0.151e-and N1 = 0.254 e-) nucleobases. The
barrier for association is 70.5 k] mol-! (AG+ = 61.7 k] mol-1) and bond formation releases

energy (AE = -40.2 k] mol-1, Table 3-1).

Following cross-link formation, an adiabatic transition from 12 to the singlet cross-
linked intermediate (I12s) facilitates a spin flip, which is accompanied by the emission of
phosphorescence (Figure 3-2(a)). These minima share similar DNA backbone
conformations and only small rotations occur about the glycosidic bonds when going from

127 (xe = 282.7°, xu = 188.7°) to 125 (xc = 298.2°, xuy = 190.8°). The 125 intermediate is
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Figure 3-4: Cross-link formation resulting from (a) 5'-G**U*-3' on the triplet (blue) and
singlet (green) surfaces or (b) 5'-GU*-3' on the doublet surface (red). M06-2X energies (k]
mol-1) are reported relative to the corresponding reactant.
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Table 3-1: Relative energies and thermodynamic parameters (k] mol-1) for the formation of
5'-G[8-5]U-3' from 5'-G*+U*-3'.

Stationary Pointb AEcd AEzpycde AHdf AGs TASh
Rr + H20 0.0 0.0 0.0 0.0 0.0

TS1t+ H0 21.0 19.3 18.5 4.3 14.2
I1r + H20 12.6 11.5 12.2 -5.2 7.0

TS2t + H;0 83.1 78.5 77.9 56.5 21.4
121 + H,0 -27.6 -27.0 -27.4 -63.1 35.7
125 + H20 -262.9 -255.8 -257.2 -303.3 46.1
125:-H20 -315.4 -294.7 -300.5 -268.9 -31.6
TS3s+-H20 -279.2 -270.7 -278.7 -237.1 -41.6
Ps---H30+ -385.2 -369.5 -377.3 -344.1 -33.2
Ps + H30* -250.7 -238.9 -241.0 -307.9 66.8

aReactant generated from exposure of 5'-GXU-3’ to UV radiation. PRefer to Figure 3-3 for the
structures of corresponding stationary points. cOptimization energy. dCalculated with
IEFPCM-M06-2X/6-31G(d,p). eIncludes scaled (0.9580) zero-point vibrational energy
correction. fIncludes scaled (0.9480) thermal correction to the enthalpy. eCalculated using
the SMD-M06-2X/6-31G(d,p) energy (including non-electrostatic component) and IEF-PCM-
M06-2X/6-31G(d,p) thermal correction to the Gibbs Free Energy. hCalculated as TAS = AH-
AG.

characterized by d(C8-C5) = 1.505 A and 8 = 205.4°. The transition from 127 to 125 involves a
large decrease in energy (A(AE) = -235.3 k] mol-1). The vertical transition from 12 to the
singlet surface releases a 178.9 k] mol-! photon, which corresponds to a wavelength of light

(668.7 nm) in the visible region.

From 125, a proton is removed (Figure 3-2(a)) to obtain the experimentally-
observed cross-linked product (Ps). To model this step, it was necessary to include a
discrete water molecule, 12s-H,0. In the transition state for proton abstraction (TS3s), the
C8-H8 distance elongates (from 1.098 A to 1.330 A) and a barrier of 36.2 k] mol-! (AG* =
31.8 k] mol-1, Table 3-1) is overcome to form a product complex (Ps---H30+). In the final step
of the reaction pathway, a decomplexation step yields the infinitely-separated products (Ps
+ H30+, Figure 3-3). Removal of the proton changes ¢ from 298.2° (12s) to 6.0° (Ps) as C8

becomes sp?-hybridized, and negligibly affects yu.
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3.3.1.2. Pathway (2): Bond Formation via an ISC

In contrast to the reaction pathway described above, bond formation may be
coupled to an intersystem crossing (ISC, Figure 3-2(a)) between the triplet reactant (Rr)
and the singlet cross-linked intermediate (I25). Since an ISC cannot be located using
conventional optimization procedures, a coordinate-driven approach is used similar to that
employed to study cyclobutane pyrimidine dimer formation.119 Specifically, the lowest-lying
triplet potential energy surface was examined as a function of the distance between the C8
atom of G and the C5 atom of U by constraining the C8-C5 bond and relaxing all other
coordinates. The C8-C5 distance was systematically decreased from Rr in 0.2 A increments
between 4.2 A and 1.6 A. Subsequently, vertical excitations were performed from each
optimized point to the singlet ground-state surface. The ISC is the intersection of these

triplet and singlet surfaces, which was found to occur between 2.0 and 2.2 A (Figure B-1).

Refined scans in 0.05 A increments identified the ISC at approximately 2.09 A at an
energy of 76.4 k] mol-! relative to Rr. This energetic cost is attributed to the geometric
distortion required to reach the ISC, which primarily changes X¢, xuv and the C8-C5 distance.
Following an instantaneous spin flip at d(C8-C5) = 2.09 A, the cross-linked intermediate
undergoes vibrational relaxation to 12s. During the bond-formation step, the C8-H8 bond
length increases from 1.085 A in Ry to 1.098 A in 12s. Following cross-link formation, proton
removal from C8 occurs on the singlet surface in the same manner discussed above (from

[25 to Ps, Figures 3-3 and 3-4(a)).

3.3.1.3. Comparison of UV Bond Formation Pathways
The UV formation pathways involve a large decrease in energy (AErwm = -250.7 K]
mol-1, Table 3-1). Both the associative and dissociative steps are spontaneous processes

(Table 3-1) and the overall reaction is exothermic (AHrw = -241.0 k] mol-!) and exergonic
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(AGrxn = -307.9 k] mol-1). The majority of this stabilization is gained upon transition from
the lowest-lying triplet state to the singlet ground state (Figure 3-4(a)), where energy is
released vibrationally (ISC) or as a photon (phosphorescence). Regardless of the
mechanism, the bond formation step has the largest barrier (AE* = 70-76 k] mol-1, Figure
3-4(a)). Both pathways presented are viable mechanisms for cross-link formation from
exposure to UV radiation and may occur experimentally. However, it should be possible to
identify if bond formation occurs on the triplet surface due to the emission of
phosphorescence (at approximately 668 nm; Pathway (1), Figure 3-2(a)). In theory, this
signal should be distinguishable from the fluorescence (327 nm)2°7 or phosphorescence
(400-550 nm)208 of natural DNA. However, the detection of phosphorescence will likely be
complicated due to the low temperatures required for a measurable intensity208 and low

cross-link yields.66.67

3.3.2. Cross-link Formation From Ionizing Radiation

The optimized 5'-GU*-3’ doublet reactant (Rp, Figure 3-5) contains planar, stacked
nucleobases in the high anti orientation.vii The 5’-deoxyribose adopts the sugar puckering of
natural B-DNA, while the 3’-deoxyribose adopts a C3'-exo pucker. Mulliken spin densities
show the unpaired electron is localized on C5 of U (1.054 e-). The reaction proceeds from
this reactant along the lowest-lying doublet surface to a cross-linked intermediate (Figure
3-2(b)). Cross-link formation is initiated by rotation of U from the stacked reactant
structure (Rp, x¢ = 299.2° and xu = 274.9°) to a T-shaped intermediate (I1p, ¢ = 239.1° and xu
= 178.1%), which has a corresponding barrier of 17.8 k] mol-! (AG* = 6.6 k] mol-1, Table 3-2).
Subsequent cross-link formation occurs with a barrier of 37.0 k] mol-! (AG# = 23.6 k] mol-1).
This step is accompanied by a decrease in d(C8-C5) from 3.706 A in I1p to 2.326 A in TS2p
and 1.517 A in 12p, as well as a substantial change in the G orientation (xc = 290.1°), C8

hybridization to sp3 and a small change in U orientation (xu = 193.1°). In 12p, the unpaired
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electron is mainly delocalized on G (N7 = 0.545 e-, C4 = 0.118 e- and 06 = 0.116 e-). While U
rotation results in an increase in energy (AE = 13.0 k] mol-1), cross-link formation releases

energy, as [2p lies -107.0 k] mol-! below the reactant.
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Figure 3-5: Stationary points for formation of 5'-G[8-5]U-3’ from 5'-GU--3".

Table 3-2: Relative energies and thermodynamic parameters (k] mol-1) for the formation of
5'-G[8-5]U-3' from 5'-GU"-3".2

Stationary Pointb AEcd AEzpycde AHaf AGs TASh
Rp 0.0 0.0 0.0 0.0 0.0

TS1p 17.8 13.3 13.2 6.6 6.6

I1p 13.0 9.7 10.9 0.8 10.1
TSZp 50.0 42.0 42.8 24.4 18.4
[2p -107.0 -109.1 -108.9 -136.7 27.8
TS3p 64.8 44.0 43.8 28.6 15.5
Ps--H* 34.3 15.5 16.5 3.6 12.9
Ps+ H* 43.7 19.1 23.3 -14.5 37.8

aReactant generated from exposure of 5'-GXU-3' to ionizing radiation. PRefer to Figure 3-5
for the structure of the corresponding stationary points. c<Optimization energy. dCalculated
with IEFPCM-MO06-2X/6-31G(d,p). ¢Includes scaled (0.9580) zero-point vibrational energy
correction. fIncludes scaled (0.9480) thermal correction to the enthalpy. sCalculated using
the SMD-MO06-2X/6-31G(d,p)) energy (including non-electrostatic component) and IEF-
PCM-M06-2X/6-31G(d,p) thermal correction to the Gibbs Free Energy. hCalculated as TAS =
AH-AG.

Following cross-link formation, a hydrogen atom is removed (Figure 3-2(b)) to

yield the same ground state singlet product (Ps) as the UV pathways. This transition has a
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large barrier (AE* = 171.8 k] mol-1, AG* = 165.3 k] mol-1), which is associated with an
increase in the C8-H8 distance from 1.099 A (I12p) to 1.837 A (TS3p) and a localization of the
spin density on H8 (0.801 e-). It is anticipated that a mediating molecule from the
surroundings or within DNA will decrease this barrier. While attempts were made to
include a mediating molecule (hydroxyl radical, water), stationary points could not be
obtained. Regardless, the magnitude of the barrier for hydrogen-atom removal compared to
the small barriers for the U rotation and bond formation steps suggest that hydrogen

removal will be difficult.

The product complex (PsHe, Figure 3-5) connected to TS3 involves a hydrogen
atom (0.964 e-) bridged between the terminal 05’ of the backbone (d(05"-H*) = 2.681 A)
and 04 of U (d(04 --H*) = 2.859 A). A final decomplexation step (Figures 3-4(b) and 3-5)
connects this complex (Ps-H¢) to the infinitely separated (Ps + H*) products. The overall
reaction is endothermic (AHgrx = 23.3 k] mol-1) and slightly exergonic (AGrwn = -14.5 K]

mol-1).

As mentioned in Chapter 1, 5'-G[8-5]U-3' has not yet been experimentally detected
following ionizing irradiation of BrU-containing DNA. However, the results presented in this
chapter show that its formation is slightly thermodynamically favoured (AGrwm = -14.5 K]
mol-1) under these conditions. In contrast, the (ionizing) radiation-induced formation of an
experimentally-observed?8105209 intrastrand cross-link between C8 of a 5'-G and the C5-
methyl radical in a 3'-T (5'-G[8-5-Me]T-3') was calculated (B3LYP/6-31G(d,p)) to be
highly unfavourable (AGrwm = 167 kcal mol-1).115 The hydrogen atom removal step in the
formation of 5'-G[8-5-Me]T-3’, modeled without a mediating molecule, was determined to
have the largest barrier (AG* = 170 k] mol-1),115 which is similar to that calculated in the

present study for 5'-G[8-5]U-3" (165.3 k] mol-1). Although the T-containing cross-link was
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studied with B3LYP and the present study employs M06-2X, this comparison is expected to
be valid since it is anticipated that the barrier for hydrogen-atom removal will be relatively
unaffected by the choice in functional. Taken together, the facts that 5'-G[8-5]U-3’ formed
from ionizing radiation is more kinetically and thermodynamically favoured than the
experimentally-observed 5'-G[8-5-Me]T-3’ intrastrand cross-link suggests that
5'-G[8-5]U-3’ is a plausible product upon exposure of XU-containing DNA to ionizing

radiation.

3.3.3. Comparison of Cross-link Formation From UV and Ionizing Radiation:
Therapeutic Importance

There are substantial differences in the calculated reaction pathways for cross-link
formation resulting from exposure of XU-containing DNA to UV or ionizing radiation (Figure
3-4). First, 5'-G[8-5]U-3' formation from UV radiation is highly exergonic (AGrwm = -307.9
k] mol-1), while formation from ionizing radiation is only slightly exergonic (AGrxn = -14.5 K]
mol-1). Second, the highest-energy step in the UV pathways involves bond formation and a
small barrier (AE* = 70-76 k] mol-1), while that for ionizing radiation involves hydrogen-
atom removal and a comparatively large barrier (AE* = 171.8 k] mol-1). This indicates
5'-G[8-5]U-3’ formation is more likely upon exposure to UV radiation. Although
5'-G[8-5]U-3’ has never been detected following ionizing radiation, this represents the
therapeutically-relevant conditions. Nevertheless, as discussed in Section 1.7., indirect
evidence suggests 5'-G[8-5]U-3" will form due to ionizing radiation. Indeed, many of the
same lesions (strand breaks, interstrand cross-links) can be formed by U* generated from
either UV or ionizing radiation.495057-59.61-65747577-80 Through comparisons to the
experimentally-observed 5'-G[8-5-Me]T-3’, it is suggested 5'-G[8-5]U-3’ is likely to form
in XU-substituted DNA following exposure to ionizing radiation. This includes DNA

containing ¢U, which is currently the most promising XU in clinical applications.5354
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Therefore, future experimental work should both verify and quantify the formation of

5'-G[8-5]U-3' in XU-substituted cellular DNA upon exposure to ionizing radiation.

3.3.4. The Cross-link Product: Structure and Biological Implications

While 5'-G[8-5]U-3" has been experimentally identified as a product of UV radiation
in a dinucleoside monophosphate,s¢ synthetic oligonucleotidesé6¢8 and cellular human
DNA,¢7 its exact structure and orientation in DNA, as well as potential distortions inflicted
upon the DNA helix, have not been determined. Given the evidence provided in this thesis
that 5-G[8-5]U-3' is likely to form during the therapeutic use of XU, it is especially
important to understand the structure of 5'-G[8-5]U-3’ and its effect on the DNA helix,
which will help reveal the biological implications of this product including its potential to
contribute to cell death during anti-cancer treatments. Comparison of the optimized
geometries of 5'-G[8-5]U-3’' and the corresponding natural 5'-GT-3' dinucleoside
monophosphate obtained in Chapter 2 (Figure 3-6(a) and Table B-2) reveals only small
changes in the backbone torsion angles and deoxyribose sugar puckering upon cross-link
formation. The most substantial structural change to natural DNA is the orientation of the
nucleobases. First, although U remains in the native anti orientation, G adopts a syn
orientation, which has been similarly predicted for other purine-pyrimidine intrastrand
cross-links with similar connectivity.104106115118  Second, the cross-link adopts a
perpendicular orientation relative to the native stacked base arrangement, which suggests

the local DNA environment will be significantly disrupted.
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Figure 3-6: Overlay of (a) the natural 5'-GT-3' sequence (grey) and 5-G[8-5]U-3' (red)
obtained using the DFT dinucleoside monophosphate model, and (b) the natural (grey) and
5'-G[8-5]U-3’ (orange) dinucleotides obtained from the MD dsDNA model.

Molecular dynamics simulations were performed on dsDNA with the 5'-
d(GCATGGCG[8-5]JUGCTATGC)-3' sequence to establish the cross-link structure within the
double helix. The cross-link adopts the same conformation throughout the simulation
(3 - 55 ns), where the DNA backbone becomes highly distorted and unwinds when the
cross-link is present (Figure 3-6(b) and Table B-2). Although the small model predicts the
cross-link to adopt a perpendicular base arrangement that would disrupt intrastrand base-
base interactions and potentially cause significant distortions to neighbouring base pairs,
changes to the backbone allow the cross-link to fall in the same plane as G in natural DNA
(Figure 3-6). Therefore, the cross-link does not have a large impact on the flanking base
pairs, which is supported by similar hydrogen-bonding occupancies in cross-linked
(78-99 %) and natural (83-99 %) DNA. The twist between the G and U bases (6, Table B-2)
also decreases and occurs in the opposite direction when the cross-link is in DNA compared
to a dinucleoside monophosphate. Regardless of the model considered, the Watson-Crick
face of G is unavailable for hydrogen bonding with the opposing strand, which causes a loss

of genetic information at the cross-linked G of 5'-G[8-5]U-3" upon replication.
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The conformation of the cross-link and flanking base pairs are unchanged
throughout the course of the simulation, while the orientations of the nucleotides
complementary to the cross-link change to give different interstrand base interactions.
Specifically, three main conformations of cross-linked DNA (designated Conformers 1-3, see
Appendix B, page B-5) were identified (Figure 3-7), each of which is stable for at least 8
consecutive nanoseconds over the course of the 55 ns simulation. Conformer 1 is
characterized by hydrogen-bonding interactions between 04 in the Watson-Crick face of
the cross-linked U and the amino groups in the Watson-Crick faces of the opposing C and A
bases, which occur with occupancies of 89% and 34%, respectively. This creates an opening
5’ to the cross-link (Figure 3-7(a)) and local unwinding of the complementary strand. The
helix width (interstrand C1'---C1’ distance between complementary bases) at the cross-link
remains relatively unchanged at the G nucleotide (10.8 = 0.6 A) and decreases at the U
nucleotide (9.8 + 0.8 A) compared to natural DNA (10.731 + 0.189 A and 10.614 + 0.277 A,

respectively), and increases in flexibility.

In Conformer 2 (Figure 3-7(b)), both complementary bases form m-m interactions
with the cross-link. Specifically, C adopts an anti orientation about the glycosidic bond (x =
196.6 * 8.8°) but directs the C5 and C6 atoms towards the cross-link-containing strand. This
is accompanied by large distortions in the backbone of the C nucleotide as C intercalates
between the cross-link and the 5'-flanking C---G base pair. A remains in the anti orientation
and intercalates between the cross-link and the 3'-flanking G---C base pair. This creates a
zipper-like conformation, which is known to naturally occur for mismatched DNA.9! The
helix narrows at both the G (8.622 + 0.301 A) and U (6.776 + 0.333 A) nucleotides, and there
are significant distortions to the complementary A and C nucleotide backbones. Finally, in

Conformer 3 (Figure 3-7(c)), the complementary A is intercalated 3’ of the cross-link in a
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Conformer 1

Figure 3-7: Conformers 1-3 (a-c, respectively) of 5'-G[8-5]U-3'-containing DNA obtained
from molecular dynamics simulations, highlighting the cross-linked dinucleotide (red) and
complementary C (blue) and A (green) nucleotides.

- interaction, while the C base is flipped out of the helix and displays significant flexibility

in the extrahelical position (for example, see Figures 3-7(c) and B-5 (45ns)). C primarily
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adopts the anti orientation (x = 229.5 + 28.1°) and the N4 amino group hydrogen bonds
with the phosphate oxygen in the backbone of the A nucleotide (62.5% occupancy).
However, more disordered states are also observed due to the flexibility in the backbone
torsion angles. The interstrand distance remains compact at the cross-linked U nucleotide
(7.927 + 0.544 A) whereas the extrahelical orientation of C causes the helix to widen

substantially at the cross-linked G nucleotide (11.954 + 0.841 A).

Distortions to the helix caused by 5-G[8-5]U-3" might have implications in DNA
repair.108 For example, extrahelical bases, such as C in Conformer 3, can aid recognition of
DNA mismatches.219 Although distortions may enhance the excision of 5'-G[8-5]U-3" in vivo,
cell-cycle checkpoints and DNA repair are generally compromised in tumours and lesions
often persist.5¢ Therefore, the conformations of cross-linked DNA are likely to have a
greater effect on DNA replication, a hyperactive process in rapidly-dividing tumour cells.211
Indeed, related G-pyrimidine cross-links with [8-5] or [8-5-Me] connectivity were found to
stall DNA polymerases,105-107.110 and 5'-G[8-5]U-3' may behave similarly. As discussed in
Section 1.6.1., some DNA polymerases stall before the cross-link,105110 while others insert
the correct nucleotide opposite the cross-linked pyrimidine and then stall at the cross-
linked G due to the lack of an appropriate hydrogen-bonding partner.105-107 A DSB may
result if the stalled polymerase is not resolved.203 This supports the observation that the
cytotoxicity of XU following irradiation cannot be attributed to the direct formation of
strand breaks from U-, but may instead involve cellular processing of the initial damage
leading to a strand-break.*>78 When translesion bypass synthesis is successful, steric
considerations cause a purine nucleotide to be inserted opposite the cross-linked
(,104106,110,112 which is mutagenic and may thereby hamper the functioning of tumour cells.
Additionally, translesion synthesis is slower than high-fidelity polymerase replication,

which may slow tumour growth.111 The above discussion suggests 5'-G[8-5]U-3’ is both
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mutagenic and cytotoxic. This indicates that DNA damage caused by U-, including
intrastrand cross-links, may have broad biological implications through a variety of cellular

pathways.

In addition to distortion localized to the region of the cross-link, a bend occurs
towards the minor groove in all conformations (Figure 3-8 and Table B-3). This is

significant since bending of DNA plays a role in regulating replication and transcription, and

(b)

(29.8°)

Figure 3-8: Illustrations of the global changes to the DNA helix when cross-linked DNA
adopts Conformers 1-3 (a-c, respectively), where the helix axis (top, blue), backbone (red),
as well as major (purple) and minor (green) grooves (bottom), are identified. The axis bend

is provided in brackets and is compared to a value of 9.5° for natural DNA (black).
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therefore alterations to this property are commonly observed in the use of many efficient
anti-tumour therapies.*® For example, cisplatin forms an intrastrand cross-link between
adjacent G nucleotides that causes a ~35° bend towards the major groove.3340 Similarly,
anticancer drugs like nitrogen mustard mechlorethamine form interstrand cross-links that
cause up to a 17° bend in DNA,212 while the intrastrand cross-links induced by mitomycin C
cause a 15° bend.213 The bend in 5-G[8-5]U-3'-containing DNA has a substantial effect on
the grooves of the helix (Figure 3-8 and Table B-3). At the cross-linked region, the minor
groove broadens or even disappears (Conformer 2), while the major groove disappears in
all conformations since the G moiety of the cross-link protrudes into this region.
Disappearance of a groove is known to occur in highly deformed structures,206 and may
significantly affect the cell cycle since many DNA-protein interactions are initiated at the
grooves.” Overall, alterations to both the bending and the grooves of natural DNA when the
cross-link is present parallel conformational changes induced by binding of cisplatin,3340
and are therefore indicative of the potential of 5-G[8-5]U-3’ to contribute to cell death

through similar pathways.

3.4. Conclusions

The formation pathways for 5'-G[8-5]U-3' following exposure of XU-containing DNA
to UV or ionizing radiation has been examined. Following UV irradiation and creation of the
5'-G**U--3’ reactant, the reaction may proceed through bond formation on the triplet
surface or bond formation via an intersystem crossing (ISC), and is accompanied by a
release of energy (AGrwm = -307.9 k] mol-1). While similarities in the barriers of the bond
formation step (AE* = 70-76 k] mol-1) preclude computational identification of the
preferred pathway, bond formation on the triplet surface may be identified through the
detection of phosphorescence. Alternatively, when the cross-link is formed from the

5'-GU*-3’ reactant generated using ionizing radiation (or UV homolysis of 'U), product
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formation is less likely. Specifically, hydrogen-atom removal has the largest barrier (AE+ =
172 mol-1) and the reaction is slightly exergonic (AGrwm = —14.5 k] mol-1). However, 5'-G[8-
5]U-3' formation upon exposure of XU-containing DNA to ionizing radiation is kinetically
and thermodynamically more favoured than formation of related purine-pyrimidine cross-
links that have been experimentally observed following exposure of natural DNA to ionizing
radiation. It is therefore likely that 5'-G[8-5]U-3’ forms under therapeutically-relevant

conditions.

The structure of the 5'-G[8-5]U-3' intrastrand cross-link has been presented here
for the first time. Regardless of the model used, the cross-linked G consistently adopts the
syn orientation. This has important implications for DNA replication, where similar cross-
links have been shown to stall polymerases or cause error-prone translesion synthesis.
Distortions to the DNA helix when the cross-link is present are largely limited to the cross-
linked dinucleotide and the opposing C and A nucleotides, with negligible effects on the
flanking base pairs. Local distortions include unwinding of the cross-link backbone to
accommodate the cross-linked nucleobases in the helix. Additionally, the nucleotides
complementary to the cross-link adopt non-native configurations in response to the
damage, which results in three main conformations of cross-linked DNA. Global changes to
the DNA helix upon cross-link formation include a bend in the helix axis and alterations to
both the major and minor grooves. These distortions parallel those induced by efficient
anti-tumour therapies, such as cisplatin, which indicates 5-G[8-5]U-3' may contribute to

the cytotoxicity of XU using similar mechanisms.

The following chapters will consider the formation and structure of the
5'-U[5-8]G-3’, 5'-A[8-5]U-3’, and 5-A[2-5]U-3' intrastrand cross-links. The primary goal

is to determine whether similarities exist in the formation mechanism and distortion to the

81



DNA helices for these lesions and 5'-G[8-5]U-3'. Most importantly, attempts will be made
to use calculations to establish the origin of the sequence selectivity of intrastrand cross-
link formation and determine which cross-links are most likely to form wunder
therapeutically-relevant conditions. Knowledge of the structures of these lesions in DNA
will also provide insight into the biological implications of intrastrand cross-links and

indicate how they may contribute to the cytotoxicity of XU in anti-tumour therapies.
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Chapter 4. The Formation and Structure of 5'-U[5-8]G-3’

4.1. Introduction

Of the four intrastrand cross-links that form following UV irradiation of BrU-
containing cellular DNA (Section 1.5.3.),6667 the formation pathway and structure of the
most abundant cross-link (5-G[8-5]U-3") were determined in Chapter 3. The present
chapter focuses on the other G-containing cross-link, 5'-U[5-8]G-3' (Figure 1-8(b)), which
is an isomer of 5-G[8-5]U-3' that differs in the nucleobase sequence. It is important to
study this isomer for several reasons. Although 5'-U[5-8]G-3’ forms in lower quantities in
cellular DNA with UV irradiation, yields do not necessarily dictate cytotoxicity. Additionally,
isomeric sequences are likely to exhibit unique behaviours in terms of structure and
formation mechanism. Furthermore, despite previous proposals, the magnitude of stacking
interactions between nucleobases does not explain the sequence-selective formation of U-
containing intrastrand cross-links (Section 1.5.3.).66-68 Therefore, the present work will
develop a new proposal to explain the formation preferences of these lesions and gain
insight into the biological implications of U-containing intrastrand cross-links. Initially, the
formation of 5'-U[5-8]G-3’ is studied from reactants relevant to UV (5-U-G*+-3') and
ionizing (5'-U°G-3") radiation, which will determine whether this cross-link, like
5'-G[8-5]U-3’, is likely to form wunder therapeutically-relevant conditions. Next,
comparisons will be made between the calculated formation pathways of 5'-G[8-5]U-3" and
5'-U[5-8]G-3’ to shed light on the observed sequence selectivity under experimental (UV
light) conditions.6667 Finally, the structure of 5-U[5-8]G-3" within DNA and distortions
caused to the helix will be presented and compared to those discussed for 5-G[8-5]U-3" in

Chapter 3, as well as successful anti-tumour therapies.
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4.2. Computational Details

The formation of 5'-U[5-8]G-3’ is studied using the computational approach
recommended in Chapter 2 and the same procedures described in detail in Section 3.2..
Molecular dynamics simulations were performed to determine the structure of this lesion
within dsDNA with the 5-d(GCATGGCGTGCTATGC)-3' sequence. Cross-linked DNA was
generated by overlaying the backbone of the MO06-2X-optimized dinucleoside
monophosphate product onto the central 5'-TG-3' sequence (bold). The corresponding
natural strand was also simulated for comparison. Details of the simulations are included in

Appendix C, which are similar to that described for 5'-G[8-5]U-3’ in Appendix B.

4.3. Results and Discussion

4.3.1. Formation Mechanisms

4.3.1.1. Formation of 5'-U[5-8]G-3" by UV Radiation

Initially, the 5'-U* G**-3’ reactant formed from UV radiation was optimized with
both nucleobases in the anti orientation (xu = 214.4° and X¢ = 283.5°Vi Rrw-anti G-anti))-
However, cross-link formation cannot proceed directly from this reactant. Instead, both
nucleobases must adopt the syn orientation about the glycosidic bond (xy = 67.9° and X =
70.6°), where Rrwy.gn c-gm lies 11.5 k] mol-! (AG = 12.2 k] mol-!, Table 4-1) above
Rr(u-anti c-anei)- Although anti-to-syn rotations are feasible in a nucleoside,?14 steric clashes may
lead to higher energetic costs and thereby hinder this transition in dsDNA. However,
experimental observation of 5'-U[5-8]G-3' following UV exposure of XU in cellular DNA
indicates such a large conformational change is possible in the helix. While initial attempts
to model the conversion from Rr-anti 6-ani) t0 Rru-syn ¢-yn) were unsuccessful, this was not
investigated further since the exact effects of this important conformational change are
likely not captured by the computational model used in the present work. Although these
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steps likely play a role in the overall ease of formation of 5'-U[5-8]G-3’, the remainder of
the formation pathway, including additional rearrangement and chemical steps, can still be

examined with a dinucleoside monophosphate model.

In Rr-gn c-9yn), the nucleobases adopt a stacked arrangement, while the deoxyribose
moieties adopt C1’-exo (Py = 138.9) and C2'-endo (P¢ = 149.8%) puckering for U and G
nucleotides, respectively. Mulliken spin densities show an unpaired electron localized on C5
of U (1.061 e-) and another delocalized on G (C5 =0.317 e-, C8 = 0.258 e-, N3 = 0.247 e-, N2
=0.137 e-and 06 = 0.120 e-). The triplet cross-linked intermediate (I1r) forms directly from
Rru-syn 6-syn) through a transition state (TS1r) with a barrier of 48.0 k] mol-! (Figure 4-2,
AG* = 45.1 k] mol-1). I1r is characterized by negligible twist between the nucleobases
(6 = 178.8") and delocalization of the two unpaired electrons over both bases. Additionally,
17 contains the U base in the syn (xu = 8.9°) orientation, while G adopts an anti (xc = 162.6%)

orientation. The formation of 11t is spontaneous (AG = -12.1 k] mol-1).

Following association on the triplet surface, a transition may occur from I1t to the
singlet cross-linked intermediate (I1s) through phosphorescence (Figure 4-1 and 4-2(a)).
[1s is characterized by xuy = 7.1°, xc = 158.9° and 6 = 179.8°, as well as a similar backbone
conformation as I11. The transition between these minima involves a decrease in energy
(230.8 k] mol-1), the majority of which is released as a photon (175.5 k] mol-, 681.5 nm) in
the visible region of light. As discussed for formation of 5'-G[8-5]U-3’, bond formation may
also proceed via an ISC between Rr(u.gn c-syn) and I1s. Using the procedure outlined in section
3.3.1.2,, an ISC was estimated at d(C5-C8) = 2.04 A with an energy of 47.6 k] mol-! relative

to Rr-gn c-m) (Figure 4-2(a), Figure C-1).
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Table 4-1: Relative energies and thermodynamic parameters (k] mol-1) for the formation of
5'-U[5-8]G-3' from 5'-U*G*+-3'.a

Stationary Pointb AEoped AEzpycde AHaf AGs TASh
Rr(u-anti G-antt) + H20 -11.5 -9.1 -9.4 -12.2 2.8

Rr-syn G-sym) + H20 0.0 0.0 0.0 0.0 0.0

TS1r+ H,0 48.0 46.3 44.1 45.1 -1.0
I1r + H,0 2.4 1.1 -1.1 -121 11.0
I1s + H20 -228.4 -219.4 -221.0 -233.1 12.1
[1s--H20 -273.4 -256.8 -259.6 -233.3 -26.3
TS2s+-H,0 -225.8 -223.2 -228.1 -197.3 -30.8
Ps (N7-H8+)--H,0! -390.4 -373.2 -376.4 -328.6 -47.8
Ps + H30+* -216.0 -205.1 -206.7 -262.0 55.3

aReactant generated from exposure of 5'-XUG-3' to UV radiation. PRefer to Figure 4-1 for the
structures of the corresponding stationary points. <Optimization energy. dCalculated with
IEF-PCM-MO06-2X/6-31G(d,p). eIncludes scaled (0.9580) zero-point vibrational energy
correction. fIncludes scaled (0.9480) thermal correction to the enthalpy. ¢Calculated using
SMD-MO06-2X/6-31G(d,p) energy (including non-electrostatic component) and IEF-PCM-
M06-2X/6-31G(d,p) thermal correction to the Gibbs Free Energy. hCalculated as TAS = AH-
AG. iCross-linked product protonated at N7 and hydrogen bonding with H-O.

Regardless of the mechanism of bond formation, a proton is subsequently removed
from C8 of G in I1s. Water-mediated proton removal from I1s+-H,0 (d(C8-H8) = 1.099 A)
proceeds through TS2s-H,0 (d(C8-H8)= 1.356 A) with a barrier of 47.6 k] mol-! (AG* = 36.0
k] mol-1). However, this step is coupled with water-mediated proton transfer to N7 of G to
yield a Ps(N7-H8*)---H20 complex involving water bridged between N7 of G and 04 of U
(Figure 4-1), and is accompanied by a release of energy (A(AG) = -95.3 k] mol-).
Protonation of G is an artefact of using an isolated model since surrounding water networks
will likely efficiently transfer the proton away from N7 in a DNA environment. In the final
reaction step, the infinitely separated species (Ps + H30+, Figure 4-1) are obtained. The
formation of 5'-U[5-8]G-3’ from 5'-U*G**-3’ involves a large decrease in energy (AErm =
216.0 k] mol-1), the majority of which is lost upon transition from the triplet to the singlet

surface as a photon (phosphorescence) or vibrationally dissipated in the form of heat (ISC).
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The reaction is both exothermic (AHgrx = -206.7 k] mol-1) and exergonic (AGrxn = -262.0 k]

mol-1), and involves spontaneous associative and dissociative steps (Table 4-1).

The barriers for both steps of the reaction are similar (46.7 - 48 k] mol-1), which
makes it difficult to determine the relative ease of the chemical steps. However, within
dsDNA, surrounding -1 and hydrogen-bonding interactions with nucleobases, as well as
the energetic cost associated with backbone distortions, will hinder bond formation, while
surrounding molecules (water, nucleobases) will assist H* removal. Therefore, the bond
formation step is likely more difficult than H* removal in DNA. Since the barriers for bond
formation via the triplet surface or coupled with an ISC are also very similar, it is difficult to
computationally distinguish the preferred mechanism and both may occur under
experimental conditions. Although the experimental detection of phosphorescence will
verify that bond formation occurs along the lowest-lying triplet surface, this will not rule
out the possibility that bond formation also occurs via an ISC. Additionally, if bond
formation does occur on the triplet surface, the unique phosphorescence of 5'-G[8-5]U-3’
(668.7 nm) and 5'-U[5-8]G-3’ (681.5 nm) may provide an alternative, and more direct,
means of detecting, quantifying or discriminating between the two cross-links. Both signals
should also be unique from the fluorescence and phosphorescence of natural DNA even
though their detection may be complicated by low cross-link yields and the low

temperatures required for a measurable intensity.6667.207,208

4.3.1.2. Formation of 5'-U[5-8]G-3' by lonizing Radiation

As found for the UV pathway, formation of 5'-U[5-8]G-3' from ionizing radiation
cannot proceed from 5’-U*G-3' when both nucleobases adopt the anti (v = 217.5° and ¢ =
280.9%ii) orientation (Rp(u-anti c-ansi), Figure 4-3). Rather, the reaction must proceed with both

nucleobases in the syn (xu = 73.5° and ¢ = 69.1°) orientation (Rp-sn, c-9n), Figure 4-3),
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which lies 22.1 k] mol-! (AG = 17.0 k] mol-1, Table 4-2) above Rp-anti G-anti)- In Rpu-gn, 6-sym),
the sugar moieties adopt the C2'-endo puckering (Py = 147.4°, P¢ = 150.1°), and the Mulliken

atomic spin density shows the unpaired electron localized on C5 of U (1.049 e-).
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Figure: 4-3: Stationary points for formation of 5'-U[5-8]G-3' from 5'-U*G-3".

Table 4-2: Relative energies and thermodynamic parameters (k] mol-1) for the formation of
5'-U[5-8]G-3' from 5'-U*G-3'2

Stationary Pointb AEqgped AEzpycde AHdf AGs TASh
Rp(u-anti G-anti) -22.1 -20.4 -20.8 -17.0 -3.8
RD(U-syn G-syn) 0.0 0.0 0.0 0.0 0.0

TS1p 77.7 71.0 71.5 57.9 13.5
[1p -74.0 -73.0 -73.5 -86.2 12.7
TS2p 85.2 66.7 66.3 59.5 6.8

Ps---H* 71.8 53.5 55.4 40.9 14.5
Ps+ H- 80.4 56.8 61.0 31.1 29.9

aReactant generated from exposure of 5'-XUG-3’ to ionizing radiation. "Refer to Figure 4-3
for the structures of the corresponding stationary points. c<Optimization energy. dCalculated
with IEF-PCM-M06-2X/6-31G(d,p). ¢Includes scaled (0.9580) zero-point vibrational energy
correction. fIncludes scaled (0.9480) thermal correction to the enthalpy. eCalculated using
SMD-MO06-2X/6-31G(d,p) energy (including non-electrostatic component) and I[EF-PCM-
M06-2X/6-31G(d,p) thermal correction to the Gibbs Free Energy. hCalculated as TAS = AH-
AG.
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As observed for cross-link formation from UV radiation, the bond formation step
occurs directly from Rp-gn G-on)- The C5-C8 bond forms through a transition state (TS1p)
with a 77.7 k] mol-! (AG* = 57.9 K] mol-1) barrier, and yields a cross-linked intermediate
(I1p) that lies 74.0 k] mol-! (AG = -86.2 k] mol-1) below the reactant. I1p is characterized by
U in the syn orientation (xu = 6.3°), G in the anti orientation (xc = 164.7°), negligible twist
between the bases (8 = 176.8%), d(C8-C5) = 1.515 A, and an unpaired electron delocalized

over the G moiety.

From I1p, a hydrogen atom is removed as d(C8-H8) = 1.102 A increases to 1.883 A
in the transition state (TS2p) with a barrier of 159.2 k] mol-! (AG* = 145.7 k] mol-1), and a
localization of the unpaired electron on H8 (0.823 e-). This substantial barrier will likely
decrease in DNA since surrounding molecules may facilitate H* removal. In the Ps---H*
complex (Figure 4-3), the hydrogen atom (0.969 e-) is bridged between N7 and 06 while
interacting with the G m-system. The final reaction step (Figures 4-2(b) and 4-3) generates
the infinitely separated Ps and He, which is 80.4 k] mol-! (AGrx = 31.1 k] mol-1) endothermic

(endergonic).

Although 5'-U[5-8]G-3’ has not been experimentally reported following exposure
of XU-containing DNA to ionizing radiation, the results of the calculated formation pathway
can indicate whether the lesion is likely to form under these conditions. To verify that the
substantial barrier for hydrogen atom removal in the pathway for 5'-U[5-8]G-3' formation
is plausible, comparisons were made to the calculated formation pathway!!> of an
experimentally-observed?:209 intrastrand cross-link between C5-methyl of 5'-T and C8 of
3'-G (5'-T[5-Me-8]G-3") generated by exposure of natural DNA. Overall, the hydrogen-atom
removal barrier and reaction thermodynamics are more favoured for 5-U[5-8]G-3’ than

the experimentally-observed 5'-T[5-Me-8]G-3' cross-link (AGrw = 97 k] mol-1, AG+ = 145.7
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k] mol-! (hydrogen atom removal)). This indicates 5'-U[5-8]G-3’ can be formed by ionizing
radiation, as well as from homolysis of C5-I in 'U-containing DNA by UV radiation.
Therefore, these results testify to the relevance of this cross-link to XU when used in anti-

tumour therapies.

4.3.1.3. A Comparison of Cross-link Formation from UV and lonizing Radiation

The formation of 5'-U[5-8]G-3’ from exposure of XU-substituted DNA to radiation
requires both nucleobases to adopt the syn orientation regardless of the form of radiation
used. However, the chemical steps of the reaction pathways differ considerably (Figure
4-2). Specifically, formation from UV radiation (AGrwm = -262.0 k] mol-!) is more
thermodynamically favourable than from ionizing radiation (AGrw = 31.1 k] mol-1).
Additionally, the largest barrier in the UV pathways (bond formation, AE+ = ~48 k] mol-1) is
relatively small compared to the chemical step with the largest barrier for ionizing radiation
(hydrogen atom removal, AG* = 145.7 k] mol-1). Therefore, 5'-U[5-8]G-3' formation is more
likely upon exposure to UV radiation. Nevertheless, the discussion in Section 4.3.1.2.

suggests generation via ionizing radiation is also possible.

4.3.2. A Comparison of G-Containing Cross-links: Formation Preferences

As discussed in Section 1.5.3, the experimentally-observed formation of
U:-mediated intrastrand cross-links in synthetic or cellular DNA by UV radiation measured a
preference for 5'-G[8-5]U-3’ over 5'-U[5-8]G-3".6667 For both cross-links, the bond
formation step may take place on the triplet surface or is coupled with an ISC since the
mechanisms occur with similar energetic penalties. Although the ISC and the transition
state for the bond formation step occur at similar C5-C8 distances for both cross-links, the
resulting energetic penalty in 5-G[8-5]U-3’' (AE* = 70 - 76 k] mol-1) is greater than

5'-U[5-8]G-3’ (AE* = ~48 k] mol-1). Therefore, the dinucleoside monophosphate model
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suggests the selectivity between G-containing cross-links cannot be explained by the barrier
for this chemical step. However, bond formation results in a more stable cross-linked
intermediate for 5'-G[8-5]U-3’' (AG = -303.3 k] mol-!, Table 3-1) than 5'-U[5-8]G-3’
(AG = -233.1 k] mol-!, Table 4-1), which may be an important factor for cross-link
formation. The formation of both lesions by UV radiation is spontaneous, with
5'-G[8-5]U-3" (AGrwmn = -3079 kJ mol') more favoured than 5'-U[5-8]G-3’
(AGrxn = -262.0 k] mol-1). While these results suggest that cross-link formation preferences
may be influenced by the stability of the cross-linked product, differences in the (product)
structures predicted by a dinucleoside monophosphate model and within dsDNA (Sections
3.3.4. and 4.3.3.) may alter the thermodynamic preference calculated here. Since the barrier
for the bond formation step has been eliminated as the cause of the sequence selectivity and

thermodynamic preferences are unclear, other possibilities must be explored.

A previous computational study compared the formation pathways of the
5'-G[8-5-Me]T-3" and 5'-T[5-Me-8]G-3"115 cross-links produced following the exposure of
natural DNA to ionizing radiation,%106209 with the goal of understanding the sequence
preference for a 5'-purine. Formation of the G[8-5-Me]T cross-links, as well as G[8-5]U, are
initiated by bond formation.115 However, while this is followed by hydrogen atom removal
for 5'-G[8-5-Me]T-3" and G[8-5]U, 5'-T[5-Me-8]G-3’ formation involves H* addition to C5
of T and subsequent H* removal from C5 of T.115 The authors also found a competing
reaction along the pathway for 5'-T[5-Me-8]G-3’ formation, where H* addition to C5 of T is
followed by cleavage of the bond between C5 of T and 5-Me of T to produce U and an
8-methylated G with a radical at C8.115 This additional pathway was proposed to partially
account for the lower abundances of 5'-T[5-Me-8]G-3' observed experimentally. However,
the multiple H* transfers observed computationally are likely an artefact of an isolated, gas-

phase model. Furthermore, no alternate reactions were found for the formation pathway of
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5'-U[5-8]G-3’, and therefore another explanation is required for the sequence preferences

for cross-links considered in this thesis.

For T-containing cross-link formation, the barriers for the H* removal or addition
and thermodynamic factors indicate 5'-T[5-Me-8]G-3' formation should be preferred!!s
despite the higher yields of 5'-G[8-5-Me]T-3' observed experimentally.?8106209 Therefore,
in addition to the possibility of a side reaction discussed above, the sequence dependence
was proposed to be influenced by the ease of H* removal from C8, which was judged based
on the accessibility of the C8 site to other species.114115 Specifically, H* removal is more
likely for 5'-purine-pyrimidine-3' sequences since H8 occupies an external position rather
than being located in a “molecular envelope” for 5'-pyrimidine-purine-3’ sequences.114115
Although this may be important for T-containing cross-links, calculations in the present
thesis show this does not play a role in the selectivity of U-containing cross-links since the
accessibility of C8 does not differ substantially in the cross-linked intermediates associated
with 5-G[8-5]U-3" and 5'-U[5-8]G-3". In fact, sp3 hybridization of C8 in the U-containing
cross-linked intermediates bends the nucleobases away from H8 and makes this position
even more accessible for both sequences. Nevertheless, differences in the accessibility of C8
in T-containing cross-links may arise from the involvement of the C5-methyl of T, which
lengthens and adds a bend to the link between the nucleobase rings. Regardless, the

accessibility of C8 cannot be the factor dictating U-containing cross-link formation.

Interestingly, intrastrand cross-links between purines and pyrimidines in dsDNA
exhibit a 5'-purine preference regardless of the method of generation (UV or ionizing
radiation) or type (natural or modified, cellular or synthetic, dsDNA or dinucleoside
monophosphate) of DNA.66,67.98-102,104-108,209 This indicates that a more general selection rule

dictates this preference. Experimental studies have noted a correlation between the
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sequence preferences of purine-pyrimidine intrastrand cross-links and the proximity of the
two sites forming the bond.?8-102 For example, it has been previously reported that the
distance between the C8 of the purine and the C5-methyl group of T is 3.6 A in a
5'-purine-T-3' sequence, but 6.3 A in the 5-T-purine-3' sequence.?8 In dsDNA, the
preferences for GU cross-links are also supported by proximity, as evidenced by averaged
fibre diffraction data202 that find the C8 and C5 sites in the 5'-G sequence are 3.9 A apart
(4.1 - 4.3 A in the corresponding calculated reactants), while this distance increases for 3'-G
to 5.1 A (5.8 - 6.3 A in the corresponding calculated reactants), which is due to the natural
twist of the DNA backbone. However, in the present study, the 5'-G[8-5]U-3’ formation
pathways begin from reactants with nucleobases in the anti orientation, while the
nucleobases must adopt the syn orientation for 5-U[5-8]G-3' formation. Once the bases
adopt the syn conformation in the 5'-UG-3’ sequence, the C5-C8 distance decreases (~3.2 A
for the corresponding calculated reactants) and bond formation can occur. Therefore,

proximity is an important factor in the preferences of intrastrand cross-link formation.

Although proximity can predict the formation preferences of intrastrand cross-
links,%8 proximity cannot explain the sequence effect, despite being used as an argument in
the literature.8 Instead, this thesis emphasizes that proximity can only be used to predict
these preferences since it is a simplistic property that plays a role in more complex factors.
Specifically, proximity may be important due to the large energetic penalties associated
with conformational changes prior to, or coupled with, the bond formation step when sites
are far apart in dsDNA. Indeed, the large distances observed in (anti) pyrimidine-purine
sequences require major conformational changes for cross-link formation to occur, such as
the anti-to-syn transition necessary for 5'-U[5-8]G-3". Alternatively, the distance between
coupling atoms may be significant due to the high reactivity of nucleobase radicals

compared to the time scale required for major conformational changes. While the
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correlation between yield and proximity is undeniable, further insight into the exact role of
proximity in intrastrand cross-link formation must be provided through studies of

additional intrastrand cross-links.

4.3.3. The Structure of 5'-U[5-8]G-3' and Helical Distortion

Although 5'-U[5-8]G-3' forms in lower yields, it may be a more potent inducer of
cell death than 5'-G[8-5]U-3". To gain insight into the effect of the UG-product on DNA and
tumour cells, its structure was studied. 5'-U[5-8]G-3’ obtained using the dinucleoside
monophosphate model deviates from the corresponding natural sequence (Figure 4-4(a)).
In the lesion, the 5'-sugar adopts C2'-endo puckering (Py = 153.8") and the 3'-sugar adopts
a C1'-exo pucker (P¢ = 139.7°). Differences are also observed in the backbone at ey and ¢
(Table C-2), and 5'-U[5-8]G-3’ unwinds with respect to natural DNA. As found for
5'-G[8-5]U-3’, the cross-linked nucleobases adopt a perpendicular orientation relative to
the stacked arrangement in natural DNA. However, results in Chapter 3 indicate different
structures are obtained using more complete DNA models. Therefore, it is important to

analyze the cross-link structure within dsDNA.

Molecular dynamics simulations were performed on complementary dsDNA
containing 5'-d(GCATGGCGU[5-8]GCTATGC)-3' to establish the structure of the cross-link
within the helix, as well as the distortion to the helix after cross-link formation. Throughout
the simulation (see Appendix C for details), cross-linked DNA adopts one of two
conformations (designated Conformers 1 and 2), which differ in the orientation of the cross-
linked dinucleotides in the helix, as well as the response of surroundings to the cross-link.

The backbones of the cross-linked dinucleotides in Conformers 1 and 2 differ most
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Figure 4-4: Overlay of (a) the natural 5'-TG-3' sequence (grey) and 5-U[5-8]G-3’ (blue)
obtained using the dinucleoside monophosphate model, and (b) the natural (grey) and the
of 5'-U[5-8]G-3’ (Conformers 1 (red) and 2 (orange)) dinucleotides obtained from the
double stranded DNA model.

substantially at ay, o and {¢ (Table C-2). Deviations also exist in 8 and ¥, which results in a
noticeable difference in the orientation of the cross-link in the two conformers (Figure
4-4(Db)). Both conformers have C2'-endo puckering of the 5'-sugar and C1'-exo puckering of

the 3'-sugar, as predicted by the dinucleoside monophosphate model.

The backbones of the cross-linked dinucleotides within Conformers 1 and 2 are
unwound with respect to natural DNA (Figure 4-4(b)), which occurs to a greater extent
than predicted by the dinucleoside monophosphate model Figure 4-4(b)). Furthermore, the
cross-linked bases are largely in line with T in DNA, whereas the small model predicts a
perpendicular arrangement between the natural and cross-linked nucleobases (Figure 4-4).
These deviations between models are similar to those observed for 5'-G[8-5]U-3’ (Section
3.3.4.). Although U is in the syn orientation for both conformers (Table C-2), a widening of
£(04'C1'N1) also exposes 02, N3 and 04 of the Watson-Crick edge to the opposite strand,
albeit in a distorted arrangement. Alternatively, the anti orientation of G (Table C-2)
coupled with a widening of 2(04'C1'N9) exposes N7 and 06 of the Hoogsteen edge for base

pairing. These distortions will affect the natural hydrogen-bonding patterns and duplex
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stability. Therefore, genetic information is potentially lost upon cross-link formation, as
found for 5'-G[8-5]U-3". Indeed, the related 5-T[5-Me-8]G-3' cross-link is mutagenic in

vivo.111

Although the conformers of 5'-G[8-5]U-3'-containing DNA differ solely in the
orientation of the complementary nucleotides (Section 3.3.4), Conformers 1 and 2 of
5'-U[5-8]G-3'-containing DNA are defined by differences in the cross-linked dinucleotide,
complementary nucleotides and flanking base pairs (Figure 4-5). In Conformer 1, the cross-
link adopts an extrahelical position and the complementary A and C nucleotides do not
interact with the cross-link. Instead, A adopts the syn orientation and moves further into the
helix to form inter- and intrastrand stacking interactions with the base pair 3’ of it
Alternatively, C adopts the anti orientation and interacts with the backbone of the opposite
strand. These significant distortions widen the helix at the cross-linked U nucleotide
(d(C1'-C1") = 13.272 + 0.695 A). The helix width is similar to, but more flexible than, natural
DNA (10.672 + 0.244 A) at the cross-linked G nucleotide (10.785 * 0.507 A). Although the
flanking G---C base pair 5’ of the cross-link is undisturbed (hydrogen bonding occupancy of
88 - 98 %), there are significant changes to the base pairs 3’ of the cross-link (Figure
4-5(a)). Most notably, G of the 3'-flanking C---G base pair adopts the high antivi orientation
(x = 295.5 * 14.4%), and interacts with the cross-link via m-m stacking interactions rather
than hydrogen bonding to its complementary C, which adopts the syn orientation (y = 306.7
+ 14.0°). These disruptions cause A of the next (3') T--A base pair to be pushed out of the
helix, which eliminates Watson-Crick hydrogen bonding in this base pair. Thus, significant
distortions occur in the backbones of the cross-linked and complementary strand within in

a 4 base-pair region that includes the cross-link and the two base pairs on the 3’ side.
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Figure 4-5: Conformers (a) 1 and (b) 2 of 5'-U[5-8]G-3'-containing DNA obtained from
molecular dynamics simulations, highlighting the cross-linked dinucleotide (red) and
complementary A (blue) and C (green) nucleotides, as well as the flanking C--G (orange)
and T---A (teal) base pairs.

In Conformer 2, the cross-link remains extrahelical and does not interact with the
complementary bases, which remain in similar orientations as described for Conformer
1(Figure 4-5(b)). However, the helix is wider at the cross-link compared to Conformer 1
(13.658 + 0.524 A and 12.161 + 0.584 A at U and G nucleotides, respectively). As with
Conformer 1, the 5'-flanking G--C base pair is undisturbed and maintains Watson-Crick
bonding (89 - 99%). Changes in the conformation of the cross-linked dinucleotides
discussed above, as well as the backbones of the 3’-flanking C--G base pair result in the
structural changes responsible for distinguishing the two conformers. These structural
changes cause the 3'-flanking C--G base pair in Conformer 2 to engage in Watson-Crick
hydrogen bonding (84 - 96 %), despite C in the syn (x = 307.3 + 11.7°) and G in the high
antivii (x = 294.0 + 27.2°) orientation. Furthermore, the entire C--G base pair interacts with

the cross-link through m-m stacking interactions. Consequently, the next T--A base pair is
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(a) 7 (b)

Figure 4-6: Illustration of the global structure of cross-linked DNA adopting Conformers (a)
1 and (b) 2, where the helix axis (green) and backbone (red) are identified. The axis bend is
provided in brackets and is compared to a value of 9.5° for natural DNA.

able to engage in Watson-Crick hydrogen bonding (61 - 96 %). Nevertheless, significant
distortions occur to the backbones of both strands at the cross-link and the two base pairs

on its 3’ side.

The distortions in 5'-U[5-8]G-3'-containing DNA described above result in global
changes to the helix. Specifically, significant alterations to the backbone occur and both
conformers involve a bend in the helix axis towards the minor groove (Figure 4-6). This
bend also alters the major and minor grooves. In Conformer 1, the major groove narrows
substantially at the cross-link, while the minor groove becomes wider than the major
groove. In fact, the major groove disappears in the region 3’ of the cross-link (Table C-3).

Alternatively, in Conformer 2, the major groove disappears at the cross-linked dinucleotide,
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while the minor groove narrows. As found for 5'-G[8-5]U-3’, these distortions to the helix
axis are similar to those induced by successful anti-cancer agents, like cisplatin (35°%),3340
mechlorethamine (17°)212 and mitomycin C (15°).213 However, the extent of this bend is
greater for Conformer 1 of DNA containing 5'-U[5-8]G-3’ (51.2°) than any conformer of
5'-G[8-5]U-3'-containing DNA (23 - 41°). Alterations to the intrinsic bending of DNA may
have implications in the regulation of fundamental biological processes, like repair,
replication and/or transcription.#® Alterations to the helix axis and grooves suggest
5'-U[5-8]G-3’, like 5'-G[8-5]U-3’, may contribute to the cytotoxicity of XU in anti-tumour

therapies using mechanisms similar to successful anti-cancer drugs.

In the case of 5'-G[8-5]U-3'-containing DNA, the cross-linked G moiety protruded
into the major groove, which changed the helix axis and grooves, but caused little disruption
to the adjacent base pairs. In contrast, when the cross-link sequence is reversed, the cross-
linked dinucleotide flips out of the helix and significantly disrupts the 3'-flanking base pairs,
and may also induce a larger bend. These differences may also contribute to the preferences
for 5'-G[8-5]U-3" over 5-U[5-8]G-3". Due to the intricate pathways involved in cellular
responses to DNA damage, which are further complicated in tumour cells, it is difficult to
predict the biological implications of major distortions like extrahelical bases or bends in
the helix axis. However, since 5'-U[5-8]G-3' tends to inflict larger distortions to the helix
than 5'-G[8-5]U-3’, there may be an increased likelihood of damage detection for the
UG-lesion than the GU-counterpart despite compromised repair pathways in tumour cells.5*
Unfortunately, little is known about the repair of pyrimidine-purine intrastrand cross-links.
Indeed, previous studies have examined the repair of 5'-G-pyrimidine-3’ cross-
links,106,108-110 hut not the reverse sequence. Nevertheless, like other bulky lesions,!62

5'-U[5-8]G-3'is likely a substrate of NER, as proposed for 5'-G[8-5]U-3" in Chapter 3.
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If unrepaired, 5'-U[5-8]G-3' is expected to affect the efficiency and fidelity of DNA
replication, and may stall DNA polymerases.104-107.110111 [f translesion synthesis occurs, the
configuration of the cross-linked nucleobases may result in the insertion of purine
nucleotides opposite both cross-linked nucleobases due to steric considerations,5922 which
was similarly observed for 5'-G[8-5]U-3’ (Section 3.3.4.), and thereby cause transversion
mutations. Therefore, it is likely that 5'-U[5-8]G-3' is both mutagenic and cytotoxic, and

will significantly contribute to the effectiveness of XU in anti-tumour therapies.

4.4, Conclusions

The formation pathway of 5'-U[5-8]G-3’ following UV or ionizing irradiation of
XU-containing DNA has been characterized for the first time in this chapter. Under UV
irradiation, the reaction proceeds from the 5'-U*G*+-3' reactant with both bases in the syn
orientation, and bond formation occurs through a transition state on the triplet surface or
via an ISC. Similar barriers for both mechanisms (~48 k] mol-1, bond formation) make it
difficult to identify the preferred formation pathway using computational means.
Experiment can verify whether bond formation occurs on the triplet surface through the
detection of phosphorescence (681.5 nm). These findings differ from the formation
pathway for 5'-G[8-5]U-3', where the bond formation step has a larger barrier (70 - 76 k]
mol-1) and phosphorescence would occur at 668 nm. 5'-U[5-8]G-3’ formation from ionizing
radiation, or homolysis of !U-containing DNA, also involves syn nucleobase orientations
prior to base coupling, but is less likely than from UV radiation since hydrogen atom
removal has a large barrier and the reaction is endergonic. However, formation of 5'-U[5-
8]G-3' via ionizing radiation has a lower barrier for hydrogen atom removal and is more
thermodynamically favoured than the experimentally-observed 5'-T[5-Me-8]G-3’ cross-

link that forms in natural DNA under the same irradiation conditions. This means
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5'-U[5-8]G-3', as well as its isomer 5-G[8-5]U-3’, will likely form when XU is used in anti-

tumour therapies.

Although both nucleobase stacking and the accessibility of C8 in the cross-linked
intermediate have been previously proposed to dictate the preference for cross-links to
form in 5'-purine than 3'-purine sequences, these factors cannot explain the
experimentally-observed preference for 5'-G[8-5]U-3' > 5'-U[5-8]G-3'. While the
calculated barriers associated with the highest-energy chemical step (bond formation) also
cannot explain this preference, the stability of the resulting cross-linked intermediate does
agree with these yields and may therefore play a role. Additionally, experimental studies
have noted a correlation in the distance between the sites forming the bond and the cross-
link yield.98-102 This chapter verifies that this proximity argument can be used to predict the
relative yields of GU intrastrand cross-links. Furthermore, this chapter proposes the
relationship between proximity and formation preference may be due to: (1) additional
steps and/or larger barriers required to reorient sites that are not in close proximity; or (2)
the fast time-scale of a radical reaction compared to necessary conformational changes. The
first argument is supported by observations in this thesis that formation of 5'-U[5-8]G-3’
requires a major, and likely energetically-expensive, conformational change (anti-to-syn
transition of both nucleobases), whereas 5'-G[8-5]U-3' formation does not require syn
orientations of the bases. This thesis also emphasizes that proximity may provide a
universal predictor of the preferences for intrastrand cross-link formation, regardless of the

method of generation or type of DNA considered.

The structure of 5'-U[5-8]G-3' has been determined for the first time using a
dinucleoside monophosphate model and dsDNA. 5'-U[5-8]G-3'-containing DNA adopts two

conformers, where distortions are localized to the region of the cross-linked dinucleotide
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and the two base pairs flanking the 3’ side. The distortion to dsDNA is significantly larger
for 5'-U[5-8]G-3'- than 5'-G[8-5]U-3". Therefore, 5'-U[5-8]G-3" may be repaired, while
5'-G[8-5]U-3" may persist in cells. Global changes to DNA containing 5'-U[5-8]G-3’ alter
the grooves and create a bend in the helix axis that parallels distortions used by drugs, like
cisplatin, to inflict tumour cell death. This indicates that, if left unrepaired, 5'-U[5-8]G-3’

may contribute to the cytotoxicity of XU in anti-tumour therapies using similar mechanisms.

This chapter has determined the formation mechanism for 5'-U[5-8]G-3’, and
provided insight into its biological implications. Proximity has been shown to predict cross-
link formation preferences for isomeric sequences. Furthermore, it is apparent that
isomeric (5-G[8-5]U-3’ and 5'-U[5-8]G-3") intrastrand cross-links can inflict different
distortions in the cross-link region, and yet both result in changes to the helix grooves and
axis. The next chapter will examine the structure and formation of A-containing intrastrand
cross-links to validate whether the proposed proximity argument can also predict the
sequence selectivity of additional intrastrand cross-links and examine helical distortion to

determine their potential cellular effects.
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Chapter 5. Adenine-Uracil Intrastrand Cross-links

5.1. Introduction

The A-containing cross-links are generated from a reactant with U- adjacent to
natural A, regardless of whether formed from the exposure of XU-containing cellular DNA to
UV or ionizing radiation. The formation of the experimentally-observed UV-generated
intrastrand cross-links exhibit a preference for 5'-A[8-5]U-3' over 5'-A[2-5]U-3" (Figure
5-1).6667 To provide a more complete picture of the factors governing cross-link formation,
this chapter examines the formation mechanism of A-containing cross-links and
complements the results presented in Chapters 3 and 4 for G-containing cross-links.
Although a formation pathway has been previously proposed for A-containing cross-links
(Section 1.5.3.),¢¢ the reaction within cellular DNA was incorrectly initiated from a reactant
containing A+ (Figure 1-10). Therefore, an updated, plausible formation mechanism
(Figure 5-1) for these cross-links is investigated for the first time in this chapter. An
attempt will be made to rationalize the product preferences within the A-containing cross-
links using calculated kinetic and thermodynamic parameters, as well as the proximity
argument proposed in Chapter 4. Comparisons will also be made between the formation
mechanisms of G- and A-containing cross-links to provide insight into the overall
preferences of intrastrand cross-link formation. Additionally, the structures of these cross-
links in DNA, as well as the distortion inflicted to the helix when the cross-links are present,
will be presented. Finally, the structures of the four cross-links in DNA in will be compared,

and their biological implications discussed.
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Figure 5-1: A new reaction scheme for the formation of A-containing cross-links from A and
U+, corrected from that originally proposed (Ref. 66). Atomic numbering is shown and the
torsion angles describing nucleobase orientation for 5'-A[8-5]U-3' [6(£(N9C8C5C4))] and
5'-A[2-5]U-3" [6(£(N2N3C5C4))] are indicated with bold.

5.2. Computational Details

The formation of 5-A[8-5]U-3' and 5'-A[2-5]U-3’ are studied using the
computational approach recommended in Chapter 2 and the same methodology described
in Section 3.2.. As for the G-containing cross-links, molecular dynamics simulations were
performed to determine the structure of these lesions within dsDNA with the
5'-d(GCATGGCATGCTATGC)-3' sequence. Due to substantial differences in the backbones
of cross-linked and natural DNA (see Section 5.3.1.1.), cross-linked dsDNA was generated by
overlaying the 05’ and C5’ atoms of both nucleosides in the M06-2X-optimized cross-links
onto the corresponding atoms of the central 5'-AT-3’ (bold). The corresponding natural
strand was also simulated for comparison. Details of the simulations are included in

Appendix D.
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Figure 5-2: Stationary points for the formation of 5'-A[8-5]U-3' (Pap) and 5'-A[2-5]U-3’
(Pbp) from 5-AU--3".

5.3. Results and Discussion

5.3.1. Formation Mechanisms

5.3.1.1. The Formation of 5'-A[8-5]U-3"and 5'-A[2-5]U-3’
The 5'-AU"-3' reactant (Rp, Figure 5-2) is characterized by a stacked configuration
of anti nucleobases (xa = 225.4° and xy = 246.0°), and C2’-endo sugar puckering (P = 169.4°,
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Py = 174.0°). Mulliken atomic spin densities show the unpaired electron is localized at C5 of
U (1.044 e-). The production of both 5'-A[8-5]U-3" and 5'-A[2-5]U-3’ proceeds from Rp
through several low-energy bond rotations to [2p. Overall, these rotations primarily occur in
Xa, Xu and «, which yields an intermediate (I2p) characterized by tilted (~42.2%) nucleobase
planes and spin density localized at C5 of U (1.039 e-). Following 12y, the pathways diverge

to form each product (Figures 5-2 and 5-3).
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Figure 5-3: Cross-link formation on the doublet surface initiated by 5'-AU*-3’, showing
common steps along the pathway (dark red) leading to 5'-A[8-5]U-3' (pathway ‘a@’, red) and
5'-A[2-5]U-3’ (pathway ‘b’, orange). Energies (k] mol-1) are reported relative to the
reactant.

“_n

During formation of 5'-A[8-5]U-3’ (designated pathway “a”, Figure 5-2), another
rearrangement step is required after 12p prior to bond formation. Specifically, xu changes
from 235.2° (I2p) to 212.4° (TS3ap) to 180.6° (I13ap) through a 1.2 k] mol-! (AG* = 7.8 kJ

mol-1) barrier. Subsequently, bond formation yields the cross-linked intermediate (I4ap)
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Table 5-1: Relative energies and thermodynamic parameters (k] mol-1) for the formation of
5'-A[8-5]U-3' from 5'-AU*-3".a

Stationary Pointb AEoped AEzpycde AHdf AGs TASh
Rp 0.0 0.0 0.0 0.0 0.0
TS1p 0.1 -0.3 -2.4 3.7 -6.1
I1p -0.3 -1.3 -0.9 -2.5 1.6
TS2p -0.3 -1.0 -3.1 5.1 -8.2
12p -0.4 -1.0 -0.7 -1.3 0.6
TS3ap 0.8 -1.3 -2.8 6.5 -9.3
[3ap -4.6 -6.1 -5.2 -5.6 0.4
TS4ap 33.8 28.7 28.2 22.8 5.4
[4ap -123.3 -121.8 -123.2 -132.2 9.0
TS5ap 47.1 30.0 28.5 31.6 -3.1
Pas--H- 15.7 -0.7 -0.9 2.9 -3.8
Pas + H- 26.0 4.6 7.7 12.1 -4.4
TS3bp 3.5 1.6 0.0 3.8 -3.8
[3bp 3.5 2.3 2.9 -1.6 4.5
TS4bp 49.8 43.2 43.4 375 59
14bp -81.3 -79.1 -81.2 -84.1 2.9
TS5bp 41.1 22.6 21.3 28.8 -7.5
Pbs--He _i —i —i —i —i
Pbs + H* 8.5 -14.8 -11.0 -4.1 -6.9

aReactant generated from exposure of 5'-AXU-3’ to UV or ionizing radiation. "PRefer to Figure
5-2 for the structures of the corresponding stationary points. <Optimization energy.
dCalculated with IEF-PCM-MO06-2X/6-31G(d,p). ¢Includes scaled (0.9580) zero-point
vibrational energy correction. fIncludes scaled (0.9480) thermal correction to the enthalpy.
gCalculated using SMD-M06-2X/6-31G(d,p) energy (including non-electrostatic component)
and [EF-PCM-MO06-2X/6-31G(d,p) thermal correction to the Gibbs Free Energy. hCalculated
as TAS = AH-AG. Stationary point could not be obtained.

with a decrease in the distance between C8 of A and C5 of U from 3.634 A (I3ap) to 2.274 A
(TS4ap) to 1.515 A (I4ap) through a 38.3 kJ mol-! (AG* = 28.4 k] mol-1) barrier in a
spontaneous process (Table 5-1). This step is accompanied by changes in xa and xu, a
lengthening of d(C8-H8) as C8 becomes sp3-hybridized, and delocalization of the unpaired
electron on G (N7 = 0.493 e, N9 =0.170 e, H8 = 0.178 e-, C6 = 0.133 e~ and C2 = 0.107 e").
Subsequently, the H8 atom of A is removed with a 170.4 k] mol-! (TS5ap, AG* = 163.8 K]

mol-1) barrier to yield the Pas*H* complex that contains a hydrogen atom (0.946 e-) bridged
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between 04 of U and the terminal 05". A final decomplexation step (Figure 5-2) leads to
infinitely separated species (Pas + H*). The 5-A[8-5]U-3' product is characterized by
distortions in ay and By (Figure 5-4(a) and Table D-2) compared to natural DNA. Product
formation is accompanied by a 26.0 k] mol-! increase in energy, and is endothermic (AHgrx =

7.7 k] mol-1) and endergonic (AGrxn = 12.1 k] mol-1).

Figure 5-4: Overlay of (a, b) 5'-A[8-5]U-3' (green) and (c, d) 5'-A[2-5]U-3’ (blue) with the
natural 5'-AT-3' sequence (grey) obtained from (a, c) the DFT dinucleoside monophosphate
model (left, light) and the MD dinucleotides in the double stranded DNA model (right, dark).

Along the formation pathway of 5-A[2-5]U-3' (designated pathway “b”, Figure
5-2), a rearrangement from I[2p changes yuy and causes significant alterations to the
backbone conformation (particularly €4 and ay). This accommodates the movement of C5 of

U towards C2 of A through a 3.9 k] mol-! (AG* = 5.1 k] mol-1) barrier as d(C2-C5) decreases
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from 3.562 A (12p) to 3.386 A (I3p), and the unpaired electron remains localized on U (1.050
e-). Next, bond formation occurs with a 46.3 k] mol-! (TS4ap, G = 39.1 k] mol-1) barrier and
changes in ya and yu, as well as the backbone conformation at ¢4 and yy, to give 14p. In this
structure, the backbone is highly distorted, the electron is delocalized over A (N3 = 0.395 e-,
N1=0.252e,C5=0.235e-, H2 =0.178 e- and C8 = 0.118 e-) with negligible spin density on
U (C5 = 0.018 e-). Subsequently, the H2 atom is removed from A with a 122.4 k] mol-!
(AG* = 112.9 k] mol-1) barrier as d(C2-H2) increases from 1.105 A (I4bp) to 1.697 A (TS5bp)
and the unpaired electron begins to localize on H2 (0.352 e-) in TS5bp. A complex between
the cross-link product and a hydrogen atom could not be isolated along this pathway.
However, the corresponding complexes were found for the three remaining cross-links due
to bridging interactions between H* and the cross-link, which are likely artefacts of using an
isolated model. Interestingly, the barrier for H* removal is lowest for 5'-A[2-5]U-3’ where
this artefact is not present, which indicates hydrogen-atom removal will be easier under
biological conditions as proposed in Chapters 3 and 4. Overall, the 5'-A[2-5]U-3’ structure
is significantly distorted at ay, fu and yu (Figure 5-4(c) and Table D-2), and the formation of
this cross-link is accompanied by an increase in energy of 8.5 k] mol-!, is exothermic

(AHpxn = -11.0 k] mol-1) and slightly exergonic (AGrwm = —4.1 k] mol-1).

Since both UV and ionizing irradiation of XU-containing DNA yield the same
(5'-AU*-3") reactant and A-containing cross-links have been experimentally observed using
UV radiation, these lesions must also be produced by ionizing radiation. Additional support
for the formation of 5'-A[8-5]U-3’ from ionizing radiation is provided by a comparison of
its formation pathway to an experimentally-observed 5'-A[8-5-Me]T-3’ cross-link.
Specifically, 5'-A[8-5-Me]T-3' formation is highly endergonic (AGrwm = 162 k] mol-1) with
bond formation (AG* = 185 k] mol-!) and hydrogen-atom removal (AG+ = 154 k] mol-1)

having substantial barriers. In contrast, 5'-A[8-5]U-3' formation is more kinetically and
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thermodynamically favoured with a smaller barrier for hydrogen-atom removal (AG* =

163.8 k] mol-1) and overall slightly endergonic reaction (AGrxn = 12.1 k] mol-1) reaction.

5.3.1.2. Comparison of A-Containing Cross-links and Their Formation Preferences

The formation of both 5-A[8-5]U-3" and 5'-A[2-5]U-3’ is near thermoneutral
(Table 5-1), with 5'-A[8-5]U-3’ formation endergonic (AGrw = 12.1 kJ mol-!) and
5'-A[2-5]U-3’ generation exergonic (AGrxm = -4.1 k] mol-1). These results suggest cross-link
formation is not dictated by the thermodynamic stability of the product, although different
cross-link structures are predicted by truncated and extended models (Section 5.3.1.), as

discussed for GU cross-links (Sections 3.3.4. and 4.3.3.).

Since the formation of 5'-A[8-5]U-3’ and 5'-A[2-5]U-3’ share several stationary
points at the beginning of the reaction, the selectivity between these two products must
occur after these steps. For both cross-links, the step with the largest barrier, as calculated
by the dinucleoside monophosphate model, is hydrogen-atom removal, which occurs with
different barriers for 5'-A[8-5]U-3’ (AG* = 163.8 k] mol-!) and 5'-A[2-5]U-3’ (AG+ = 112.9
k] mol-1). Therefore, the ease of this step cannot account for the 5'-A[8-5]U-3' >
5'-A[2-5]U-3' preference. Additionally, the barrier for this step in 5'-A[8-5]U-3’ is similar
to that for the G-containing cross-links considered is this thesis, as well as T-containing
cross-links calculated in another study!14115 (AG* = 150 — 170 k] mol-1). This indicates that
the ease of hydrogen-atom removal does not dictate the formation preferences for any

intrastrand cross-links.

Further comparisons of the formation pathways of 5'-A[8-5]U-3" and
5'-A[2-5]U-3' reveals the highest point on the surface for 5'-A[2-5]U-3’ involves the bond
formation step (AG = 37.5 k] mol-1), which is higher on the reaction surface than the highest

point for 5'-A[8-5]U-3’, which involves hydrogen-atom removal (AG = 31.6 k] mol-1). Closer
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examination of the structures in the bond formation step reveals larger distortions occur for
5'-A[2-5]U-3’ to accommodate a bond between C2 of A and C5 of U compared to those
observed for 5'-A[8-5]U-3". This distortion is reflected (to some extent) in the bond-
formation barrier, which is greater for 5-A[2-5]U-3’ (AG+ = 39.1 k] mol-l) than
5'-A[8-5]U-3" (AG* = 28.4 k] mol-1), and causes this step to be the highest point on the
surface for 5'-A[2-5]U-3". Additionally, bond formation results in an intermediate that is
A(AGstep) = 33.9 k] mol-! more favourable for 5'-A[8-5]U-3’ than 5'-A[2-5]U-3". Increased
structural distortions are also present for 5'-A[2-5]U-3' compared to 5'-A[8-5]U-3' during
the previous rearrangement step at TS3p. However, the increased distortion for
5'-A[2-5]U-3" is not reflected in the relative barriers at TS3p, which is slightly lower (A(AG)
= 8.1 k] mol-}, Table 5-1)) for 5'-A[8-5]U-3’ than 5'-A[2-5]U-3'". This may suggest the
energetic penalties associated with large conformational changes in DNA helices are not
fully accounted for in a dinucleoside monophosphate model and require explicit
consideration of the cross-link surroundings for an accurate description. Indeed,
conformational changes might even be coupled with the bond-formation step in DNA. Given
the large structural distortions observed in the rearrangement step for 5'-A[2-5]U-3" and
the importance of conformational changes established in Chapter 4, the rearrangement step
cannot be eliminated as influencing cross-link formation preferences. The correlation
between cross-link yields and stability of the cross-linked intermediate was also noted in
Chapter 4, and is again observed for A-containing cross-links. Therefore, it is proposed that
cross-link formation is governed by the barrier for the bond-formation step, the stability of
the resulting cross-linked intermediate and the degree of structural distortion along the

reaction pathway.

The above factors are not mutually exclusive from the proposal in Chapter 4 that the

proximity of the sites forming the bond plays a role. Indeed, distances from averaged fibre
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diffraction data relevant to the A-containing cross-links (d(C8-C5) = 3.9 A and d(C2-C5) =
5.1 A)202 support the importance of proximity. Interestingly, before the formation pathways
of the two A-containing lesions diverge at 12p, C5 of U is nearly equidistant to C8 (3.550 A)
and C2 (3.562 A) of A and ultimately the preference for 5'-A[8-5]U-3' is dictated by the
ease of subsequent backbone distortions and bond formation, as well as the stability of the
cross-linked intermediate. This provides support for the proposal in Chapter 4 that the
importance of proximity may manifest itself in the barriers involving conformational
changes, which include backbone distortions. However, this chapter also establishes that
the proximity argument is solely a predictive tool, and is most clear when distances are

measured from B-DNA rather than points along a reaction pathway.

5.3.2. The Structures of 5'-A[8-5]U-3' and 5'-A[2-5]U-3' and Helical Distortion

To assess the cross-link structure within dsDNA, as well as the distortions induced
to the helix, molecular dynamics simulations were performed on 5'-A[8-5]U-3'- and
5'-A[2-5]U-3'-containing dsDNA in 5'-d(GCATGGCAUGCTATGC)-3". Unlike the
G-containing cross-links, each A-containing cross-linked helix adopts one conformer

throughout the simulation (see Appendix D, page D-4 for details).

Within dsDNA, the backbone conformations of the 5'-A[8-5]U-3" and 5'-A[2-5]U-3’
dinucleotides differ from natural DNA (Figure 5-4 (b) and (d), respectively), primarily due
to unwinding of the backbone. However, larger deviations and unwinding are observed for
5'-A[2-5]U-3' than 5'-A[8-5]U-3'(Table D-2), which correlate with the larger calculated
bond-formation barrier (Table 5-1), and the larger distortions predicted by the
dinucleoside monophosphate model along the formation pathway for 5'-A[2-5]U-3". Within
the helix, the deoxyribose moieties of 5'-A[8-5]U-3' adopt C1'-exo puckering (Pa = 132.3°,

Py = 141.3°), while the 5 sugar adopts a C1'-exo pucker (Pa = 138.4°) and the 3’ sugar
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adopts a C2'-endo pucker (Py = 159.6°) in 5'-A[2-5]U-3". Additionally, the twist between
the cross-linked bases in DNA is 8 ~ 165° for both lesions. Both cross-links are positioned in
the same plane as A in natural DNA (Figure 5-4(b, d)). Within 5'-A[8-5]U-3’, A adopts the
syn orientation about the glycosidic bond (xa = 42.0 + 7.5%) to expose the Hoogsteen face to
the complementary strand, while U adopts an anti (xy = 212.8 + 8.7°) orientation and the
Watson Crick face remains available for hydrogen bonding. Similar alterations to the
hydrogen-bonding abilities of the cross-link were observed for 5-G[8-5]U-3' (Section
3.3.4.). In 5'-A[2-5]U-3’, both A and U adopt the anti orientation (ya = 203.4 + 16.8°, xu =
201.7 + 11.3°) and the Watson Crick faces are available for hydrogen bonding. In fact, the
Watson-Crick faces of A in natural DNA and cross-linked A in 5'-A[2-5]U-3’ are similarly
aligned (Figure 5-4(d)). Together, this indicates this lesion may be less mutagenic than

5'-A[8-5]U-3".

Within the helices (Figure 5-5), the A-containing cross-links adopt extrahelical
positions. Therefore, there is a lack of hydrogen bonding between the cross-links and
complementary bases, and distortions are present in the backbone of the complementary T
and A nucleotides. In 5'-A[8-5]U-3’, the helix widens at the cross-linked A (11.420 * 0.878
A) and U (12.499 + 0.781 A) nucleotides. Even greater widening is observed for
5'-A[2-5]U-3" at the A (11.396 + 1.277 A) and U (12.732 + 1.323 A) nucleotides compared
to natural DNA (10.716 + 0.277 A and 10.609 + 0.288 A for the A and T nucleotides,
respectively). Although the complementary (T and A) bases remain in the helix, the above
structural changes create a solvent-accessible cavity. The flanking base pairs are
unperturbed in the presence of either 5'-A[8-5]U-3’ (hydrogen bonding occupancy of

79-98 %) or 5'-A[2-5]U-3' (81-99 %) compared to natural DNA (80-98 %).
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Figure 5-5: The MD conformations of (a) A[8-5]U-3'- and (b) 5'-A[2-5]U-3'-containing
DNA, highlighting the cross-linked dinucleotide (red) and complementary T (blue) and A
(green) nucleotides.
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Figure 5-6: lllustration of the global structure of cross-linked DNA containing
(a) 5'-A[8-5]U-3' or (b) 5'-A[2-5]U-3’, where the helix axis (blue) and backbone (red) are
shown. The axis bend is provided in brackets and is compared to a value of 5.6" for natural
DNA.
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Global distortions to the helix are inflicted by both 5-A[8-5]U-3" and
5'-A[2-5]U-3". Specifically, the cross-links induce a bend in the helix (Figure 5-6), which is
larger for 5'-A[8-5]U-3' (26.4°) than 5'-A[2-5]U-3’' (15.5°) in comparison to the
corresponding natural helix (5.6"). For both lesions, the major and minor grooves narrow at
the cross-link and the major groove disappears at several regions along the strand (Table
D-3). Substantial deviations in the backbones of the complementary nucleotides are also

observed.
5.3.3. A Comparison of the Four Intrastrand Cross-links

5.3.3.1. Understanding the Sequence Selectivity

UV irradiation of BrU-containing cellular DNA produces four intrastrand cross-links
with yields (5-A[2-5]U-3" < 5'-A[8-5]U-3" < 5'-U[5-8]G-3" < 5'-G[8-5]U-3")
demonstrating a sequence selectivity for G over A, and a 5'-purine over a 3'-purine. Due to
differences in the mechanisms of UV-enabled U+ generation in G- versus A-containing
sequences (G-*U* versus AU reactant, Section 1.4.2.2.), the formation of G- and A-containing
cross-links under these conditions cannot be cross compared since the generation of U* may
play a role in the observed preferences. However, the preferences within either the G- or
A-containing cross-links can be rationalized. Cross-link yields can be predicted by the
proximity of the two sites forming the bond, which was shown to agree with the yields of
the four U-containing cross-links observed in cellular DNA (Section 4.3.2. and 5.3.1.2.).
Proximity also accounts for 5-G[N2-5]U-3" and 5’-U[5-N2]G-3' formation in (flexible)
dinucleoside monophosphates, but not cellular DNA,5667 where fibre diffraction data
measures d(N2-C5) = 5.3 A for the 5'-G and d(C5-N2) = 7.8 & for 3'-G sequences in
B-DNA.20z Despite the predictive power of proximity, its utility is limited to isomeric lesions

and cannot be used to compare lesions of differing composition (G vs. A) since the proximity
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between corresponding coupling sites is similar.202 However, the importance of proximity
due to the high reactivity of radicals cannot be ruled out. Interestingly, some support for the
significance of proximity in DNA radical reactions is provided by the yields of UV-mediated
cross-links. In particular, G-containing lesions originate from long-lived triplet states (G*+U*)
where large conformational changes can occur, while A-containing cross-links originate
from reactive doublet states (AU*) where strand break formation via hydrogen abstraction
by U- from the nearby 5'-sugar is preferred. This may account for the preference for G over

A in intrastrand cross-link formation from UV radiation.

This thesis proposes the structural distortions that occur during cross-link
formation, the stability of the cross-linked intermediate and the ease of the bond-formation
step work together to dictate cross-link preferences (Section 5.3.1.2.). In the case of
G-containing cross-links, conformational changes and the stability of the cross-linked
intermediate dictate the lesion preference. Specifically, upon formation of 5'-G[8-5]U-3’,
little distortion is observed in the backbone and a very stable cross-link intermediate is
formed with a 70 - 76 k] mol-! barrier for the bond-formation step. Alternatively,
5'-U[5-8]G-3’ formation involves a less-stable cross-linked intermediate and larger
conformational changes since the nucleobases must adopt the syn, rather than anti
orientation, despite the lower barrier for the bond-formation step (AE* = ~ 48.0 k] mol-1). In
the case of A-containing cross-links, the kinetics for the bond-formation step also play a
role, and result in preferential formation of 5-A[8-5]U-3' over 5'-A[2-5]U-3’ (Section

5.3.1.2.).

Although these four intrastrand cross-links have not yet been observed following
exposure of XU-containing DNA to ionizing radiation, the results presented in this thesis

indicate all four lesions are likely to form when XU is used in conjunction with (ionizing)
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radiation treatments as an anti-tumour therapy. However, the formation preferences of
U-containing cross-links are unknown under these conditions. Because both G- and
A-containing cross-links form from U- adjacent to the (undamaged) purine, comparisons
can be made across all four cross-links. Since related purine-pyrimidine intrastrand cross-
links98102.104 have demonstrated a sequence specificity, which is similar to the U-containing
cross-links formed from UV radiation,®¢¢’7 a sequence dependence is expected when
U-containing intrastrand cross-links are formed from ionizing radiation. The barrier for the
bond-formation step and the stability of the resulting cross-linked intermediate indicate a
preference for 5-G[8-5]U-3" (AG* = 23.6 K] mol-!, A(AGstwp) = -137.5 k] mol-1) followed by
5'-A[8-5]U-3" (AG* = 28.4 k] mol-1, A(AGstep) = -126.6 k] mol-1), which also involves larger
backbone distortions than its G-containing counterpart. As discussed in Section 5.3.1.2., the
bond-formation step for 5'-A[2-5]U-3’ has a higher barrier and less stable cross-linked
intermediate (AG+ = 39.1 k] mol-!, A(AGsep) = -82.5 K] mol-1), as well as even greater
distortions to the DNA backbone along the formation pathway than 5'-A[8-5]U-3'". While
the stability gained upon formation of the cross-link intermediate is similar for
5'-U[5-8]G-3" (AGstep = -86.2 k] mol-1), it also involves the largest barrier for the bond-
formation step (AG* = 57.9 k] mol-1) and its formation requires the largest conformational
change (both nucleobases transition from anti to syn). Although not explicitly examined in
this thesis, this transition is high in energy and will further decrease the likelihood of this
lesion forming in B-DNA. Thus, it is proposed that yields of cross-links generated upon
exposure of XU-containing DNA to ionizing radiation will increase as 5-U[5-8]G-3' <
5'-A[2-5]U-3' < 5'-A[8-5]U-3' < 5'-G[8-5]U-3". This proposal does not fully correlate with
yields measured for T-containing cross-links observed in synthetic DNA (5'-T[5-Me-8]A-3’
< 5'-A[8-5-Me]T-3’ < 5'-T[5-Me-8]G-3' < 5'-G[8-5-Me]T-3").98 However, the proposed

yields for U-containing cross-links still have a preference for 5'-G[8-5]U-3' over
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5'-A[8-5]U-3’, which agrees with experimental observations for similar cross-

links.98-102,104-107,110,209

The ease of the bond-formation step calculated in this thesis for U-containing cross-
links does not support previous calculations stating the G > A preference of T-containing
cross-link formation by ionizing radiation is explained by more facile bond formation for G
regardless of (5’ or 3’) position.114115 However, these previous studies calculated sizeable
barriers for bond formation in T-containing cross-links (AG* = 88 - 100 k] mol-! for G and
AG* = 174 - 185 k] mol-! for A),114115 which were presumably poorly described by the
B3LYP functional employed. Specifically, Chapter 2 found this computational approach to
inadequately predict the structure of natural DNA, which suggests the reactant structures
obtained in these studies are also inadequate and may involve repelled or distorted base
arrangements. Furthermore, since this functional is well-known to poorly describe
dispersion forces,!74 this will substantially affect the barriers. The results presented in this
thesis provide a more accurate description of both the structures and barriers associated
with intrastrand cross-link formation. Future work should re-examine T-containing
intrastrand cross-link formation using the computational approach employed throughout

this thesis (see Section 6.2.4.).

5.3.3.2. Cross-link Structures and Biological Implications

Since cross-link yield is not necessarily correlated with cytotoxicity, all four
U-containing intrastrand cross-links may contribute to tumour cell death upon irradiation
of XU. Additionally, the unique structure and composition of each cross-link may lead to
different cellular implications. Therefore, the structures of the four U-containing intrastrand
cross-links have been determined in this thesis for the first time. The structural differences

observed for the isomeric 5'-G[8-5]U-3" and 5'-U[5-8]G-3' lesions, and the further

119



contrasting behaviour of the cross-linked helices containing 5’-G[8-5]U-3' and
5'-A[8-5]U-3' are both of notable interest. The intrahelical position of 5'-G[8-5]U-3" may
play a role in the formation preference for this cross-link compared to the extrahelical
position of the three remaining cross-links, which form with lower yields. Indeed adopting
an extrahelical position requires comparatively large backbone distortions, which provides
additional support for the proposal that structural distortions play an important role in

dictating formation preferences.

Regardless of the exact structure local to the cross-link, global distortions to the
DNA helices parallel those induced by efficient anti-tumour therapies, like cisplatin,3340 for
all cross-links. In particular, DNA helices with U-containing intrastrand cross-links exhibit a
bend in the helix axis ranging from 15° to 51°. Additionally, alterations to both the major
and minor grooves following cross-link formation mimic distortions caused by cisplatin, as
well as other efficient inducers of apoptosis.3340212213 This indicates U-containing
intrastrand cross-links may contribute to the cytotoxicity of XU in anti-tumour therapies
using mechanisms similar to cisplatin. However, XU may actually prove to be a superior anti-
cancer agent since strand breaks and interstrand cross-links may also form.49.57-59.61,63,65,75-80
Specifically, XU-containing DNA may have the potential to create detrimental clustered
lesions (2 or more damaged sites within 20 base pairs),1516 which may evade the

resistances that accompany many drugs.

Experimental studies examining the synthesis of DNA containing G-pyrimidine
intrastrand cross-links found that replication is highly dependent on the
polymerase.104-107.110 Commonly, DNA polymerases stall at the cross-linked G due to a lack of
an appropriate hydrogen-bonding.105107.110 [f a stalled polymerase is not resolved, the

complex can collapse into a DSB13 or completely block replication to cause cell death.105.106
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This supports previous observations that direct formation of DSBs from U+ cannot fully
account for the observed cell death and that cellular processing of another lesion to a DSB is
involved.#® Alternatively, TLS may occur, which is commonly error-prone.”10.11 Although
TLS of 5'-G[8-5-Me]T-3’ by human polymerase 1 inserts the correct nucleotides, mutations
were still observed, which was attributed to the involvement of other polymerases or
accessory proteins.11! The structures presented in this thesis reveal that the Watson-Crick
face of the purine in 5-G[8-5]U-3’, 5'-U[5-8]G-3’ and 5'-A[8-5]U-3' is unavailable for
hydrogen-bonding and instead the Hoogsteen edge is exposed. Furthermore, the
arrangement of the purine in these cross-links may cause DNA polymerases to favour the
incorporation of a purine nucleotide opposite the G- or A-moieties due to steric
considerations, which causes transversion mutations. In contrast, the Watson-Crick face of
A is slightly altered in 5'-A[2-5]U-3' due to the presence of the cross-link bond at C2 of A,
which may affect the efficiency and fidelity of nucleotide incorporation upon replication.
Furthermore, steric factors may generate a mispair by the DNA polymerase with a purine
nucleotide inserted opposite A in 5'-A[2-5]U-3’ to create a transversion mutation.
Additionally, the increased rigidity of the four cross-linked dinucleotides may stall the
polymerase. Indeed, polymerases have been found to have difficulty bypassing lesions with
locked orientations about the glycosidic bond (x), even when the hydrogen-bonding face of
the nucleobase is maintained, due to the inability of the lesion to undergo rotations
necessary to fit into the enzyme active site.215 Therefore, it will be important for future
studies to consider the ability of human DNA polymerases to bypass these four cross-links.
This will be particularly important for low-fidelity polymerases, which are over-expressed
in tumour cells.!13 Inhibition of these polymerase may be an effective adjuvant to XU since

DNA polymerases capable of TLS help cancer cells tolerate DNA damage.!13
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Given that many repair pathways are generally compromised in tumours5* and
tumour cell proliferation is highly dependent on the remaining, intact repair pathways,36
lesion repair is an important indicator of the potential success of a given lesion to induce
tumour cell death. Although the calculations presented in this thesis cannot explain how
intrastrand cross-links are repaired, similarities can be drawn between U-containing and
other intrastrand cross-links, as well as common bulky DNA lesions. NER pathways are the
only repair mechanisms biologically available to remove intrastrand cross-links from DNA.
Indeed, related G-pyrimidine intrastrand cross-links with [8-5] or [8-5-Me] connectivity
are substrates for NER pathways involving UvrABC Nuclease (E. coli) and are removed with
varying efficiencies.108109 Parallels have been drawn in the literature between G-containing
intrastrand cross-links and addition products (adducts) resulting from addition of a bulky
group to C8 of G since both structures involve a bulky (ring) substituent covalently attached
to C8.216 While both types of lesions undergo NER, recognition by UvrA is higher for
5'-G[8-5-Me]T-3’ than the C8-G adduct of N-acetyl-2-aminofluorene (AAF), which was
proposed to be due to the larger alterations (bending, kinking and unwinding) to DNA
induced by the cross-link.198 Alternatively, incision by UvrC is less efficient for
5'-G[8-5-Me]T-3' than the AAF adduct due to poorer recognition of the cross-link by
UvrB.108 This suggests intrastrand cross-links and C8-adducts are a distinct classes of
lesions, and cross-links may resist repair to accumulate in cells more than other lesions,
which may even be amplified in tumour cells due to hampered repair functions.>* Indeed,
tandem lesions, like intrastrand cross-links, are more challenging to repair than single-base
lesions,15163133 gnd therefore their formation is ideal for anti-cancer treatments.1516
Although the repair of U-containing intrastrand cross-links has not been studied, their
synthesis in cellular DNA shows increased yields of 5'-U[5-8]G-3’ and 5-A[8-5]U-3’ with

irradiation time, but decreased yields of 5'-G[8-5]U-3" and 5'-A[2-5]U-3".67 Although this
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may be attributed to the preferential decomposition of 5'-G[8-5]U-3" and 5'-A[2-5]U-3’, it
may indicate that these lesions are more readily repaired in vivo.6’” Therefore, it will be of
the utmost importance to determine the repair efficiencies of all U-containing intrastrand

cross-links, and whether these lesions are excised by NER pathways in human tumour cells.

5.4. Conclusions

The formation of 5'-A[8-5]U-3’ and 5'-A[2-5]U-3’ share common initial steps that
involve conformational changes. After these steps, an intermediate undergoes a unique
conformational change, which is followed by bond formation and hydrogen-atom removal
to form each product. The computational approach employed in this thesis finds the
formation of both cross-links to be nearly thermoneutral and the largest barriers occur for
hydrogen-atom removal, while bond formation is the highest-energy point for
5'-A[2-5]U-3’ and hydrogen-atom removal is the highest-energy point for 5-A[8-5]U-3".
The ease of the bond-formation step and stability of the resulting cross-linked intermediate,
as well as the degree of conformational changes along the pathway, dictate the preferences
of intrastrand cross-link formation, which can be predicted by the proximity of the sites
forming the bond. This proposal may be applicable to all intrastrand cross-links and thereby
provide a universal explanation of the factors dictating the formation preferences

regardless of the form of radiation used or type of DNA considered.

For the first time, the structures of four U-containing cross-links in DNA have been
determined and compared using MD simulations. In both G- and A-containing cross-links,
unwinding is observed in the cross-linked and complementary dinucleotides, as well as
distortions to the grooves and a bend in the helix axis. Both A-containing cross-links and
5'-U[5-8]G-3' adopt an extrahelical position, while 5'-G[8-5]U-3’ remains intrahelical. This

major structural difference may contribute to the abundance of 5-G[8-5]U-3". All four
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intrastrand cross-links are likely to be mutagenic upon replication due to changes in the
exposed hydrogen-bonding face and/or the configuration of the cross-linked purine base.
These lesions are also likely cytotoxic due to their potential ability to stall polymerases and
difficulty to repair. Future work must be done to enhance our understanding of intrastrand

cross-links, which is outlined in Chapter 6.
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Chapter 6. Thesis Summary and Future Directions

6.1. Summary

The goal of this thesis was to study four purine-U intrastrand cross-links
(5'-G[8-5]U-3’, 5'-U[5-8]G-3’, 5'-A[8-5]U-3’ and 5'-A[2-5]U-3’) that form following UV
irradiation of BrU-containing cellular DNA. This is of particular importance due to the
applications of XU as a radiosensitizing agent in anti-tumour therapies. It was important to
study the formation pathways of these lesions in order to determine whether U-containing
intrastrand cross-links form under therapeutic conditions that employ ionizing radiation, as
well as to provide insight into the observed sequence-selective formation of these lesions.
Additionally, the structures of these intrastrand cross-links were previously unknown.
These were important to determine since understanding the structures of these lesions in
DNA, as well as the distortions they inflict on the helix, can be used to develop a sense of the

biological implications of these lesions in (tumour) cells.

Various computational approaches were considered in Chapter 2 to determine their
ability to reproduce the conformational features of DNA using a dinucleoside
monophosphate model and high-level DFT calculations. Among the combinations
considered, the M06-2X functional in conjunction with a (Na*) counterion phosphate model
was found to accurately describe the base-base orientation and backbone conformation of
double-stranded B-DNA. This model was subsequently applied throughout the thesis to
study the formation and structure of U-containing intrastrand cross-links. In addition to the
specific applications in this thesis, this model is widely applicable. For example, it can be
used to study non-covalent interactions and/or a variety of reactions involving adjacent

nucleic acid components. An accurate DNA model of this size had not been previously
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identified in the literature, where smaller truncations are more commonly used with high-

level methods.

Using the computational approach recommended in Chapter 2, the formation
pathways of four U-containing intrastrand cross-links were determined. The mechanism
was first studied under conditions relevant to UV radiation, since this form of radiation was
used to generate the lesions in experiments. G-containing cross-links, initiated from the
G-+U* reactant, were found to be generated with the largest barrier occurring for the
formation step that may occur on the triplet surface (with the emission of
phosphorescence) or be coupled with an intersystem crossing. Alternatively, the
computational approach employed predicts A-containing cross-links, which originate from
the AU* reactant, form with a substantial barrier occurring for the hydrogen atom removal
step. However, this step will likely be more facile under biological conditions than found
computationally. The calculated formation pathways of these lesions from ionizing
radiation revealed all four intrastrand cross-links are likely to form under therapeutically-
relevant conditions. Therefore, these lesions, in conjunction with interstrand cross-links

and strand breaks, may contribute to the cytotoxicity of irradiated XU in tumour cells.

To shed light on their potential biological implications, the structures of these
lesions in cells were determined for the first time using molecular dynamics simulations.
Lesion formation commonly alters the available hydrogen-bonding faces of the cross-linked
nucleobases, which may have implications in DNA replication by introducing mutations into
the genome or stalling DNA polymerases if unrepaired. While the G-containing intrastrand
cross-links adopt several different conformers throughout the simulation, only one
conformer was found for each of the A-containing intrastrand cross-links. More

importantly, with the exception of 5'-G[8-5]U-3’, all cross-linked dinucleotides adopted an
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extrahelical position. This may be indicative of the larger backbone distortions and higher
energetic costs required to form extrahelical lesions, and may also have implications in
damage recognition and repair. All cross-linked helices contain bends in the helix axis
ranging from 15-51°, as well as changes to the grooves of the DNA helix and substantial
distortions to the backbone in the region of the cross-linked nucleotides. These distortions
may have implications in DNA repair since bending plays an important role regulating
DNA-protein interactions.®® However, given the repair efficiency of related intrastrand
cross-links by NER, as well as the compromised repair functions in tumour cells,
U-containing cross-links are likely to persist in cancer cells, where it is proposed they will

be both mutagenic and cytotoxic.

In addition to determining the structures and formation pathways of the four
intrastrand cross-links that result from U, this thesis explains the sequence-specific
formation of these lesions. In general, a simple comparison of thermodynamic and kinetic
factors provided by the dinucleoside monophosphate model used in this thesis cannot
provide a complete explanation for the preferences of intrastrand cross-link formation.
Previous literature noted correlations between the cross-link preference and proximity of
the two sites being coupled. This thesis proposes proximity can be used to predict cross-link
yields and that the importance of proximity can be explained by the large conformational
changes along the calculated reaction pathways required for cross-link formation when
atoms are far apart, or also by the reactive nature of radicals compared to the time-scale
required for large conformational changes. Indeed, the degree of structural distortion
undergone upon U-containing cross-link formation, as well as the barrier of the bond
formation step and stability of the resulting cross-linked intermediate, correlate with
experimentally-observed cross-link yields,6667 which indicates these factors play a role in

dictating the preferences of cross-link formation. However, the dinucleoside
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monophosphate model used throughout this thesis is not without its limitations since
conformational changes observed in a truncated model do not fully account for the
distortions required for lesion formation in dsDNA. Therefore, to verify the predictions of
this thesis, explicit consideration of the intrastrand cross-link surroundings is required.
Nevertheless, the information gained offers insight into the formation preferences of
U-containing intrastrand cross-links, and may also be useful for explaining the general
sequence preferences of DNA intrastrand cross-link formation regardless of their method of

generation or type of DNA used.

6.2. Future Research

6.2.1. A Large-Model Study of Intrastrand Cross-link Formation

This thesis characterized intrastrand cross-link formation pathways using a
dinucleoside monophosphate model. Comparisons of the cross-link structures obtained
using the dinucleoside monophosphate model to those obtained from MD simulations
reveal structural differences, which indicate the DNA surroundings affect the conformation
of the cross-link. While some structural distortions were captured by the dinucleoside
monophosphate model, a more accurate depiction of cross-link formation would be
afforded by a model capable of explicit inclusion of the cross-link surroundings. Under these
conditions, it is expected distortions incurred along the formation pathway will be properly
described and alterations to non-covalent interactions between nucleobases (both intra-
and interstrand stacking interactions, as well as Watson-Crick hydrogen bonding) will be
taken into account. Although some of these effects were mentioned in this thesis, it is
difficult to predict how the surroundings will affect the calculated reaction pathways. For
example, backbone flexibility is known to facilitate conformational changes within DNA

through low transitional pathways involving many minima,?!? and therefore it is unclear
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whether unwinding will affect the barriers for cross-link formation calculated in the present
work. Alternatively, disruptions to base-base non-covalent interactions may be associated
with large energetic costs. Overall, explicit inclusion of the DNA environment along the
reaction pathway will provide further insight into the preferences dictating cross-link
formation. In order to explicitly include the surrounding DNA helix, as well as solvent and
ions, hybrid methods, such as QM /MM, must be used. This approach allows for large models
to be partitioned such that the region in which the reaction is occurring can be examined
using accurate, high-level methods, while low-level methods are applied to the
surroundings. Indeed, this thesis has already established the foundation for such a study by

identifying an accurate computational method to describe the high-level region (Chapter 2).

6.2.2. Other Products from the Uracil-5-yl Radical

Given the contrasting sequence preferences of UV-induced strand breaks (5'-A) and
intrastrand cross-links (5'-G) generated from U-+57.596166-68 these may be competing
reactions. The work presented in this thesis has fully determined the reaction pathways for
intrastrand cross-link formation. Although the first step of strand break formation
(hydrogen-abstraction) has been computationally studied in the 5-ABU-3' sequence,8889
the remainder of the reaction pathway has not been examined and there are many steps
involved in the formation of these lesions (Figure 1-8). Furthermore, the hydrogen-
abstraction step has not been examined for the 5-GBrU-3’" sequence. Therefore, the full
reaction pathway for strand break formation should be determined and compared to that of

the intrastrand cross-links to help understand the origin of these sequence specificities.

Interstrand cross-links resulting from U have been detected in mismatched regions
of synthetic DNA.50636577.80 Despite the detection of several unique interstrand cross-links

and high sequence selectivity, their composition and connectivity is currently unknown.
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Interstrand cross-links are particularly detrimental to a cell due to the inability of the helix
to separate during essential processes like replication and transcription. Furthermore,
these lesions are complex to repair and require the coordination of multiple repair
pathways.218 Therefore, interstrand cross-links are particularly cytotoxic and a common
DNA-damaging approach for many anti-tumour therapies.33 More experimental work must
be done to identify the composition and connectivity of these cross-links within synthetic
DNA oligonucleotides, after which the reaction mechanism for formation may be examined
computationally. Studying the formation of these lesions will be complicated by the
experimentally-observed radical transfer from U* to other nucleobases in the mismatch
region, which means these reactions may not be directly initiated by U*. Furthermore,
experimental studies should be extended to identifying these products in XU-containing
cellular DNA. This is of particular interest for these lesions since formation is limited to
mismatched DNA, likely in a zipper-like conformation, and therefore interstrand cross-links
may not form in appreciable yields under therapeutic conditions. However, yield is not
necessarily correlated to cytotoxicity and generation of only a few interstrand cross-links

may be sufficient to induce cell death.

6.2.3. Experimental Investigations of the Biological Implications of U-containing
Intrastrand Cross-links

U-containing intrastrand cross-links were first reported in 2006 following the
exposure of BrU-containing DNA to UV radiation.66-68 The results presented in thesis have
offered the first suggestions that the same lesions form following the exposure of
XU-containing DNA to ionizing radiation, which is relevant to the use of XU as
radiosensitizing agents in anti-tumour therapies. Future experimental work must verify if
U-containing intrastrand cross-links form under these conditions. This thesis has also

shown that intrastrand cross-link lesions significantly affect the structure of the DNA helix.
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Furthermore, related intrastrand cross-links were found to adversely affect DNA
replication104-107.110,111  and are a substrate for NER.108109 Therefore, subsequent
experimental work should examine the structure of cross-linked DNA and the biological fate
of these lesions. For example, it is important to determine how different DNA polymerases
interact with these lesions in order to understand the mutagenic and cytotoxic potential of
U-containing intrastrand cross-links. It is also important to understand which human
polymerases are involved in TLS since this is related to the ability of a tumour cell to
tolerate DNA damage and evade apoptosis.!13 Alternatively, the repair of these lesions
through the NER pathway should be studied to determine whether these lesions will persist

in (tumour) cells, or be repaired prior to exerting their mutagenic and/or cytotoxic effects.

6.2.4. The Computational Investigation of Purine-Pyrimidine Intrastrand Cross-links
By computationally studying the formation pathway of U--initiated intrastrand
cross-links, this thesis has proposed the experimentally-observed sequence selectivity is
dictated by the magnitude of the barrier for the bond-formation step and the stability of the
cross-linked intermediate, as well as the extent of conformational changes upon cross-link
formation, which is related to the proximity of the two sites forming the bond. However,
given the same formation preferences are observed for all reported purine-pyrimidine
intrastrand cross-links regardless of their method of generation (UV or ionizing radiation)
or type of DNA (natural or modified, cellular or syntheticc dsDNA or dinucleoside
monophosphate), this proposal may be applicable to the formation of all intrastrand cross-
links. To provide further support for this proposal, future computational work should
examine the formation pathway of other, experimentally observed intrastrand cross-links
that involve G or A and T, C or m(.98102104-106 Although previous computational work
investigated the formation pathways of purine-T intrastrand cross-links,!14115 an inaccurate

computational approach was used that calls into question the validity of the reported
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results. Therefore, future investigations should employ the computational approach
recommended in Chapter 2 and/or hybrid methods to study the formation mechanism of
the intrastrand cross-links. Molecular dynamics simulations should also be performed in
order to determine the structure of these lesions in DNA and relate these observations to
the experimental studies of their biological implications (repair and replication).104-111 This
is particularly important since the work in this thesis has shown that relatively similar
lesions can exhibit unique behaviours in the helix that may influence both their likelihood of

formation and the biological responses they induce.

In summary, this thesis presents an extensive computational study of the
experimentally-observed intrastrand cross-links initiated by U-. The first evidence has been
provided to suggest U-containing intrastrand cross-links are likely to form under the
(ionizing) radiation conditions used in therapeutic treatments with XU, and their resulting
structures may exert both mutagenic and cytotoxic effects. In addition, a new explanation
for the sequence-selective formation of intrastrand cross-links has been provided, while
discrediting previous, incorrect proposals. The future work outlined above will provide
further support for the proposals presented in this thesis and verify the computational
findings, as well as provide an enhanced understanding of the function of therapeutics

based on XU.
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Figure A-1: B3LYP structures of the 5'-GU-3' dinucleoside monophosphate sequence optimized in the gas phase
(a-c) and water (d-f) using the anionic (a,d), neutral (b,e) and counterion (c,f) phosphate models.
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Figure A-2: MPWBI1K structures of the 5'-GU-3' dinucleoside monophosphate sequence optimized in the gas
phase (a-c) and water (d-f) using the anionic (a,d), neutral (b,e) and counterion (c,f) phosphate models.
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Figure A-3: M06-2X structures of the 5'-GU-3' dinucleoside monophosphate sequence optimized in the gas phase
(a-c) and water (d-f) using the anionic (a,d), neutral (b,e) and counterion (c,f) phosphate models.
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Figure A-4: B3LYP structures of the 5'-GBrU-3' dinucleoside monophosphate sequence optimized in the gas phase
(a-c) and water (d-f) using the anionic (a,d), neutral (b,e) and counterion (c,f) phosphate models.
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Figure A-5: MPWBI1K structures of the 5'-GBrU-3" dinucleoside monophosphate sequence optimized in the gas
phase (a-c) and water (d-f) using the anionic (a,d), neutral (b,e) and counterion (c,f) phosphate models.
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Figure A-6: M06-2X structures of the 5'-GBrU-3' dinucleoside monophosphate sequence optimized in the gas phase
(a-c) and water (d-f) using the anionic (a,d), neutral (b,e) and counterion (c,f) phosphate models.



Table A-1: Backbone torsion angles (°) and pseudorotation phase angles (P, °) of the 5'-GT-3'sequence calculated
in the gas-phase and water, as well as the average value (Exp.) and standard deviation (SD) obtained from

experiment.
Gas Anionic Neutral Counterion
/a2 | B3LYP MPWB1K MO06-2X | BBLYP MPWB1K MO06-2X | B3LYP MPWB1Kdc MO06-2X | Exp.b SDPb
x5' 232.0 201.3 210.3 195.3 237.9 244.9 200.7 236.7 236.8 258 14
65’ 145.4 147.5 148.1 143.4 147.0 146.1 143.9 146.8 147.2 128 13
€ 201.8 167.5 161.9 193.7 197.6 224.1 182.2 160.1 170.6 184 11
4 277.6 278.3 279.0 261.7 173.9 275.7 278.8 272.7 264.9 265 10
a 261.0 268.6 271.3 314.8 23.2 310.4 295.4 285.5 295.1 298 15
B 260.0 247.5 250.5 185.8 84.5 152.6 229.3 221.6 197.2 176 9
Y 64.6 59.8 56.1 55.3 51.3 56.8 51.9 49.7 54.5 48 11
x3' 251.3 273.7 277.9 262.4 250.6 268.5 240.3 255.0 257.9 241 8
63’ 145.4 153.7 155.4 148.3 126.8 151.9 145.7 148.1 149.8 128 13
P5' | 172.200 164.8 165.7 160.8 173.5 174.3 158.7 165.7 165.9 | 144-190¢c
P3' | 171.1 189.5 199.5 171.9 127.3 170.7 | 166.64 164.3 171.2 | 144-190¢
Water Anionic Neutral Counterion
/a B3LYP MPWB1K MO06-2X B3LYP MPWB1K MO06-2X | B3LYP MPWB1Kd MO06-2X | Exp.b SDb
x5' 237.3 210.4 227.2 238.1 241.2 241.3 236.8 234.5 230.0 258 14
65’ 147.0 150.1 149.8 146.2 147.2 145.7 147.2 150.8 149.8 128 13
€ 203.3 162.8 158.0 220.7 187.1 217.4 203.8 172.0 155.8 184 11
4 279.5 277.0 276.8 264.4 218.0 280.2 281.0 266.7 277.2 265 10
o 284.3 271.5 274.6 315.5 323.8 304.1 281.3 284.4 274.4 298 15
B 242.3 244.3 240.7 157.0 150.3 159.2 237.8 209.7 236.8 176 9
Y 59.8 60.5 48.0 58.2 60.3 57.4 54.7 50.6 50.2 48 11
x3' 242.6 273.0 265.0 246.8 249.0 273.8 233.7 248.6 263.8 241 8
63’ 146.8 155.1 154.0 143.7 147.0 154.5 1471 146.6 152.5 128 13
P5’ 177.8 170.1 170.6 177.6 176.8 174.8 178.4 170.8 172.6 | 144-190¢
P3’ 170.1 184.1 178.7 159.1 158.3 179.9 167.1 157.7 172.8 | 144-190¢

aSee Figures 2-2 and 2-3 for definitions of backbone torsion angles and pseudorotation phase angle, respectively.
bSee Ref. i. <See Ref. ii. dDue to SCF convergence issues, structures were obtained using M06-2X-optmized
structures as input rather than the standard HyperChem-generated structures.

i Schneider, B.; Neidle, S.; Berman, H. M. Biopolymers 1997, 42, 113.

it Saenger, W. Principles of Nucleic Acid Structure; Springer-Verlag New York Inc.: New York, NY, 1984.



Table A-2: Backbone torsion angles () and pseudorotation phase angles (P, ) of the 5'-GU-3' sequence calculated

in the gas-phase and water, as well as the average value (Exp.) and standard deviation (SD) obtained from

experiment.
Gas Anionic Neutral Counterion
<2 | BSLYP MPWB1K MO06-2X B3LYP MPWB1K MO06-2X | BALYP MPWB1Kd MO06-2X | Exp.b SDPb
x5' | 232.2 209.1 217.3 241.5 236.8 58.4 201.3 237.0 239.0 258 14
65" | 146.0 149.6 147.7 147.3 149.0 144.0 144.2 147.8 149.3 128 13
€ 206.9 165.8 157.2 195.2 173.0 223.2 182.1 168.4 170.1 184 11
4 280.1 274.7 278.1 181.6 253.2 275.9 2789 266.0 265.5 265 10
a | 250.1 264.8 265.9 27.4 304.0 309.8 294.8 291.3 291.2 298 15
B 264.2 254.3 253.0 88.1 190.7 154.8 230.2 206.5 199.5 176 9
Y 64.2 54.2 53.7 51.2 53.5 57.2 51.3 51.8 52.5 48 11
x3' | 252.4 232.6 277.4 246.5 250.6 269.8 237.4 247.6 254.8 241 8
63" | 146.6 151.8 155.6 119.1 147.7 152.3 146.0 149.2 149.7 128 13
P5' | 172.7 164.5 164.4 180.2 168.6 173.1 159.1 169.0 169.2 | 140-190¢c
P3' | 170.8 170.3 196.6 121.2 165.4 172.7 166.5 168.0 172.5 | 144-190¢
Water Anionic Neutral Counterion
/a B3LYP MPWB1K MO06-2X B3LYP MPWB1K MO06-2X | B3LYP MPWB1K MO06-2X | Exp.b SDb
x5' 239.6 216.3 226.7 237.8 250.7 242.8 237.2 237.1 229.6 258 14
65’ 147.7 150.8 149.9 212.8 149.9 145.9 146.7 151.3 149.6 128 13
€ 206.8 161.3 154.8 219.2 171.4 216.5 199.3 171.7 155.8 184 11
4 284.0 277.2 277.6 263.3 249.9 280.0 278.3 265.0 277.1 265 10
a 276.9 269.0 267.1 315.0 179.7 304.2 284.4 287.2 272.0 298 15
B 243.4 245.6 246.5 162.1 181.4 160.0 238.0 205.6 236.2 176 9
Y 55.2 57.7 52.8 58.0 55.1 57.2 54.0 53.3 51.7 48 11
x3' 234.9 273.7 274.2 243.2 246.6 275.6 233.7 245.7 259.8 241 8
63’ 148.3 155.4 155.8 144.3 147.6 154.9 146.8 149.5 152.5 128 13
P5’ 178.7 1719 171.7 178.0 180.0 174.0 178.1 173.5 172.8 | 144-190¢
P3’ 170.2 187.9 189.2 160.0 160.1 180.7 166.9 167.9 176.8 | 144-190¢

aSee Figures 2-2 and 2-3 for definitions of backbone torsion angles and pseudorotation phase angle, respectively.
i. <See Ref. ii. dDue to SCF convergence issues, structures were obtained using M06-2X-optmized

bSee Ref.

structures as input rather than the standard HyperChem-generated structures.
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Table A-3: Backbone torsion angles (°) and pseudorotation phase angles (P, °) of the 5'-GBU-3'sequence
calculated in the gas-phase and water, as well as the average value (Exp.) and standard deviation (SD) obtained
from experiment.

Gas Anionic Neutral Counterion
<2 | BSLYP MPWB1K MO06-2X B3LYP MPWB1K MO06-2X | BSLYP MPWB1K MO06-2X | Exp.b SDPb
x5' | 230.5 2121 210.7 196.8 233.6 231.2 206.8 229.2 228.5 258 14
65' | 144.5 150.7 150.6 144.2 149.2 149.6 145.3 146.4 147.0 128 13
€ 278.0 165.8 162.4 195.1 160.8 158.2 179.8 160.3 154.3 184 11
4 286.7 275.7 278.0 265.0 266.1 269.2 276.9 273.1 278.1 265 10
a 251.1 268.9 267.0 308.6 293.8 292.2 293.4 283.7 280.0 298 15
B 260.9 253.4 256.7 188.1 221.2 226.5 230.1 230.6 239.0 176 9
Y 57.6 52.4 52.1 52.1 45.3 44.4 51.8 47.1 47.0 48 11
x3' | 238.8 233.0 240.6 261.3 256.5 258.6 238.6 257.7 260.4 241 8
63" | 148.5 152.5 154.7 148.3 150.6 151.7 147.1 151.1 153.1 128 13
P5' | 169.5 166.6 167.8 162.3 167.4 168.4 160.9 162.9 165.9 | 144-190¢c
P3' | 177.3 170.3 173.9 172.7 168.3 171.7 172.2 171.9 175.3 | 144-190¢

Water Anionic Neutral Counterion
A B3LYP MPWB1K MO06-2X B3LYP MPWB1K MO06-2X | BBLYP MPWB1Kd MO06-2X | Exp.b SDb
x5' 238.0 202.1 2273 2375 236.7 2329 | 2375 229.8 227.7 | 258 14
85’ 145.6 151.7 150.2 147.0 146.1 151.8 149.0 149.5 150.1 128 13

£ 219.0 166.2 202.8 276.1 215.3 161.1 | 275.6 162.5 157.2 184 11
4 298.4 279.6 276.6 270.8 273.0 265.7 286.8 271.8 276.6 265 10
o 253.4 268.6 276.4 301.6 304.5 295.1 277.6 280.4 277.6 298 15
B 249.5 245.4 242.3 192.5 176.2 217.4 222.2 227.3 238.1 176 9
Y 58.0 60.2 47.2 50.7 55.7 47.3 53.1 50.2 48.0 48 11
x3' 238.7 272.7 260.3 225.6 237.1 253.1 231.9 252.4 258.5 241 8
63’ 149.5 154.9 153.8 146.9 147.7 150.4 148.3 149.9 152.7 128 13
P5' 176.6 172.2 170.4 176.0 170.9 172.2 178.5 170.0 171.3 144-190¢
P3' 174.4 180.6 176.7 167.3 157.8 167.0 | 173.0 166.2 173.5 | 144-190¢

aSee Figures 2-2 and 2-3 for definitions of backbone torsion angles and pseudorotation phase angle, respectively.
bSee Ref. i. <See Ref. ii. dDue to SCF convergence issues, structures were obtained using M06-2X-optmized
structures as input rather than the standard HyperChem-generated structures.
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Table A-4: Comparison of the 6-31G(d,p) and 6-31+G(d,p) backbone torsion angles (°), pseudorotation phase
angles (P, °) and the angle between nucleobase planes (¢, °) for the 5'-GT-3' sequence calculated in the gas-phase
and water with M06-2X for the anionic and counterion phosphate models, as well as the average value (Exp.) and
standard deviation (SD) obtained from experiment.

Anionic Counterion
6-31+G(d,p) 6-31G(d,p) 6-31+G(d,p) 6-31G(d,p)

£3 Gas Water Gas Water Gas Water Gas Water Exp.b SDb
x5' 201.7 233.9 210.7 227.3 238.3 260.5 228.5 227.7 258 14
65’ 146.1 149.5 150.6 150.2 146.7 147.5 147.0 150.1 128 13
€ 167.2 162.6 162.4 202.8 154.4 160.3 154.3 157.2 184 11
[ 279.4 272.6 278.0 276.6 276.7 268.3 278.1 276.6 265 10
a 2721 283.5 267.0 276.4 283.1 300.1 280.0 277.6 298 15
B 249.4 223.5 256.7 242.3 230.7 188.3 239.0 238.1 176 9
Y 56.2 49.1 52.1 47.2 46.7 55.8 47.0 48.0 48 11
x3' 279.1 254.3 240.6 260.3 257.9 251.5 260.4 258.5 241 8
63’ 154.2 149.4 154.7 153.8 150.2 146.0 153.1 152.7 128 13
P5' 163.1 173.2 167.8 170.4 168.4 189.3 165.9 171.3 144-190¢
P3’ 198.5 168.9 173.9 176.7 170.9 160.9 175.3 173.5 144-190c¢
) 32.1 6.1 28.8 4.9 11.6 6.8 12.9 4.7 -

aSee Figures 2-2 and 2-3 for definitions of backbone torsion angles and pseudorotation phase angle, respectively
and Section 2.3.1. for a definition of ¢. PSee Ref. i. <See Ref. ii.
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Figure B-1: The lowest-lying triplet surface (blue, solid line) and singlet ground state surface (green, solid line)
generated as a function of d(C8-C5), (A) (described in Section 3.3.1.2), illustrating the intersystem crossing
(degeneracy) between these states that connect Rr and 125 (see Figure 3-3 in text for structures).
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Figure B-2: Structure and chemical numbering of the cross-linked 5'-G[8-5]U-3" dinucleotide within double-
stranded DNA.



Table B-1: GAFF atom types and charges assigned to the cross-linked dinucleotide. See Figure B-2 for chemical

numbering.

5'-G 3'-U
Atom Charges Atom Type [ Atom Charges Atom Type
N1 -0.4891 na N1 -0.3546 na
H(N1) 0.3440 hn C2 0.8077 c
C2 0.7810 cd 02 -0.5970 0
N2 -0.9653 nn N3 -0.4708 na
H(N2) 0.4360 hn H(N3) 0.3376 hn
H(N2) 0.4360 hn C4 0.7327 c
N3 -0.6569 nc 04 -0.5652 0
C4 0.1390 cc C5 -0.3722 cc
C5 0.1492 cd C6 0.1287 cd
Cé6 0.5086 c H(C6) 0.2093 h4
06 -0.5722 0
N7 -0.5879 nd
C8 0.5206 cc
N9 -0.1818 na
Cc1' 0.0344 c3 C1' 0.0282 c3
H(C1) 0.1784 h2 H(C1) 0.1831 h2
C2'" -0.0891 c3 C2"  -0.0895 c3
H(C2') 0.0718 hc H(C2') 0.0718 hc
H(C2") 0.0718 hc H(C2") 0.0718 hc
c3' 0.2224 c3 C3' 0.0713 c3
03" -0.5211 0s 03" -0.5286 0s
H(C3") 0.0515 h1 H(C3') 0.0978 h1l
Cc4' 0.1666 C3 Cc4' 0.1193 C3
H(C4) 0.0751 h1 H(C4") 0.1115 h1
04" -0.3718 0s 04" -0.3733 0s
C5' 0.0338 c3 C5' 0.0436 c3
H(C5') 0.0688 h1l H(C5) 0.0690 h1l
H(C5') 0.0688 h1l H(C5) 0.0690 h1l
05" -0.4974 0s 05" -0.4051 0s
Oo(P) -0.7755 0 o(P) -0.6992 0
o(P) -0.7755 0 o(P) -0.6992 0
P 1.1733 p5 P 0.9550 p5
Total -0.9525 -1.0473

B-4
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Simulation Details

Simulations were performed using the AMBERO03! forcefield and GAFF2 parameters for the cross-linked
dinucleotide (Figure B-2 and Table B-1). Cross-linked DNA was generated by overlaying the backbone of the M06-
2X-optimized dinucleoside monophosphate product onto the central GT of the 5-d(GCATGGCGTGCTATGC)-3'
oligonucleotide. Any close contacts or artificial overlaps resulting from the overlay process were eliminated.
Subsequently, this structure was minimized in the gas-phase with the AMBER and GAFF forcefields, and the
resulting structure used as input for the molecular dynamics simulation.

Simulations were performed using pre-programmed protocols (the macro md_run.mcr) in YASARA. Initializing this
macro automates all procedures required to begin the simulation from the desired input structure through to the
production phase, including cell neutralization, the addition of solvent and relaxation of solvent/solute. The
simulation was performed in a solvent box with dimensions 21.0 A from all atoms. Overall, the simulation cell for
5'-G[8-5]U-3"-containing DNA contained 12 932 water molecules, 54 Na*, 24 Cl- and the cross-linked helix with a
charge of -30. For the corresponding natural dsDNA, the simulation cell contained 17 150 water molecules, 66 Na*,
36 CI- and the oligonucleotides with a charge of -30. This results in neutral cells with a density of 0.997 g mL-! and
a physiologically-relevant NaCl concentration of 0.9% (mass percent). The simulations were performed at 298 K
and 1 atm. Long-range Coulomb interactions were calculated using the particle-mesh Ewald (PME) summation and
a 10.54 A cutoff was used to calculate the van der Waals terms. A time step of 1.25 fs was used for intramolecular
forces and 2.5 fs for intermolecular forces. Snapshots were saved every 10 000 simulation steps, or every 25 ps.

Based on the resulting RMSDs for the simulation of the cross-linked and natural strands (Figure B-3), analysis was
performed on the simulation snapshots after 3.000 ns, which ensured an adequate equilibration phase. Upon
analysis of the trajectory (Figure B-4 and B-5), it became evident that cross-linked DNA preferentially occupies
certain conformations. A conformation was deemed of interest and further analyzed if present for a consecutive 8
ns, which resulted in 3 different conformations of cross-linked DNA (designated Conformers 1-3). These occurred
from 3.000 ns to 11.700 ns, 26.800 ns to 37.725 ns and 42.625 ns to 55.000 ns. Average structures (Figure 3-7)
were generated over these ranges. Select geometric parameters were averaged individually for each conformer
using all structures within the corresponding range listed above, and standard deviations were calculated to
indicate the variation and flexibility within a conformer. An average structure for natural DNA was generated from
3.000 ns to 28.000 ns. Curves+3 analysis was performed on the averaged conformers to calculate the helical axis
and groove parameters.

' Duan, Y.; Wu, C; Chowdhury, S.; Lee, M. C,; Xiong, G.; Zhang, W.; Yang, R.; Cieplak, P.; Luo, R.; Lee, T.; Caldwell, J.;
Wang, J.; Kollman, P. J. Comput. Chem. 2003, 24, 1999.

2 Wang, J. M.; Wolf, R. M.; Caldwell, J. W.; Kollman, P. A.; Case, D. A. J. Comput. Chem. 2004, 25, 1157.

3 Lavery, R.; Moakher, M.; Maddocks, J. H.; Petkeviciute, D.; Zakrzewska, K. Nucleic Acids Res. 2009, 37, 5917.
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Figure B-3: Root mean square deviation (RMSD, A) of the heavy atom coordinates in the DNA backbone during the
simulation of (a) cross-linked and (b) natural DNA with respect to their input (gas-phase minimized) structure.
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Table B-2: Backbone torsion angles of the dinucleoside monophosphates obtained from IEFPCM-MO06-2X/6-
31G(d,p) and dinucleotides obtained from molecular dynamics simulations for both natural and cross-linked DNA.

M06-2X/6-31G(d,p)

Molecular Dynamics

YA 5-GT-3' 5'-G[8-5]U-3' Naturalc Cross-linkedd

Avg. SD Avg. SD
og - - 290.5 104 133.5 26.6
B - - 162.2 19.4 181.1 19.2
Yo - - 51.2 13.2 1829 104
S 149.8 156.3 122.6 21.7 142.2 9.3
(30 155.8 149.3 190.2 224 2053 149
o 277.2 284.2 264.4 309 2306 148
Xc 230.0 6.0 239.8 19.3 43.0 7.4
ay 2744 266.8 293.6 9.1 140.8 57.0
Bu 236.8 240.6 168.1 15.8 188.0 11.2
Yu 50.2 53.1 56.1 10.1 158.1  49.7
Su 152.5 155.2 111.0 20.8 1343 127
£y - - 195.6 176 2595 354
Qu - - 274.0 26.0 230.5 352
Xu 263.8 182.7 235.6 16.5 2175 123
gb - 243.8 - - 164.0 7.9

aSee Figure 1-2 for backbone torsion angles commonly used to describe DNA structure. PSee Figure 3-1 for angle
definition. <Values obtained as an average over all snapshots between 3.000 and 28.000 ns. 4Values obtained as an

average between 3.000 and 55.000 ns.
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Table B-3: Groove analysis for the Conformers 1-3 of cross-linked DNA and the corresponding natural strand.2

Natural Conformer 1 Conformer 2 Conformer 3
Minor Major Minor Major Minor Major Minor Major
Level W D w D W D w D W D w D w D w D
3 7.0 4.0 6.8 4.2 6.8 3.9 7.1 39
3.5 7.0 4.1 6.8 4.0 6.6 4.1 7.1 4.0
4 7.5 3.7 6.9 4.0 6.7 41 144 5.7 7.5 3.8
4.5 7.8 4.3 7.0 42 133 45 7.2 43 145 5.2 79 41 140 7.2
5 7.6 44 128 8.1 6.7 43 148 29 75 42 15 4 7.7 43 151 44
5.5 74 44 129 69 6.6 42 -b b 7.7 42 157 15 75 43 145 3.0
6 7.2 43 125 6.5 6.6 42 -b b 76 43 -b b 71 42 -b -b
6.5 7.0 45 127 7.1 68 49 -b b 7.7 52 -b b 74 46 -b b
7 6.7 4.6 132 7.4 74 49 -b b 83 62 -b b 89 59 -b b
7.5¢ 6.8 49 129 58 8.5 -b 9.9 9.0 10.0 -b
8¢ 6.8 4.7 124 6.8 9.2 -b -b 7.6 8.6 -b
8.5¢ 7.2 44 121 638 8.4 -b -b 6.1 8.3 -b
9c 7.7 42 128 6.6 8.0 -b 4.8 -b 8.2 8.7
9.5¢ 74 48 134 5.6 7.8 -b 6.3 11.2 7.7 9.7

10 6.8 49 136 6.8 7A B7 =b =B 69 3.1 11.7 34 70 41 109 23
10.5 6.3 47 134 69 66 42 -b b 75 3.7 123 4.7 75 44 119 35
11 59 44 142 6.2 6.5 44 134 58 76 41 12.7 53 79 43 121 44
11.5 59 4.7 151 43 72 43 124 6.3 7.7 42 129 59 80 42 135 38
12 6.1 48 15.0 1.4 75 40 118 6.8 76 39 138 5.5 78 4.0 152 6.0
12.5 6.3 49 154 43 77 39 -b b 72 41 141 54 73 41 -b b

13 6.2 4.7 7.5 3.7 6.6 4.1 6.6 4.0
13.5 6.3 4.2 7.3 3.9 64 4.1 64 41
14 7.3 3.8 72 3.8 6.6 4.1 6.7 4.0

aCalculated using the Curves+3 program. ®Groove has disappeared, as calculated by Curves+. <Groove depths are not
reported in the region of the intrastrand cross-link dinucleotides (levels 7.5 — 9.5) since this value is calculated
with the vector defining the base pairs (constructed using C8 of purines and C6 of pyrimidines), which is highly
distorted for the cross-link and its complementary bases.
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generated as a function of d(C8-C5) (described in Section 4.3.1.1.), illustrating the intersystem crossing
(degeneracy) between these states that connect Rt and 125 (see Figure 4-1 in text for structures).
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stranded DNA.
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Table C-1: GAFF atom types and charges assigned to the cross-linked dinucleotide. See Figure C-1 for chemical
numbering.

5'-U 3'-G
Atom Charges Atom Type | Atom Charges Atom Type
N1 -0.3461 na N1 -0.4891 na
C2 0.7979 c H(N1) 0.3447 hn
02 -0.5946 0 C2 0.7834 cd
N3 -0.4695 na N2 -0.9653 nn
H(N3) 0.3376 hn H(N2) 0.4362 hn
C4 0.7353 C H(N2) 0.4362 hn
04 -0.5648 0 N3 -0.6569 nc
C5 -0.3607 cc C4 0.0890 cc
Ccé6 0.1152 cd C5 0.1492 cd
H(C6) 0.2103 h4 Cé6 0.5086 c
06 -0.5699 0
N7 -0.5984 nd
C8 0.5454 cc
N9 -0.1861 na
Cc1' 0.0282 c3 c1' 0.0344 c3
H(C1") 0.1842 h2 H(C1) 0.1798 h2
Cc2' -0.0883 c3 c2' -0.0880 c3
H(C2") 0.0718 hc H(C2') 0.0718 hc
H(C2") 0.0718 hc H(C2") 0.0718 hc
Cc3' 0.2266 c3 c3' 0.0713 c3
03"  -0.5200 0s 03" -0.5268 0s
H(C3") 0.0515 h1 H(C3") 0.0979 h1
C4' 0.1675 C3 c4' 0.1205 C3
H(C4") 0.0746 h1 H(C4) 0.1117 h1
04" -0.3706 0s 04" -0.3719 0s
C5' 0.0338 c3 C5' 0.0436 c3
H(C5") 0.0693 h1 H(C5') 0.0696 h1
H(C5") 0.0693 h1 H(C5) 0.0696 h1
05"  -0.4962 0s 05" -0.4016 0s
Oo(P) -0.7746 0 o(P) -0.6969 0
O(P) -0.7746 0 O(P) -0.6969 0
P 1.1733 p5 P 0.9550 p5
Total -0.9418 Total -1.0581




Simulation Details

Simulations were performed using the AMBERO03! forcefield and GAFF2 parameters for the cross-linked
dinucleotide (Figure C-1 and Table C-1). Cross-linked DNA was generated by overlaying the backbone of the M06-
2X-optimized dinucleoside monophosphate product onto the central TG of the 5-d(GCATGGCGTGCTATGC)-3'
oligonucleotide. Any close contacts or artificial overlaps resulting from the overlay process were eliminated.
Subsequently, this structure was minimized in the gas-phase with the AMBER and GAFF forcefields, and the
resulting structure used as input for the molecular dynamics simulation.

Simulations were performed using pre-programmed protocols (the macro md_run.mcr) in YASARA. Initializing this
macro automates all procedures required to begin the simulation from the desired input structure through to the
production phase, including cell neutralization, the addition of solvent and relaxation of solvent/solute. The
simulation was performed in a solvent box with dimensions 21.0 A from all atoms. Overall, the simulation cell for
5'-U[5-8]G-3"-containing DNA contained 13 851 water molecules, 56 Na*, 26 Cl- and the cross-linked helix with a
charge of -30. For the corresponding natural dsDNA, the simulation cell contained 17 150 water molecules
(density of 0.997 g mL-1), 66 Na*, 36 Cl- and the oligonucleotides with a charge of -30. This results in neutral cells
with a density of 0.997 g mL-1 and a physiologically-relevant NaCl concentration of 0.9% (mass percent). The
simulations were performed at 298 K and 1 atm. Long-range Coulomb interactions were calculated using the
particle-mesh Ewald (PME) summation and a 10.54 A cutoff was used to calculate the van der Waals terms. A time
step of 1.25 fs was used for intramolecular forces and 2.5 fs for intermolecular forces. Snapshots were saved every
10 000 simulation steps, or every 25 ps.

Based on the resulting RMSDs for the simulation of the cross-linked and natural strands (Figure C-2), analysis was
performed on the simulation snapshots after 4.000 ns, which ensured an adequate equilibration phase. Upon
analysis of the trajectory (Figure C-3 and C-4), it became evident that cross-linked DNA preferentially occupies
certain conformations. A conformation was deemed of interest and further analyzed if present for a consecutive 8
ns, which resulted in 2 different conformations of cross-linked DNA (designated Conformers 1 and 2). These
occurred from 4.000 ns to 39.375 ns and 39.875 ns to 55.000 ns. Average structures (Figure 4-5) were generated
over these ranges. Select geometric parameters were averaged individually for each conformation using all
structures within the corresponding range listed above, and standard deviations were calculated to indicate the
variation and flexibility within a conformation. An average structure for natural DNA was generated from 3.000 ns
to 28.000 ns. Curves+3 analysis was performed on the averaged conformations to calculate the helical axis and
groove parameters.

! Duan, Y.; Wy, C.; Chowdhury, S.; Lee, M. C.; Xiong, G.; Zhang, W.; Yang, R.; Cieplak, P.; Luo, R.; Lee, T.; Caldwell, J.;
Wang, J.; Kollman, P. J. Comput. Chem. 2003, 24, 1999.

2 Wang, J. M.; Wolf, R. M.; Caldwell, J. W.; Kollman, P. A.; Case, D. A. J. Comput. Chem. 2004, 25, 1157.

3 Lavery, R.; Moakher, M.; Maddocks, J. H.; Petkeviciute, D.; Zakrzewska, K. Nucleic Acids Res. 2009, 37, 5917.
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Figure C-3: Root mean square deviation (RMSD, A) of the heavy atom coordinates in the DNA backbone during the

simulation of (a) cross-linked and (b) natural DNA with respect to their input (gas-phase minimized) structure.
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Table C-2: Backbone torsion angles of the dinucleoside monophosphates obtained from IEFPCM-MO06-2X/6-
31G(d,p) and dinucleotides obtained from molecular dynamics simulations for both natural and cross-linked DNA.

M06-2X/6-31G(d,p)

Molecular Dynamics

23 5-TG-3' 5'-U[5-8]G-3' Naturalc Conformer 14 Conformer 2¢

Avg. SD Avg. SD Avg. SD
oy - - 293.6 9.1 186.5 50.3 216.8 51.3
Bu - - 168.1 158 177.3 18.1 178.8 15.9
Yu - - 56.1 10.1  214.3 58.1  230.9 71.6
Su 137.0 145.3 111.0 20.8 154.0 6.7 153.4 7.8
£y 200.0 155.8 195.6 17.6 182.9 6.8 176.6 6.6
Cu 278.1 276.2 2740 26.0 2678 6.4 263.7 5.7
Xu 218.5 21.4 235.6 16.5 441 12.6 32.6 25.1
og 297.3 282.5 289.9 9.2 216.7 16.5 276.6 12.7
B 174.7 212.0 167.3 115  201.6 11.1  201.5 8.3
Yo 58.5 51.2 49.4 12.3 51.7 14.2 39.0 9.2
S 156.4 133.8 129.5 16.0 110.8 7.2 126.8 7.8
g - - 2331 43,7 289.1 11.1 2828 19.5
G - - 199.4 57.2 90.0 14.0 115.6 23.2
Xc 280.1 189.6 248.7 7.2 217.3 12.0
gb - 212.3 - - 160.3 7.8 185.4 10.0

aSee Figure 1-2 for backbone torsion angles commonly used to describe DNA structure. PSee Figure 3-1 for angle
definition and atom numbering. <Values obtained as an average over all snapshots between 3.000 and 28.000 ns.
dValues obtained as an average between 4.000 and 39.375 ns. ¢Values obtained as an average between 39.875 and

55.000 ns.
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Table C-3: Groove analysis for the two conformations of cross-linked DNA and the corresponding natural strand.2

Natural Conformationl Conformation 2

Minor Major Minor Major Minor Major
Level W D \"W% D \"W% D w D w D w D
3 7.0 4.0 69 39 6.8 4.0
3.5 7.0 4.1 6.8 4.0 6.8 3.9
4 7.5 3.7 6.9 4.0 7.1 3.8
4.5 7.8 4.3 72 41 132 5.6 7.6 3.8 148 5.7
5 76 44 128 8.1 7.2 4.0 142 7 7.6 35 147 7.8
5.5 74 44 129 69 69 46 140 59 75 39 145 6.1
6 7.2 43 125 6.5 6.6 4.7 14.6 45 6.6 4.0 155 4.6
6.5 7.0 45 127 7.1 75 42 144 26 6.2 41 155 3.1
7 6.7 4.6 132 74 92 38 138 1.0 7.7 40 146 1.5
7.5 6.8 49 129 58 91 53 126 -1.3 63 48 129 -b
8 6.8 4.7 124 6.8 91 46 105 21 74 6.1 102 3.0
8.5¢ 7.2 44 121 6.8 8.6 7.0 6.1 6.5
9c 7.7 4.2 128 6.6 —b 4.4 7.4 3.7
9.5¢ 74 48 134 5.6 13.8 1.2 0.8 -b
10¢ 6.8 49 136 6.8 11.6 2.4 2.1 —b
10.5¢ 63 4.7 134 69 9.8 5.7 4.6 —b
11 59 44 142 6.2 87 92 89 -25 8.6 75 4.2

11.5 59 47 151 43 63 79 b -b 10.5 64 111 38
12 6.1 48 15.0 1.4 68 73 -b =l 87 23 145 3.0
12.5 63 49 154 43 94 30 -b -b 61 37 -b -b

13 6.2 4.7 83 33 -b =k 51 39
13.5 6.3 4.2 71 3.8 144 2.7 58 4.1
14 7.3 3.8 6.6 4.1 6.4 3.7

aCalculated using the Curves+3 program. *Groove has disappeared, as calculated by Curves+. <Groove depths are not
reported in the region of the intrastrand cross-link dinucleotides (levels 8.5 - 10.5) since this value is calculated
with the vector defining the base pairs (constructed using C8 of purines and C6 of pyrimidines), which is highly
distorted for the cross-link and its complementary bases.
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Figure D-1: Structure and chemical numbering of the cross-linked 5'-A[8-5]U-3" dinucleotide within double-
stranded DNA. The same numbering is used for 5'-A[2-5]U-3'
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Table D-1: GAFF atom types and charges assigned to the cross-linked dinucleotides. See Figure D-1 for chemical
numbering.

5'-A[8-5]U-3’ 5'-A[2-5]U-3’
5'-A 3'-U 5'-A 3'-U
Atom  Charges ?;cgz Atom  Charges {\F;(;)Hel Atom  Charges {Xr'glc;rz Atom  Charges {l\";(;)r:
N1 -0.7667 nb N1 -0.3544 na N1 -0.7648 no N1 -0.3416 na
C2 0.5846 ca Cc2 0.8051 C Cc2 0.7837 ca C2 0.7903 C
H(C2) 0.0503 h5 02 -0.5945 o N3 -0.7397 nb 02 -0.5942 o
N3 -0.7146 nb N3 -0.4655 na C4 0.3515 ca N3 -0.4647 na
C4 0.4828 ca H(N3) 0.3376 hn C5 -0.2086 ca H(N3) 0.3376 hn
C5 -0.2117 ca C4 0.7338 c cé 0.6990 ca Cc4 0.7357 o
Cé6 0.6984 ca 04 -0.5623 o N6 -0.9041 nh 04 -0.5618 o
N6 -0.9043 nh C5 -0.3669 cd H(N6) 0.4109 hn C5 -0.3869 cd
H(N6) 0.4108 hn ceé 0.1399 cc H(N6) 0.4109 hn ceé 0.1415 cc
H(N6) 0.4108 hn H(C6) 0.2102 h4 N7 -0.6108 nd H(C6) 0.2137 h4
N7 -0.5627 nc C8 0.1983 cc
C8 0.5251 cd H(C8) 0.1877 h5
N9 -0.2351 na N9 -0.2583 na
C1' 0.0344 c3 c1' 0.0282 c3 c1' 0.0706 c3 c1' 0.0588 c3
H(C1') 0.1830 h2 H(C1') 0.1877 h2 H(C1') 0.1838 h2 H(C1') 0.1884 h2
C2' -0.0859 c3 c2' -0.0861 c3 c2' -0.1488 c3 c2' -0.0854 c3
H(C2') 0.0718 hc H(C2') 0.0718 hc H(C2') 0.0342 hc H(C2') 0.0762 hc
H(C2") 0.0718 hc H(C2") 0.0718 hc H(C2") 0.0342 hc H(C2") 0.0762 hc
C3' 0.2165 c3 c3' 0.0713 c3 c3' 0.2120 c3 c3' 0.2429 c3
03’ -0.5173 0s 03’ -0.5239 0s 03’ -0.5167 0s 03’ -0.4899 0s
H(C3') 0.0515 h1 H(C3') 0.0984 h1 H(C3') 0.0546 h1 H(C3') 0.0563 h1
c4' 0.1692 c3 Cc4' 0.1207 C3 c4' 0.1695 C3 c4' 0.1210 C3
H(C4') 0.0753 h1 H(C4) 0.1133 h1 H(C4') 0.0754 h1 H(C4') 0.1136 h1
04' -0.3694 0s 04 -0.3697 0s 04’ -0.3691 0s 04' -0.3691 0s
C5' 0.0338 c3 C5' 0.0436 c3 C5' 0.0490 c3 C5' 0.0598 c3
H(C5') 0.0705 h1 H(C5) 0.0704 h1 H(C5) 0.0708 h1 H(C5') 0.0706 h1
H(C5) 0.0705 h1 H(C5) 0.0704 h1 H(C5) 0.0708 h1 H(C5') 0.0706 h1
05’ -0.4943 0s 05’ -0.3957 0s 05’ -0.4939 0s 05’ -0.3942 0s
o(P) -0.7730 o Oo(P) -0.6931 o o(P) -0.7726 0 Oo(P) -0.6921 o
o(P) -0.7730 0 o(P) -0.6931 0 o(P) -0.7726 0 Oo(P) -0.6921 o
P 1.1733 p5 P 0.9550 p5 P 1.2008 p5 P 1.0113 p5
Total -1.0236 Total -0.9760 Total -1.2923 Total -0.7075




Simulation Details

Simulations were performed using the AMBERO03! forcefield and GAFF2 parameters for the cross-linked
dinucleotide (Figure D-1 and Table D-1). Cross-linked DNA strands were generated by overlaying the C5' and 05’
atoms in the backbone of the M06-2X-optimized dinucleoside monophosphate product onto the central AT of the
5'-d(GCATGGCATGCTATGC)-3' oligonucleotide. Any close contacts or artificial overlaps resulting from the overlay
process were eliminated. Subsequently, this structure was minimized in the gas-phase with the AMBER and GAFF
forcefields, and the resulting structure used as input for the molecular dynamics simulation.

Simulations were performed using pre-programmed protocols (the macro md_run.mcr) in YASARA. Initializing this
macro automates all procedures required to begin the simulation from the desired input structure through to the
production phase, including cell neutralization, the addition of solvent and relaxation of solvent/solute. The
simulation was performed in a solvent box with dimensions 21.0 A from all atoms. For 5'-A[8-5]U-3'-containing
DNA, the simulation cell contained 14 226 water molecules, 58 Na*, 28 Cl-and the cross-linked helix with a charge
of -30. For 5'-A[2-5]U-3'-containing DNA, the simulation cell contained 12 435 water molecules, 53 Na+, 23 Cl-
and the cross-linked helix with a charge of -30. For the corresponding natural dsDNA, the simulation cell contained
16 016 water molecules, 63 Na+, 33 Cl- and the oligonucleotides with a charge of -30. This results in neutral cells
with a density of 0.997 g mL-! and a physiologically-relevant NaCl concentration of 0.9% (mass percent).The
simulations were performed at 298 K and 1 atm. Long-range Coulomb interactions were calculated using the
particle-mesh Ewald (PME) summation and a 10.54 A cutoff was used to calculate the van der Waals terms. A time
step of 1.25 fs was used for intramolecular forces and 2.5 fs for intermolecular forces. Snapshots were saved every
10 000 simulation steps, or every 25 ps.

Based on the resulting RMSDs for the simulation of the cross-linked and natural strands (Figure D-2), analysis was
performed on the simulation snapshots after 4.000 ns, which ensured an adequate equilibration phase. Upon
analysis of the trajectory, it became evident 5'-A[8-5]U-3'- and 5'-A[2-5]U-3"-containing DNA each occupied only
one conformation (designated a Conformer). A conformation was deemed of interest and further analyzed if
present for a consecutive 8 ns. For DNA containing 5-A[8-5]U-3’, a stable conformation occurred from 19.600 ns
to 43.000 ns. For DNA containing 5-A[2-5]U-3’, a stable conformation occurred from 4.000 ns to 55.000 ns.
Average structures (Figure 5-5) were generated over these ranges. Select geometric parameters were averaged
individually for each conformation using all structures within the corresponding range listed above, and standard
deviations were calculated to indicate the variation and flexibility within a conformation. An average structure for
natural DNA was generated from 4.000 ns to 29.000 ns. Curves+3 analysis was performed on the averaged
conformations to calculate the helical axis and groove parameters.

Duan, Y.; Wu, C.; Chowdhury, S.; Lee, M. C.; Xiong, G.; Zhang, W.; Yang, R.; Cieplak, P.; Luo, R.; Lee, T.; Caldwell, J,;
Wang, J.; Kollman, P. J. Comput. Chem. 2003, 24, 1999.

2Wang, J. M.; Wolf, R. M.; Caldwell, J. W.; Kollman, P. A.; Case, D. A. J. Comput. Chem. 2004, 25, 1157.

3Lavery, R.; Moakher, M.; Maddocks, J. H.; Petkeviciute, D.; Zakrzewska, K. Nucleic Acids Res. 2009, 37, 5917.
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Figure D-2: Root mean square deviation (RMSD, A) of the heavy atom coordinates in the DNA backbone during the
simulation of (a) 5-A[8-5]U-3', (b) 5-A[2-5]U-3' and (c) natural DNA with respect to their input (gas-phase
minimized) structure.



Table D-2: Backbone torsion angles of the dinucleoside monophosphates obtained from IEFPCM-M06-2X/6-

D-6

31G(d,p) and dinucleotides obtained from molecular dynamics simulations for both natural and cross-linked DNA.

M06-2X/6-31G(d,p)

Molecular Dynamics

Y 5'-AT-3' 5'-A[8-5]U-3' 5'-A[2-5]U-3' Natural¢ 5'-A[8-5]U-3'¢ 5'-A[2-5]U-3"
Avg. SD Avg. SD Avg. SD
oA - - - 291.2 94 2079 230 2124 383
Ba - - - 170.5 15.0 1815 153 185.1 25.7
Ya - - - 534 118 195.7 143 1905 21.0
oa 213.3 150.4 151.3 116.7 20.7 1285 11.7 1345 14.0
€A 169.1 155.6 168.2 192.1 252 1994 123 208.0 20.8
Ca 264.1 279.8 2679 263.3 344 2265 133 2212 20.2
Xa 252.1 353.3 188.9 240.5 20.1 42.0 7.5 2034 16.8
Oy 300.0 263.4 266.7 2932 89 1193 173 141.0 35.7
Bu 183.0 243.4 247.3 1644 16.2 1919 10.7 286.4 19.8
Yu 57.1 54.7 43.1 56.3 10.3 184.2 9.5 187.1  29.6
Su 146.8 1559 150.6 1069 21.0 137.6 8.0 1444 11.7
gy - - - 197.0 224 2819 100 2639 30.3
Qu - - - 266.5 357 1306 195 1325 305
Xu 252.7 183.9 226.8 2343 183 2128 232 2017 113
gb - 246.1 183.5 - - 165.2 7.5 166.1 15.0

aSee Figure 1-2 for backbone torsion angles commonly used to describe DNA structure. PSee Figure 5-1 for angle
definition. <Values obtained as an average over all snapshots between 4.000 and 29.000 ns. 4Values obtained as an
average between 19.600 ns to 43.000 ns. ¢Values obtained as an average between 3.000 ns to 55.000 ns.
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Table D-3: Groove analysis for the two conformations of cross-linked DNA and the corresponding natural strand.?

Natural 5'-A[8-5]U-3' 5'-A[2-5]U-3'

Minor Major Minor Major Minor Major
Level W D W D wW D W D w D W D
3 6.4 4.3 7.5 3.7 6.6 4.0
35 6.6 4.1 74 39 64 4.0
4 74 3.8 7.5 36 - = 64 40 135 59
4.5 7.7 42 127 7.2 75 41 - - 6.8 42 141 38
5 74 43 128 75 72 44 - = 69 43 16.6 5.6
55 71 44 128 75 71 43 16.7 39 69 43 153 5.0
6 6.8 44 132 8.0 72 44 142 34 70 42 15 438
6.5 68 45 136 8.1 6.8 55 135 1.6 73 46 145 3.6
7 7.0 44 135 81 69 61 b b 79 52 -b b
7.5¢ 7.7 44 131 79 03 -b 79 12 121
8¢ 79 39 121 6.2 31 11.7 58 2.8 108
8.5¢ 7.7 40 113 6.6 45 10.6 56 43 101
9c 76 39 118 58 55 95 48 5.0 96
9.5¢ 75 43 127 7.2 45 10.0 54 48 98

10 7.0 43 129 83 84 3.2 106 5.8 59 42 109 44
10.5 69 44 13.0 83 69 41 115 64 6.2 42 115 53
11 69 42 127 84 6.3 4.6 121 6.3 6.7 41 120 54
11.5 73 41 125 8.0 71 44 122 6.0 74 42 12.6 58
12 76 4.0 128 7.7 76 3.6 11.7 6.8 78 4.2 13.7 5.6
12.5 7.7 41 134 74 73 4 -b b 7.7 43 156 4.2

13 7.2 3.8 6.8 4.2 71 3.9
13.5 6.8 4.1 6.6 4.1 69 4.0
14 6.7 4.2 6.7 4 7.7 3.7

aCalculated using the Curves+3 program. ®Groove has disappeared, as calculated by Curves+. <Groove depths are not
reported in the region of the intrastrand cross-link dinucleotides (levels 7.5 - 9.5) since this value is calculated
with the vector defining the base pairs (constructed using C8 of purines and C6 of pyrimidines), which is highly
distorted for the cross-link and its complementary bases.
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