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Chapter I

Introduction

Deoxyribonucleic Acids (DNA)

Deoxyribonucleic acid (DNA) is one of the main biological macromolecules required for
life. It has been established as the primary genetically transferable material and acts as the
“blueprint” for all known living organisms. DNA provides the code for the function, growth, and
development of an organism. This code is built from four nucleobases: adenine, cytosine,
guanine, and thymine.' In unison they form a biopolymer that is organized into a hierarchical
structure. Two strands of the biopolymer associate to form a double helical structure that
associates with specific proteins that allow for higher levels of structure and organization into
clusters of DNA known as chromosomes.'” The end result is a stable molecule capable of

storing large amounts of information that can be passed from generation to generation.’

DNA Composition and Structure

Despite the large size and capacity of DNA to store a tremendous amount of information,
it is fundamentally composed of only four different building blocks. These blocks are the
nucleosides deoxyadenosine (dA), deoxycytidine (dC), deoxyguanosine (dG), and
deoxythymidine (dT). The monophosphate varieties of these are represented in Chart 1. The
nucleosides are composed of base and deoxyribose sugar groups built from carbon, oxygen,
nitrogen, and hydrogen. A phosphorus containing backbone links the nucleosides together

forming a biopolymer, or nucleotide chain.” * Each chain has two ends characterized by



termination at either a nucleotide sugar’s 5" or 3" hydroxyl group, thus labeled the 5" or 3 ends.
The DNA chains pair with a complementary chain in an anti-parallel fashion, placing the 5" end
of one chain adjacent to the 3" end of another chain.’ The two chains are held together by
hydrogen bonding interactions between bases from each chain. The bases pair in a consistent
manner in which adenine and thymine bases form pairs and guanine and cytosine bases form

. 6
airs, or are “complements” of one another.
9

NH, NH,
ST ﬁN
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Chart 1. Chemical structures of the four nucleotide building blocks of DNA. The purines
adenine and guanine are depicted on the left and the pyrimidines cytosine and thymine appear on

the right.

The association of two chains of DNA results in a stable double-helical structure.
Variations on this structure exist, but the most common form is known as B-type DNA (Figure
1). The structure of this form was first reported by James Watson, Francis Crick, Maurice

Wilkins, and Rosalind Franklin in 1953.° This form is characterized by a double-helical structure



with a right-handed twist possessing two internal grooves or clefts, designated as the major or
minor groove based on their consistent variation in size. Two other double-helical forms of DNA
have been identified and designated as A-type or Z-type DNA’ (Figure 1). The A-type DNA is
also right-handed but possesses a deep, narrower major groove and shallow minor groove. Z-
type DNA progresses as a left-handed double helix with similar major and minor grooves.® Some
additional non-helical structural motifs have also been observed including G-quadruplex
structures that occur at the ends of chromosomes.” Further variations on structure have also been

observed in cases of modified DNA or DNA in complex with protein.

Figure 1. Representative structures from left to right of A-type, B-type, and Z-type DNA." A-
type and B-type DNA display a right-handed helical form with the A-form possessing a wider
curvature and a deeper major groove. Z-type displays a left-handed curvature and is elongated in

comparison to B-type.

' By Original uploader was Richard Wheeler (Zephyris) at en.wikipedia - Originally from en.wikipedia; description
page is/was here., GFDL, https://commons.wikimedia.org/w/index.php?curid=2117121



Heritability

One of the most important properties of DNA is its ability to be passed through
generations of living organisms. An organism’s entire genetic code is known as its genome. To
reproduce, the genome must be passed to any offspring. This occurs through sexual or asexual
reproduction. In sexual reproduction an offspring’s genome is composed of a partial genome
provided from two parents to generate a complete genome that is a hybrid of that from both
parents.'” In asexual reproduction the offspring’s genome is provided by a single parent
organism and is a complete copy of the parent’s genome. "'

A process known as DNA replication is essential for reproduction in all living organisms,
as well as the growth and development of multicellular organisms. Every time a cell divides its
genome must be copied. This process is accomplished by a set of proteins that enact a
coordinated process to generate exact copies of a cell’s DNA. At the heart of this process is a
protein known as a DNA-polymerase.'> A polymerase will bind to a single strand of DNA and
use it as a template to produce a copy of its complementary strand. The polymerase is capable of
identifying the bases present in a strand of DNA and matching them with their complementary
partner.”” Reading from the 3’ end to the 5" end of a strand of DNA the polymerase will
synthesize a copy of the complementary strand through a series of polymerization reactions.'
This process is incredibly accurate with a fidelity level of less than one mistake for every 10°
nucleotides. The insertion fidelity of replicative polymerases is very high and is further aided by
a proofreading capacity that occurs before a nucleobase pair can exit the protein.'’

In order for the polymerase to serve its function, a number of other proteins are required
to perform other functions. The DNA must be unwound and separated. This is accomplished by

topoisomerase'® and helicase proteins.!” Single strand binding proteins stabilize the single strand
p p g gp g



form of DNA and prevent reannealing of the two strands.'® One strand of the DNA must be
copied in fragments known as Okazaki fragments. These must be joined together by a protein
called DNA-ligase."” The DNA-polymerase requires a primer segment to initiate replication.

This primer is produced by DNA-primase.*’ This complex is illustrated in Figure 2.

DNA primqase

DNA-ligase RNA primer,
DNA-Polymerase (Pola)

TIRITITIE

l I I ﬂ
Okazak| fragment

XK (L4

DNA Polymerase (Pold)
Helicase

Single strand,
Binding proteins

La??é:

I | I 4 .
/, , \
ool 01

Topoisomerase

Figure 2. Cartoon illustrating a DNA replication complex.* The parent DNA duplex is on the
right and is followed by the topoisomerase responsible for relieving supercoiling. The helicase
protein then aids to further unwind and separate the duplex, in which single strands are then
stabilized by the single strand binding proteins. Primase inserts short primer sequences required
by the DNA-polymerases. Replication is accomplished by the DNA-polymerases and is
continuous for the leading strand and performed in fragments on the lagging strand. These

fragments are connected by DNA-ligase.

By LadyofHats Mariana Ruiz - Own work. Image renamed from File:DNA replication.svg, Public Domain,
https://commons.wikimedia.org/w/index.php?curid=691697



DNA Damage and Repair

For a long time it was believed that DNA was incredibly stable and highly resistive to
damage. If intact DNA is required to maintain proper cellular function and to pass genetic
information from generation to generation, then it must remain largely unchanged over
significant lengths of time. We now know that while DNA is quite stable, it is not impervious to
damage. Many types of DNA damage have been observed and cells must have mechanisms
capable of repairing or otherwise managing DNA damage events.”’ The importance of DNA
repair is now well recognized and was the focus of the 2015 Nobel prize in Chemistry awarded
to Aziz Sancar, Paul Modrich, and Tomas Lindahl for work on “the molecular mechanisms of
DNA repair processes.””

DNA damage results from both endogenous and exogenous sources. Cells can experience
greater than 10,000 DNA damage events each day.”’ Endogenous sources of these events can
result as unintended consequences of normal cellular metabolism and signaling.”> Normal
metabolic processes can produce reactive oxygen species capable of causing DNA damage.*
One commonly found example of oxidative DNA damage is the DNA lesion 8-oxoguanine

Chart 2).” In addition to oxidation, DNA damage can result from methylation, deamination,
g y

and depurination/depyrimidification.

O

H
N
NH
o= ||
H N/)\NHZ

Chart 2. Chemical structure of the DNA lesion 8-oxoguanine.



Many sources of exogenous DNA damage exist. lonizing radiation is a major source of
concern. UV light is capable of directly and indirectly causing DNA damage. When UV
radiation interacts directly with DNA it can produce radicals on purine bases, which can react
with neighboring purine bases to form dimers.** Damage can occur indirectly when UV radiation
interacts with other molecules, such as water, to produce reactive species which subsequently
damage DNA. Other types of UV and radiative DNA damage exist but environmental exposure
to chemicals is also of concern. DNA damage has been found to result from exposure to cigarette
smoke,”’ exhaust fumes,”® food-borne sources,”’ and many additional sources. Aflatoxin is a
chemical produced by certain fungi that contaminate food sources, notably maize and peanuts,
and has been directly connected with the etiology of liver cancer through the formation of DNA
adducts.*

Given the range of potential sources of DNA damage and the frequency of damaging
events, cells must possess mechanisms capable of addressing DNA damage. Repair of DNA
damage is commonly enacted by either the base-excision repair (BER) or nucleotide excision
repair systems (NER). Utilizing enzymes known as glycosolases, BER will repair damage to
individual nucleobases.”’ The damaged base is removed leaving an abasic site in the DNA. A
polymerase will then insert a nucleotide that is complementary to the opposing strand. The BER
system is capable of handling many types of damage but is not effective at addressing large or
bulky DNA adducts.*® These adducts must be processed by the NER system. The NER system is
composed of a set of proteins that recognize DNA damage and excise larger segments of DNA.*
Instead of removing a single base like the BER system, NER typically removes sections of a

DNA strand ranging from 10 to 30 nucleotides in length.’* The excised section will then be



resynthesized to complete repair of the damage. This process is capable of addressing many

forms of damage including both small and large DNA adducts.”

Diesel Exhaust and Nitroarenes

Diesel Exhaust

Complete combustion of many carbon compounds, including fossil fuels, results in
products of carbon dioxide and water. However, in many cases combustion is not complete and
a number of additional products can be formed. This is the case for diesel engines. In addition to
carbon dioxide and water, complex mixtures of other products are formed during the combustion
of diesel fuel.”® These include certain inorganic compounds, such as sulfur dioxide and nitrogen
oxide, as well as a large variety of organic compounds. Some of these compounds can pose
certain risks to the environment, and plant, animal, and human health.

Carbon dioxide emissions have been implicated as a risk involving the earth’s climate
and global warming.’® Sulfur dioxide and nitrogen oxide are associated with the formation of
acid rain.”” These factors can have environmental impacts and damage plant life and various
ecosystems.”® Other compounds that result from diesel combustion can be toxic and have
deleterious effects on human health.

Epidemiological evidence first suggested a role for diesel exhaust in the development of
cancer. A study conducted in 1982 examined the rates of cancer in coal miners occupationally
exposed to high levels of diesel emissions.”” These workers experienced increased rates of
cancer, with a particular emphasis on lung cancer. Following this finding, a number of studies

were performed to examine the impact of diesel exhaust on carcinogenesis. One study focusing



on railroad workers exposed to diesel exhaust showed a 40% increased risk for lung cancer.*
Studies with dock workers, truck drivers, and other occupations have also supported these
findings."'

In vivo and in vitro studies have also supported the role of diesel exhaust in lung
carcinogenesis. Diesel exhaust has been examined as whole exhaust and as its separate gas and
particulate matter phases. Rats exhibited increased tumor incidence when exposed to whole
diesel exhaust.*” Rats and mice exposed to particulate matter also experienced increased rates of
tumor formation.” Gas phase diesel exhaust did not result in increased tumor formation.
Exposure to diesel exhaust and diesel particulate matter has also been shown to result in DNA
damage. Oxidative damage, bulky adducts, strand breaks, morphological cell transformation in
mammalian cells, and other genotoxic effects have been observed.**

These studies provide strong evidence for a carcinogenic effect resulting from diesel
exhaust. These and other findings have led the International Association for Research on Cancer
(IARC) to classify diesel exhaust as carcinogenic to humans.” Additional factors do affect these
results. Not all diesel exhaust is the same. Emissions control systems can have a significant
effect on the composition of diesel exhaust.*® The worst offenders tend to be in industrial settings
and countries without emission control regulations. By contrast, modern diesel vehicles in areas
with more stringent emission controls show marked improvement.*” This suggests that the most
significant threat is posed for workers in certain industries, and individuals exposed to diesel
exhaust in areas without tight emission controls.

Since diesel exhaust is a complex mixture that can vary noticeably in its composition, the
question of what within diesel exhaust is responsible for its carcinogenicity becomes important.

. . 48
One suspected source is a class of compounds known as nitroarenes.



Nitroarenes

Nitroarenes are a class of related compounds that possess a polycyclic aromatic
hydrocarbon (PAH) group and a nitro group. Many nitroarenes have been identified as
components of diesel exhaust and are suspected contributors to its carcinogenicity.” Some of
these compounds are l-nitropyrene, 2-nitroflourene, 3-nitrobenzanthrone, 3-nitroflouranthene,
and 6-nitrochrysene, shown in Chart 3.* Nitroarenes also have been found to originate from
other sources, such as coal fly ash and cigarette smoke,” and have been identified as

contaminants in rain water, soil samples, and other environmental sources.”

‘O O\\N+O- O
_or \O O_

6-nitrochrysene [-nitropyrene  3-nitrobenzanthrone
0
,\"’+
o L%
N SO
o
2-nitrofluorene 3-nitrofluoranthene

Chart 3. Chemical structure of five species of nitroarenes found within diesel exhaust.

Within diesel exhaust, 1-nitropyrene (1-NP) has been identified as the most abundant
nitroarene present,” while 3-nitrobenzanthrone (3-NBA) is the most mutagenic nitroarene
identified thus far.”® Both of these compounds have been found to produce DNA adducts, and

result in major adducts on the C8 position of guanine (Chart 4). As with other nitroarenes, this
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reaction is believed to require enzymatic activation to electrophilic species.”’ This reaction
occurs as part of a two-phase process in which the compounds are first converted to an N-
hydroxy derivative followed by acetylation or sulfonation at the hydroxyl group.>® This results in
a good leaving group that, through hydrolysis, can produce reactive nitrenium ions.> In the case
of both 1-NP and 3-NBA, these nitrenium ions can react with guanine bases at the C8 position to
produce C8-guanine adducts; however, resonance of the nitrenium ion can alter the reactive
electrophile in ways that allow additional products to form.>* The types of products formed vary

based on the chemical structure of the nitroarene in question.

o]

OGO 0 O‘O o)
O~ ey U oy
N ] N ]

H /N N/)\NHZ H N N/)\NHZ
o, ,

C8-dG-AP C8-dG-ABA
Chart 4. Chemical structures of C8 guanine adducts formed by l-nitropyrene (1-NP) and 3-
nitrobenzanthrone (3-NBA). (Left) The aminopyrene adduct formed by 1-NP. (Right) The
aminobenzathrone adduct formed by 3-NBA.

55 1-NP mutations

1-NP, 3-NBA and other nitroarenes have been found to be mutagenic.
appear to be somewhat dependent on cell type. Certain studies have indicated that +1 or -1
frameshift mutations are most frequent.’® These mutations were commonly found at GC repeats
in which a GC pair was either added or removed. Another study examined multiple cell types

and found that G to T transversions were the most common mutation in all types but there were

variances in the extent to which they were favored. Furthermore, when the lesion was next to a

11



5-methylcytosine a significant increase in G to A transitions was observed.”” In the case of 3-
NBA, either G to T transversions or G to A transitions have been reported as the primary
mutations.” It appears that cell type and/or sequence context may play a role in determining the
mutational spectrum for these adducts.”® Investigation into the nitroarene class of compounds is
ongoing; however, current evidence has led the IARC to list a number of these compounds as

probable of possible human carcinogens.*’

Structural Determination of Biomolecules

Identifying the structure of biomolecules can provide crucial understanding of how they
function. Given the insight that can be gleaned from structural knowledge of biomolecules,
considerable effort has been put forth to examine and understand many biomolecules including
proteins, nucleic acids, carbohydrates, and other molecules. The small size of these molecules
makes this a challenging endeavor as traditional microscopy is not sufficient to examine these
molecules. A number of techniques have been established to aid in the identification of
molecular structure. While no single technique is capable of addressing all structure related
questions, up to this point two techniques have stood at the forefront as a result of their capacity
to provide atomic level resolution in a variety of systems. These are nuclear magnetic resonance

spectroscopy (NMR) and X-ray crystallography.

Nuclear Magnetic Resonance Spectroscopy (NMR)
The powerful technique of NMR has been heavily utilized to identify and understand
molecular structure for a wide variety of molecules. NMR has long been in use for the structural

characterization of small synthetic molecules. It is a standard technique utilized in many

12



chemical syntheses. As NMR technology has improved, it has grown in the span of its potential
applications and its use in the characterization of biomolecules is now prevalent.

The power of NMR lies in its capacity to collect data about atomic nuclei. Atomic nuclei
have spins that are subject to manipulation by magnetic fields. NMR subjects nuclei to strong
magnetic fields to align their spins to the Z-axis of the field indicated as Bo.”” The nuclear spins
can point in the direction of the magnetic field or opposite it. Nuclei pointing in the direction of
the field are labeled as +1/2 and possess a lower energy level compared to those aligned opposite
the field, designated as -1/2.” To obtain a signal, the NMR will excite nuclei with a radio
frequency (RF) pulse. This will alter the direction of the spins to a desired level, most commonly
90° to create a form of coherence between the +1/2 and -1/2 spin states. From this state the
nuclei are allowed to relax back to their equilibrium states resulting in a weak, but detectible RF
signal. This is recorded as a free induction decay, or FID.®® While the signal recorded is weak,
repeated acquisitions can be collected and averaged to obtain a more sensitive measurement.

The type of atomic nucleus can have a significant impact on the application of NMR.%
The protons and neutrons in the nucleus of an atom each possess a natural characteristic known
as nuclear spin. Spins can pair up and cancel each other out. Only atoms that possess a net spin
other than zero are NMR active. This phenomenon presents certain limitations for NMR. Most
elements have an isotope that is NMR active, however, the natural abundance of the isotope may
be relatively low. Hydrogen atoms are one of the primary types of atoms examined by NMR.
The 'H isotope is NMR active and has a natural abundance of 99.9%.%° This makes hydrogen an
ideal atom type to examine with NMR. On the other hand, the isotope of carbon that is NMR
active is °C. This isotope has a natural abundance of only 1.1%.% This means that nearly 99% of

the carbon in any sample does not produce a signal by NMR. While carbon is often examined by
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NMR, the sensitivity of the measurements is greatly decreased in comparison to hydrogen,
unless measures are taken to increase the abundance of *C. Because of the compatibility of
hydrogen with NMR and its presence it biomolecules, examination of hydrogen by NMR is
routine. Other elements, such as carbon and nitrogen, are commonly found in biomolecules.
Knowledge of these atoms can be critical in understanding the structural properties of a
biomolecule through NMR.' Therefore, examination of these types of atoms is also common by
NMR, though the issues with reduced sensitivity must be taken into account. As previously
mentioned, NMR is an inherently low sensitivity technique, and preforming repeated
acquisitions and averaging the signals can overcome this. When an NMR active isotope is in low
abundance, a greater number of acquisitions can be completed to increase the overall signal
recorded. In some cases the nuclei of interest can be enriched during sample preparation to
improve the sensitivity or measurements taken.®' In either case, the final signal obtained for the
element is improved.

Resonance frequency is another property that depends on the type of element being
examined by NMR.®' The resonance frequency of a given atom is dependent upon the type of
atom and the strength of the applied magnetic field. Atoms of the same element will display very
similar resonance frequencies while the resonance frequencies of different elements can vary
dramatically. For instance, in a magnetic field where hydrogen displays resonance at 500 MHz,
carbon will have resonance at approximately 125 MHz, and nitrogen at approximately 51 MHz."'

This is another factor that must be taken into account when performing an NMR experiment.

Biomolecular NMR. Biomolecular NMR is the use of NMR to study biomolecules, most
commonly proteins and nucleic acids. The use of NMR to examine biomolecules is a relatively

recent development in the history of NMR. Advancements in NMR technology and the advent of
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multidimensional NMR have allowed for many applications of NMR that were previously
impractical or even impossible.

As previously mentioned, atoms of the same element display very similar resonance
frequencies. The chemical environment of an atom can produce small shifts in the resonance
frequency for that specific atom, known as chemical shifts. In this way, atoms of a particular
element will be spread out among a small range in frequency producing a spectrum. As the
number of atoms for a specific element increase, the probability for overlapping and unresolved
signals also increases. Biomolecules are typically quite large compared to most synthetic
molecules and often result in NMR spectra that are highly overlapped and not well resolved.
Improved strength of the magnetic field can help address this issue as a stronger field increases
the separation of signals and improves resolution. Modern spectrometers can now exceed
magnetic field strengths of 1 GHz, which is a tremendous improvement over field strengths of 30
MHz found in instruments present in 1950. The development of multidimensional NMR
experiments has also been key in the application of NMR to biomolecules.®’ Transitioning from
one-dimensional to two-dimensional experiments can greatly improve the resolution of atomic
signals in an NMR spectrum and allow for assignment of a spectrum that could not be
accomplished in only one dimension.’’ These improvements have greatly benefited the field of
biomolecular NMR; however, limitations still exist in the size of systems that can be practically
examined. In general, the current size limit is around 40 kDa.

Two-dimensional NMR experiments fall into one of two categories: homonuclear, or
heteronuclear. Homonuclear experiments focus on observing a single atom type, most commonly
'H. Some examples of homonuclear experiments are correlation spectroscopy (COSY) or nuclear

Overhauser effect spectroscopy (NOESY). COSY is utilized to identify spins that are coupled to
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each other through covalent bonds.’' Each atom observed in a COSY experiment will display a
characteristic chemical shift. When two atoms are coupled to each other, they will produce a
cross-peak in the COSY spectrum. The cross-peak occurs in the spectrum at a location where the
characteristic chemical shift of one atom is matched to the X-axis and the characteristic chemical
shift of the other atom is matched to the Y-axis. This allows chemical shifts and through-bond
interactions to be identified. A NOESY experiment can be extremely valuable in determining
biomolecular structure. This is due to the fact that signals in a NOESY experiment result from
through-space interactions of atomic nuclei.®> Atomic nuclei experience dipolar interactions with
other nearby nuclei. NOESY experiments are designed to observe these interactions and can
provide data about relative distances between nuclei. The functional limit for measuring these
interactions is approximately 5 A. The spectrum of a NOESY experiment is similar to a COSY
experiment in that cross-peaks occur in the spectrum at a location where the characteristic
chemical shift of one atom is matched to the X-axis and the characteristic chemical shift of the
other atom is matched to the Y-axis. The relative intensities of cross-peaks in a NOESY
spectrum are related to the distance between atoms. Measuring the intensities of cross-peaks, and
comparing them to an interaction in the spectrum with a known distance, can allow for distance
determinations between atoms to be made. These distances can then be used to guide structural
elucidation of a biomolecule.

Heteronuclear experiments observe interactions between two different types of nuclei,
such as 'H and "C or 'H and N. An example of a common heteronuclear experiment is the
heteronuclear single-quantum correlation spectroscopy (HSQC) experiment. This experiment
detects through-bond correlations of two different nuclei separated by one bond.”> A HSQC will

provide cross-peaks in a spectrum that represent these correlations. Like the previous
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experiments mentioned, the location of the peak will match the chemical shift for one atom on
the X-axis and the other atom on the Y-axis. Heteronuclear experiments differ from homonuclear
experiments in that the two axes belong to two types of atoms and possess different scales, while
homonuclear spectra have matching axes.

Use of these experiments, or a combination of these experiments and other techniques,
can provide valuable structural information for many biomolecules. In many cases they have
allowed for the determination of a three-dimensional structure of a biomolecule. This is
accomplished through a series of computational refinements. Acquisition of NMR data is
typically performed in aqueous solution, which is believed to provide an environment that
resembles the environment that soluble biomolecules experience inside of cells. In addition,
information regarding dynamics of some biomolecules can be gained through NMR. This can
provide additional insight into changes in conformation of the biomolecules alone or in the
presence of other molecules such as small organic molecules. Thus, the structural information

garnered is valuable in understanding the biological context of many biomolecules.

X-ray Crystallography

No other technique has provided the same extent of information regarding biomolecular
structure as X-ray diffraction. X-ray diffraction was instrumental in identifying the now
canonical structure of DNA.’ In addition, it has been applied to identify the structure of proteins,
RNA, carbohydrates, viruses, and other important biomolecules. In 1914, Max von Laue was
awarded the Nobel Prize for the discovery that crystals could diffract X-rays.®* Some 50 years
later, James Watson and Francis Crick reported the structure of DNA using X-ray diffraction, for

which they were awarded a Nobel Prize in 1962. Fast forward to modern day and X-ray
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diffraction has contributed to work leading to many more Nobel Prizes, and a great many more
important scientific discoveries.®

X-rays are a form of electromagnetic radiation with a wavelength ranging from
approximately 0.1 A to 100 A. X-ray wavelengths used in crystallography are typically close to 1
A. Upon contact with a molecularly ordered crystal, X-rays have been found to scatter in a
pattern that correlates to the arrangement of atoms within the crystal. This is what is known as a
diffraction pattern (Figure 3). The scattering of X-rays is a result of interactions with the
electron clouds that surround atoms. Thus, the diffraction pattern is a function of the electron

1.° The diffraction pattern appears as a series of spots with

density as it occurs in a crysta
molecular information represented by the spacing and relative intensities of the spots. Spacing of
spots correlate with molecular size while intensities are dependent upon the arrangement of
molecules. Intensities are related to the phase difference and the amplitude of the diffracted
waves. Amplitudes can be calculated but phase determination is an underlying problem in

diffraction and presents an obstacle to solving crystal structures. This is known as the phase

problem.®

18



Figure 3. Example of a biomolecular X-ray diffraction pattern.

In relation to biomolecules, there are three common methods used to address the phase
problem. These are anomalous X-ray scattering (MAD/SAD), molecular replacement (MR), and
multiple isomorphous replacement (MIR). MAD and SAD are similar methods that are utilized
to solve the phase problem when other homologous structures are not available. With multi-
wavelength anomalous diffraction (MAD), data is collected for a crystal at a series of different
wavelengths.”” Dispersive differences can then be used to solve the phase problem. Single-
wavelength anomalous diffraction (SAD) focuses on a single wavelength to collect a single
dataset and is used when the stability of a crystal is a concern.”® Replacement of a molecular
atom in the crystal with a heavier atom, such as replacing sulfur with selenium, improves both of

these methods.
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MR is the simplest of these methods to utilize, however, it requires a homologous
structure to have been previously determined. The phase data from a previously determined
structure is applied to the current dataset to generate the electron density map. The molecule of
interest is then fit to the electron density map to solve the structure.”” An example of a molecule

fit to electron density is shown in Figure 4.

Figure 4. Molecular model fit to an electron density map produced through molecular
replacement. Electron density is shown as the blue mesh. Molecular structure is shown as the

ball and stick model within the blue mesh.

MIR requires the presence of a heavy atom within the crystal. Crystals can be grown in
the presence of the heavy atom or the crystal can be soaked with the heavy atom to introduce it
after the crystal has formed. The heavy atom will introduce differences in scattering

amplitudes.® This can allow the phase problem to be solved. This method requires data to be
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obtained from crystals with and without the heavy atom, and requires that the presence of the
heavy atom does not result in a change in crystal structure.

Additional parameters that can be determined from diffraction data include unit cell
dimensions, space group, and crystal system. A crystal’s unit cell has defined three-dimensional
lengths and angles. These are defined as lengths a, b, and c, and angles a, 8, and y. The unit cell
will have a characteristic shape which defines the crystal system. The relationship of these is
shown in Table 1. The symmetry of the diffraction pattern correlates to the space group. In the
case of biomolecules, which possess chirality, 65 space groups are possible. 230 space groups

are possible when chirality may or may not be present.

Table 1. Relationship of cell geometries to crystal systems and space groups.

Cell Geometry Crystal System Space Groups Possible

a=b=c; a, B, y =90° Cubic 36
a=b=c; a=B=y£90° Rhombohedral 25
a=b#c; a, B, y =90° Tetragonal 68
a=b#c; a, f=90° y = 120° Hexagonal 27
a#b#c; a,y = 90° B,#£90° Monoclinic 13
a#b#c; a=p=y#90° Orthorhombic 59
a#b#c; a£P#y Triclinic 2

To complete the crystal diffraction and subsequent structural determination, a crystal or
set of crystals must first be produced. To accomplish this, a highly purified sample of the protein

or biomolecule of interest must be obtained. This can be challenging and often requires multiple
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steps in expression and purification. Additionally, there are no set conditions in which all
biomolecules will form crystals. Often it is necessary to examine a large set of conditions to
identify the conditions that are conducive to crystal formation for a specific biomolecule. In
many cases this is the rate-limiting step in obtaining a crystal structure. Some parameters that can
be varied to identify crystallization conditions include solution pH, salt concentration and type of
salt present, protein or biomolecule concentration, temperature, addition of polyethylene glycols
(PEG), and others.”® The method utilized to form crystals is also important.

Modern crystallography frequently utilizes either the hanging drop or sitting drop
method. Schematics of these methods are shown in Figure 5. In both cases, droplets containing
the biomolecule of interest and other solution components are suspended above a reservoir
containing a more concentrated crystallization solution. Water will diffuse from the droplets to
the reservoir increasing the concentration of the biomolecule within the drop. As time
progresses, the concentration will continue to increase and favor nucleation of a crystal.
Resulting crystals can be identified under a microscope in a matter of days to weeks. Any
crystals formed need to be placed in cryoprotectant and flash-frozen in liquid nitrogen prior to
examination.

Not all crystals will diffract, however, high quality crystals subjected to a powerful X-ray
source, such as a synchrotron insertion beamline, are capable of providing resolution on the order
of 1 A. This is very high resolution data and is not obtained in most cases, though resolution in
the 2-3 A range is more common and generally is capable of providing an excellent structural
understanding of a biomolecule. One point of caution is that crystals do not mimic the natural
environment of biomolecules well, and in some instances artifacts have been identified. This

should be considered when evaluating the quality of a resultant crystal structure.
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Figure 5. Two related methods for growing single crystals of biomacromolecules. Schematic

depictions of the (A) hanging drop and (B) sitting drop vapor diffusion techniques.®’

Dissertation Statement

The goal of this project was to identify significant structural effects that result from the
C8-guanine-aminobenzanthrone (C8-dG-ABA) DNA adduct. It was of interest to examine the
impact of C8-dG-ABA on a typical B-type DNA duplex. It was expected that the bulky nature of
this adduct could significantly disrupt the normal duplex, and that intercalation of the adduct was
likely due to similarities in structure to other bulky C8-guanine adducts. It was also of interest to
investigate the conformation of C8-dG-ABA in complex with a DNA polymerase. Of the
potential polymerases to examine, polymerase eta (Pol 1) was selected due to the previously

reported capacity of Pol i) to bypass the adduct in both an error-free and mutagenic fashion.
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Chapter II reports the NMR solution structure of the C8-dG-ABA duplex and includes
relevant materials and methods. Chapter III reports the crystal structure of C8-dG-ABA in
complex with Pol n in the error-free insertion state. Relevant materials and methods are also
included. Chapter IV discusses the relationship between the reported structures and proposes

avenues for future study.
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Chapter II*

Base-Displaced Intercalated Structure of the

N-(2’-Deoxyguanosin-8-yl)-3-aminobenzanthrone DNA Adduct’

Introduction
The nitroarene 3-nitrobenzanthrone (3-NBA, 3-nitro-7H-benz[de]anthracen-7-one)

70b, 71

(Chart 5), a byproduct of incomplete combustion,”’ is found in diesel exhaust and as an

. . 0 2
environmental contammant.7 a7

It has one of the highest reported levels of mutagenesis in the
Ames assay.”” 3-NBA is approximately three orders of magnitude more mutagenic than the
polycyclic aromatic hydrocarbon benzo[a]pyrene (B[a]P)™* or the most abundant nitroarene
found in diesel exhaust, 1-nitropyrene”” (1-NP). 3-NBA causes DNA damage’® and has exhibited
mutagenicity in mammalian cells as well.”*> 76477 1 produces micronuclei in human B-
lymphoblastoid cells,”® human hepatoma cell lines,” and mouse peripheral blood reticulocytes.*
Furthermore, cells exposed to 3-NBA possess increased levels of reactive oxygen species.®’
Human exposure to 3-NBA has been documented through identification of metabolites in
urine.” These and other findings have led the International Agency for Research on Cancer

(IARC) to classify 3-NBA as a class 2B (possibly carcinogenic to humans) chemical and whole

. . . 83
diesel exhaust as a class 1 compound (carcinogenic to humans).

t Reproduced with permission from Politica, D. A.; Malik, C. K.; Basu, A. K.; Stone, M. P., Base-Displaced
Intercalated Structure of the N-(2'-Deoxyguanosin-8-yl)-3-aminobenzanthrone DNA Adduct. Chemical Research in
Toxicology 2015, 28 (12), 2253-2266. Copyright 2015 American Chemical Society. Available online at
http://pubs.acs.org/doi/abs/10.1021/acs.chemrestox.5b00277
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Chart 5. A. Chemical structure of the C8-dG-ABA adduct including numbering scheme of the

adduct protons for NMR. B. The oligodeoxynucleotide sequence used in this work, showing

numbering of the individual nucleotides.

3-NBA undergoes enzymatic nitroreduction to 3-aminobenzanthrone (3-ABA) in vivo.™
% Activated intermediates of this conversion include the nitrenium ion, the proximate mutagenic
species. This ion exists as a hybrid of two resonance structures, which can alkylate DNA at either
the exocyclic nitrogen or the C2-position of the benzanthrone ring (Chart 6).”'* *** Three DNA
adducts have been identified. The major alkylation product, N-(deoxyguanosin-8-yl)-3-
aminobenzanthrone (C8-dG-ABA), forms at the C8 position of guanine. In addition, alkylation
may occur at the N°-dG position and the N°-dA position, to form 2-(deoxyguanosin-N>-yl)-3-
aminobenzanthrone (N°-dG-ABA) and 2-(deoxyadenosin-N°-yl)-3-aminobenzanthrone (N°-dA-

ABA), respectively (Chart 7)."%" %
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Chart 6. Activation of 3-NBA into reactive electrophiles. Phase I activation occurs through
nitroreduction. Phase II activation can occur through acetylation or sulfonation of the hydroxyl

group (acetylation shown). Final activation occurs through solvolysis to form a nitrenium ion.

The three adducts are repaired with differing efficiencies by the nucleotide excision
repair (NER) proteins.76d In cultured human cells, the N’-dG-ABA adduct is the least efficiently
repaired while the C8-dG-ABA and N°-dA-ABA adducts are repaired with approximately 3.5
and 4.5 times greater efficiencies, respectively.”®® If not repaired, each of these three adducts

blocks replicative DNA polymerases but is bypassed to different degrees by Y-family
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polymerases during translesion synthesis (TLS).”*"* The C8-dG-ABA adduct presents the most
significant block to TLS, allowing only 17% bypass, as compared to 33% for the N°-dG-ABA
adduct and 43% for the N°-dA-ABA adduct after a 72 h incubation period.”*® Bypass of these

adducts during TLS is mutagenic.”®® 77¢ 88

Depending on the type of assay, both G to T
transversions’® and G to A transitions'* have been reported as the primary mutations in
mammalian cells. The types of cells, the DNA sequence context, and whether the adducts are

situated in a normal duplex or a bubble region are factors thought to modulate the mutagenic

spectra of these adducts.”’
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N-(2'-Deoxyguanosin-8-yl)-3- 2-(2'-Deoxyguanosin-N2-yl)-3-  2-(2'-Deoxyadenosin-N6-yl)-3-
aminobenzanthrone Adduct aminobenzanthrone Adduct aminobenzanthrone Adduct

Chart 7. Reaction of the electrophilic nitrenium ion of 3-NBA with DNA to form three DNA
aminobenzanthrone adducts. These occur at the C8 position of guanine, or the N* position of

guanine and the N’ position of adenine to produce the three adducts shown.
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The conformations of the N>-dG-ABA, C8-dG-ABA, and N°-dA-ABA adducts have been
of interest; it has been anticipated that differences in their conformations and thermodynamic
properties in DNA might correlate with differences in their biological processing, both with
respect to DNA repair and translesion replication. Lukin et al.® reported the site-specific
synthesis of the N-dG-ABA adduct and its conformation in an oligodeoxynucleotide duplex.
They showed that the 3-ABA moiety resided in the minor groove and was oriented toward the
5-end of the modified strand. Of note, the N>~dG-ABA adduct increased the thermal melting
temperature (7,,) of the duplex, which, in principle, is consistent with its slower repair and its

760 The observation that the C8-dG-ABA adduct is repaired with greater

persistence in vivo.
efficiency by NER* suggested that it might instead decrease the Ti, of an oligodeoxynucleotide
duplex. Indeed, like other bulky C8-dG arylamine adducts, such as those formed by aminopyrene
(AP),”  N-acetyl-aminofluorene (AAF),”' aminofluorene (AF),”> 2-amino-1-methyl-6-
phenylimidazo [4,5-b] pyridine (PhIP),” and 2-amino-3-methylimidazo [4,5-f] quinoline (IQ),”
it seemed conceivable that the C8-dG-ABA adduct might be oriented in either a base-displaced
intercalated or minor groove external conformation in this sequence context. Previous reports
indicated that these bulky C8-dG adducts tended to adopt one of these conformations when
placed in sequence between two pyrimidine nucleotides.”

We report here our findings for the three-dimensional structure and conformation of the
C8-dG-ABA adduct in DNA. We examined conformational perturbations induced by this DNA
adduct in the dodecamer 5'-d(GTGCXTGTTTGT)-3":5'-d(ACAAACACGCAC)-3"; X = C8-dG-
ABA adduct. This sequence includes codons 272-275 of p53 gene, in which 3-NBA-induced G

to T mutations have been reported.”® We employed NMR spectroscopy to elucidate the effect of

the C8-dG-ABA adduct on the conformation of this duplex. We also employed UV/vis
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spectroscopy to investigate its effect on the duplex melting temperature (71,). We show that in

this sequence context the C8-dG-ABA adduct forms a base-displaced intercalated conformation.

Materials and Methods

Sample Synthesis and Characterization

The synthesis and purification of the C8-dG-ABA modified oligodeoxynucleotide 5'-
d(GTGCXTGTTTGT)-3", X = C8-dG-ABA, was performed as previously reported.”’® The
unmodified single strand oligodeoxynucleotides 5'-d(GTGCGTGTTTGT)-3" and 5'-
d(ACAACACGCAC)-3" were obtained from the Midland Certified Reagent Co. (Midland, TX).
Their purity was verified with capillary gel electrophoresis and reverse-phase HPLC
(Phenomenex Gemini C-18 250 x 10 mm column) utilizing a gradient of acetonitrile in a mobile
phase containing 0.1 M ammonium formate (pH 7). In all cases, following a 5 min equilibration
period with 5% acetonitrile, a gradient from 5% to 16% acetonitrile was employed over 30 min.
The flow rate was 2.0 mL min™'. Samples were purified by HPLC under the same conditions.
The samples were deemed to be > 99% pure following this procedure. Purified oligomers were
desalted by passing over G-25 Sephadex. They were dried by evaporation using a centrivap
apparatus (Labconco, Kansas City, MO). Oligodeoxynucleotide concentrations were determined
by absorbance spectroscopy measurements at 260 nm. The calculated extinction coefficients”
were 1.09 x 10° L mol” e¢m™ for the modified strand and 1.21 x 10° L mol' cm™ for the
complementary strand. The calculated extinction coefficient of the modified strand was not
corrected for the presence of the ABA adduct. The modified and unmodified

oligodeoxynucleotides were each annealed with the complementary strand in 10 mM NaH,POs,
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100 mM NacCl, and 50 uM Na,EDTA (pH 7). The samples were heated to 85 °C for 10 min and
then cooled to room temperature to form either the unmodified DNA duplex or the duplex
containing the C8-dG-ABA adduct. To establish the precise 1:1 strand stoichiometry, the duplex
samples were subjected to DNA grade hydroxyapatite chromatography.”® A gradient from 10
mM to 100 mM NaH,PO4 (pH 7) over 120 min was employed. The final strand stoichiometry

was verified both by capillary gel electrophoresis and HPLC chromatography.

Mass Spectrometry

Single strand oligodeoxynucleotides were characterized using a Voyager MALDI-TOF
spectrometer (Applied Biosystems, Grand Island, NY). A matrix consisting of 3-
hydroxypicolinic acid in ammonium hydrogen citrate was used. Mass spectra were recorded in
the negative ion mode and recorded to + 1 m/z. Mass spectrometry of the duplex containing the
C8-dG-ABA adduct was performed using a SYNAPT LC-TOF mass spectrometer (Waters Corp,
Milford, MA). UHPLC was performed using an Acquity UPLC BEH C18 2.1 x 50 mm column
(Waters Corp) with a gradient from 5% to 15% acetonitrile in 0.1 M ammonium acetate (pH 7)
over 15 min. The data collection window was set to observe masses between 300-2000 m/z in the

negative ion mode.

DNA Melting Temperatures

Melting temperature determinations for the modified and unmodified duplexes were
obtained using a Cary UV/vis spectrometer (Varian Associates, Palo Alto, CA). The sample
absorbance was monitored at 260 nm. The sample concentrations were 2 pM in 10 mM

NaH,POy4, 100 mM NacCl, and 50 uM Na,EDTA (pH 7). The thermal scan was performed from 5
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°C to 85 °C in 1 °C min™' increments. T}, values were determined using the first derivatives of the

experimentally obtained absorbance vs. temperature plots.

NMR Spectroscopy

The duplexes were prepared in 10 mM NaH,PO4, 100 mM NacCl, and 50 uM Na,EDTA
(pH 7), in volumes of 180 pL or 500 pL, utilized in either 3 mm or 5 mm NMR tubes,
respectively. For experiments to examine non-labile protons samples were prepared in 99.996%
D,0O. Examination of labile protons was performed in 9:1 H,O:D,0O. Water suppression was
accomplished using the Watergate pulse program.”’ All spectra were processed using the
TOPSPIN software package (Bruker Biospin Inc., Billerica, MA) and further analyzed using
TOPSPIN and SPARKY?® software. Spectra were referenced to the chemical shift of the water
resonance at the corresponding temperature, with respect to trimethylsilyl propanoic acid (TSP).

Unmodified Duplex. Spectra were recorded at 1 mM concentration. NOESY” and COSY

experiments in D,O were performed on a 900 MHz spectrometer (Bruker Biospin, Inc., Billerica,
MA) at 15 °C with 2048 real data points in the t, dimension and 512 real data points in the t;
dimension. The NOESY spectrum was obtained using a mixing time of 250 ms. The NOESY
and COSY spectra were zero-filled during processing to obtain final matrices of 2048 x 1024
data points.

C8-dG-ABA Duplex. NOESY and magnitude COSY spectra were obtained at 900 MHz

at a sample concentration of 350 uM in 500 pL. The temperature was 25 °C. NOESY and COSY
spectra were completed with 2048 real data points in the t, dimension and 512 real data points in
the t; dimension. The NOESY spectra were obtained using mixing times of 80, 150, 200, and

250 ms. All spectra were zero-filled during processing to obtain final matrices of 2048 x 1024

32



data points. The NOESY spectra in 9:1 H,O:D,0 were obtained on Bruker 800 MHz and Bruker
900 MHz spectrometers at 5 °C and 15 °C respectively. The mixing time was 250 ms. The
spectra were obtained with 2048 real data points in the t; dimension and 512 real data points in
the t; dimension and then zero-filled during processing to obtain a matrix of 2048 x 1024 data
points. Additional NOESY and magnitude COSY spectra were performed at 900 MHz at a
concentration of 520 uM in 180 pL. The temperature was 15 °C. Other experimental conditions

and spectra processing were the same as those used at 25 °C.

NMR Distance Restraints

The program SPARKY”® was utilized to determine volume integrations of NOESY cross-
peaks from 15 °C and 25 °C spectra with 250 ms mixing times. These integrations were also
performed using 150 ms mixing time spectra. The intrinsic error of integrations was assigned as
half of the volume of the lowest intensity cross-peaks. The confidence levels of the integrations
were divided into five categories based on peak shape, peak intensity, degree of overlap, and
proximity to the water resonance. A 10% error value was assigned to well-resolved and non-
overlapping cross-peaks. Strong but slightly broadened or overlapped cross-peaks or peaks with
moderate S/N were given a 20% error value. A 30% error value was assigned to strong but
medially broadened or overlapped cross-peaks. Cross-peaks with weak S/N or slightly
overlapped cross-peaks with moderate S/N were assigned a 40% error value. A 50% error value
was assigned to cross-peaks near the diagonal or water suppression, highly broadened or
overlapped cross-peaks, and cross-peaks with moderate S/N and medial overlap or broadening.
100

Integration values of NOEs with assigned errors were used to generate distance restraints.

Square potential energy wells corresponding to the upper and lower bounds of interproton
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distance vectors calculated by the program MARDIGRAS'' were utilized. Additional distance
restraints were generated using Watson-Crick hydrogen bonding distances for base pairs, but
excluding the X°:C*° base pair. Ten anti-distance restraints,'* characterized by square potential
energy wells maintaining inter-proton distances from a lower bound of 5 A to an upper bound of

10 A, were used.

Restrained Molecular Dynamics Calculations

Distance restraints, obtained as described above, were used in restrained molecular
dynamics (rMD) calculations. Deoxyribose pseudorotation and phosphodiester backbone
restraints derived from canonical B-DNA values were included in rMD calculations.'”
Pseudorotation restraints were not included for bases C*, X°, T°, A", and C* as NMR data
indicated perturbations for deoxyribose protons associated with these bases that may be
associated with alternative deoxyribose puckers. Perturbations included changes in chemical
shifts and/or peak volume integrations when compared to the unmodified duplex. Additionally,
pseudorotation restraints were not included for terminal and penultimate nucleotides (T'2, A",
C'", C*). The complete list of pseudorotation restraints that were utilized is provided in Table
A1l of the appendix. Backbone torsion angle restraints for nucleotides Tz, G3, G7, T8, Tg, Tlo, G“,
c AP A AT "™ C*, and AP were assigned potential energy well windows of £30°.
Nucleotides C*, T®, A", and G*!, which neighbored the X°:C? base pair, were assigned potential
energy well windows of £60°. No backbone torsion angle restraints were used for the terminal
and penultimate nucleotides G', T", A", C*, the modified base X°, or its complementary base
C*. The backbone torsion angle restraints were centered at the B-DNA backbone torsion angles

a=-60° B =180°% v =60° € = 195° and { = -105°. These were assigned potential energy wells
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as described above. The partial charges and bond lengths for the C8-dG-ABA adduct were
calculated using the B3LYP/6-31G* basis set in the program GAUSSIAN,'* and are provided in
Figure A1l of the Appendix. The structure of the modified duplex used to initiate the rMD
calculations was generated in PDB format using the program MOE.'” At the modified
nucleotide X’ the C8-dG-ABA moiety was built manually and added to an unmodified duplex.
The C8-dG-ABA moiety was manually positioned to intercalate in the duplex. The face of the
ABA moiety containing the ABA H4, HS5, H6 protons was positioned to face the minor groove
and the bay area of the ABA moiety containing the H2, H1, H11, H10 protons was positioned to
face the major groove. At nucleotide X°, the glycosidic bond was placed into the syn
conformation. The complementary base C*° was displaced from the duplex into the major

106

groove. The resulting structure was further modified using the program xLEaP ™ to include

values for partial charges and bond lengths of the ABA moiety as obtained from GAUSSIAN.
The .top and .inp files were then generated in xLEaP for use in the program AMBER.'"’

The rMD calculations were performed using a simulated annealing protocol in the
program AMBER'" using the parm99 force field.'”® All restraints had applied force constants of
32 keal mol ' A, The generalized Born model was used for solvation.'” The salt concentration
was set at 0.1 M. Initial calculations were performed for 20 ps over 20,000 steps. The system
was heated from 0 to 600 K for the first 1,000 steps with a 0.5 ps coupling. This was followed by
1,000 steps at 600 K then 16,000 steps of cooling to 100 K with 4 ps coupling. Cooling to 0 K
was completed during the final 2,000 steps with 1 ps coupling. Final calculations were performed
over 100,000 steps for 100 ps. The system was heated from 0 to 600 K for the first 5,000 steps

with a 0.5 ps coupling. This was followed by 5,000 steps at 600 K then 80,000 steps of cooling

to 100 K with 4 ps coupling. Cooling to 0 K was completed during the final 10,000 steps with 1
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ps coupling. Structure coordinates were saved after each cycle. NOE generated distances were
compared to intensities calculated from emergent structures using complete relaxation matrix

analysis' "

(CORMA). The ten structures with the lowest deviations from experimental distance
restraints were used to generate an average refined structure. This structure was then subjected to
energy minimization. A second set of calculations was completed in a similar manner without
the use of the anti-distance restraints. These calculations were performed to check that the
utilization of anti-distance restraints did not alter the course of the rMD calculations. For
constant temperature rMD calculations, the X° base was placed manually into the anti

105 This structure was then

conformation about the glycosidic bond using the program MOE.
energy minimized. All restraints used in the constant temperature rMD calculations remained the
same as those used for the simulated annealing rMD calculations, as did the applied force
constants of 32 kcal mol™ A, The emergent structures were evaluated as to sixth root residuals

10 -
100¢, 110 417 the same

(R¥)) between the calculated NOE volumes and experimental NOE volumes
manner as was calculated for the average refined structure emergent from the simulated

annealing rtMD calculations, using the program CORMA.

Data Deposition

The structure factors and coordinates have been deposited in the Protein Data Bank and
Biological Magnetic Resonance Bank (www.rcsb.org). The RCSB ID code for the duplex
containing the C8-dG-ABA adduct is rcsb104415. The PDB ID code is 2n4m. The BMRB Id

code is 25672.
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Results

Characterization

Mass spectrometry of the single strand oligodeoxynucleotides confirmed the expected
masses. The expected masses were 3941.5 g mol™ for the modified strand, 3698.5 g mol™ for
the unmodified primary strand, and 3592.4 g mol”' for the complementary strand, and the masses

were recorded at 3942.1 g mol”', 3697.4 g mol™, and 3591.2 g mol”', respectively.

DNA Melting Temperature
The melting temperature (7},) for the C8-dG-ABA duplex was 44 °C. Compared to the
measured melting point of 55 °C for the unmodified duplex, this represented a decrease in 7j, of

11 °C.

NMR Spectroscopy

DNA non-Exchangeable Protons. The base aromatic and deoxyribose anomeric protons

were assigned using established procedures (Figure 6).""' For the modified strand (Figure 6A),
the modified base X" is alkylated at the C8 position of the guanine imidazole ring, and hence,
there is no X° H8 proton. Consequently, the sequential pattern of NOE connectivity between the
deoxyribose H1' protons and base aromatic protons was terminated. Additionally, the NOE
between C* H6 and C* HI' was weak. The sequential pattern of NOE connectivity was re-
initiated at the NOE between X° H1' and T® H6, which was also weak. The corresponding
sequential pattern of NOE connectivity in the complementary strand (Figure 6B) was also

interrupted. There was no NOE observed between A" H8 and C** H1'. The C'® H1' to A" H8
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NOE was weak. This indicated a perturbation in the complementary strand opposite the modified
base X°. At 25 °C the T® H6 resonance was overlapped with the G*' H8 resonance but at 15 °C
these two resonances could be resolved (Figure A2 in the Appendix). This allowed for the
unequivocal identification of the NOEs associated with these two protons, including the NOE
between X° H1' and T® H6. The adenine H2 protons were assigned based upon NOEs to the
thymine imino protons of the respective A:T base pairs and cross-peaks to their respective H1”
protons. The remaining deoxyribose protons were assigned from a combination of NOESY and
COSY data. The assignments of the non-exchangeable DNA protons for the C8-dG-ABA
modified duplex and the corresponding unmodified duplex are summarized in Tables A2 and
A3 of the appendix.

DNA Exchangeable Protons. The imino and amino proton resonance regions of the

NOESY spectrum are shown in Figure 7. The imino proton resonances were identified for all
base pairs except for the terminal base pairs G':C** and T'*:A", and modified base pair X:C*.
The inability to assign the imino proton resonances of the terminal base pairs was attributed to
their rapid exchange with water; two broad and unassignable resonances were observed in the
imino proton region of the spectrum between 12.6 and 12.9 ppm, which may correspond to the
imino protons of the terminal G':C** and T'*A" base pairs. The anticipated NOEs between
guanine N1H imino and cytosine N'H amino protons were observed for each of the remaining
C:G base pairs. The anticipated NOEs between thymine N3H imino and adenine H2 protons
were observed for each of the A:T base pairs, with the exception of the terminal base pair
T'%:A". The T® N3H imino resonance was broad, and its NOE to A"’ H2 was weak as compared
to the other NOEs between thymine N3H imino protons and adenine H2 protons. The chemical

shift assignments for the exchangeable DNA protons of the C8-dG-ABA modified duplex are
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provided in Table A4 of the Appendix with corresponding chemical shifts for the unmodified

duplex shown in Table AS of the Appendix.
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Figure 6. Expanded plot of a NOESY spectrum of the C8-dG-ABA modified duplex, showing
the sequential NOE connectivity between aromatic H8/H6 protons and deoxyribose H1' protons.
A. The modified strand, showing bases G' through T'?. The NOE connectivity is broken at the
C* H1’-H6 cross peak and reinitiates at the X° H1” - T° H6 cross peak since the modified X’ base
does not have an H8 proton. B. The complementary strand connectivity showing assignments for
bases A" through C**. The connectivity is broken at the A" HI'—A"" H8 NOE and reinitiates at
the C*° H1’—C* H6 NOE; no NOE cross peak is observed between A' H1" and C*° H6. The

900 MHz spectrum was acquired at 25 °C using a 250 ms mixing time.
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Figure 7. Expanded plots of the imino and amino regions of a NOESY spectrum of the C8-dG-
ABA modified duplex. Left Panel: The imino proton region of the spectrum, showing NOEs
between guanine N1H and thymine N3H imino protons. The broadening of the T° N3H imino
proton resonance is evident, Right Panel: NOEs between the guanine N1H and cytosine N*H
amino protons and between thymine N3H and adenine H2 protons. The NOEs are assigned as
follows: al, G*' NIH — C* N'Hy; a2, G*' NIH — C* N*H,; bl, G' N1H — C'"® N'Hy; b2, G’
NIH — C"® N'H,; c1, G’ N1H — C* N'Hp; 2, G NIH —C* N'H,; d1, G'' N1H — C'"* N'Hy;
d2, G''NIH — C" N'H,; el, T° N3H — A" H2; f1, T N3H — A* H2; gl, T N3H — A"
H2; hl, T N3H — A" H2; il, T N3H — A'® H2. Note that cross-peak el, arising from base
pair T>:A", the 3'-neighbor with respect to the modified base pair X:C*, is weaker than the
cross peaks fl, g1, hl, and il. The 900 MHz spectrum was acquired at 15 °C using a 250 ms

mixing time.
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Figure 8. Expanded plots of regions of the NOESY spectrum of the C8-dG-ABA modified
duplex, showing NOEs associated with the ABA cross-peaks (Chart 1). The boxed cross-peaks
represent cross-peaks that are simultaneously observed in COSY spectra. In all cases, the cross-
peaks are labeled to indicate proton resonances associated with the vertical (t1) axis first and
proton resonances associated with the horizontal (t2) axis second. The 900 MHz spectrum was

acquired at 15 ° C using a 250 ms mixing time.

Adduct Protons. The ABA moiety of the C8-dG-ABA adduct exhibits three distinct 1H

spin systems, consisting of the H1 and H2 protons, the H4, HS, and H6 protons, and the H8, HO,
H10, and H11 protons (Chart 5). The COSY spectrum was consistent with the presence of these
three spin systems (Figure 8). Six COSY cross peaks were identified. The chemical shifts at 15
°C of the ABA HI1 and H2 proton resonances were identified at 8.04 ppm and 8.25 ppm on the
basis of a strong COSY cross-peak. The ABA H4, HS5, and H6 resonances were identified in the

COSY spectrum at 7.95 ppm, 7.61 ppm, and 8.26 ppm, respectively. Strong scalar couplings
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were observed between the adjacent protons H4 and HS, and H5 and H6; a weaker scalar
coupling was observed between H4 and H6. A comparison of NOESY and COSY data allowed
for identification of the ABA HS, H9, H10, and H11 protons. In the NOESY data an NOE was
observed between the H1 proton and the H11 proton, allowing H11 to be assigned at 7.78 ppm.
With this assignment in hand, H8, H9, H10 could be assigned from the COSY spectrum, at 7.42
ppm, 6.64 ppm, 7.20 ppm, respectively. The assignments of the ABA H4 and H6 resonances
were corroborated by NOEs between H4 and H6 and deoxyribose protons of the modified base
as shown in Figure 9. The assignments of the C8-dG-ABA adduct protons are provided in Table
A6 of the Appendix. The ABA H4 proton displayed multiple NOEs with the deoxyribose protons
of nucleotide X, indicating that it was closer in space to the deoxyribose as compared to the
ABA H6 proton, which displayed only a single NOE to the complementary strand. A total of 25
NOEs between adduct protons and deoxyribose and base protons for both the modified and
complementary strands were identified (Figure 9). Of these, ABA protons H2, H4, and H5
showed nine interactions with the modified strand and ABA protons H6, H8, H9, and H10
showed sixteen interactions with the complementary strand. No NOEs to either the modified or
complementary strand of the duplex were observed for either ABA protons H1 or H11. A
resonance was observed at 9.24 ppm in the H,O spectrum of the modified duplex. This may
represent the ABA 3-NH proton present at the point of attachment between the adduct and the
C8 of the modified base. However, the assignment remained equivocal because no NOEs were
observed for this proton. This was attributed to the rapid exchange of the ABA 3-NH proton with

solvent.
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Figure 9. Expanded plots of a NOESY spectrum of the C8-dG-ABA modified duplex showing
NOEs between adduct protons (Chart 1) and base and deoxyribose protons. The ABA H2, H4,
and H5 protons presented NOEs to protons of the modified stand of the duplex. The ABA HS,
H9, and H10 protons presented NOEs to the complementary strand of the duplex. The ABA HI
and H11 protons displayed no NOEs with either strand of the duplex. The cross-peaks are
assigned as follows: ABA H6: a — G*' H1"; b, ABA H2 — T° CHs; ¢ ABA H2 — C* H5; ABA
H4:d — T°CH3, e - X’ H2"”', f — X’ H4', g — T° H1’, h — X’ H1’; ABA H5: i — T° H1', ]
— X’ H1’; ABAH8: k - A” H2”,1 = A” H2’, m — A" H1", n — C*° H6; ABA H10: 0 —
AYH2",p—>AYH2,q—A"HI; ABAH9: r - A" H2",s = AP H2", t = C** H5",u —
C*H5",v—>C*H4, w— A" H3" x = A” Hl', y = A" H8. The 900 MHz spectrum was

acquired at 15 © C using a 250 ms mixing time.
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Unmodified Duplex. The NMR data from the unmodified duplex was unremarkable, and

the spectra of the unmodified duplex were fully assignable. The NOESY spectrum displayed two
separate sets of continuous connectivity in the H6/HS to H1' section of the spectrum which could
be assigned to the primary and complementary strands of the DNA duplex (Figure A3 in the
Appendix). The complete assignment of the spectrum did not reveal significant chemical shift

perturbations, indicating a duplex conformation in the B-DNA''* family.

Chemical Shift Perturbations

Chemical shift perturbations observed in the NMR spectra for the adducted nucleotide
and surrounding nucleotides of the modified duplex as compared to the unmodified spectra are
shown in Figure 10. Significant chemical shift perturbations were observed in the region of the
adducted nucleotide, particularly for nucleotides C*, X°, and T® and A" and C*°. The C*
nucleotide exhibited upfield changes in chemical shifts for the H6, H1’, H2", H2"’", and H3’
protons of 0.33, 0.09, 1.23, 0.36, and 0.60 ppm, respectively. The X° H8 proton is replaced by
the adduct but the H1', H2", H2"’, and H3" deoxyribose protons exhibited changes in shifts of
0.06 ppm upfield, 0.87 ppm downfield, 0.12 ppm upfield, and 0.13 ppm downfield, respectively.
The T° protons displayed downfield changes in chemical shifts of 0.27, 0.10, and 0.03 ppm for
the H6, H2’, and H3" protons and upfield shift changes of 0.26 and 0.05 ppm for the H1’, and
H2"" protons, respectively. For bases in the complementary strand, the A" nucleotide protons
displayed upfield changes in chemical shift of 0.84 ppm for H8, 0.30 ppm for H1", 0.52 ppm for
H2’, 0.50 ppm for H2"’, and 0.08 ppm for H3". The C** nucleotide protons exhibited downfield
changes in chemical shift of 0.89, 1.05, 0.50, 0.28, and 0.28 ppm, for protons H6, H1’, H2",

H2"’, and H3’, respectively. The G*' nucleotide protons displayed upfield changes in chemical
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shift for the H8, H1’, H2", H2"", and H3" protons of 0.49, 0.28, 0.23, 0.22, and 0.40 ppm
respectively. Nucleotides distal to the adducted nucleotide displayed minimal chemical shift
perturbations, predominantly less than 0.1 ppm, suggesting that these regions maintained a
conformation similar to the unmodified duplex. Exceptions to this were the C'® He, H1', H2',
and H2"" protons, which exhibited upfield changes in shifts of 0.19, 0.16, 0.31, and 0.30 ppm,

respectively, and A'”H2"’, which exhibited an upfield change in chemical shift of 0.12 ppm.

Structural Refinement

A total of 320 NOE derived distance restraints were obtained from analyses of NOESY
spectra for non-exchangeable protons collected at 15 °C or 25 °C (Table A7 in the Appendix).
These included 125 internucleotide restraints, 171 intranucleotide restraints, and 24 adduct
restraints. Additionally, proximal to the lesion site, 10 anti-distance restraints (Table A8 in the
Appendix), placing a lower bound of 5 A and an upper bound of 10 A upon interproton
distances, were employed. These were utilized in instances in which specific NOEs were not
observed in the spectra. In such instances it was concluded that the failure to observe an NOE
indicated that the protons in question were a minimum of 5 A apart. Additional restraints
included 90 backbone torsion angles, 42 hydrogen bond restraints, and 75 deoxyribose
pseudorotation restraints, for a total of 537 restraints (Table 2). The latter were included as
empirical restraints based on canonical B-DNA,'”® which was consistent with NMR data.

A series of restrained molecular dynamics (rMD) calculations employing a simulated
annealing protocol yielded ten emergent structures, from which an average structure was
calculated. An overlay of the ten emergent structures and the final average and minimized

structure indicated excellent convergence, and is shown in Figure 11. The ten emergent
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structures had a maximum RMS pairwise difference of 0.59 A and the average structure had a
maximum RMS pairwise difference of 0.40 A, as compared to the ten individual structures. This
indicated that there were sufficient experimental restraints to allow the rMD calculations to

define a well-converged structure. The refinement statistics are shown in Table 2.
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Figure 10. Changes in chemical shifts for the protons of the ABA modified and surrounding
nucleotides of the C8-dG-ABA modified duplex as compared to the unmodified duplex. Top
Panel: Nucleotides of the modified strand, showing nucleotides C* through T®. Bottom Panel:
Nucleotides of the complementary strand showing nucleotides A' through G*'. The base
aromatic H6 or HS protons are shown in white. The deoxyribose H1" protons are shown in dots,
the H2" protons are shown in diagonal lines, the H2"" protons are shown in horizontal lines, and
the H3" protons are shown in gray. The Ad (ppm) values are calculated as Sunmodified duplex- Omodificd
duplex- Positive values of Ad represent upfield shifts and negative values of Ad represent downfield

shifts, with respect to the unmodified duplex.
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Table 2. NMR restraints used for the C8-dG-ABA structure calculations and refinement

statistics.
NOE restraints
Internucleotide 125
Intranucleotide 171
C8-dG-ABA Adduct 24
Anti-distance restraints® 10
Total 330
Backbone torsion angle restraints 90
Hydrogen bonding restraints 42
Deoxyribose pseudorotaton restraints 75
Total number of restraints 537

Refinement statistics

Number of distance restraint violations 64
Number of torsion restraint violations 10

Total distance penalty/maximum penalty (kcal/mol) 5.0/0.296
Total torsion penalty/maximum penalty (kcal/mol) 0.39/0.118
r.m.s. distances (A) 0.013
r.m.s. angles (°) 2.3
Distance restraint force field (kcal/mol/;\z) 32
Torsion restraint force field (kcal/mol/deg?) 32

47



Figure 11. Overlay of ten lowest energy violation structures resulting from rMD calculations of
the C8-dG-ABA modified duplex carried out using a simulated annealing protocol and using

NOE generated distance restraints. The view is looking into the major groove.

The average structure emergent from the rMD calculations was evaluated as to its
accuracy by complete relaxation matrix analysis carried out using the program CORMA'*®
(Figure 12 & Table 3). Most individual internucleotide and intranucleotide sixth root residual
R*, values were less than 0.1, with the overall internucleotide and intranucleotide sixth root

residual R, values being 8.2 x 10Z and 9.7 x 10 respectively. The overall sixth root residual
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for the modified duplex R*; value was 0.088. This indicated that the average refined structure

was in agreement with NOE data.

Table 3. RMS differences and sixth root residual (R*|) values calculated for the average

structure.

Average structure (calculated from ten structures emergent from the simulated annealing rtMD

calculations)
RMS pairwise difference between structures 0.592
RMS difference from average structure 0.397
Complete relaxation matrix analysis for the calculated average
structure, using the program CORMA®
Intranucleotide Internucleotide Total
R*° 0.081 0.092 0.085
Average error® 0.019

‘Mixing time was 250 ms
°R¥, is the sixth root R factor: 3 [((L,);"*)-((1.);")/Z ((1,);")]

‘Average error: X (I.-1,)/n where 1, are NOE intensities calculated from the refined structure and I

are experimental NOE intensities

49



A 10
0.8

0.6
04
02

00 Mmmeoln Mm@ mbHAI

1 2 3 4 5 6 7 8 9101112
Nucleotide

~
B 10
08
0.6
04
02

00 o Mcammdl oo il Ml i

24 23 22 21 20 19 18 17 16 15 14 13
Nucleotide

Figure 12. Calculation of sixth root residual values (R*) between theoretical NOEs predicted by
complete relaxation matrix calculations and experimental NOEs for the averaged refined
structure of the C8-dG-ABA duplex emergent from the rMD calculations, using the program
CORMA. A. The intranucleotide, internucleotide and nucleotide to lesion R, values for
individual nucleotides in the modified strand. B. The intranucleotide, internucleotide and
nucleotide to lesion R*| values for individual nucleotides in the complementary strand. The
intranucleotide residuals are shaded in white. At the modified nucleotide XS, the intranucleotide
residuals calculated for the C8-dG-ABA adduct are included with those of the X’ nucleotide. The
DNA internucleotide residuals are shaded in gray. With the exception of the modified nucleotide
X, they indicate NOE:s to the respective 3'-neighbor nucleotides. The internucleotide residuals
between the C8-dG-ABA adduct and other nucleotides are shaded in dark gray. These involve
nucleotides C*, T®, A", C*°, and G*'. In all cases, the sixth root residual factor was calculated as
R* = YI((L)")~((1)i")/>((1,)i"9)], in which I, are NOE intensities calculated by complete

relaxation matrix analysis of the refined structure and I, are experimental NOE intensities.
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A parallel set of rMD calculations using a simulated annealing protocol was performed,
in which the 10 anti-distance restraints proximate to the lesion site were not employed. The
refined structures emergent from this set of calculations were similar to those emergent from the
calculations that employed the anti-distance restraints, indicating that the utilization of anti-
distance restraints was not significantly biasing the rMD calculations. The set of ten structures
emergent from the rMD calculations performed without the anti-distance restraints had a
maximum rms pairwise difference of 0.58 A (Table A9 in the Appendix). The structural features
did not differ significantly from those of the structure determined using the anti-distance
restraints, as shown in Figure A4 in the Appendix. The RMS pairwise difference between the
structures obtained with and without the use of anti-distance restraints was 0.48 A. One notable
difference was a reduced degree of displacement for the C*° base. The C2 and N3 edge of C*°
was oriented 1.8 A closer to the ABA adduct while the C5 and C6 edge of C*° was oriented in a
similar position compared to the structure determined with the use of anti-distance restraints. In
the absence of the anti-distance restraints, the C*° deoxyribose was also shifted 0.6 A closer to
the ABA adduct.

Another parallel set of rMD calculations was carried out at constant temperature, in
which the X° base was initially placed into the anti conformation about the glycosidic bond. The
structures that emerged from these calculations displayed greater disagreement with the NOE

data, as determined by complete relaxation matrix analysis.'*”

The average intranucleotide and
internucleotide R*; values for the C*, X°, T®, A", C*, and G*' nucleotides were calculated for

both the structure with the adducted guanine in the syn conformation and the structure with the

adducted guanine in the anti conformation. The structure with the adducted guanine in the syn
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conformation about the glycosidic bond displayed an average R*; value of 6.8 x 10 for these
nucleotides. The structure with the adducted guanine in the anti conformation about the
glycosidic bond displayed an average R*| value of 9.0 x 107 for these nucleotides. Most
distances between protons at the lesion site were within the range of the NOE derived restraint
windows. Of the 41 restraints used, nine were outside the window with the largest violation
being 0.07 A. These values are shown in Table A10 in the Appendix. The violations were
determined to be acceptable as each of the nine values falling outside of the window possessed
deviations that were small and were associated with restraints possessing higher error margins.
These restraints were connected to NOEs that were weak, broadened, overlapped, or a

combination of these factors.

Conformation of the C8-dG-ABA Adduct

Figures 13 and 14 show views of the C8-dG-ABA adduct, based upon the lowest energy
violation structure that emerged from the rMD calculations. This structure is in good agreement
with the average structure. The modified guanine was shifted into the syn conformation about the
glycosidic bond. This placed the base in proximity to the C* deoxyribose protons and altered the
deoxyribose pucker to the 3'-endo conformation for the X° deoxyribose. The ABA moiety
intercalated between the A" and G*' bases of the complementary strand. It was oriented such
that the bay region of the ABA moiety, including protons H1, H2, H10, and H11, faced toward
the major groove of the DNA. The ABA H9 proton faced toward the phosphodiester backbone of
the complementary strand, between bases A" and G*'. The ABA H4, HS5, H6, and H8 protons
faced toward the minor groove of the DNA, as did the keto oxygen of the ABA moiety. The

intercalation of the ABA moiety between the A" and G*' bases of the complementary strand
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forced the C* base to be displaced into the major groove (Figure 13 A). The alignment of the
planar ABA arylamine between the A'’ and G*' bases allowed for possible m-stacking
interactions (Figure 14). Bases G' and T” and their complement on the 5’-side and from G’
through T'? on the 3’-side and their complement retained a structure similar to canonical B-

DNA.

Figure 13. Conformation of the C8-dG-ABA adduct as seen in the lowest violation structure
emergent from rMD calculations. (A) Base pairs C*G*!, X*:C*°, and T®:A" as seen from the
major groove. (B) Base pairs C*:G*', X*:C*, and T®:A" as seen from the minor groove. The X’
base is rotated into the syn conformation at the glycosidic torsion angle; the C8-dG-ABA moiety
is intercalated between base pairs C*:G*' and T®:A"; the complementary base C* is displaced
into the major groove. The C* and G*' base carbon atoms are in cyan. The X° and C* base
carbon atoms are in green. The T® and A" base carbon atoms are in orange. The adduct oxygen

atom is shown in red and the nitrogen atom at the point of adduct attachment is shown in blue.
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Figure 14. Base stacking interactions of the C8-dG-ABA adduct as seen in the lowest violation
structure emergent from rMD calculations. A. View looking through the duplex from the 3"-side
of the ABA adduct showing carbon atoms of bases X° and C* in green and 3'-neighbor bases
A" and T® in orange. B. View looking through the duplex from the 3'-side of the adducted
nucleotide showing carbon atoms of bases of X° and C* in green and 5'-neighbor bases G*' and
C*in cyan. The oxygen atom of the adduct is shown in red and the nitrogen atom at the point of

adduct attachment is shown in blue.

Discussion
Of the three DNA adducts known to be formed following exposures to 3-NBA, the C8-
dG-ABA adduct is believed to be the most significant contributor to mutagenic outcome.’®®

Thus, an understanding of the conformation of the C8-dG-ABA adduct in DNA is important,

especially in light of human exposures to 3-NBA®** and its potential carcinogenicity in humans.®
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Conformation of the C8-dG-ABA Adduct

The refined structure of the C8-dG-ABA adduct in this duplex reveals a base-displaced
intercalated structure in which the modified base shifts into the syn conformation about the
glycosidic bond. The usual method for evaluating the conformation of the glycosidic bond
involves monitoring the intensity of the NOE between the guanine H8 proton and the guanine
H1' proton; this NOE is strong when the purine base is in the syn conformation and weak when
the base is in the anti conformation. However, this method is not applicable to C8-dG adducts,
since these adducts do not possess a guanine H8 proton. A large body of work with bulky C8-
adduct base-displaced intercalated structures in which the adducted base is shifted into the syn
conformation’” ***** has revealed that the chemical shifts of the deoxyribose H2' and H2" protons
are also diagnostic markers of syn vs. anti conformation with respect to the glycosidic bond. In
the present instance, the significant changes in chemical shifts of 1.23 ppm upfield and 0.87 ppm
downfield for the C* H2' and X° H2' protons respectively, are consistent with the conclusion that
the C8-dG-ABA adduct orients in the syn conformation about the glycosidic bond. This
conclusion is also consistent with the predictions of complete relaxation matrix (CORMA)
calculations'®” performed upon structures emergent from the rMD calculations. These revealed
that structures emergent from constant temperature rMD calculations, for which the X’ base was
placed in the anti conformation about the glycosidic bond, displayed greater disagreement with
the NOE data. In that instance, for nucleotides C4, XS, and T® and Alg, Czo’ and GZI, the average
sixth root residual R*; with respect to the experimental NOE data obtained from the anti
conformation is 9.0 while that obtained from the syn conformation is 6.8. The orientation of the
intercalated arylamine ring of the ABA moiety is established by the sixteen NOEs between ABA

H6, H8, H9, and H10 protons and those of the complementary strand, including protons of

55



nucleotides A", C*, and G*', indicating that this face of the adduct is positioned near the c®
deoxyribose and close to the area that would be occupied by the C* base in a Watson-Crick base
pair. This positioning of the aryl moiety allows for m stacking between the aryl ring and the A"
and G*! bases. Indeed, significant upfield changes in chemical shifts for the A" H8 and G*' H8
proton resonances of 0.84, and 0.49 ppm, respectively, are consistent with such stacking
interactions. A comparison of Figures 14A and 14B suggests a greater potential for stacking
between the aryl ring with the A" base. This may be reflected in the 0.35 ppm greater chemical
shift perturbation of the A'® HS proton resonance as compared to the G*' H8 proton resonance.
The breaks in the sequential NOEs between base aromatic and deoxyribose HI1' protons
identified in the complementary strand and weak the NOEs between C*° H1' and C*° H6 and C**
H1' and G*' HS support the conclusion that the C* base is displaced from the duplex into the
major groove. In addition, the large downfield chemical shifts observed for the C** H8 and H1'
proton resonances are also consistent with this conclusion. NOEs observed between the C** H5
proton and the aromatic H9 and H10 protons of the adduct indicate the C*° base is displaced into

the major groove and not the minor groove of the duplex.

Thermodynamic Effects of the C8-dG-ABA Adduct

In this sequence, the C8-dG-ABA adduct decreases the melting temperature (7,,) by 11
°C. The decreased thermal stability of the duplex is reflected in the NMR spectra. For example,
in Figure 7, broadening of the T° N3H imino resonance and in the broadening of the NOE cross-
peak between the T° imino proton and A" H2 proton may be attributed to an increased rate of
exchange between the T® N3H imino proton and water, likely the consequence of

thermodynamic dynamic destabilization of the duplex. In this regard, the displacement of the C**
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base into the major groove results in the loss of one base pair and the n-stacking interactions for
this base. Furthermore, transition of the X° base into the syn conformation about the glycosidic
bond results in further loss of m-stacking interactions. Thus, despite the fact that the base-
displaced intercalated conformation of the ABA moiety facilitates m-stacking between the
intercalated aryl ring and neighboring bases, these new stacking interactions are evidently not
sufficient to compensate for the loss in stability contributed by other sources. These may include
loss of m-stacking interactions from the modified guanine base and its complementary cytosine
base, as well as the loss of the hydrogen bonds contributed by this base pair. Additionally, some
degree of helix unwinding may be present. As reported by Mu ez al.'"®, unwinding of the helix
leads to a decrease in stability and potential alterations in other m-stacking interactions of the

duplex.

Comparisons to Other C8-dG Aryl Amine Adducts

Other bulky C8-dG aryl amine adducts have been examined as to conformation when
placed between two pyrimidine bases. The C8-dG-IQ,”> C8-dG-AAF,”" C8-dG-AP,” C8-dG-
1Q,”* and C8-dG-PhIP” adducts also exhibit base-displaced intercalated structures in the 5'-
d(CXC)-3"5"-d(GCG)-3' sequence. The base-displaced intercalated conformation of the C8-dG-
ABA adduct in the 5'-d(CXT)-3"5"-d(ACG)-3' sequence exhibits similarities to these other C8-
dG arylamine adducts. In general, these bulky C8-dG adducts are destabilizing when placed in
sequence between pyrimidine bases, typically exhibiting decreases in 7y, of between 10 °C to 14
°C."* However, the C8-dG-1Q adduct produced just a 4 °C decrease in duplex Tp''*" and the C8-
dG-AP adduct also exhibited a decreased 7, of 5.9 °C, though this was in the 5-TXA-3’

115
sequence.
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It has been proposed that the propensity for C8-dG aryl amine lesions to assume base-
displaced intercalated conformations is, in part, related to the steric potential of the hydrophobic
aryl amine moieties to intercalate into the DNA duplex.”™ ''® Shapiro e al.''® recognized the
potential role of hydrophobic surface area and suggested that C8-dG adducts having ring
structures possessing greater surface area provide a greater hydrophobic area favoring base-
displaced intercalation. The C8-dG-ABA adduct exhibits a surface area similar to the C8-dG
AAF and C8-dG-PhIP adducts, calculated using the program Vega ZZ.""” In comparison, the C8-
dG-AP adduct has a somewhat smaller surface area of about 91% that of the larger adducts. The
C8-dG-AF and C8-dG-IQ adducts possess the smallest surface area, about 84% that of the large
adducts. In the 5'-d(CXC)-3"5'-d(GCG)-3' sequence the C8-dG-ABA adduct forms only the
base-displaced intercalated structure as does the C8-dG-AAF’' adduct. However, the similar
sized C8-dG-PhIP adduct exhibits a minor external conformation.”” The intermediate surface
area C8-dG-AP adduct”™ and the small surface area C8-dG-IQ adduct™ display only one
conformation but the small surface area C8-dG aminofluorene (AF) lesion equilibrates between
the base-displaced intercalated conformation characterized by the syn alignment and an external
conformation characterized by the anti alignment of the glycosidic torsion angle.”> ''*®

Consequently, it is now recognized that factors in addition to hydrophobic effects related
to surface area must contribute to the formation of base-displaced intercalated structures. DNA
sequence is important. Wang ef al.”* ''® examined the conformation of the C8-dG-IQ adduct
placed at differing positions in the Narl restriction site sequence, a hotspot for frameshift
mutations in bacteria. They documented the role of sequence in determining adduct
conformation; the conformations of the adduct in the 5'-CXG-3' and 5'-GXC-3' sequences were

similar and groove-bound,''® whereas in the 5'-CXC-3' sequence, the base-displaced intercalated

58



conformation was favored.”* These sequence effects are consistent with the contributing role of
electronic m-stacking interactions. The phenyl ring of the C8-dG-PhIP adduct favors an
orientation out-of-plane with respect to the IP ring resulting in a greater unwinding for the
duplex. This increases the distance between the PhIP moiety and the neighboring base pairs and
reduces m-stacking efficiency of the PhIP ring.”’ In the 5'-d(CXC)-3"5"-d(GCG)-3' sequence the
C8-dG-IQ adduct™ stacks with both the 3’and 5 neighbors and the adducted guanine remains in
a position that allows for additional stacking interactions. Favorable electronic dipole-dipole

interactions between the heterocyclic IQ ring and neighboring DNA bases may enhance stacking.

Comparison to the N°-dG-ABA Adduct

The conformation of the C8-dG-ABA adduct in this sequence, 5'-d(CXT)-3":5"-d(ACG)-
3", differs from the conformation of the N>-dG-ABA adduct, elucidated by Lukin ef al.*” in the 5'-
d(TXC)-3":5'-d(GCA)-3' sequence. The N°-dG-ABA adduct oriented in the minor groove
pointing towards the 5' end of the duplex and the modified guanine remained in the anti
configuration about the glycosidic bond, enabling the complementary cytosine to remain inserted
into the duplex.* Furthermore, in contrast to the present results indicating that the C8-dG-ABA
adduct lowers the T}, of this duplex, the N>-dG-ABA adduct examined by Lukin ez al.* increased
the T}, value. Thus, we conclude that regiochemistry, both with respect to resonance structures of
the nitrenium ion, the proximate electrophile with regard to DNA alkylation (Chart 6),'® %" %
and with regard to different nucleophilic sites on the DNA bases’*" * (Chart 7), plays

significant roles in determining the conformational and thermodynamic effects induced by DNA

adducts arising from human exposures to 3-NBA.
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Structure-Activity Relationships

Although the C8-dG-ABA and N>-dG-ABAY adducts have been examined in differing
sequence contexts [5'-d(TXC)-3":5-d(GCA)-3" vs. 5'-d(CXT)-3":5'-d(ACG)-3"], it seems likely
that thermodynamic and conformational differences may modulate the repair efficiencies of C8-
dG-ABA vs. N>-dG-ABA adducts. That the C8-dG-ABA adduct is a better substrate for NER, as
compared to the N*-dG-ABA adduct,’* is consistent with the observation that while the C8-dG-
ABA adduct lowers the T}, of this duplex, the N°-dG-ABA adduct examined by Lukin et al.*
increased the T, value. The thermodynamic differences between the C8-dG-ABA and N*-dG-
ABA adducts bear similarities with the corresponding adducts arising from the heterocyclic
amine food mutagen 8-[(3-methyl-3H-imidazo[4,5-f]quinolin-2-yl)amino]-2'-deoxyguanosine
(IQ). In rat tissues the N*-dG-IQ adduct is more persistent than was the C8-dG-IQ adduct.'”” As
well, the relative thermal stability of the N°-dG-IQ adduct as compared to the corresponding
unmodified duplex was also noted when this adduct favored base-displaced intercalated
conformations in both the 5'-CXC-3' sequence,120 and the 5'-CXG-3' sequence,121 the C8-dG-1Q
adduct reduced the thermal stability of the DNA."'*™ ' The minimal effects of the N*-dG-IQ
adducts upon the T;, values of the duplexes may explain the persistence of this adduct in rat
tissues,' " consistent with the notion that the increased thermal stability as compared to the C8-
dG-IQ adducts may correlate with decreased NER efficiency. Consequently, it was proposed that
the C8-dG-IQ adduct contributes more towards the genotoxic properties of 1Q.'* The role of
DNA sequence in modulating the conformations and biological processing of bulky C8-dG
adducts is established, with particular emphasis upon the Narl restriction sequence, a hotspot for
frameshift mutagenesis in E. coli.'** In this regard, the contributions of the flanking base pairs

are likely important; the modulation of both NER and polymerase bypass of C8-dG arylamine
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adducts as a function of 3'-flanking sequence, attributed to differential conformational effects,
including the orientation of base stacking, has been noted by Jain er al.'* It will thus be of
interest to examine sequence-specific conformational effects exhibited by the C8-dG-ABA and
N*-dG-ABA adducts, and their possible relationships to both DNA repair and error-prone lesion

bypass by Y-family polymerases.
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Chapter 111

Mechanism of Error Free Bypass of the Environmental Carcinogen

N-(2'-Deoxyguanosin-8-yl)-3-aminobenzanthrone Adduct by Human DNA Polymerase 1

Background

Synthesis of normal DNA is accomplished in a very high fidelity manner by replicative
polymerases. However, when DNA has been damaged, replicative polymerases are often
incapable of synthesizing the damaged region. This is the case for bulky DNA adducts such as
those formed by 3-NBA.*® A process known as trans-lesion synthesis (TLS) is responsible for
bypass of these lesions. TLS requires the involvement of bypass or TLS polymerases including
the Y-family polymerases.”™ '*°

TLS is a complicated process in which there is much yet to be revealed, however, it is
clear that the process must involve several ‘polymerase switches’.'”” A replicative polymerase
will stall when it encounters a lesion. A TLS polymerase must then replace the stalled

28 The TLS polymerase will then process past the lesion and insert bases opposite

polymerase.
the lesion in an error-free or error-prone manner. In some cases the polymerase will continue to
extend the synthesized strand for a number of additional base pairs before it dissociates, and the
replicative polymerase steps back in to complete the synthesis.'”” In other cases, after the TLS
polymerase has incorporated a base opposite the lesion, it dissociates and a second TLS

129

polymerase completes the extension step.~ From this point, again the replicative polymerase

can displace the second TLS polymerase and complete the DNA synthesis.
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Thus far, every living organism examined has been found to possess some type of TLS
polymerase.””’ In many cases organisms will possess more than a single TLS polymerase. The

Y-family polymerases are TLS polymerases, and in humans include four members: polymerase

126b
1.

eta (Pol ), polymerase iota (Pol 1), polymerase kappa (Pol k) and Rev Polymerase zeta (Pol

{) is an additional TLS polymerase found in humans and resides in the B-family of polymerases.
Pol n is known for its capacity to effectively bypass pyrimidine photodimers, which occur from
exposure to UV radiation.®’ It possesses a large active site that is able to accommodate bulky

132

lesions. °~ Pol 1 also possesses a large active site and is capable of bypassing 6-4 pyrimidine

adduct. It is unique in that it utilizes Hoogsteen base pairing instead of Watson-Crick pairing to

133

match incoming dNTPs.'?® Pol « is capable of bypassing many lesions,"** however it appears to

be more specialized in performing the extension step during TLS.'* Rev 1 is only capable of

136

inserting cytosine opposite a lesion. ™ It has the potential to associate with other polymerases

and it is believed that it plays a more important role in polymerase recruitment.”’ Pol { is

129, 138
S.

believed to play a major role in the extension step of TL The added capacity of these

polymerases to handle various DNA adducts is coupled with a reduction in fidelity when

. . 126b
compared to replicative polymerases.

This has implications regarding the mutagenicity of
adducts processed by TLS.

Structural investigations for members of the Y-family polymerases have previously been
reported. Much of this work has been done using the archeal homolog from S. sulfartaricus,
DNA polymerase IV (Dpo4)."*” In 2001, the first structures of a Y-family polymerase were
reported.'*® These structures were ternary complexes with Dpo4, undamaged DNA, and correct

or mismatch incoming dNTPs. In 2013, Kirouac et al. reported structures of Dpo4 in complex

with DNA containing a C8-guanine-aminopyrene adduct.'** In a pre-insertion state the adducted
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guanine was found to be in an anti conformation and the aminopyrene moiety was found either
in a hydrophobic pocket of the protein or rotated into the major groove of the DNA. In a post-
insertion state the adducted guanine was properly base paired. The adduct was in the major
groove of the DNA and shielded from solvent by the little finger domain of the protein."**

Since the initial report for Dpo4, a number of other structures have been reported for

B2 140 11 all cases, the Y-family

other Y-family polymerases, including the human polymerases.
polymerases share certain characteristics including the presence of palm, thumb, and finger
domains found in replicative polymerases, plus an additional little finger domain.'*®® A set of
four structures were reported for human Pol 1 in complex with DNA containing a thymine

. 132
dimer.

The large active site of Pol n was able to accommodate the lesion and allowed for
Watson-Crick base pairing with the incoming dATP. Pol n was identified as a “molecular splint”
in that it was capable of stabilizing the B-type DNA structure of the damaged DNA.

The efficiency and fidelity of TLS varies significantly for different lesions.'*®
Examination of TLS of three different lesions formed by 3-NBA identified different degrees of
efficiency and varying mutational spectra for these adducts.’® The C8-dG-ABA adduct
presented a significant block to TLS polymerases but was bypassed to some extent.”** Bypass of
this adduct has been shown to produce mutations, with G to T transversions being the major

. 58¢c, 142
mutation observed.”*®

Despite the capacity for misincorporation opposite the lesion, the
majority of bypass events were error-free. This is, perhaps, unexpected given the exceptionally
high degree of mutagenicity observed for 3-NBA in the Ames assay.””” When TLS of the C8-dG-
ABA lesion was investigated in a series of knockdown experiments using HEK293T cells, Pol

was indicated as a major culprit in the mutagenic bypass of the C8-dG-ABA adduct.”® However,

in all conditions examined, bypass of C8-dG-ABA was still largely error-free.
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The mechanism of error-free bypass was of interest and here I report the structure of a
Pol n*C8-dG-ABA DNA duplex*dCTP ternary complex trapped in the insertion state. The
structure identifies how correct incorporation of cytosine occurs opposite the C8-dG-ABA

lesion.

Structure of C8-dG-ABA in Complex with Pol 1 in the Insertion State

3-Nitrobenzanthrone (3-nitro-7H-benz-[d,e]anthracen-7-one, 3-NBA, Chart 8) is a

70a, 70b

product of incomplete combustion and has been identified as a component of diesel

70b, 143 49, 70a

exhaust and as an environmental contaminant. The International Association for

Research on Cancer (IARC) has classified diesel exhaust as carcinogenic to humans® and 3-

NBA is a suspected culprit of this carcinogenicity.” "% 3-NBA has been found to be both highly

50b, 55, 58a, 144

mutagenic and genotoxic,'” and is itself classified as a potential human carcinogen

by the IARC.%

Enzymatic reduction in vivo engenders a conversion of 3-NBA to aminobenzanthrone
(ABA)."* Intermediates in the reduction pathway can form reactive nitrenium ions that alkylate
DNA resulting in ABA adducts.”> ' Three different adducts have been identified, and they
occur on the C8 (Chart 8) or N° positions of guanine (major adducts), or the N° position of

54, 148

adenine (minor adduct). Due to the bulky nature of these adducts, it is believed that they

present strong blocks to replicative polymerases and bypass is instead accomplished by lower-

58a, 126b, 149

fidelity translesion synthesis (TLS) polymerases. In humans these include the Y-family

Pols n, 1, k and Rev], 1260127, 149

However, C8-dG-ABA, one of the two major adducts formed,’* ** has previously been

implicated in significant blocking of bypass by TLS polymerases in a nucleotide excision repair-
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deficient human cell line.”® When bypass did occur, of the two dG and one dA adducts, the C8-

dG-ABA adduct triggered the highest mutation frequency.’®

Nevertheless, the majority of
bypass events were non-mutagenic, with nearly 70% correct incorporation of cytosine
reported.”® Another study specifically examined the C8-dG-ABA adduct in human embryonic
kidney (HEK293T) cells, and also observed correct incorporation of cytosine opposite this lesion
in 86% of bypass events.”™ A series of siRNA knockdown experiments showed that each of the
Y-family polymerases contributed to the bypass of this lesion.”® However, hPol 1 played the

most significant role in the mutagenic insertion step, with a decrease in mutation frequency of

39% upon knockdown of hPol 1.°** In all conditions tested, error-free bypass remained at levels

Metabolic
actlvatlon
NO2 NH-OH

3-NBA N- hydroxy-ABA

(L, ¢
N
N—

greater than 70%.°%

NH
'T N/)\NH
dR

C8-dG-ABA

Chart 8. Chemical structures of 3-NBA, N-OH-ABA and one of the major in vivo ABA adducts:

C8-dG-ABA.
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To gain a better understanding of the mechanism of error-free bypass of the C8-dG-ABA
adduct by hPol n, we determined the crystal structure of a ternary PoleDNA«dCTP complex
trapped at the insertion stage. The hPol n catalytic core encompassing residues 1-432 was
expressed in E. coli and purified following published protocols.'** The DNA duplex is composed
of a 12-mer template with the C8-dG-ABA lesion (X) 5'-CAT XAT GAC GCT-3' and an 8-mer
primer 5-AGC GTC AT-3'. Crystals of the complex with dCTP were grown in the presence of
Ca®" instead of Mg>" to prevent incorporation of the incoming nucleoside triphosphate into the
primer strand. The structure was phased with molecular replacement using hPol 1 as the search
model and refined to a resolution of 2.6 A.

An example of the electron density around the final model of the complex is depicted in
Figure 15 and a summary of crystal data, data collection and refinement parameters is given in
Table 4. The final model allows visualization of 10 of the template nucleotides (the 5'-terminal
C and A outside the active site are disordered) and the entire primer strand. The biggest surprise
is that the C8-dG-ABA adducted nucleotide adopts the anti conformation at the active site of
hPol n (Figures 16, Figure A10). The conformation is stabilized by a H-bond between the ABA
amino moiety and the phosphate group, with the C8-dG-ABA 2'-deoxyribose adopting a C3'-
endo conformation. As a consequence the adducted G forms a standard Watson-Crick base pair
with the incoming dCTP. The ABA adduct is tilted relative to the guanine plane by about 80°

and rotated outwards into the major groove of the template-primer duplex.
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Table 4. Selected crystal data, data collection parameters, and structure refinement statistics

Data Collection
Space group P6,
Resolution [A]° 50.0-2.60 (2.64-2.60)
Unit cell a, b, ¢ [A] 99.11,99.11, 81.69
Completeness [%] 100 (100)
/o) 15.3 (2.0)
R-merge [%] 13.3 (88.8)
Redundancy 7.6 (7.5)
Refinement
R-work [%] 16.6 (21.4)
R-free [%] 23.8 (28.1)
Avg. B [A?] 39.0
R.m.s.d. bonds [A] 0.009
R.m.s.d. angles [deg.] 1.1
PDB ID SJUM
“Statistics for the highest-resolution shell are shown in parentheses.
’Based on 5% of the reflections.
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Figure 15. Quality of the final Fourier 2F,-F. sum electron density (1o threshold) around the
active site region of the ternary complex between hPol n, C8-dG-ABA adducted template-primer
duplex and dCTP. Carbon atoms of hPol n, C8-dG-ABA and dCTP are colored in light green,
magenta and yellow, respectively, Ca>" ions are pink spheres, and the remainder of the duplex is

colored in olive.

However, rather than exhibiting enhanced conformational flexibility that is often
associated with portions of a structure that are extruded from the duplex, the structure offers
evidence that the polyaromatic hydrocarbon moiety assumes a configuration that is stabilized by
multiple interactions. Thus, ABA forms a sandwich with the amide group of Ser-62 and the T3
template residue that is lodged outside the active site. The carbonyl oxygen of Ser-62 engages in
an n—7* interaction with the ABA keto group and CB-H and C2'-H from Ser-62 and T3,
respectively, engage in C-H—m interactions with aromatic rings from opposite sides of the ABA

plane (Figure 16). Trp-64 seals the backside of this mostly hydrophobic pocket. Both, the keto
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oxygens of ABA and T3 (0O2) are too far removed from Trp-64 N-H (distances of 3.71 and 3.83

A, respectively; Figure A1) to engage in H-bonds.

Figure 16. Active site configuration in the ternary hPol n insertion-step complex with dCTP
opposite C8-dG-ABA. (A) View into the DNA major groove, and (B) rotated by ~90° around the
horizontal axis and looking roughly along the normal to the nucleobase plane of the incoming
dCTP. Carbon atoms of C8-dG-ABA, incoming dCTP, and selected hPol 1 side chains are

colored in magenta, yellow, and light green, respectively, and Ca*" ions are pink spheres.

The extensive interactions observed for ABA at the hPol 1 active site extend to the base,

sugar and phosphate portions of the adducted dG (Figure 16, Figure Al). On the minor groove

side, the NH, group of GIn-38 from the finger domain forms H-bonds with O4' of the 2'-
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deoxyribose and N3 of the base. The Cy2(H); methyl group of Ile-48 stacks onto the six-
membered ring of guanine. In the major groove the hydroxyl group of Ser-61 is positioned
somewhat far to establish H-bonds with the O° and N7 acceptor functions of guanine (distances
of 3.80 and 3.75 A, respectively). Finally, the OH group of Tyr-39 stabilizes the template strand
conformation with a H-bond to the non-bridging OP1 phosphate oxygen of C8-dG-ABA. On the
opposite side of the active site, the guanidino moiety of Arg-61 from the finger domain stacks on
top of the nucleobase of dCTP. The NH, moiety of the arginine forms salt bridges with the a-
and B-phosphate groups and helps align the former for attack by the 3'-OH of the terminal primer

nucleotide (distance O3'...Pa=3.85 A) together with the two divalent metal ions.

Figure 17. Space filling model of the hPol n active site with C8-dG-ABA (magenta carbon
atoms) accommodated inside a cleft to the side of the active site that allows for extensive
hydrophobic interactions between ABA moiety and surrounding residues from the polymerase

finger domain. Carbon atoms of the incoming dCTP are colored in yellow.

The tight fit between the nascent C8-dG-ABA:dCTP base pair and hPol n is further

illustrated in Figure 17 which depicts a space filling model of the active site of the polymerase.

Finger residues Ser-62 and Arg-61 (foreground, center) protrude from the ceiling along with
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GIn-38, and bear down on the G:C base-pair plane at the split between the primer and template

strands.

Figure 18. Model of error-prone bypass of C8-dG-ABA and comparison of hPol n complexes
with the C8-dG-ABA and O*MedT adducts. (A) Superimposition of the crystal structure of the
hPol 1 (Pol ribbon in cyan) complex with C8-dG-ABA (magenta/olive) and dCTP (yellow) and
the NMR structure of DNA (lilac) with the C8-dG-ABA (light green) lesion.””® (B)
Superimposition of the hPol 1 complexes with C8-dG-ABA (magenta/ olive)/dCTP (yellow; Pol

ribbon in cyan) and O*MedT (light green/lilac)/dATP (brown; Pol ribbon in pink)."”'

Two metal ions are accommodated in a pocket on one side of the active site, by
conserved Glu and Asp residues. On the other side, where the template strand enters the active
site, the ABA adduct fits snugly into a cleft formed by Ser-62, Met-63 (main chain) and Trp-64

and extended by T3 from the template strand. The structure thus offers insight into how hPol n
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stabilizes a configuration of the template strand that allows error-free bypass of the bulky C8-
dG-ABA lesion.

We recently reported the NMR solution structure of a DNA 12mer duplex containing a
C8-dG-ABA nucleotide opposite dC."*" In this structure, ABA was intercalated in the duplex,
with the adducted G in the syn conformation and extruded into the major groove. The
intercalated adduct thus takes the place of a base pair and thereby forces the opposing cytosine
into the major groove (Figure 13). We superimposed this DNA duplex model with base pairs on
the 5'-side of the adducted dG deleted onto the template-primer duplex of the ternary hPol n
complex, such that the intercalated ABA assumes the position of the T:A pair at the -1 position at
the Pol active site (Figure 18A). This configuration illustrates a potential basis for error-prone
bypass of C8-dG-ABA, in that incoming dATP or dGTP might be preferred due to favorable
stacking. Insertion could then proceed in a non-templated fashion, causing a mutation, or
opposite a residue located 5'-adjacent to C8-dG-ABA, thus causing a frameshift.

hPol n inserts dCTP ca. 3.5-fold more efficiently than dATP opposite another C8 adduct
of dG, 8-0x0G.'* Incorporation of dATP occurs with the adducted dG in the syn orientation and
stacked inside the template strand. However, in comparison to the Cg=0Og moiety of 8-0xo0G, the
ABA adduct is far too bulky to be accommodated within the minor groove.

Finally, the C8-dG-ABA:hPol | complex constitutes the second example of an insertion-
stage bypass structure with an adduct lodged in the hydrophobic cleft to the side of the active
site. A somewhat similar orientation was found for O*MedT (Figure 18B) that is replicated by

hPol 1 in an error-prone fashion."'

However, unlike in the case of C8-dG-ABA where only the
ABA portion is inserted into the cleft, the entire O*MedT nucleobase can be accommodated

inside the pocket, with the lesion reaching all the way to the back of the pocket.
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Materials and Methods

hPol n Catalytic Core Protein Expression and Purification

The hPol n plasmid (pET28a) comprising residues 1-432 was a generous gift from Dr.
Wei Wang, NIDDK, NIH. The polymerase was expressed in E. coli and purified as previously
described.'** Briefly, E. coli transfection of the plasmid was performed using a heat shock
method and cultures were produced on agarose plates in the presence of Kanamycin. Single
colonies were isolated and introduced to 100 mL volumes of LB broth also containing
Kanamycin. Cultures were incubated overnight at 25 °C and transferred to 1 L LB broth
containing flasks after culture absorbance was recorded at 0.8 OD. Protein expression was
induced with isopropyl B-D-1-thiogalatopyranoside (IPTG) and cells were harvested after 24
hours. Cellular protein was isolated by centrifugation and subjected to further purification.

Cellular protein was purified by Ni*-affinity, MonoS and Superdex75 chromatography.
The His tag was removed by PreScission protease. Purity was confirmed using SDS-Page. The
purified protein solution was concentrated to 5 mg/mL and stored in 20% glycerol at -80 °C and

used within 24 hours of being thawed.

Oligonucleotide Synthesis and Annealing

C8-dG-ABA modified 12mer template 3-TCG CAG TAX TAC-5" (X= C8-dG-ABA)
and unmodified 8mer primer 5'-AGC GTC AT-3"were used in the crystallization experiments.
The synthesis of site-specifically modified oligonucleotides containing the C8-dG-ABA lesion
was performed as previously reported and placed in sequence.”> Single strand

oligodeoxynucleotides were characterized using a Voyager MALDI-TOF spectrometer (Applied
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Biosystems, Grand Island, NY). A matrix consisting of 3-hydroxypicolinic acid in ammonium
hydrogen citrate was used. Mass spectra were recorded in the negative ion mode and recorded to
+ 1 m/z.. Purity was confirmed by capillary gel electrophoresis and HPLC as previously
described in Chapter II. Unmodified DNA primer was purchased from Integrated DNA
Technologies (Coralville, IA). Template and primer strands were annealed at 85 °C in a 1:1
molar ratio in the presence of 10 mM sodium HEPES buffer (pH 8.0), 0.1 mM EDTA, and 50
mM NaCl. Following 10 minutes at 85 °C the solution was slowly cooled to room temperature.
Oligodeoxynucleotide concentrations were determined by absorbance spectroscopy
measurements at 260 nm. The calculated extinction coefficients” were 1.18 x 10° L mol” cm™
for the modified template strand and 7.89 x 10* L mol' cm™ for the primer strand. The
calculated extinction coefficient of the modified strand was not corrected for the presence of the

ABA adduct.

Crystallization of the hPol n*C8-dG-ABA DNA*dCTP Insertion Complex

DNA template-primer duplex was added to solution with the protein in a 1.2:1 molar
ratio. The buffer solution was comprised of 50 mM Tris-HCI, 450 mM KCIl, and 3 mM DTT at
pH 7.5. 5 mL of 100 mM CaCl, was added to the complex and the solution was concentrated to a
final concentration of ~2-3 mg/mL by ultrafiltration. dCTP was added following ultrafiltration to
form the ternary complex. Crystallization experiments utilized the hanging drop vapor diffusion
technique at 18°C using a sparse matrix screen (Hampton Research, Aliso Viejo, CA). One pL of
the complex solution was mixed with 1 pL of reservoir solution and equilibrated against 500 pL
reservoir wells. Crystals appeared in droplets containing 0.1 M MES (pH 5.5), 5 mM CaCl,, and

25% (w/v) PEG 2000 MME within one day and were harvested after a week (Figure 19).
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Crystals were mounted in nylon loops, cryo-protected in reservoir solution containing 25%

glycerol (v/v), and frozen in liquid nitrogen.

Figure 19. Crystal of hPol n*C8-dG-ABA DNA«dCTP complex used to collect diffraction data.

X-ray Diffraction Data Collection, Structure Determination and Refinement

The 21-ID-D beamline of the Life Sciences Collaborative Access Team (LS-CAT) at the
Advanced Photon Source, Argonne National Laboratory (Argonne, IL) was used to collect
diffraction data. The program HKL2000'> was used to integrate and scale all data. Structures
were determined by the Molecular Replacement technique with the program MOLREP."** The
hpol 1 structure PDB entry 403N (protein only)'** was used as the search model for molecular

5

replacement. Structure refinement and model building were carried out with Phenix'*® and

COOT,"® respectively. Illustrations were prepared with the program UCSF Chimera."’
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Chapter IV

Summary

Summary

In Chapter II I reported the base-displaced intercalated structure of a C8-dG-ABA
containing duplex. In Chapter III I reported the structure of a ternary Pol n+C8-dG-ABA
DNA-+dCTP complex trapped at the insertion stage.

The C8-dG-ABA duplex was significantly altered from an undamaged B-type DNA
duplex. The ABA moiety of the lesion intercalated in the duplex and displaced the opposing
cytosine into the major groove, thereby eliminating the base pairing at the lesion site. In order to
allow for intercalation, the adducted guanine was rotated about the glycosidic bond into a syn
conformation. This resulted in the adducted guanine being placed in the major groove. The base
pairs neighboring the lesion site remained intact. The ABA moiety was positioned with the bay
region of the adduct facing the major groove. The ring structure of the adduct was found to
occupy the position of the complementary cytosine in the undamaged duplex. This allowed =n-
stacking interactions to occur between the adduct and the bases neighboring the complementary
cytosine. Regions of the duplex beyond the lesion area (the lesion, direct neighbors, and their
complements) resembled natural B-type DNA and were unremarkable. The stability of the
duplex was reduced in comparison to the undamaged duplex. These findings were similar to
other bulky C8-guanine adducts when placed in sequence between two pyrimidine bases and

opposite cytosine.
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The ternary Pol 1n+C8-dG-ABA DNA<dCTP complex captured at the insertion stage
indicated a mechanism for error-free insertion. The adducted guanine was found to be in the anti
conformation about the glycosidic bond and Watson-Crick base paired with an incoming dCTP
in the active site of Pol n. The anti conformation was stabilized by a n-bond between the adduct
amino group and the phosphate backbone of the DNA. The ABA moiety was rotated into the
major groove of the duplex and resided in a hydrophobic cleft of the protein. This position was
stabilized by multiple interactions, including interactions with Ser-62 of the protein and the T3
template residue. In this position, the ABA moiety was sandwiched between protein residues and
the T3 base. This positioning did not present a clear path for the adduct to move into the active
site of the protein. This offers a potential explanation as to why C8-dG-ABA is not efficiently
bypassed during TLS. It may require that the polymerase dissociates from the duplex and
subsequently Pol 1, or another TLS polymerase, associates with the duplex in a post-insertion
orientation to continue TLS.

In tandem, these structures demonstrate that Pol 1 altered the conformation of the C8-dG-
ABA adduct to enact the error-free bypass of the lesion. In comparison to the duplex structure,
the adducted guanine was rotated about the glycosidic bond from a syn conformation into the
natural anti conformation. This enabled a Watson-Crick base pair to be formed with an incoming
dCTP and repositioned the ABA moiety from an intercalated position into the major groove.
Modeling of C8-dG-ABA in an intercalated position in complex with Pol 1 revealed a possible
mechanism for the mutagenic bypass of the lesion. The intercalated ABA moiety extended into a
position beneath the incoming dNTP. The aromatic ring system of the adduct could form

favorable m-stacking interactions with an incoming dATP. This is similar to the m-stacking
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interaction observed in the duplex structure between the ABA ring system and A" of the
complementary strand (Figure 14).

The results reported herein provide insight into how the C8-dG-ABA adduct is bypassed
in an error-free fashion. A potential mechanism is also provided for the mutagenic bypass of the
adduct. Understanding these mechanisms helps in assessing the true risk this type of adduct
poses to human health. In the case of 3-NBA this can have a direct impact on diesel emission

controls and regulations.

Future Directions

The structure of C8-dG-ABA within a DNA duplex was a base-displaced intercalated
structure. This is similar to other structures reported for C8-guanine adducts which are formed by
nitroarenes, when placed between two pyrimidine nucleotides. Variations in this type of structure
have been reported when one or two purine bases are placed adjacent to the lesion, or when a
mismatch is placed opposite the lesion.”® Examination of the C8-dG-ABA adduct in different
sequence contexts could reveal if sequence context plays a role in the structural changes induced
by C8-dG-ABA. Furthermore, mutational spectra resulting from C8-dG-ABA appears to be
affected by sequence context.”® Identifying any structural differences in the context of a DNA
duplex as a function of sequence context could help glean insight into this phenomenon.
Additionally, a mismatch at the lesion site could alter the structure of the duplex and examination
of a mismatch could uncover a potential variation in structure.

The structure of the Pol n°C8-dG-ABA DNA<«dCTP complex was captured in the non-
mutagenic insertion state. In this state the ABA moiety was positioned in a hydrophobic pocket

with no clear path for translocation. Further studies examining the +1 insertion state could help
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identify how the polymerase processes beyond the lesion. Examination of C8-dG-ABA in
complex with Pol k or Pol { would be of further interest as they have been implicated in the
extension step for this adduct.”

While Pol n bypasses the lesion in a primarily error-free manner, a significant level of
mutations have been observed. Therefore, future studies examining mismatches during the
insertion stage are of interest. G to T transversions have been reported as the major mutation.

Thus, examination at the insertion state with a dATP opposite the lesion could shed light on how

mutagenic bypass occurs.
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Appendix

A I: Supporting Information for Chapter 11
Reproduced with permission from Politica, D. A.; Malik, C. K.; Basu, A. K.; Stone, M. P., Base-
Displaced Intercalated Structure of the N-(2'-Deoxyguanosin-8-yl)-3-aminobenzanthrone DNA
Adduct. Chemical Research in Toxicology 2015, 28 (12), 2253-2266. Copyright 2015 American

Chemical Society

Table Al. Pseudorotation angle restraints used in AMBER structural refinement calculations.

ucleotide Angle Lower (°) Upper (°)
T2 Vo -44.7 -14.7
T Vi 18.1 48.1
T? V2 -37.2 -6.7
T? V3 -16.9 24.2
T2 V4 -1.9 34.0
G Vo -43.9 -13.9
G’ Vi 222 52.2
G Vs -44.6 -14.6
G V3 32 26.8
G V4 -4.4 25.6
G’ Vo -43.9 -13.9
G’ Vi 222 52.2
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G’ V) -44.6 -14.6
G’ Vi 3.2 26.8
G’ V4 4.4 25.6
T® Vo -52.1 22.1
T® Vi 15.0 45.0
T® V) 27.4 2.6

T® V3 -25.0 5.0

T® V4 13.5 43.5
T’ Vo -52.1 22.1
T’ Vi 15.0 45.0
T’ V) 27.4 2.6

T’ V3 -25.0 5.0

T’ V4 13.5 43.5
T" Vo -52.1 22.1
T" Vi 15.0 45.0
T" V) 27.4 2.6

T" V3 -25.0 5.0

T" V4 13.5 43.5
G" Vo -44.7 -14.7
G" Vi 18.1 48.1
G" V) -37.2 -6.7
G" Vi -16.9 24.2
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G" V4 -1.9 34.0
ch Vo -44.7 -14.7
ch Vi 18.1 48.1
ch V) -37.2 -6.7
ch Vi -16.9 24.2
ch V4 -1.9 34.0
AP Vo -43.9 -13.9
AP Vi 222 52.2
AP V) -44.6 -14.6
AP V3 3.2 26.8
AP V4 4.4 25.6
Al Vo -43.9 -13.9
Al Vi 222 52.2
Al V) -44.6 -14.6
Al V3 3.2 26.8
Al V4 4.4 25.6
A" Vo -43.9 -13.9
A" Vi 222 52.2
A" V) -44.6 -14.6
A" V3 3.2 26.8
A" V4 4.4 25.6
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c'® Vo -52.1 -22.1
c'® Vi 15.0 45.0
c'® V) -27.4 2.6

c'® Vi -25.0 5.0

c'® V4 13.5 43.5
G* Vo -43.9 -13.9
G* Vi 22.2 52.2
G* V) -44.6 -14.6
G* Vi 3.2 26.8
G* V4 4.4 25.6
c* Vo -52.1 -22.1
c* Vi 15.0 45.0
c* V) -27.4 2.6

c* Vi -25.0 5.0

c* V4 13.5 43.5
A® Vo -44.7 -14.7
A® Vi 18.1 48.1
A® V) -37.2 -6.7
A® V3 -16.9 24.2
A® V4 -1.9 34.0
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Table A2. Chemical Shifts (ppm) of the Non-exchangeable DNA Protons for the 5'-
d(GTGCXTGTTTGT)-3"5-d(ACAAACACGCAC)-3' Duplex; X = C8-dG-ABA Adduct. The

temperature was 15 °C. NA = not applicable; this proton does not exist in this nucleotide.

Non-exchangeable Protons
Nucleotide | HS8/H6 | H5/H2/CH; H1' H2' H2" H3'
G' 8.00 NA 6.04 2.71 2.83 4.84
T 7.42 1.41 6.01 2.24 2.62 4.95
G’ 7.88 NA 5.92 2.58 2.69 5.01
(of 7.00 5.30 5.62 0.84 2.06 4.26
X NA NA 5.92 3.50 2.68 5.11
T® 7.44 1.39 5.57 2.25 2.48 4.92
G’ 7.85 NA 6.00 2.64 2.82 4.99
T 7.26 1.33 6.02 2.14 2.58 4.88
T’ 7.46 1.60 6.11 2.16 2.60 491
T 7.32 1.71 5.84 2.00 2.39 4.92
G" 7.99 NA 6.06 2.72 2.73 5.01
T" 7.44 1.63 6.26 2.26 2.26 4.56
AP 8.21 7.99 6.19 2.61 2.77 4.84
c" 7.41 5.47 5.12 2.01 2.23 4.79
AP 8.21 7.27 5.76 2.74 2.84 5.04
A'C 8.10 7.13 5.85 2.62 2.83 5.05
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A" 8.00 7.49 5.97 2.45 2.75 4.98
c'® 6.96 5.01 5.34 1.57 2.01 4.70
A" 7.32 7.86 5.85 2.11 2.35 4.93
c* 8.07 6.26 6.60 2.45 2.59 5.10
G* 7.35 NA 5.58 2.39 2.50 4.57
c* 7.35 5.16 5.50 2.02 2.34 4.74
A” 8.21 7.855 6.22 2.61 2.84 4.96
c* 7.37 5.37 6.09 2.09 2.12 4.47
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Table A3. Chemical Shifts (ppm) of the DNA Protons for the unmodified 5'-
d(GTGCGTGTTTGT)-3":5'-d(ACAAACACGCAC)-3' Duplex. The temperature was 15 °C. NA

= not applicable; this proton does not exist in this nucleotide.

Proton
Nucleotide HS8/H6 H5/H2/CH; H1' H2' H2" H3'
G' 7.80 NA 6.04 2.69 2.83 4.85
T’ 7.41 1.39 5.95 2.25 2.60 4.94
G’ 7.90 NA 5.93 2.64 2.75 5.02
c! 7.32 5316 5.71 2.06 2.42 4.86
G’ 7.90 NA 5.98 2.63 2.80 4.99
T® 7.18 1.48 5.83 2.15 2.53 4.89
G’ 7.85 NA 5.99 2.62 2.82 4.96
T® 7.28 1.32 6.05 2.17 2.61 4.89
T 7.49 1.62 6.15 2.19 2.63 4.92
T 7.34 1.73 5.87 2.02 2.41 4.92
G" 8.01 NA 6.08 2.72 2.74 5.03
T" 7.44 1.64 6.28 227 227 4.57
AP 8.22 8.01 6.21 2.62 2.79 4.85
c 7.42 5.48 5.13 2.03 2.24 4.80
AP 8.23 Not Assigned 5.78 2.77 2.86 5.06
A'® 8.14 Not Assigned 5.90 2.67 2.87 5.08
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A" 8.07 7.56 6.07 2.54 2.87 5.01
c'® 7.14 5.16 5.50 1.87 2.31 477
A" 8.16 7.61 6.147 2.64 2.85 5.00
c* 7.20 5.19 5.55 1.95 2.31 4.82
G*' 7.84 NA 5.86 2.62 2.72 4.98
c* 7.36 5.42 5.62 2.04 2.40 4.84
A” 8.28 7.86 6.27 2.69 2.90 5.02
c* 7.39 5.43 6.10 2.10 2.14 4.50
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Table A4. Chemical Shifts (ppm) of the Exchangeable DNA Protons for the 5'-
d(GTGCXTGTTTGT)-3"5-d(ACAAACACGCAC)-3' Duplex; X = C8-dG-ABA Adduct. The

temperature was 15 °C. NA = not applicable; this proton does not exist in this nucleotide.

Exchangeable Protons

Nucleotide N1H/N3H N'H, N'H,
G' Not Assigned NA NA
T Not Assigned NA NA
G’ 12.57 NA NA
(o NA 6.69 7.97
X Not Assigned NA NA
T 12.95 NA NA
G’ 12.27 NA NA
T 13.86 NA NA
T’ 13.93 NA NA
T 13.87 NA NA
G 12.64 NA NA
T" Not Assigned NA NA
AP NA NA NA
ch NA 6.65 8.32
AP NA NA NA
Al NA NA NA
A" NA NA NA
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c'® NA 6.28 7.73
A" NA NA NA
c* NA Not Assigned Not Assigned
G*' 12.12 NA NA
c* NA 6.54 8.29
A® NA NA NA
c* NA Not Assigned Not Assigned
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Table AS. Chemical Shifts (ppm) of the Exchangeable DNA Protons for the unmodified 5'-
d(GTGCGTGTTTGT)-3":5'-d(ACAAACACGCAC)-3' Duplex. The temperature was 15 °C. NA

= not applicable; this proton does not exist in this nucleotide.

Exchangeable Protons

Nucleotide N1H/N3H N'H, N'H,
G' Not Assigned NA NA
T 13.79 NA NA
G’ 12.74 NA NA
(o NA 6.39 8.27
G’ 12.78 NA NA
T 13.56 NA NA
G’ 12.50 NA NA
T 13.95 NA NA
T’ 13.98 NA NA
T" 13.91 NA NA
G 12.68 NA NA
T" Not Assigned NA NA
AP NA NA NA
ch NA 6.65 8.33
AP NA NA NA
Al NA NA NA
A" NA NA NA
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c'® NA 6.46 7.96
A" NA NA NA
c* NA 6.48 8.12
G*' 12.86 NA NA
c* NA 6.48 8.38
A® NA NA NA
c* NA 6.85 8.16
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Table A6. Chemical shifts (ppm) of the C8-dG-ABA Protons for the 5'-d(GTGCXTGTTTGT)-

3":5'-d(ACAAACACGCAC)-3' Duplex; X = C8-dG-ABA Adduct. The temperature was 15 °C.

C8-dG-ABA Proton Chemical Shift (ppm)
Hl 8.04
H2 8.25
H4 7.95
H5 7.61
H6 8.26
HS8 7.43
H9 6.64
H10 7.20
H11 7.78
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Table A7.

NOE Distance Restraints

Used for

rMD Calculations

for the 5'-

d(GTGCXTGTTTGT)-3"5-d(ACAAACACGCAC)-3' Duplex; X = C8-dG-ABA Adduct.

Nucleotide 1 Proton Nucleotide2 Proton Lower (A) Upper (A) Window (A)
G' HS G' HI' 2.94 4.88 1.94
G' HS G' H3' 2.89 4.68 1.79
G' HI' G' H2' 2.80 3.32 0.52
G' HI' G' H2" 1.92 2.51 0.59
G' HI' G' H3' 3.63 3.92 0.29
G' H2' G' H3' 1.95 2.68 0.73
G' H2" G' H3' 2.49 3.02 0.53
G' HS T’ H6 3.33 5.16 1.83
G' HS T Me 2.50 3.62 1.12
G' HI' T H6 2.46 4.64 2.18
G' HI' T Me 2.63 5.93 3.30
G' H2' T Me 2.66 3.20 0.54
G' H2" T H6 2.09 3.75 1.66
G' H2" T Me 2.24 3.70 1.46
G' H3' T H6 3.64 5.79 2.15
T H6 T HI' 3.03 5.41 2.38
T H6 T H2" 1.86 3.46 1.60
T HI' T H2' 2.69 3.51 0.82
T HI' T H3' 2.63 4.45 1.82
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T H2' T H3' 2.16 3.26 1.10
T H6 G’ HS 3.51 5.53 2.02
T Me G’ HS 3.75 5.76 2.01
T HI' G’ HS 3.07 3.95 0.88
T H2' G’ HS 3.30 3.96 0.66
T H3' G’ HS 3.60 5.29 1.69
G’ HS G’ HI' 3.35 5.29 1.94
G’ HS G’ H3' 3.03 5.96 2.93
G’ HI' G’ H2' 2.60 3.73 1.13
G’ HI' G’ H2" 2.30 3.08 0.78
G’ HI' G’ H3' 3.26 5.31 2.05
G’ HS c* H6 3.79 5.29 1.50
G’ HS c* H5 3.36 4.41 1.05
G’ HI' c’ H6 3.16 3.67 0.51
G’ HI' c’ H5 3.41 4.36 0.95
G’ H2' c’ H6 3.21 5.89 2.68
G’ H2' c’ H5 3.08 3.68 0.60
G’ H2" c’ H6 2.38 2.95 0.57
G’ H2" c’ H5 2.86 3.73 0.87
G’ H3' c* H5 4.13 6.60 2.47
(o H6 c* HI' 3.37 4.09 0.72
(o H6 c’ H2' 2.47 2.92 0.45
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c? H6 c’ H2" 2.89 4.54 1.65
(o H6 c’ H3' 3.23 4.25 1.02
c? H5 c’ H2' 3.85 4.60 0.75
c? H1' c’ H2" 2.41 3.15 0.74
c? H2' c’ H3' 2.50 3.05 0.55
c? H2" c’ H3' 2.62 3.92 1.30
c? H5 X’ ABA 2 3.90 4.83 0.93
c? H2' X’ HI' 3.70 4.30 0.60
c? H2" X’ HI' 3.70 4.15 0.45
X’ ABA 4 X’ HI' 2.30 4.55 2.25
X’ ABA 4 X’ H4' 3.07 4.17 1.10
X’ ABA 4 X’ H5' 2.84 4.54 1.70
X’ ABA 4 X’ H5" 3.31 5.65 2.34
X’ ABA 5 X’ HI' 3.47 5.85 2.38
X’ HI' X’ H2' 2.48 4.16 1.68
X’ H1' X’ H3' 2.79 4.52 1.73
X’ HI' X’ H4' 2.71 3.32 0.61
X’ H2' X’ H3' 2.15 2.78 0.63
X’ H2' X’ H4' 3.05 5.44 2.39
X’ H2" X’ H3' 2.40 3.84 1.44
X’ H2" X’ H4' 3.22 5.09 1.87
X’ H3' X’ H4' 2.55 3.15 0.60
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X’ ABA 2 T® Me 3.72 5.90 2.18
X’ ABA 4 T® H6 3.51 5.06 1.55
X’ ABA 4 T® Me 3.17 5.79 2.62
X’ ABA 4 T® HI' 3.51 4.89 1.38
X’ ABA 5 T® HI' 3.13 3.42 0.29
X’ H1' T® H6 2.84 437 1.53
X’ H1' T® Me 2.45 3.28 0.83
X’ H2' T® H6 3.03 4.85 1.82
X’ H2' T® Me 2.66 4.46 1.80
X’ H3' T® H6 3.11 4.26 1.15
X’ H3' T® Me 3.63 5.25 1.62
X’ H4' T® Me 4.51 6.77 2.26
X’ ABA 8 A" HI' 3.55 4.14 0.59
X’ ABA 8 A" H2' 2.93 4.75 1.82
X’ ABA 8 A" H2" 2.69 3.76 1.07
X’ ABA 9 A" HS 3.85 5.85 2.00
X’ ABA 9 A" HI' 3.76 5.07 1.31
X’ ABA 9 A" H2' 3.06 4.55 1.49
X’ ABA 9 A" H2" 3.07 4.93 1.86
X’ ABA 9 A" H3' 3.33 4.97 1.64
X’ ABA 10 A" HI' 4.25 5.84 1.59
X’ ABA 10 A" H2" 3.38 5.23 1.85
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X ABA 8 c? H6 3.77 4.50 0.73
X ABA 9 c? H4' 3.30 5.70 2.40
X ABA 6 G* HI' 3.06 3.45 0.39
T H6 T H2" 2.33 4.14 1.81
T HI' T H2' 2.56 3.05 0.49
T HI' T H3' 3.19 4.64 1.45
T H2" T H3' 2.20 3.54 1.34
T H6 G’ HS 4.05 4.70 0.65
T HI' G’ HS 3.18 3.70 0.52
T H2' G’ HS 3.50 4.67 1.17
T H2" G’ HS 2.58 3.45 0.87
T H3' G’ HS 3.40 5.12 1.72
G’ HS G’ HI' 2.93 4.78 1.85
G’ HS G’ H2' 1.95 2.40 0.45
G’ HS G’ H2" 2.92 3.85 0.93
G’ HS G’ H3' 3.61 4.87 1.26
G’ HI' G’ H2" 2.07 2.45 0.38
G’ HS T H6 4.30 5.00 0.70
G’ HS T Me 3.32 3.65 0.33
G’ HI' T H6 3.18 433 1.15
G’ HI' T Me 3.32 5.00 1.68
G’ H2' T H6 2.39 4.14 1.75
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G’ H2' T® Me 2.49 4.05 1.56
G’ H2" T® H6 2.25 2.69 0.44
G’ H2" T® Me 2.47 4.03 1.56
G’ H3' T® H6 3.84 4.90 1.06
G’ H3' T® Me 3.39 4.78 1.39
T H6 T® HI' 2.57 4.84 2.27
T H6 T® H2" 2.31 3.60 1.29
T H6 T® H3' 3.04 4.64 1.60
T H1' T® H2' 2.50 3.40 0.90
T H1' T® H2" 2.12 2.45 0.33
T H1' T® H3' 2.94 491 1.97
T H6 T’ H6 2.90 537 2.47
T H6 T’ Me 3.11 4.88 1.77
T H1' T’ H6 2.93 5.85 2.92
T H1' T’ Me 3.13 5.54 2.41
T H2' T’ Me 1.84 3.56 1.72
T H3' T’ Me 3.12 5.19 2.07
T’ H6 T’ HI' 3.31 3.91 0.60
T’ HI' T’ H2" 2.00 2.83 0.83
T’ H1' T’ H3' 2.80 4.08 1.28
T’ H6 T'" H6 3.60 6.06 2.46
T’ H6 T'" Me 2.58 3.78 1.20
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T’ H1' T'" H6 2.76 3.48 0.72
T’ H1' T'" Me 3.18 4.87 1.69
T’ H2' T'" Me 2.45 3.28 0.83
T’ H2" T'" H6 2.30 3.00 0.70
T’ H2" T'" Me 2.49 3.67 1.18
T’ H3' T'" Me 3.49 5.34 1.85
T" H6 T'" HI' 291 5.67 2.76
T" H6 T'" H2' 2.02 2.90 0.88
T" H6 T'" H2" 2.08 3.87 1.79
T" Me T'" H2' 2.30 4.90 2.60
T" Me T'" H2" 2.64 5.13 2.49
T" H1' T'" H2' 2.08 3.48 1.40
T" H1' T'" H2" 1.77 2.70 0.93
T" H1' T'" H3' 2.48 4.08 1.60
T" H2' T'" H3' 2.35 2.75 0.40
T" H2" T'" H3' 2.25 3.57 1.32
T" H6 G" HS 3.42 5.18 1.76
T" H2' G" HS 2.19 4.52 2.33
T" H2" G" HS 2.39 4.41 2.02
T" H3' G" HS 2.67 6.07 3.40
G HS G" H1' 2.56 4.84 2.28
G" H1' G" H3' 2.96 3.96 1.00
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G" H1' G" H4' 2.51 3.39 0.88
G" HS T" H6 3.01 5.41 2.40
G" HS T" Me 2.66 3.68 1.02
G" H1' T" Me 3.64 4.54 0.90
G" H2" T" Me 2.80 3.40 0.60
G" H2" T" H3' 3.39 4.92 1.53
G" H3' T" H6 3.18 5.20 2.02
G" H3' T" Me 4.07 6.40 2.33
T" H6 T" H3' 2.38 2.78 0.40
T" Me T" H2' 2.13 4.05 1.92
T" Me T" H3' 3.81 6.97 3.16
T" H1' T" H3' 3.18 5.09 1.91
AP HS AP HI' 2.38 5.09 2.71
AP HS AP H3' 3.10 5.73 2.63
AP H1' AP H2' 2.47 435 1.88
AP H1' AP H2" 1.99 2.43 0.44
AP H1' AP H3' 3.09 5.24 2.15
AP H2' AP H3' 2.19 3.20 1.01
AP H2" AP H3' 2.44 3.07 0.63
AP H2 c' HI' 3.66 4.79 1.13
AP H1' c' H6 2.68 438 1.70
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AP H1' c' H5 2.57 4.72 2.15
AP H1' c' HI' 3.56 4.95 1.39
AP H2' c' H5 2.76 3.50 0.74
AP H2" c' H6 2.16 2.89 0.73
AP H2" c' H5 2.25 5.80 3.55
ch H6 c' H1' 2.90 4.10 1.20
c' H6 c' H2' 1.74 2.45 0.71
ch H6 c' H3' 291 4.41 1.50
c' H5 c' H1' 4.04 5.99 1.95
c' H5 c' H2' 3.26 4.82 1.56
c' H5 c' H2" 2.97 6.47 3.50
c' H1' c' H2' 2.39 3.45 1.06
c' H1' c' H2" 2.06 2.69 0.63
c' HI' c' H3' 3.56 5.09 1.53
c' H2" c' H3' 2.42 3.27 0.85
c' H1' AP HS 2.92 3.78 0.86
c' H2" AP HS 2.38 3.60 1.22
AP HS AP HI' 3.00 3.98 0.98
AP HS AP H3' 3.07 4.71 1.64
AP H2 AP HI' 3.93 4.87 0.94
AP HI' AP H2' 2.20 3.04 0.84
AP H1' AP H2" 1.92 3.67 1.75

129



AP H1' AP H3' 2.23 4.02 1.79
AP H2" AP H3' 2.31 3.41 1.10
AP H2 A'® H2 3.70 4.10 0.40
AP H1' A'® HS 2.81 3.50 0.69
AP H2' A'® HS 3.60 5.83 2.23
AP H3' A'® HS 2.86 5.00 2.14
Al HS A'® HI' 3.21 5.60 2.39
Al HS A'® H2' 1.91 2.54 0.63
Al HS A'® H3' 2.98 5.20 2.22
Al H2 A'® HI' 3.90 4.70 0.80
Al H1' A'® H2' 2.06 3.85 1.79
Al H1' A'® H2" 1.96 2.98 1.02
Al H1' A'® H3' 2.97 4.64 1.67
Al H2' A'® H3' 1.80 2.55 0.75
Al H2" A'® H3' 2.28 4.34 2.06
Al H2 A" H2 3.76 4.47 0.71
Al H2' A" HS 3.09 4.85 1.76
A" HS A" HI' 3.23 4.10 0.87
A" HS A" H2' 2.12 4.02 1.90
A" H2 A" HI' 3.84 4.79 0.95
A" H1' A" H2' 2.62 4.07 1.45
A" H1' A" H2" 1.93 2.76 0.83
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A" H2' A" H3' 2.09 2.73 0.64
A" H2" A" H3' 2.24 4.40 2.16
A" HS c'® H6 3.90 5.82 1.92
A" H2 c'® HI' 4.00 5.42 1.42
A" HI' c'® H6 3.79 4.99 1.20
A" H2' c'® H6 3.07 6.09 3.02
A" H2" c'® H6 2.70 4.56 1.86
A" H2" c'® H5 2.62 4.67 2.05
A" H3' c'® H6 3.90 5.50 1.60
c'® H6 c'® HI' 3.25 4.03 0.78
c'® H6 c'® H2' 2.30 2.91 0.61
c'® H6 c'® H2" 3.50 4.05 0.55
c'® H6 c'® H3' 3.49 4.53 1.04
c'® H5 c'® H2' 3.28 5.37 2.09
c'® HI' c'® H2' 2.74 3.16 0.42
c'® HI' c'® H2" 2.50 2.96 0.46
c'® HI' c'® H3' 3.24 4.94 1.70
c'® H2' c'® H3' 2.35 2.97 0.62
c'® H2" c'® H3' 2.60 3.49 0.89
c'® HI' A" HS 3.45 4.00 0.55
c'® H2' A" HS 3.40 4.20 0.80
c'® H3' A" HS 4.25 5.25 1.00
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A" HS A" HI' 3.68 4.73 1.05
A" HS A" H2' 2.26 3.25 0.99
A" HS A" H3' 3.08 4.85 1.77
A" HI' A" H2' 2.96 3.36 0.40
A" HI' A" H2" 2.22 3.09 0.87
A" HS c? H6 3.84 5.79 1.95
A" HI' c? H6 3.71 5.23 1.52
A" H2' c? H6 2.57 3.78 1.21
A" H2' c? H5 3.24 4.73 1.49
A" H2" c? H6 2.89 421 1.32
A" H2" c? H5 3.48 5.87 2.39
A" H3' c? H6 3.06 3.68 0.62
A" H3' c? H5 2.64 3.08 0.44
c* H6 c* HI' 3.04 5.00 1.96
c* H6 c* H2' 2.36 3.60 1.24
c* H6 c? H2" 2.33 3.70 1.37
c* H6 c* H3' 3.06 4.96 1.90
c* H6 c* H4' 3.52 5.55 2.03
c* H6 c* HS5' 3.30 5.30 2.00
c* H6 c* H5" 3.30 5.30 2.00
c* H5 c* H2' 3.15 5.95 2.80
c? HI' c? H2' 2.90 4.14 1.24
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c* HI' c? H2" 1.91 2.49 0.58
c? HI' c? H3' 3.27 4.15 0.88
c* HI' c? H4' 3.02 3.84 0.82
c* H2' c? H3' 2.40 2.80 0.40
c* H2" c? H3' 2.55 3.30 0.75
c* HI' G* HS 3.36 3.81 0.45
G* HS G* HI' 3.23 4.05 0.82
G*' HS G* H2" 2.85 4.26 1.41
G*' HS G*' H3' 3.34 5.25 1.91
G*' HI' G* H2' 2.51 3.00 0.49
G*' HI' G* H3' 3.35 4.94 1.59
G*' H2' G* H3' 2.30 2.97 0.67
G*' H2" G* H3' 2.48 4.18 1.70
G*' HI' c* H6 4.30 5.20 0.90
G* HI' c* H5 4.50 5.38 0.88
G* H2' c* H6 2.64 4.87 2.23
G* H2' c* H5 2.81 5.10 2.29
G* H2" c* H6 2.50 3.12 0.62
G* H2" c* H5 2.90 4.58 1.68
G*' H3' c* H6 2.95 4.78 1.83
G*' H3' c* H5 2.85 471 1.86
c* H6 c* HI' 2.97 4.11 1.14
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c* H6 c* H2' 1.91 2.94 1.03
c*” H6 c* H2" 2.23 4.11 1.88
c* H6 c* H3' 2.61 4.04 1.43
c* H5 c* H2' 3.20 4.45 1.25
c*” HI' c* H2' 2.25 3.23 0.98
c*” HI' c* H2" 2.06 2.40 0.34
c*” HI' c* H3' 3.50 5.47 1.97
c*” H2' c* H3' 2.30 3.00 0.70
c*” H2" c* H3' 2.60 4.18 1.58
c*” HI' A” HS 2.85 3.40 0.55
c*” H2' A” HS 3.60 4.20 0.60
c*” H3' A” HS 4.45 5.15 0.70
A” HS A” HI' 3.00 3.79 0.79
A” HS A” H3' 2.97 4.26 1.29
A” H2 A” HI' 3.56 4.87 1.31
A” HI' A” H2' 2.34 3.50 1.16
A” HI' A” H2" 1.83 2.32 0.49
A” HI' A” H3' 3.36 5.38 2.02
A” H2" A” H3' 1.87 2.64 0.77
A” HS c* H5 3.63 4.10 0.47
A” HI' c* H6 3.00 3.99 0.99
A” HI' c* H5 3.19 5.25 2.06
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A® H2' c* H6 2.36 3.95 1.59
A® H2' c* H5 291 4.69 1.78
A® H2" c* H6 1.98 2.86 0.88
A® H2" c* H5 2.87 4.59 1.72
A® H2" c* H3' 2.28 5.30 3.02
A® H3' c* H6 2.72 5.46 2.74
c* H6 c* H1' 2.68 4.83 2.15
c* H6 c* H2' 1.80 2.20 0.40
c* H6 c* H3' 2.62 3.80 1.18
c* H5 c* H1' 3.82 5.92 2.10
c* H5 c* H2' 2.98 5.44 2.46
c* H1' c* H2' 2.05 5.06 3.01
c* H1' c* H2" 1.62 2.20 0.58
c* HI' c* H3' 2.92 5.14 2.22
c* H2' c* H3' 1.91 2.55 0.64
c* H2" c* H3' 2.28 2.75 0.47
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Table A8. Anti-distance restraints used for rtMD calculations for the 5'-d(GTGCXTGTTTGT)-

3":5'-d(ACAAACACGCAC)-3' duplex; X = C8-dG-ABA adduct.

Nucleotide 1 Proton Nucleotide 2 Proton Lower (A)  Upper (A)
X ABA HS8 c? HI' 5.00 9.99
X ABA HS8 c? H2' 5.00 9.99
X ABA H9 c? HI' 5.00 9.99
X ABA H9 c? H2" 5.00 9.99
X ABA H10 c? H6 5.00 9.99
X ABA H10 G*! HS 5.00 9.99
AY H2' c? HI' 5.00 9.99
AY H2" c? HI' 5.00 9.99
c? H1' G*! H5' 5.00 9.99
c? H1' G*! H5" 5.00 9.99
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Table A9. RMS differences and sixth root residual R*; values calculated for the average

structure without including anti-distance restraints.

Average structure (calculated from ten structures emergent from the simulated annealing rtMD

calculations)
RMS pairwise difference between structures 0.575
RMS difference from average structure 0.389
Complete relaxation matrix analysis for the calculated average
structure, using the program CORMA*
Intranucleotide Internucleotide Total
R*," 0.080 0.089 0.084
Average error® 0.019

‘Mixing time was 250 ms
°RX, is the sixth root R factor: Z[((Io)il/6)-((Ic)i1/6)/2((Io)i1/6)]

‘Average error: Y (I.-I,)/n where I. are NOE intensities calculated from the refined structure and I,

are experimental NOE intensities
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Table A10. Comparison of restraints used in rMD calculations to measured distances in refined

structure for lesion site.

Nucleotide 1 Proton Nucleotide2 Proton Lower (A) Upper (A) Measured (A)

ct H5 X’ ABA 2 3.90 4.83 4.67
ct H2' X’ H1' 3.70 4.30 4.37*
ct H2" X’ H1' 3.70 4.15 4.15
X’ ABA 4 X’ H1' 2.30 4.55 3.26
X’ ABA 4 X’ H4' 3.07 4.17 3.70
X’ ABA 4 X’ H5' 2.84 4.55 4.55
X’ ABA 4 X’ H5" 3.31 5.65 5.70%
X’ ABA 5 X’ H1' 3.47 5.85 5.78
X’ H1' X’ H2' 2.48 4.16 3.03
X’ H1' X’ H3' 2.79 4.52 3.77
X’ H1' X’ H4' 2.71 3.32 2.69%
X’ H2' X’ H3' 2.15 2.78 2.28
X’ H2' X’ H4' 3.05 5.44 3.84
X’ H2" X’ H3' 2.40 3.84 2.80
X’ H2" X’ H4' 3.22 5.09 3.85
X’ H3' X’ H4' 2.55 3.15 2.92
X’ ABA 2 T® Me 3.72 5.90 5.23
X’ ABA 4 T® H6 3.51 5.06 431
X’ ABA 4 T® Me 3.17 5.79 5.44
X’ ABA 4 T® H1' 3.51 4.89 3.95
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W

X ABA 5 T H1' 3.13 3.42 3.44%
X’ H1' T® H6 2.84 437 2.83%
X’ H1' T® Me 2.45 3.28 2.81
X’ H2' T H6 3.03 4.85 4.88%
X’ H2' T® Me 2.66 4.46 4.40
X’ H3' T H6 3.11 4.30 4.33%
X’ H3' T® Me 3.63 5.25 4.94
X’ H4' T® Me 4.51 6.77 4.69
X’ ABA 8 A" H1' 3.55 4.14 3.84
X’ ABA 8 A" H2' 2.93 4.75 4.03
X’ ABA 8 A" H2" 2.69 3.76 2.69
X’ ABA 9 A" HS 3.85 5.85 4.15
X’ ABA 9 A" H1' 3.76 5.07 4.89
X’ ABA 9 A" H2' 3.06 4.55 3.06
X’ ABA 9 A" H2" 3.07 4.93 3.02%
X’ ABA 9 A" H3' 3.33 4.97 4.84
X’ ABA 10 A" H1' 4.25 5.84 5.88*
X’ ABA 10 A" H2" 3.38 5.23 4.84
X’ ABA 8 c* H6 3.77 4.50 4.43
X’ ABA 9 c* H4' 3.30 5.70 5.53
X’ ABA 6 G H1' 3.06 3.45 3.43

* indicates values outside of imposed distance restraints
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Figure Al. Structure of the C8-dG-ABA adduct, depicting bond lengths and partial charges used
for tMD calculations. A. Calculated bond lengths (A) for the C8-dG-ABA adduct. B. Calculated
partial charges for atoms of the C8-dG-ABA adduct. All calculations were performed in

GAUSSIAN.
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Figure A2. Expanded plots of NOESY spectra comparing chemical shift overlaps for the C8-dG-
ABA adduct H8, T° H6 and G*' H8 protons in the regions of the spectra showing NOEs between
base aromatic and deoxyribose H1' proton resonances. The duplex is 5'-d(GTGCXTGTTTGT)-
3":5'-d(ACAAACACGCAC)-3"; X = C8-dG-ABA Adduct. Left Panel: The NOESY spectrum at
15 °C. Right Panel: The NOESY spectrum at 25 °C. The improved spectral resolution obtained

at 15 °C spectrum allowed unequivocal assignment of these resonances.
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Figure A3. Expanded plots from a NOESY spectrum of the 5'-d(GTGCGTGTTTGT)-3"5'-

d(ACAAACACGCAC)-3' duplex showing the sequential NOE connectivity between aromatic

HS8/H6 protons and deoxyribose H1' protons. Left Panel: The primary strand, showing bases G'

through T'>. Right Panel: The complementary strand connectivity showing assignments for

bases A" through C**. The 900 MHz spectrum was acquired at 15 °C using a 250 ms mixing

time.
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Figure Ad4. Overlay of lowest energy refined structure with anti-distance restraints in dark grey
with the lowest energy refined structure without negative restraints in light grey. Major structural

features are unchanged and the maximum pairwise difference of the two structures is 0.475 A.
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A II: Supporting Information for Chapter I1I
Table Al1l. (Expanded version of Table 4 in the main paper) Crystal data, data collection

parameters, and structure refinement statistics”.

Data Collection
Wavelength [A] 0.97856
Space group P6,
Resolution [A] 50.0 - 2.60 (2.64 - 2.60)"
Unit cell @, b, ¢ [A] 99.11,99.11, 81.69
Unique reflections 14,197 (702)
Completeness [%] 100 (100)
I/o(I) 15.3(2.0)
Wilson B-factor [A?] 39.0
R-merge 0.133 (0.888)
Redundancy 7.6 (7.5)
Refinement
R-work 0.166 (0.215)
R-free 0.238 (0.281)

Number of atoms

Protein/DNA 3,377/378
dCTP/water/ Ca*" 28/145/2
Protein residues 430

B-factor [A%]
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Average
Protein/DNA
dNTP/M*" /water
R.m.s. deviations
bonds [A]
angles [deg.]
Ramachandran
Favored (%)
Allowed (%)
Outliers (%)

PDB ID Code

39.0

39.3/38.8

29.0/37.6/39.1

0.009

1.1

95

4.5

0.5

SJUM

A“ Statistics for the highest-resolution shell are shown in parentheses.
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Figure AS: Close-up view of the active site in the crystal structure of the hPol n*C8-dG-ABA
DNA-«dCTP insertion complex. The color code matches that in Figure 3 (main paper) and

selected distances in A are indicated with dashed lines.
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