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1. Introduction

Structural modifications of nucleobases within the deoxyribonucleic acid (DNA) of living
cells can be induced as a result of actions of specialized DNA-modifying enzymes (creating
epigenetic DNA modifications) or may result from exposure to reactive endogenous and
exogenous electrophiles and oxidants (creating DNA adducts). Epigenetic DNA
modifications such as 5-methylcytosine (MeC) are important regulators of cell function that
influence chromatin structure and levels of gene expression. DNA methyltransferases
(DMTSs) catalyze the addition of the C-5 methyl group to cytosine nucleobases. DMTs
preferentially recognize hypomethylated 5'-CG-3” sequences, producing epigenetic
modifications which preserve DNA methylation patterns. C-5 cytosine methylation controls
gene expression by mediating the binding of specific proteins (methyl-CpG binding
proteins) to MECG sites, followed by the recruitment of histone-modifying enzymes that
promote chromatin remodeling.? Recent studies have discovered additional cytosine
modifications, e.g. 5-hydroxymethyl-C, and 5-formyl-C, and 5-carboxyl-C; these
modifications have been hypothesized to be demethylation intermediates or they may
possess their own epigenetic functions within cells.3-

In contrast to epigenetic modifications, chemical DNA damage including nucleobase
alkylation, oxidation, deamination, and cross-linking occurs at a variety of sites, including
the N-7, O-6, C-8, and N-2 of guanine; the N-1, N-3, and N-7 of adenine; the O-2 and O-4
of thymine; and the O-2 and N-4 of cytosine (Scheme 1 and Chart 1).6 Some carcinogens are
inherently reactive towards DNA, while others must first be metabolically activated to
electrophilic intermediates (e.g. epoxides, quinone methides, diazonium ions, and nitrenium
ions), which subsequently bind to DNA producing nucleobase adducts (Figure 1).8 All
living cells contain extensive DNA repair systems responsible for removing nucleobase
lesions. If structurally modified DNA bases escape repair, they may induce base mispairing
during DNA replication; thus, the chemical damage would be converted into permanent
genetic damage (mutations).8 Accumulation of mutations in genes controlling cell growth,
proliferation, programmed cell death, and cell differentiation is likely to cause cancer.”-10

Due to their central role in chemical carcinogenesis, DNA adducts are considered the true
mechanism-based biomarkers of carcinogen exposure. The presence of DNA adducts within
a given tissue can be correlated to the formation of reactive intermediates available for
binding to DNA and other biomolecules.1! Unlike hemoglobin adducts that reflect a
cumulative exposure to carcinogens over time, DNA adducts provide information on the
burden of DNA damage within a given tissue at a specific time. Adducts can be used to
quantify the capacity of DNA repair systems and to assess the potential for genetic damage
as a result of faulty replication. By employing these measurements, DNA adduct levels have
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been utilized to set human exposure limits for industrial and environmental chemicals and
also to identify individuals and populations at risk for developing cancer.11-14

The concentrations of epigenetically modified DNA bases /n vivo are relatively high (e.g.
four MeC per 100 of total nucleobases), however, the amounts of chemically induced DNA
adducts in animal and human tissues can be quite low, in the range of 0.01 - 10 adducts per
108 normal nucleotides. Therefore, analytical methods used for quantifying carcinogen-
DNA adducts must be ultra-sensitive, accurate, and specific, allowing the quantitation of
low abundance DNA lesions in the presence of a large molar excess of normal nucleosides.
Early studies of DNA damage utilized radiolabel-based assays such as 32P-postlabeling
methods to measure adduct levels.12-18 Recent developments in mass spectrometry
instrumentation have offered an alternative approach that provides both accurate and
sensitive quantitation and structural information for the damaged bases, without the need for
radioactivity.12 DNA adduct structure can be established using tandem mass spectrometry
experiments, while mass spectrometry in combination with stable isotope labeled internal
standards (isotope dilution HPLC-ESI-MS-MS or IDMS) is considered a golden standard for
DNA adduct analysis due to its high specificity, sensitivity, and accurate quantification.14
Furthermore, mass spectrometry can be used for sequencing native and structurally modified
DNA.

The present review is devoted to the applications of mass spectrometry to DNA adduct and
epigenetic DNA modification identification, screening, and quantitation. We will also
discuss the use of MS based approaches to map the distribution of DNA modifications along
DNA duplexes and to establish the biological consequences of DNA adduct formation in
cells. Taken together, this article provides an overview of the contributions of mass
spectrometry to the field of chemical carcinogenesis and epigenetics, with a primary focus
on the new developments and recent advances in the field.

2. Overview of mass spectrometry instrumentation employed in the
analysis of DNA modifications

In mass spectrometry (MS) methodology, analyte ions are separated according to their mass
to charge (/m/2) ratios, providing a very accurate and selective mode of detection of specific
molecular species. The selectivity of MS analysis improves as the mass resolution and mass
accuracy of the MS instrument is increased. Additional specificity is provided by using
tandem mass spectrometry monitoring for both intact ions and mass fragments. In spite of
the high selectivity provided by mass spectrometry, the extreme complexity of biological
samples requires that the analyte be separated from the bulk of the sample matrix in order to
achieve trace level detection of DNA adducts (e.g. 1 adduct per 10° normal nucleosides).
This separation is accomplished by coupling chromatography to mass spectrometry. A direct
coupling of liquid chromatography (LC) and MS became a routine and extremely powerful
analytical tool with the development of the electrospray ion source. Electrospray ionization
provides a “soft”, robust, and efficient interface enabling the ionization of analytes directly
from mostly aqueous solutions at atmospheric pressure. The successful coupling of LC and
MS techniques has led to an explosion in the capabilities of existing mass spectrometry
instrumentation and catalyzed the development of new technologies available for the
analysis of DNA modifications. Many types of mass analyzers are commercially available
including quadrupoles, ion traps, orbital traps (Thermo Scientific Orbitrap™ technology),
and time of flight (TOF) mass spectrometers1920 and these mass analyzers can be combined
forming “hybrid” instruments with further increased capabilities. New LC-MS approaches
are being developed including column switching, nanospray operation, and chip based
methodologies. These approaches are increasing the sensitivity and specificity of MS
analyses enabling the detection of DNA adducts in occupationally exposed populations, in
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cancer patients treated with alkylating drugs, and in individuals with no known carcinogen
exposure.

2.1 Liquid chromatography

Efficient separation of DNA adducts from normal/unmodified nucleosides/nucleobases and
other components of biological samples is essential for their sensitive detection by mass
spectrometry. Such separation can be achieved online using LC-MS systems. A wide variety
of liquid chromatography stationary phases with differing selectivity are available, including
non-polar reverse phase packing with and without modifiers imbedded within the stationary
phase, polar hydrophilic interactions phases (HILIC), as well as the less common ion
exchanger and mixed-mode packing materials. The majority of normal and structurally
modified nucleosides/nucleobases can be resolved from normal bases and other sample
components on reverse phase chromatographic columns using C18 stationary phases,
although particularly polar DNA lesions may require the use of more retentive porous
graphitic carbon phases (e.g. Hypercarb, available from Thermo Scientific).2! In addition,
normal phase chromatography (HILIC) has been successfully used for the analysis of some
DNA adducts,?2-25 although sample solubility in the typically highly organic solvents used
in this technique may be problematic, especially for complex biological samples.

The choice of column length, diameter, and the particle size of the stationary phase can
substantially influence the efficiency and throughput of chromatographic separations.
Narrower columns typically providing improved sensitivity by generating sharper
chromatographic bands. Longer columns generally provide an increased ability to separate
compounds, but at the expense of longer HPLC runs and potentially reduced sensitivity as
chromatographic peaks widen. Smaller particles within the column provide a greater surface
area of the stationary phase and subsequently improve the efficiency of the chromatographic
separation and sensitivity, but at the expense of increased column back pressure, which may
limit the throughput of the system. A wide range of column dimensions have been used for
DNA adduct analysis, with typical diameters of 0.5 — 2 mm, lengths of 50 — 150 mm, and
particle sizes of 1.8 — 5 um. HPLC flow rates are dependent primarily on column
dimensions, with flows ranging from 250 nL/min to 1 mL/min used for the analysis of DNA
adducts. As described below, more sophisticated HPLC systems incorporating on-line
analyte enrichment via column switching techniques have been recently introduced.20:26-30
In some cases, this approach allows for direct injection of unpurified samples, minimizing or
eliminating sample preparation steps.

Capillary electrophoresis (CE)3! has been used as an alternative to liquid chromatography
for the in-line mass spectrometric analysis of modified DNA. Both unmodified and modified
nucleotides6:32-36 and oligonucleotides3”-40 have been analyzed, the entire field has been
thoroughly reviewed.*! Typical analysis is performed using negative ion electrospray
ionization and with sample stacking3%:42 for maximum sensitivity. The coupling of capillary
electrophoresis with electrospray is typically done with one of three different source
geometries,*! namely with and without sheath liquid and with a liquid junction. The most
commonly used types of mass spectrometers are triple quadrupolel6:33:35:43:44 gnd Q-
TOF16:37:40 jnstruments operated in both MS and MS2 mode, however in theory any mass
spectrometer with an electrospray ion source could be used for capillary electrophoresis-
mass spectrometric analysis.

2.2 Electrospray and atmospheric pressure chemical ionization

The development of electrospray ionization (ES1)* enabled the direct coupling of mass
spectrometry and liquid chromatography, and allowed for direct mass spectrometric analysis
of polar molecules such as DNA nucleosides, nucleotides, and oligonucleotides.*6 In an
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electrospray ion source, liquid is passed through an narrow orifice with a voltage (1 - 5 kV)
applied either to the conductive tip of the orifice or directly to the liquid through a liquid-
liquid junction.#”+48 This results in the production of a mist of finely charged aerosol
particles. Within the mist, the size of charged droplets gradually decreases, ultimately
resulting in the production of gas phase ions under atmospheric pressure conditions. The
actual mechanism by which the charged aerosol particles produce “naked” gas phase ions is
complex and not fully understood, but has been proposed to involve ion desorption and/or
droplet fission.49:50

The conversion ions within the liquid phase to gas phase ions is a competitive process due to
the finite amount of space and charge available on the charged droplets.>! Thus other
components of the sample can interfere with, or overpower the ionization of the analyte of
interest. The phenomenon of background materials interfering with analyte ionization is
commonly observed in trace ESI analysis and is referred to as ion suppression.>2:23 As jon
suppression will reduce the sensitivity and reproducibility of an assay, the phenomenon must
be taken into consideration when developing LC-MS methods for analyzing DNA
modifications. Sample clean up procedures and high efficiency HPLC separations are
effective means of separating the analyte of interest from the bulk of the components within
the sample, thereby assuring optimal electrospray ionization efficiency of the analyte and
subsequently sensitive mass spectrometry.

Depending on the polarity of the voltage applied to the electrospray source, the technique
generates either protonated or deprotonated ions and therefore requires that the analyte of
interest contains either basic or acidic functionalities. DNA molecules are polyanions due to
their negatively charged phosphodiester backbone and are thus typically analyzed in
negative ion mode. Nucleoside monophosphates are similarly often analyzed using ESI- -
MS.># In contrast, free DNA nucleobases and nucleosides are readily protonated at pH < 5,
and are therefore typically detected in positive ion mode.1255 In some rare cases when the
adducted base contains a strongly electron withdrawing substituents such as a nitro group,
negative ion mode is preferred.5®

The ionization efficiency of ESI is inversely proportional to the HPLC flow rate. Therefore,
improved sensitivity is realized by reducing HPLC flow rates and subsequently decreasing
the HPLC column diameter to maintain optimal chromatographic performance at reduced
flows. 57-59 Column miniaturization is commonly used to improve assay sensitivity and
allows for the analysis from the limited size of typical biological samples. HPLC flow rates
of 140 - 600 nL/min and column diameters of 0.075 mm have been used to maximize the
sensitivity of quantitative DNA adduct assays®8:60-69 (see Section 5.5.4) and to identify and
characterize novel adducts.”0-73

Atmospheric pressure chemical ionization (APCI) is another common ionization technique
utilized to detect DNA modifications.27:28 The APCI source volatilizes the HPLC effluent in
a heated nebulizer with a help of drying gas (typically nitrogen). Molecules within the
effluent are ionized as they pass through a corona discharge generated by a high voltage
applied to a metal needle.”® The resulting plasma produces ions of the mobile phase solvent,
which in turn ionize analyte molecules usually by protonation (M+H)* in the positive ion
mode or deprotonation (M-H) in the negative ion mode.”® The formation of solvent adduct
ions is also possible. Charge transfer and electron capture can additionally occur for some
analytes, resulting in very high sensitivities.”® The mean free path between charge
transferring collision events is short and quickly reaches equilibrium, allowing most
thermodynamically ions to be observed.>” Unlike electrospray ionization that occurs in
solution, APCI is a gas phase ionization process capable of ionizing molecules which are
otherwise not easily ionizable. The gas phase ionization process is additionally amenable to
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higher HPLC flow rates (up to 3 mL/min). Since DNA nucleosides and nucleobases contain
basic functional groups and are easily and efficiently ionized by ESI, APCI is rarely used for
their analysis, with the exception of rare cases when high HPLC flow rates must be
employed.

2.3 Matrix Assisted Laser Desorption lonization (MALDI)

Matrix assisted laser desorption ionization (MALDI) is a powerful tool for mass
spectrometric analysis of oligonucleotides and nucleic acids.”” MALDI is a “soft” ionization
process producing either positively or negatively charges ions. Samples are prepared for
MALDI analysis by mixing and co-crystallizing with a large excess of UV or IR-absorbing
organic matrix, which is deposited onto a MALDI target. A pulsed UV or infrared laser then
strikes the dried analyte/matrix solid, resulting in desorption/ablation of the sample and
analyte ionization. MALDI matrices are most commonly organic acids containing a
chromophore that absorbs the wavelength of the laser. The role of matrix is to absorb
radiation from the laser pulse, to facilitate analyte ionization, and also to protect the analyte
from radiation damage.’’ The preferred matrix for the analysis of DNA is 3-
hydroxypicolinic acid (3-HPA)’8 while for RNA it is a mixture of 2,3,4- and 2,4,6-
trihydroxy-acetophenone or 3-HPA.”® MALDI is well-suited for coupling to time-of-flight
(TOF) mass spectrometry since both operate in a pulsed fashion. Furthermore, the mass
ranges of ions which can be generated using MALDI matches up well with the mass range
possible with TOF instrumentation. MALDI-MS of nucleic acids has been performed almost
exclusively with TOF instruments with delayed ion extraction.’”

2.4 Mass analyzers

Our ability to detect and characterize structural modifications of DNA is largely dependent
upon the current state-of-the-art MS instrumentation and techniques; as MS instrumentation
has become increasingly more powerful, our understanding of endogenous and exogenous
modifications present in cellular DNA has rapidly evolved. Many types of mass analyzers
are available commercially, including quadrupoles, ion traps, orbital traps, and time of flight
(TOF) mass spectrometers.19 The different instruments vary in their resolution power, duty
cycle, dynamic range, and MS/MS capabilities, as well as their cost and their ease of use. In
this section, we will describe the main types of MS instruments available commercially and
their advantages and disadvantages for the qualitative and quantitative analyses of DNA
modifications.

2.4.1 Quadrupole mass analyzers—A quadrupole mass analyzer (Q) consists of four
parallel conductive circular or hyperbolic rods. Asymmetric RF and DC voltages are applied
to the two sets of opposing rods, forming an electromagnetic field allowing the passage (or
filtering) of specific ions through the center space of the apparatus. The voltages applied to
the rod pairs can be selected to enable only ions which fall within a narrow range of mass to
charge ratio (/7/2) to have a stable trajectory;13:19 these sefected'ions are able to pass
through the quadrupole mass filter. Alternatively, quadrupoles can be operated in the “RF
only mode” allowing all ions entering the quadrupole to be transmitted. Triple quadrupoles
(Q192Q3) contain two mass filtering quadrupoles (Qq and Q3) and a third quadrupole which
serves as a collision cell/ion guide (gy) positioned between the two mass filters. Triple
quadrupole mass analyzers are well suited for tandem mass spectrometry (MS/MS)
experiments. The collision cell is filled with an inert collision gas (typically Ar or N») at a
pressure of 1-2 mTorr and is operated in RF only mode, allowing transmission of all ions.
lons within the specified /m/zrange exit the first quadrupole Q4 and are accelerated to 10-50
V. Upon entering the collision cell (qy), they collide with the inert gas, resulting in cleavage
of weaker bonds, a process called collision induced dissociation (CID). The resulting
fragment ions exit the collision cell and are then analyzed in the third quadrupole (Q3).
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Common modes of operating triple quadrupole instruments are discussed in Section 2.5.
Triple quadrupoles are the main type of mass analyzer used for trace quantitative analysis
due to their high selectivity (especially when operated in selected reaction monitoring mode
- see Section 2.5), high sensitivity, large dynamic range, high precision, relatively low cost,
and ease of operation.

2.4.2 lon trap mass analyzers—Ilon trap mass analyzers work by trapping and
accumulating ions within a large m/zrange (e.g. 15 — 4000) within a confined space.
Following the trapping period, the accumulated ions can be selectively ejected out of the
trap and detected based on their //z value, allowing for mass analysis.80 Alternatively, ion
fragmentation spectra (MS?2) can be acquired by ejection of all ions other than the m/z of
interest, and then fragmenting the selected ions via collision induced fragmentation with
background He gas, and the subsequent mass analysis of resulting fragment ions. This
process of collecting and fragmenting target ions can be repeated multiple times, allowing
for the acquisition of MS" spectra (n = 3). lon traps are powerful tools for acquiring
structural information for novel DNA adducts, DNA sequencing, and other qualitative
analysis. Although ion traps have not been traditionally used for trace quantitative analysis
due to their lower duty cycle as compared to that of triple quadrupole instruments,9 they
offer an additional level of selectivity when operated in MS3 mode and have been recently
used for sensitive detection of minor DNA adducts in human tissues.8!

2.4.3 Time of flight mass analyzers—Time of flight (TOF) mass analyzers are
extended /77/z range mass analyzers with a resolving power of 10,000 or better and typical
mass accuracies of 2 - 5 ppm. TOF analyzers determine the m/z of ions by measuring the
length of time it takes for ions to migrate through a field-free flight tube. lons accelerated to
the same kinetic energy (25-50 kV) enter a 1-2 m long drift tube and travel towards the ion
detector. Since ions of higher m/ztravel slower than the ions of lower mass, they separate in
space according to their velocities. The flight time is inversely proportional to ion velocity,
and the m/zvalues can be calculated from the observed flight time. TOF mass analyzers can
be coupled to MALDI or electrospray ion sources.1® TOF technology has improved in recent
years, with significant advances in their sampling speed, resolving power, and sensitivity.

TOF mass analyzers are powerful tools due to their ability to determine the accurate mass of
detected ions, while obtaining full spectral data. A hybrid instrument consisting of a
quadrupole mass filter, a collision cell, and a TOF mass analyzer (QqTOF) is popular in the
field of proteomics.82 Traditionally, TOF instruments have been limited to qualitative
analyses; however, QqTOF instrument have been employed for quantitation, since their high
resolution capabilities can eliminate chemical noise.83 However, the typical sensitivity of
QqTOF instruments is lower than that of triple quadrupoles.83

2.4.4 Orbital trap (Orbitrap) instruments—A new type of mass analyzer, the
Orbitrap,84 has recently become available commercially. The Orbitrap offers excellent
resolution as high as >240,000 and mass accuracy of 1-3 ppm. 8% The Orbitrap technology
was originally sold solely as a hybrid instrument with the device coupled to an ion trap
instrument, under the brand name of LTQ Orbitrap™ (Thermo Scientific, San Jose, CA). In
addition to the original ion trap-orbital trap configuration, the Orbitrap technology is now
available as a standalone device (Exactive Plus Orbitrap™) and as a hybrid instrument
coupled to a quadrupole (Q Exactive™ Hybrid Quadrupole-Orbitrap). To avoid confusion
between these different configurations, the mass analyzing device will be referred to here as
an orbital trap.

The orbital trap is an ion trapping device 84 consisting of a central “spindle” electrode and
an outer “barrel” electrode. Discrete packets of ions are injected into the region between the
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electrodes at a specific kinetic energy and are trapped between the central “spindle”
electrode and the outer “barrel” electrode by application of a static electrostatic field. lons of
all m/zvalues follow a circular orbit around the z axis, and the frequency of their oscillation
(w) is dependent on their 77z values: w = [(z/m) x k]¥2, where z is the ion charge, m is the
ion mass, and k is dependent on the field strength. lon oscillations are detected as image
current and are transformed into mass spectra using a Fourier transformation (FT).

The original orbital trap mass analyzers were the hybrid ion trap-orbital trap instruments,
and were used almost exclusively for proteomics analyses.8%-87 The standalone orbital trap
instruments introduced more recently (Exactive Plus Orbitrap™) can be used for a variety of
applications, including small molecule analysis.88-92 The quadrupole-orbital trap hybrid
instrument which was introduced in 2011 (Q Exactive™ Hybrid Quadrupole-Orbitrap Mass
Spectrometer) is well suited for proteomics and small molecule quantitation.?2-96 Qur
research group has successfully employed orbital trap technology to improve the sensitivity
of DNA adduct detection in human samples.®6 Excellent sensitivity and greatly improved
signal to noise ratios have been achieved for complex samples containing trace amounts of
DNA adducts in the presence of a large excess of normal nucleosides (see Section 6.4).

2.4.5 Hybrid instruments—Several mass analyzers of different types can be combined
together in to a single system to form “hybrid” instruments with expanded capabilities. For
example, quadrupoles and ion traps have been coupled to TOF, ion trap, and orbital trap
analyzers. Another example is the use of two TOF analyzers (TOF-TOF) in sequence. Often
mass analyzers (quadrupole, TOF, orbital trap) which are not capable of MS?2 operation
individually are coupled together to attain that capability as a hybrid instrument. The
commercially available instruments and their capabilities have been recently reviewed.%:97

2.5 MS Scanning Methods

Several ion scanning modes can be used to analyze DNA modifications, including selected
ion monitoring (SIM), selected reaction monitoring (SRM, also MRM), constant neutral loss
(CNL), precursor scanning, product ion scanning, and data dependent scanning (Scheme 2)
SIM and SRM methods offer the greatest sensitivity and are used primarily for targeted
detection and quantitative analysis of DNA adducts, while the other three modes provide
structural information and are useful for identification and characterization of novel DNA
modifications.

SIM is the simplest way to improve ion detection sensitivity when using a single stage mass
spectrometer unable to perform tandem mass spectrometry experiments. SIM adds
selectivity by monitoring ions within a narrow /m/z range, increasing sensitivity 100-fold due
to an improved duty cycle. However, no structural information beyond molecular weight is
obtained from SIM analyses.

Many of the most sensitive scanning methods require the use of instruments capable of
performing MS/MS experiments, such as triple quadrupoles (Q192Q3) and the quadrupole
linear ion trap (QqQtrap). Product ion mode (Scheme 2A) involves the isolation of the
analyte ions in Q1, followed by their fragmentation in g2 and mass analysis of the fragment
ions in Q3. This mode is useful for characterizing novel DNA modifications, confirming
analyte identity, and providing information regarding their chemical structure.

In the precursor ion scanning mode (Scheme 2B), the Q3 is set to pass only the fragment
ions of interest, while Q1 is scanned within a broader range, so that only analyte ions
producing fragment ions of interest are recorded. Precursor ion scanning mode can be used
to identify adducts based upon the common chemical structure of DNA, e.g. guanine,
adenine, cytosine, or thymine adducts.
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The best sensitivity is typically achieved using the selected reaction monitoring (SRM)
mode (Scheme 2C). In SRM mode with a triple quadrupole mass spectrometer (Section
2.4.1), Q1 selects ions within a user-specified narrow /m/z range, which then enter the
collision cell (g2) and are fragmented by CID. The resulting fragment ions (product ions)
enter Q3, and only product ions of the specified m/z pass through Q3 and are recorded at the
detector. In SRM experiments, only ions of the user-specified mass that produce specific
fragments under CID conditions are detected. These multi-step criteria add selectivity and
improve signal to noise ratios of the assay, since it is unlikely that sample components will
have both the same precursor and fragment masses as the analyte of interest.

Constant neutral loss (CNL) scanning mode (Scheme 2D) allows the user to specify a mass
difference between the precursor and product ions (fragment mass). This method is typically
used when unknowns or multiple analytes with similar structures are being analyzed,
assuming all of the targeted compounds lose the same neutral fragment under CID
conditions (e.g., the neutral loss of deoxyribose sugar from DNA nucleosides or the loss of a
phosphate group from nucleotides).?8 In the CNL mode, Q1 scans and transmits all /7/z ions
within a broad range, which are then dissociated in g2 before passing to Q3, where the
resulting product ions are scanned. Q1 and Q3 scan are synchronized but offset from each
other by the user-defined mass difference.

Data dependent scanning is based on repeated acquisition of full scan spectra and MS"
spectra (Scheme 2E). This scanning mode requires a real time decision making by the mass
spectrometry software based upon initial programming of the data dependent method. The
simplest data dependent methods involve acquisition of a full scan spectrum, followed by
MS? fragmentation of the most abundant ions. The masses of ions selected for fragmentation
are then put into an exclusion list and these masses are no longer eligible for fragmentation
upon observation in subsequent full scan spectra. However, the exclusion list has a time
limit, so that ions of a given mass once again become eligible for MS?2 analysis later on
during the chromatographic run. The data acquisition cycle of full scan data acquisition and
MS?2 analysis of the most abundant ions is repeated for the entire HPLC-MS/MS run. This
approach is commonly used in proteomics analyses and can be applied to unknown adduct
screening (adductomics, Section 4.7). Alternatively, an inclusion list containing masses of
interest can be used to trigger MS? analysis of targeted analytes. Overall, data dependent
acquisition is a powerful approach useful for screening and identifying novel DNA
modifications.

Preparation

Sample preparation for DNA adduct analysis by mass spectrometry typically involves
several standard steps, e.g. DNA hydrolysis, analyte enrichment, and fortifying with an
appropriate internal standard (Scheme 3). Genomic DNA can be obtained from a variety of
sources of differing complexity. Most methods include DNA hydrolysis and a purification
step that removes the bulk of sample matrix in order to avoid ion suppression and to achieve
optimal sensitivity.

3.1 DNA Sources for adduct analyses

Common biological sources of DNA for adduct analysis include tissues, blood, oral buccal
cells, and urine. Depending on lesion abundance and analytical method sensitivity,
quantitative analysis of DNA modifications requires between 1 and 200 pg of DNA. DNA
isolated from organ tissues including liver, lungs, kidney, and brain are often used in
laboratory animal studies.87:68:99 Since these tissues are not available from human
biomonitoring studies, DNA can be isolated from human blood, saliva, and oral buccal cells
in these cases.52:100 pyrified DNA (e.g. calf thymus DNA) and synthetically produced
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oligonucleotides are commercially available and can be used for method development, /n
vitro experiments, and mechanistic/structural experiments.

Some DNA adducts are excreted as free nucleobases and nucleosides in urine due to their
spontaneous hydrolysis and/or active repair.192-103 Human urine is a complex matrix
containing high concentrations of salts and other polar compounds which can interfere with
mass spectrometric analysis of polar DNA adducts. Careful consideration of these potential
interfering constituents is required when developing effective sample preparation and on-
line liquid chromatography methods necessary for the analysis of urinary adducts. Several

laboratories have successfully analyzed urinary nucleosides in humans by HPLC-ESI-MS/
MS. 24;104-107

3.2 DNA hydrolysis

Genomic DNA strands are very long, linear biopolymers consisting of a heterogeneous
sequence of four nucleosides (deoxyadenosine, deoxyguanosine, deoxycytidine, and
thymidine monophosphates) connected by phosphodiester bonds. With the exception of
experiments with pure synthetic oligodeoxynucleotides of a specified sequence, MS analysis
of DNA maodifications requires DNA hydrolysis to the corresponding monomers
(nucleobases, nucleosides, or nucleotides). This is because mass spectrometric analysis of
DNA monomers is characterized by an increased sensitivity, accuracy and precision as
compared to the analysis of DNA polynucleotides. Some DNA adducts, including 7-
alkylguanines, 3-alkyladenines, and 2-alkylcytosines, can be readily and selectively released
from a DNA backbone as free bases upon heating (thermal hydrolysis).5:108 Hydrolytically
stable adducts may be analyzed by enzymatic digestion of DNA by nucleases and
phosphatases to release deoxynucleosides. (Care should be taken when digesting chemically
modified DNA as many adducts are capable of blocking nuclease enzymes, leading to
incomplete enzymatic hydrolysis).199 Alternatively, heating in the presence of acid (mild
acid hydrolysis) releases all purines as free bases, including adenine and guanine
adducts.6:110

As a word of caution, some DNA lesions can be artificially generated during enzymatic
digestion and other sample processing steps. For example, 8-oxoguanine (8-0xo-dG) is
readily produced from dG in an aerobic environment.111-113 The artifactual formation of 8-
ox0-dG during DNA isolation and sample processing can be minimized by adding
antioxidants, metal chelators, and free radical trapping agents.114 Artifactual deamination of
cytosine and adenine can be caused by deaminases present as contaminants in commercial
nuclease and phosphatase enzymes used for enzymatic DNA digestion. dC and dA
deaminase inhibitors can be used to avoid adventitious formation of 2”-deoxyuridine (dU)
and 2”-deoxyinosine (dl), respectively, during DNA isolation and processing.115-117

3.3 Sample enrichment strategies

DNA hydrolysates require several cleanup steps to enrich DNA adducts and to remove the
bulk of unmodified nucleosides, proteins, inorganic salts, and other sample components that
can interfere with MS analysis (Scheme 3).13:14 Some examples of sample preparation
methods used in DNA adduct analyses include ultrafiltration, liquid/liquid extraction, solid
phase extraction, immunoaffinity purification, and off-line HPLC.

Ultrafiltration can be used to remove partially depurinated DNA remaining following
thermal or acid hydrolysis of DNA.108:110 This method is also useful for removing proteins
following enzymatic hydrolysis of DNA. Disposable ultrafiltration centrifugation devices
are available commercially with a typical molecular weight cutoff used to remove the DNA
backbone of 3-10 kDa.
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Liquid/liquid extraction with organic solvents can be used to isolate hydrophobic DNA
adducts, while polar components of the biological sample remain in the aqueous phase.118
This method is effective and economical, but is limited to hydrophobic lesions such as those
of polycyclic aromatic hydrocarbons and aromatic amines.

Solid phase extraction (SPE) has much broader application than liquid/liquid extraction due
to the large variety of SPE cartridges available commercially. In SPE, samples are loaded on
a small disposable column packed with chromatographic stationary phase under conditions
that facilitate analyte binding. Following several washing steps to remove unwanted
components, the analytes of interest are eluted with a stronger solvent. Depending on the
structure of the analyte, SPE separations can employ cation exchange, anion exchange, or
mixed mode liquid chromatography packing to isolate specific DNA lesions from complex
mixtures.56:108:119:120 ymmunoaffinity purification is based on a similar principle, with the
exception that the sample enrichment is achieved via analyte binding to a monoclonal or
polyclonal antibody attached to a solid support.121

Off-line HPLC separation can be effectively used to remove the bulk of impurities and to
enrich the analyte prior to MS analysis. HPLC fractions containing the compounds of
interest are selected, concentrated, and injected onto an HPLC column for HPLC-MS
analysis. Retention time markers can be used during offline HPLC cleanup to control for any
variations in analyte retention time between samples, e.g. due to small temperature changes
and the influence of sample matrix. Our laboratory has successfully employed offline HPLC
cleanup to enrich guanine-guanine adducts of 1,2,3,4-diepoxybutane (6/s-N7G-BD) prior to
their quantitative analysis by nanoHPLC-nanospray MS/MS.68:89 |n general, offline HPLC
purification prior to HPLC-MS/MS provides better sensitivity than methodologies
employing SPE cleanup, but the technique is more time consuming and susceptible to
carryover problems.

3.4 MS Detection of Nucleoside and Nucleobase Adducts

The formation of DNA adducts can occur via modification of the nucleic base or phosphate
moieties of DNA. Structural modifications of DNA nucleobases are directly related to
chemical carcinogenesis® and are more frequently studied than phosphate group
modifications. Therefore, discussions within this section are focused on detecting
nucleobase DNA adducts by mass spectrometry.

Chromatographic separation of DNA adducts can be accomplished using gas or liquid
chromatography. DNA nucleosides, nucleotides, and nucleobases are polar species with
limited volatility, requiring extensive derivatization steps in order to make them amenable to
GC separation.122 In contrast, liquid chromatography can be used to separate modified
nucleosides, nucleotides, nucleobases, and oligonucleotides directly, with no need for
derivatization. Therefore, LC-MS has become the preferred approach for DNA adduct
analysis. Typically DNA adduct analyses involves HPLC coupled with atmospheric pressure
ionization methods such as electrospray and atmospheric pressure chemical ionization. DNA
nucleosides and nucleobases are usually analyzed as positive ions, since they are readily
protonated. The resulting [M+H]" ions are available for detection in full scan or selected ion
monitoring (SIM) mode (Section 2.5). MS/MS fragmentation can be utilized to obtain
structural information.

4. DNA adduct identification and screening

4.1 Molecular formula determination

High resolution mass spectra can be used to determine the elemental composition of
structurally modified nucleotides, nucleosides, and nucleobases, facilitating the structural

Chem Rev. Author manuscript; available in PMC 2014 April 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tretyakova et al.

Page 11

characterization of these targets. Recent developments in mass spectrometry instrumentation
has provided a number of different systems capable of routinely acquiring high resolution
mass spectra.>® Mass accuracy of 2 - 5 ppm is routinely achieved when using orbital trap
(Orbitrap™) and time-of-flight technologies (Sections 2.3.3 and 2.3.4). Both instruments,
when combined with a quadrupole or an ion trap mass analyzer into a hybrid instrument, can
be used to determine the accurate mass of product ions generated from CID. High resolution
mass measurements (resolving powers of > 30,000) can be useful when analyzing complex
biological samples, especially when the analyte is present at trace levels. Low abundance
analytes can be detected in the presence of a complex sample matrix because accurate mass
measurements enable distinguishing analyte ions from potentially interfering compounds of
similar mass. The typical resolving power of time-of-flight mass analyzers is 15,000 —
50,000, while the resolving power of orbital trap (Orbitrap™ technology) instruments is as
high as > 240,000. FT-ICR instruments are capable of even higher resolving power
(=750,000), depending upon the size of the magnet employed. For orbital traps and FT-ICR
mass spectrometers, there is an inverse relationship between resolving power and scan
speed, which hinders the application of these instruments to analytical problems requiring
rapid analysis. Among the three types of mass analyzers capable of high resolution mass
measurements, FT-ICR instruments are the most expensive and require regular maintenance
of the superconducting magnet and therefore are rarely used for DNA adduct detection.

MS resolving power required to conclusively determine the molecular formula of a given
analyte is dependent upon its molecular mass and the number of possible elements
considered.123 This is illustrated in Table 1, where the numbers of possible molecular
formulas were calculated at 2 ppm and 5 ppm mass accuracy and considering various
combinations of biologically relevant elements for hypothetical analytes of increasing
molecular mass: /m/z152.05669 (e.g. guanine), 268.10403 (e.g. dG), 299.12510 (e.g. POB-
Gua); 415.17244 (POB-dG); and 570.19832 (BPDE-dG). It is clear from this representative
example that as the molecular size increases, it becomes more difficult to assign the
elemental composition of an unknown nucleoside, although further increasing the resolution
will reduce the number of possibilities. Simple approaches can be applied to constrain the
number of potential molecular formulas use “rings-and-double-bond equivalents”124 and
“nitrogen rule”125 approaches, although they should be used with care due to certain
limitations.126

In addition to constraining the types of elements considered when determining elemental
composition of an unknown, filters can be applied to constrain the number of possible
molecular formulas. A list of heuristic filtering methods has been carefully examined for
determining molecular formulas by accurate mass measurement.26 One of these filters,
which can be particularly powerful, includes the comparison of the observed and theoretical
isotope patterns. Careful theoretical analysis of the interplay between mass accuracy and
isotopic pattern measurements for molecular formula determination has been conducted by
Kind and Fiehn.123 Calculation of theoretical isotope patterns can be conducted using
commercial data analysis software.

For example, consider the isotopic pattern (the relative ratio of M and M+1 peaks) of an
unknown at m/z415.17244. If one includes C,H,N,O, and P as possible elements present,
there are 5 possible molecular formulas when using a 2 ppm mass accuracy tolerance (Table
1), with 12C,.4 13CHN,OyP,/C,H,\N,OyP, ratios ranging between 0.12 to 0.20. The
observed CyHyN,OyP, -H* /*2C,.113CH,,N,0,P,-H* signal ratio can be used to determine
the molecular formula of the unknown analyte (Figure 2). In addition, the number of
nitrogen atoms in the molecular formula could be determined by comparing the signal from
the isotopologue with a single 13C atom (2C.;13CH,,}4N,OyP,-H*) to the signal from the
isotopologue with a single 15N atom (C,H,,'*N!4N,.;0,P,-H*). A more sophisticated
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isotopic pattern analysis can be performed where the M+2 signal abundance is considered
along with the M and M+1 isotope pattern. When this type of analysis is conducted, the best
match for the compound shown in Figure 2 is C1gH2,05Ng-H* (08-POB-dG, Chart 2).

High resolution mass spectra are useful for resolving the analyte of interest from background
chemical noise and co-eluting species of very similar mass, and also for identifying and
distinguishing isotopologues. In the case of O%-POB-dG, the mass of the 13C isotopologue is
approximately 20 ppm higher than the mass of the 15N isotopologue, and this difference can
be detected by mass spectrometer with a resolving power of > 40,000 (10% definition) or =
80,000 (FWHM definition). It should be noted that signals of interest must exhibit good
signal to noise ratios to enable this type of analyses. Furthermore, the ion signal being
evaluated should be within the linear dynamic range of the signal intensity.123

4.2 Types of MS/MS Fragmentation

Valuable structural information for unknown nucleosides, nucleotides, and nucleobases can
be obtained using tandem mass spectrometry (see Section 2.5). In addition to providing
fragmentation patterns for novel DNA modifications and confirming the identity of known
DNA lesions, MS/MS and MS" experiments can dramatically increase the selectivity and
sensitivity of assays quantifying DNA adducts.

DNA adduct assays typically utilize fragmentation reactions under low-energy collision-
activated dissociation conditions (CAD), commonly referred to as collision-induced
dissociation (CID). Two different types of CAD exist, namely “ion-trap-type CAD” and
“beam-type CAD”.127 While ion-trap-type CAD is available on ion traps and ion trap-time-
of-flight instruments, beam-type CAD is available with triple quadrupole, quadrupole-orbital
trap, and quadrupole-time-of-flight instruments.12” Quadrupole ion traps and quadrupole-
orbital trap instruments have both types of fragmentation available. The two fragmentation
processes differ in the mechanism by which the energy is imparted to the precursor ions,
forcing their fragmentation. In the case of the beam-type CAD mechanism, fragmentation
occurs as a result of the energy imparted to the precursor ion as it is accelerated and
subjected to multiple collisions with the inert gas within the collision cell.}28 In the case of
the ion-trap-type CAD mechanism, analyte ions undergo resonance excitation, leading to
their energetic collisions with background gas (typically He) to produce fragment ions.128
The fragment ions which initially form are no longer in resonance with the excitation
frequency used to excite the precursor ions and therefore the fragments will not undergo
further fragmentation. The two different types of CAD fragmentation can result in
significantly different product spectra for the same analyte (Figure 3).

4.3 MS/MS Fragmentation Pathways of Modified Nucleosides

MS/MS fragmentation pathways of native and structurally unmodified nucleosides have
recently been reviewed.12? All DNA nucleosides have a common structural feature, namely
the presence of a deoxyribose moiety bound to one of the four nucleobases or their
derivatives through a glycosidic bond. Therefore, low energy CAD spectra of structurally
modified DNA nucleosides (B-X-dR, where B = nucleobase, X = modification, and dR is
the deoxyribose sugar) is typically dominated by the cleavage of the glycosidic bond and a
neutral loss of dR (116 amu), leading to protonated nucleobase ions ([B-X] +H)* (Figure 3).
An interesting exception has been reported by Farmer et al. for the DBJ[4,/]P dihydroepoxide
adduct of dA, which produced mostly fragments corresponding to the DB[a,/]P moiety.3°

The MS/MS fragmentation pathway corresponding to the neutral loss of dR is often used for
quantitation of nucleoside adducts or for confirmation of adduct identity. Depending on the
nature of the modified nucleoside, instrumentation used, and most importantly, the amount

Chem Rev. Author manuscript; available in PMC 2014 April 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tretyakova et al.

Page 13

of energy used for fragmentation, other types of mass fragments may be observed. For
example, Figure 3 contains product ion spectra of A2-ethyl-2-deoxyguanosine using triple
quadrupole (beam-type CAD) and ion trap-like fragmentation. For CID experiment
conducted on a triple quadrupole system at a collision energy of 10 volts, fragment ions
corresponding to the neutral loss of dR (/1/z180) are observed exclusively. Increasing the
collision energy to 40 volts leads to the formation of additional fragment ions at /m/z 163
(60%), 135 (100%), and 110 (50%) (Figure 3, left panel). In contrast, fragmentation of the
same analyte using an ion trap (ion-trap CAD) leads almost exclusively to the loss of the dR
group, regardless of the amount of collisional energy applied (Figure 3, right panel). As the
intensity of new fragments increase with the increased collision energy in the triple
quadrupole mass spectrometer, the intensity of the ion signal at /7/z 180 decreases (Figure 3,
left panel). In contrast, the amount of total MS/MS signal and /7/z 180 signal in particular is
independent of collisional activation for the similar experiment conducted using an ion trap
(ion-trap-CAD) fragmentation (Figure 3, right panel).

Other MS/MS fragmentation pathways observed for structurally modified nucleosides
include the loss of the substituent producing protonated nucleoside ions and the ions
corresponding to carcinogen-derived portion of the molecule. In most cases, fragment ions
corresponding to the protonated base of origin [B+H]* are observed and can be used to
identify the origin of a specific nucleobase modification. MS/MS spectra of a series of
representative dG adducts obtained using a beam-type CAD are given in Figure 4. All
modified nucleosides shown in Figure 4 produce [Gua+H]* (/7/2152) and [Gua+H-NH3]*
ions (/m/z 135) characteristic of dG adducts. The same two fragments are observed upon MS/
MS fragmentation of protonated guanine (see Section 4.4).12%:130 Similar results were
reported by Inagaki and coworkers for the fragmentation of N7-Et-Gua (Chart 3), dG, CPr-
dG, and N2-ethyl-dG. 131 In contrast, fragments /7/z 135 and /m/z 152 were not observed
upon fragmentation of 8-oxo-dG (Chart 1), probably because of the difficulty of cleaving the
oxygen-carbon bond.

4.4 Fragmentation of Modified Nucleobases

The MS/MS fragmentation of protonated guanine has been carefully studied.230 For
example, Tuytten and coworkers have reported a rigorous analysis of the MS24
fragmentation of dG .130:132 They observed the loss of the ribose moiety upon MS? analysis
and the subsequent fragmentation of [Gua+H]* produces the /7/z 135 ion referred to above
as well as [Gua-HNCNH+H]* (m/z 110), and a minor product ion of [Gua-HNCO+H]* (m/z
109). Gregson and McCloskey determined that the ion at /77/z 135 [G-NH3-H]* can result
from the loss of the exocyclic N2-amino group or the N-1 nitrogen following a Dimroth
rearrangement-like ring-opening process.130

Fragmentation pathways of unmodified cytosine have been reviewed recently.133 The main
fragments observed are at /77295 [M+H-NHs]*, /1/269 [M+H-NHCOQO]*, with a minor peak
at m/z 94 [M+H- H,0]".

The MS/MS fragmentation of adenine is more complex, revealing four major
pathways:134-136 (i) neutral loss of NH3 (/7/z 119) followed by the loss of two molecules of
HCN (or HNC)) (m/z 92, 65); (ii) elimination of NH,CN (/m/z94) and two molecules of
HCN (m/z67,40); (iii) the sequential loss of three molecules of HCN (/m/z109,82,55); and
(iv) the formation of NH,* (m/z 18).

Unlike nucleoside adducts (Section 4.3), modified nucleobases typically do not fragment by

a common pathway. One exception is N-7 substituted guanine adducts which undergo
common fragmentation: the alkyl-guanine bond is cleaved and a proton is transferred to
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guanine, resulting in protonated guanine ions at /7/z 152.34 A notable exception is N7-
methylguanine, which preferentially loses ammonia [M+H-NH5]*.137

4.5 ldentification of DNA adducts using fragmentation information and accurate mass

Structural identification of an unknown DNA adduct frequently starts with the determination
of the molecular formula based on accurate mass measurements (Section 4.1). Any formula
under consideration should be consistent with the presence of a specific nucleobase
(adenine, guanine, cytosine, or thymine) within the adduct structure. For example, the
molecular formula of any deoxyguanosine-derived nucleoside should contain at least 10 C,
13 H, 4 O and 5 N atoms (dG, C1gH1304N5). As discussed in Section 4.1 and shown in
Table 1, as the molecular size of an unknown increases, unambiguous assignment of its
molecular formula from accurate mass measurements becomes more difficult. In these cases,
accurate measurements of fragment mass obtained from CID experiments can be helpful,
since fragment ions are smaller in size than the parent molecule, and their molecular formula
can be more easily and unambiguously assigned.

Product ion spectra can be very helpful in characterizing unknown adduct structures. As
discussed above (Section 4.3), most modified DNA nucleosides readily lose deoxyribose
under CID conditions, with a characteristic neutral loss of /2 116. Product spectra
containing accurate mass data can be useful since the neutral loss of the dR (/7/2116.04735)
can be used as evidence of nucleoside identity. Higher energy spectra can be obtained with a
triple quadrupole mass spectrometer to reveal additional fragments such as those
corresponding to unsubstituted nucleobases: m/z 152 (G), 136 (A), 127 (T), 112 (C), ora
characteristic fragment ion of the protonated base (/7/z 135 for guanine). Alternatively, the
nucleobase ions generated from CID in an ion trap can be subjected to further fragmentation
(MS3 experiment) to generate characteristic fragments.138

4.6 DNA Adduct Structure Determination

Since each DNA nucleobase can in theory be alkylated at several alternative sites (Scheme
1), the best way to identify the substitution site of the observed DNA adduct is to compare
the HPLC retention time and MS/MS fragmentation of the unknown adduct to that of a
synthetic standard.138 139 |n general, mass spectral data alone cannot determine the
structural identity of an unknown DNA adduct, although MS/MS fragmentation data can
provide a wealth of structural information. Efforts are underway to develop methods to
elucidate unknown analyte structures using MS" data by automated searching40-142 (e.g. by
comparing the experimental spectra to those found in MS" spectral databases), or in silico by
comparing the observed spectra to theoretical fragments generated from candidate structures
selected based on experimental accurate mass measurements.143 Although databases for
small molecule fragmentation are being developed,144-146 they are not yet sufficiently
comprehensive to be of much use in identifying unknown DNA adducts. Currently available
software for processing MS" datal40 is either not capable of follow up data processing or is
not specifically designed to deal with MS" data.146

Chiarelli and coworkers investigated using MS/MS fragmentation patterns to determine the
structure of thirteen C8-substituted alkylaniline adducts of guanine and
deoxyguanosine.147:148 The authors47:148 reported that a visual inspection of fragmentation
patterns alone could not distinguish between isomeric adducts. However, isomeric structures
could be differentiated based upon a calculated similarity index. It was concluded that a
database of product ion spectra could be generated allowing the identification of unknown
guanine adducts produced by aromatic amines.147:148
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MS/MS fragmentation patterns can also be useful in determining the site of the modification
on guanine or deoxyguanosine. As mentioned above (section 4.4), guanine adducts with
substitution at the N-7 position undergo a common fragmentation to protonated guanine (/m/
z152), with the exception of N7-methylguanine, which fragments to [G+H-NH3]* (m/z
135).137 Therefore, the presence of a fragment ion at /7/z 152 is suggestive of an N-7
guanine substitution, although modifications at other positions cannot be ruled out. Turesky
and Vouros have made an interesting observation that isomeric C8dG and A2-dG adducts of
aromatic amines, 2-amino-3-methylimidazo [4,5- iquinoline and 2-amino-3,4-
dimethylimidazo[4,5- lquinoxaline have distinct MS3 fragmentation patterns. While the A2
adducts lose NH3 (17 amu) from the guanine base [BH»-NH3]*, the isomeric C8 adducts
lose CONH3 (45 Da) from the guanine base [BH,-CONH5]*149 It has been proposed that
this fragmentation pattern may be a general way to distinguish between C8and A¥-
substituted derivatives of dG using MS3, since the same differences in fragmentation have
been observed for dG adducts induced by 2-aminofluorene.147

4.7 Unknown adduct screening (Adductomics)

Screening DNA samples for unknown or unanticipated adducts is a relatively new field
referred to as “adductomics”. The motivation for undertaking this field of study has been
recently reviewed.®0 In brief, the global investigation of DNA adducts independent of a
priori assumptions regarding the formation of specific adducts is critical, because the
complexity of the adducts produced /n vivo from endogenous sources or as a result of
exposure to complex mixtures of chemicals cannot be anticipated or predicted. For this

reason, several groups have been actively engaged in developing the field of
adductomics,30:100;131;151-160

The use of LC-MS/MS for adductomics experiments relies on the general observation
discussed in Section 4.3 that the fragmentation of protonated modified nucleosides result in
the formation of the corresponding protonated modified nucleobases, with a mass difference
corresponding to the loss of a deoxyribose moiety (-116 amu). In a typical experiment, DNA
samples are enzymatically hydrolyzed to free nucleosides and analyzed by tandem mass
spectrometry.

The most commonly used approach is to use a triple quadrupole instrument operated in a
constant neutral loss mode (CNL) or “pseudo” CNL mode (Scheme 2D) detecting any
molecules undergoing a neutral loss of 116 (dR). In a typical CNL experiment, The Q1 and
the Q3 simultaneously scan with a constant offset of -116 amu. This approach has been
successfully used by Gangl, Turesky, and Vouros,1%6:157 Compagnone and coworkers, 198
and Farmer et a/30 The pseudo-CNL approach is similar to CNL. However, instead of
actually scanning the quadrupoles, the system is set to monitor a number of contiguous
selected reaction monitoring transitions (Scheme 2C and section 2.5), all of which involve a
loss of 116 amu. Multiple analyses are performed using SRM methods covering different
mass ranges enabling a large range to be ultimately covered for a given sample.152-155:159 |t
is expected that the “pseudo” CNL approach should provide greater sensitivity than the
traditional CNL approach since SRM scanning offers additional sensitivity. However, as the
procedure requires multiple HPLC-MS/MS runs for each sample (typically 7-15), it is more
time consuming and is also susceptible to increased instrument variability.

Another useful approach in the adductomics field is data dependent scanning (Section 2.5,
Scheme 2E). In brief, full scan MS analysis is followed by fragmentation of the most
abundant ion(s) observed at a given point of the LC-MS/MS run. The data dependent full
scan/MS? process is continuously repeated throughout the entire chromatographic run. Van
den Driessche and coworkers!1 adopted this approach to quadrupole-TOF instrumentation.
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Turesky and coworkers used the data-dependent approach on an ion trap instrument, with
the addition of MS® fragmentation of all those ions which lost 116 amu upon MS2,100:160

Recently, Inagaki and coworkers suggested an alternative approach to adductomics
analyses.131 These authors postulate that guanine adducts can be identified by characteristic
fragments at /m/z 152 and 135, respectively, corresponding to protonated guanine and
protonated [Gua+H-NH3]* (Section 4.4). This new approach was employed to study
acrylamide-DNA adducts.131 A similar approach has been suggested for adenine adducts,
with a characteristic fragment at /7772136 [Ade +H]*. One possible benefit of this approach
is that it employs a simple thermal or acid hydrolysis of DNA, releasing free nucleobases,
rather than using enzymatic hydrolysis to nucleosides. However, this approach appears to be
limited to adducts of Gua and Ade bases.

Since adductomics is a relatively new field, a limited number of analyses have been
conducted to date. There is a great room for advances in the field, especially considering the
rapidly improving capabilities of mass spectrometry instrumentation. One capability which
could facilitate the identification of novel or unanticipated adducts in the future is the use of
high resolution mass spectrometry. To our knowledge, the only study to date which
employed instrumentation capable of providing accurate mass of unknown adducts was the
one by Van den Driessche and coworkers,1®1 who used a quadrupole-TOF instrument.
However, accurate mass data was not reported in that study.1! The new generation of
orbital trap and quadrupole-TOF instruments are capable of providing both molecular
formula and fragmentation information to facilitate adduct identification. In addition, HPLC
flow rates could be reduced to capillary or nano HPLC flow rates, providing a significant
increase in sensitivity. The increased sensitivity enables testing samples of limited size. To
our knowledge, none of the adductomics studies reported to date have operated using
nanoflow techniques, which are standard in the field of proteomics. Turesky and
coworkers100:160 have employed 6 L/min flow rates with a CaptiveSpray™ ion source
(Bruker, Billerica, MA), which is reported to offer sensitivity similar to that of nanospray
ionization. Finally, data analysis software approaches tailored to adductomics data analysis,
especially for experiments conducted in a dependent scan mode, would be very valuable in
advancing the field. The ongoing comprehensive studies of the MS/MS fragmentation of
known DNA adducts should assist in the detection and identification of novel DNA
modifications.

5. Quantitative analysis of DNA adducts

Quantitative analysis of DNA adducts by mass spectrometry can be performed in
combination with gas chromatography (GC) or liquid chromatography (LC) separations.
Traditional methods of DNA adduct quantitation have employed GC-MS.161 However, gas
chromatography has fallen out of favor with the recent developments of LC-MS techniques
allowing for direct analysis of DNA nucleobases, nucleosides, and nucleotides from aqueous
solutions. In contrast, derivatization is required for GC analysis of DNA monomers, which
are otherwise insufficiently volatile to be analyzed directly by this technique.162
Nevertheless, many sensitive and accurate GC-MS methodologies have been reported for
quantifying DNA adducts; many of these techniques are comparable to the corresponding
HPLC-MS methodologies.163

HPLC-ESI-MS/MS has become the standard approach to the quantifying DNA adducts with
the advent of the atmospheric pressure ionization sources, electrospray (ESI) and
atmospheric pressure chemical ionization (APCI). As described above, electrospray
ionization is particularly well suited for analyzing protonated DNA nucleobases and
nucleosides, especially when coupled with reverse phase liquid chromatography.164 While
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electrospray ionization is currently the dominant ion source for LC-MS analysis of DNA
adducts, APCI can be a more sensitive technique when judicious derivatization is
employed.165

The sensitivity of electrospray ionization increases as the flow rate is decreased. LC-MS
analysis at analytical flow rates of 0.2 - 1.0 mL/min does not allow the sensitivity necessary
to detect DNA adducts at low levels. The use of capillary flow rates (5-15 pL/min) with 3-5
mm ID columns increases the inherent sensitivity of detecting DNA adducts by HPLC-ESI
MS. Operating LC-MS systems within this flow range can be performed with minimal
modifications to the standard commercial electrospray ion sources.

In some cases when DNA adduct concentrations are particularly low and/or a limited
amount of DNA is available for analysis, the sensitivity of capillary HPLC-ESI-MS/MS is
insufficient. The use of nanoHPLC (250 — 500 nL/min) provides an additional increase in
sensitivity. Operating in this flow range, however, requires the use of specialized nanospray
ion sources and very narrow HPLC columns (usually 75-100 um ID). NanoHPLC columns
can be self-packed using homemade column/emitters pulled from fused silica tubing or
commercially available empty fused silica tubing with built-in frit/emitters (e.g. New
Obijective, Woburn, MA or Thermo Scientific, West Palm Beach, FL). Pre-packed
nanoHPLC columns are also available commercially. Originally, the low flow used for
nanoHPLC (typically 200 — 500 nL/min) was generated by splitting the flow from a higher
flow generated by a conventional HPLC. The flow could be split either before®! or after64
the injection port. Currently available systems are designed to directly and accurately deliver
nano flow rates, facilitating nano HPLC-nanospray MS analysis of DNA adducts.56-69

The sensitivity of LC-MS-based DNA adduct analysis can be limited by the amount of
sample entering the mass spectrometer for detection, in which case the miniaturization of
HPLC separations will improve limits of detection and quantitation. Alternatively, adduct
detection in biological samples can be limited by chemical noise from the matrix. In the
latter case, the selectivity of MS detection can be improved adding an additional level of
fragmggtation (MS3)100:166 o by using high resolution MS to reduce or eliminate chemical
noise.

5.1 Sample preparation for quantitative analysis

Varying degrees of sample cleanup are required to remove the bulk of unmodified
nucleosides, proteins, inorganic salts, and other sample components prior to quantitative
HPLC-ESI-MS/MS analysis (Scheme 3).13:14 Some examples include ultrafiltration, liquid/
liquid extraction, solid phase extraction (SPE), immunoaffinity purification, and off-line
HPLC (Section 3.3). The extent and the type of sample cleanup is highly variable depending
upon the sample source, analyte concentration, the type of adduct targeted (nucleobase,
nucleoside, nucleotide), and specificity/selectivity of the mass spectrometric method.
Insufficient sample cleanup can result in excessive chemical noise, co-eluting HPLC peaks,
and analyte signal suppression (Section 2.2).

5.2 Quantitative data acquisition

Quantifying DNA adducts by mass spectrometry is typically performed in the selected ion
monitoring mode (SIM) or selected reaction monitoring mode (SRM, also referred to as
multiple reaction monitoring (MRM)) (Section 2.5). The benefit of using SIM is the
simplicity of method development and the ability to use inexpensive single stage quadrupole
instrumentation. However, SRM based methods offer improved sensitivity over SIM due to
the additional criteria required prior to detecting an MS/MS signal. The use of tandem mass
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spectrometry and reaction monitoring reduces chemical noise, improving method detection
limits, assay accuracy and precision, and also generates fewer false positive measurements.

SRM experiments are conducted almost exclusively using triple quadrupole instrumentation.
However, ion traps, quadrupole-ion traps, quadrupole-TOF, ion trap-orbital traps, or
quadrupole-orbital trap instruments are also capable of operating in a reaction monitoring
mode. lon traps can also perform additional fragmentation reactions (MS").81 An example of
how an MS2 technique can be utilized to improve the performance of an assay is shown in
Figure 5. Here a UPLC-ESI/MS? method was developed66 using a linear quadrupole ion-
trap operating in MS3 mode to measure 7-(deoxyadenosin-N6-yl) aristolactam | (dA-AL-1)
and 7-(deoxyguanosin-N2-yl) aristolactam | (dG-AL-1) adducts (Chart 4); this method
attained significantly lower limits of quantitation (0.2 and 1.0 adducts per 108 DNA bases,
respectively). The method was used to quantify adduct levels in upper urinary tract tissues of
patients with urothelial carcinomas; results suggested this methodology could supplement
currently employed 32P-postlabeling techniques for biomonitoring DNA adducts in human
tissues.

Traditional methods for quantify DNA adducts has been performed on instrumentation
capable of unit mass resolution and accuracy. More recently, mass spectrometers capable of
high resolution accurate mass measurements have become available both in the form of
improved TOF instruments as well as the orbital trap (Thermo Scientific's Orbitrap
technology) instruments. High resolution mass measurements, especially when used in
conjunction with tandem mass spectrometry experiments, provide enhanced selectivity and
sensitivity for quantitative analyses of low abundance DNA adducts (see example in Figure
6).66 This approach was used in the analysis®® of 7-ethyl-Gua (Chart 4) in human leukocyte
DNA to investigate the exposure of smokers to an unknown ethylating agent.
Nanoelectrospray-high resolution tandem mass spectrometry using an orbital trap (LTQ
Orbitrap Velos) with a resolution of 55,000 and 5 ppm mass tolerance was used and attained
a detection limit of 10 amol on column and a limit of quantitation of 8 fmol/imol Gua
starting with 180 g DNA (corresponding to 36 g DNA on-column). This method allowed
for the measurement of 7-ethyl-Gua in the DNA of both smokers and non-smokers, which
was not possible using the existing, lower resolution triple quadrupole techniques.119

5.3 Stable isotope dilution

DNA adducts present in biological samples are typically subjected to several processing/
enrichment steps prior to MS analysis to remove the bulk of unwanted materials within the
sample and thereby minimize the potential for ion suppression. All sample clean-up
procedures inherently lose a certain amount of the analyte of interest, and recovery can vary
significantly from sample to sample. The sometimes necessary derivatization steps122165 can
add additional variability to sample processing.

To accommodate the inherent variability of sample processing while maintaining a
reproducible and accurate quantitative assay, the technique of isotope dilution mass
spectrometry (IDMS) is commonly used. The technique of IDMS utilizes a stable isotope-
labeled analog of the analyte as an internal standard for quantitation. When spiked into the
sample early in the analysis, stable isotope tagged internal standards increase the
reproducibility and accuracy of the analysis. Because the stable isotope-labeled internal
standards are chemically identical to the analyte, the behavior of the isotope mimics the
analyte throughout sample extraction / processing procedures (Scheme 3) as well as
compensating for ion suppression within the ESI source. For a given sample, recovery and
ionization differences are accounted for by normalizing the detected analyte signal to that of
the internal standard (Figure 5, 6) prior to quantitation against a calibration curve.
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Internal standards possessing 13C or 15N labels are preferable, since the chromatographic
retention time of these internal standards are virtually identical to that of the analyte
containing natural isotopes. Deuterated standards are also useful, although a slight shift in
retention times is commonly observed, and there is the possibility of small but non-
negligible isotope effects upon sample recovery and MS/MS fragmentation pathways. Care
also must be taken to assure that the deuteriums are not exchangeable under the conditions
used for sample processing and analysis. Ideally, multiple labels (at least 3) should be used,
to negate contribution to the internal standard signal from natural occurring isotopomers of
the analyte (especially 13C). Finally, care should be taken when deciding on the amount of
internal standard added. Sufficient amounts should be used to assure good ion signal
quantitation and levels should be within the dynamic range of the instrument such that a
linear relationship between the measured analyte and internal standard signals is assured.

5.4 Method validation

To ensure accurate and reliable assay HPLC-MS/MS methods must be validated prior to
running true samples. In its simplest form, the validation is performed by fortifying sample
of the same matrix type with known amounts of analyte and then processing these known
samples through the entire assay procedure. The results are typically expressed as a plot of
measured analyte amounts versus the amounts that were spiked into the matrix (Figure 7).
Spiking experiments can also be used to determine the limit of detection (LOD) (S/N = 3)
and the limit of quantitation (LOQ) (S/N = 10) for the analyte of interest in a given matrix.
Method accuracy and precision (intraday and interday) is calculated by repeated analyses of
spiked samples. To ensure that sample differences do not impact the performance of the
assay, it is advisable that matrices from at least 6 different, unique sources and tested within
the method validation.

5.5 Recent examples of Mass Spectrometric Quantitation of DNA adducts

The application of ESI-MS/MS methods for the quantitative analysis of DNA adduct has
been recently reviewed.?® Table 2 provides representative examples of DNA adduct which
have been quantified by mass spectrometry, and also highlights technical differences in the
methodologies.

5.5.1 GC-MS—GC-MS quantitation of DNA adducts was reviewed by Giese and co-
authors in 1997.161 Since then, there have been a number of papers describing the
quantitation of DNA adduct using GC-MS techniques; some representative examples are
included in Table 2. All of the GC-MS methods listed here employed a single quadrupole
instrument operated in the SIM mode.

Giese and workers developed a quantitative method for the analysis of N7-(2"-
hydroxyethyl)guanine (N7-HEG) (Chart 4) in DNA using GC-MS with negative ion
chemical ionization. N7-HEG-d4 was used as an internal standard. Targeted adducts were
released from DNA using neutral thermal hydrolysis. N7-HEG adducts were extracted using
1-butanol, purified by reverse phase HPLC, and derivatized with HONO, pentafluorobenzyl
bromide and pivalic anhydride to add electron withdrawing pentafluorobenzyl groups.167:168
The derivatized samples were purified by silica solid phase extraction and reverse phase
HPLC and analyzed by GC-MS. This assay was used to determine N7-HEG levels in the
granulocyte DNA (0.1-11.5 pg) of hospital workers resulting from exposure to ethylene
oxide.169 A considerable inter-individual variability was observed, with adduct
concentrations ranging between 1.6 and 241.3 adducts/10” nucleotides.169

Sowers and coworkers!70 developed a method for the quantitation of 5-hydroxymethyl-2”-
deoxyuridine (HmdU) (Chart 4) using isotope dilution with 1°N5,do-HmU or 15N,,d,-HmdU
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internal standard. GC-MS analyses were conducted using negative ion chemical ionization
following derivatization with 3,5-bis(trifluoromethyl)benzyl bromide. Samples were purified
by an isooctane extraction procedure. The reported detection limit was 50 fmol of HmdU per
sample, which corresponds to 500 amol HmdU on-column. The method was used to analyze
DNA from cultured cells. The authors observed a correlation between toxicity and
exogenous HmdU adduct levels. Furthermore the kinetics of HmU repair was investigated
using stable isotope-labeled uridine as a metabolic tracer.170

Chen and coworkers developed a GC-MS assay for the quantitation of potentially
promutagenic 3, M-ethenocytosine (eCyt) adducts in human urine (Chart 4).171 The analysis
employed GC-MS with negative ion chemical ionization, using [13C,,1°N3] eCyt as an
internal standard. Human urine samples were fractionated by C18 SPE, followed by
derivatization with pentafluorobenzyl bromide. GC-MS analysis was conducted in the
selective ion monitoring mode using [M - 181] - fragments of pentafluorobenzylated eCyt
and its internal standard. One fg of pentafluorobenzylated eCyt standard was detectable (S/V
> 40), and the holistic limit of quantification for the assay was 7.4 fmol. This method was
approximately 1000-fold more sensitive than the previous existing HPLC/fluorescence assay
for 3, \*-etheno-2"-deoxycytidine in DNA. The method was verified by comparison of the
results of the GC/NICI/MS analysis of chloroacetaldehyde-treated calf thymus DNA to
those obtained using the existing HPLC/fluorescence methods. The GC-MS method was
used for analysis of eCyt in urine samples from two smokers, and the average levels of eCyt
were determined to be 101+17 pg/mL/g of creatinine.171

Chen, Chung, and coworkers developed a quantitative GC-MS method for 7-(1",2"-
dihydroxyheptyl)-3H-imidozo[2,1-i]purine (DHH-eAde) (Chart 4) and 1, AV®-ethenoadenine
(eAde) (Chart 4).172 These adducts form endogenously upon DNA alkylation by the epoxide
metabolite of trans-4-hydoxy-2-nonenal, a peroxidation product of w-6 polyunsaturated fatty
acids. The quantitative GC-MS analysis was performed in a negative ion chemical ionization
mode, with [1°N5] eAde and [1°Ns]DHH- eAde as internal standards. The [M — PFB]" ions
at m/z158 and mlz 328 were monitored for PFB eAde and ACT-PFB-DHH- eAde,
respectively. Sample preparation involved acid hydrolysis of DNA, C18 solid phase
extraction (SPE), derivatization by pentafluorobenzylation (PFB), a silica-based SPE step,
and acetonide (ACT) formation. The on-column limits of detection for PFB-eAde and ACT-
PFB-DHH-eAde were 30 amol and 0.4 fmol, respectively. The detection limits for the entire
assay were 6.3 fmol for eAde and 36 fmol for DHH-eAde, respectively. The validated GC-
MS method was used to quantify eAde in human placental DNA samples, and 2.3 eAde
adducts per 108 Ade bases were detected.1”3 The method was also used to measure eAde
concentrations in human urine.1’4 A significant correlation was observed between excreted
eAde levels and cigarette smoking in males.174 Finally, the established GC-MS method to
verify a new LC-ESI-MS/MS assay for eAde.196 Similar levels were observed when the
same samples were re-analyzed by LC/ESI/MS/MS.

Swenberg et al. have developed an immunoaffinity purification-high resolution GC/NICI/
MS method for A 3-ethenoguanine (AV2,3-eGua) and 1,A#-ethenoguanine (1, A¥-eGua)
(Chart 4) in vivo.175 [13C4,15N,]-M2 3-eGua and [13C3]-1, \P-eGua were used as internal
standards. 1, \¥-eGua and N2 3-e AGua adducts were purified by immunoaffinity
chromatography using immobilized polyclonal antibodies, derivatized to their 3,5-
bis(pentafluorobenzyl) (PFB) derivatives, and quantified using GC/NICI-MS. The
instrument was operated in the selected ion monitoring mode, with high resolution data
acquisition of the [M - 181]" fragments. The limits of quantitation for 1, \-eGua and A¥,3-
eN2Gua in hydrolyzed DNA were 7.6 fmol and 15 fmol, respectively, which corresponds to
5.0 AZ3-eGua and 8.7 1,A%-eGua adducts/108 unmodified Gua bases. 1,AP-eGua was the
predominant ethenoguanine adduct formed when lipid peroxidation products react with
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DNA. A2 3-eGua was detected in DNA treated with the vinyl chloride (VC) metabolite 2-
chloroethylene oxide and in hepatocyte DNA from rats exposed to 1100 ppm VC for 4
weeks (6 h/day for 5 days/week).176

5.5.2 HPLC-MS/MS (APCI and Conventional ESI)—The rapid growth in the
availability and technology of HPLC-MS instrumentation has led to a shift from GC-MS
based methods to HPLC-MS based methods for quantifying DNA adducts. As discussed
above, an important advantage of HPLC-MS over GC-MS techniques is eliminating lengthy
and labor intensive derivatization steps. Traditionally, HPLC-MS was operated under
analytical flow rate conditions (0.2-1 ml/min), and some representative examples are listed
in Table 2.

5.5.3 LC-MS/MS (Capillary Flow Electrospray)—In an effort to increase HPLC-MS
sensitivity, capillary HPLC ESI-MS methods have been developed. As discussed above
(section 2.3), electrospray ionization efficiency increases with decreasing flow rate. A
variety of methods have been developed utilizing a decreased flow rate of between 5 - 15
pL/min (capillary or micro flow); these flow rates are typically achieved using
commercially available HPLC systems specifically designed to operate at this flow range.
Small injection volumes (< 10 L) are required when using capillary HPLC to ensure good
chromatographic peak shape. . Conventional electrospray sources can operate in this flow
range used with little or no modification. Examples of this type of analysis were recently
discussed in a detailed review of LC-MS/MS quantitation,® and some examples are listed in
Table 2.

5.5.4 Nanoflow HPLC-nanospray MS/MS—The sensitivity of ESI LC-MS/MS
methods can be further increased by reducing the chromatographic flow to sub-pL/min
levels (typically 250 — 500 nl/min, nanoHPLC). These slower flow rates used for nanospray
mass spectrometry further increase the sensitivity of the analysis by improving ionization
efficiency and ion transport from the source into the mass analyzer. It has also been reported
that nanoflow ionization is less susceptible to ion suppression. The sensitivity of
electrospray-based MS techniques is inversely proportional to the HPLC flow rate.177:178
due to the following two considerations. First, as the flow decreases the ionization of the
analyte becomes more efficient, as illustrated in Figure 9A.59 Secondly, nanospray flow
rates allow the electrospray plume to be directly aimed into the mass spectrometer
increasing the number of analyte ions entering the mass spectrometer, as shown in Figure
9B.59 The practical operation of electrospray ion sources at nl/min range was
accomplished!?7:179 and has been used to great effect in the field of proteomics.>® More
recently, nanoflow rates of 250-500 nL/min and column dimensions of 0.075-0.10 mm
which were typically used in proteomics have been adopted for highly sensitive analysis of
DNA adducts. Applications of nanospray ionization for quantifying DNA adducts are
discussed in detail in Section 5.5.4.

Delivering the optimal flow rates for nano ESI requires either flow splitting from a
conventional HPLC or using specialized nanoflow pump; specific care must be taken to
avoid significant void volumes. Consideration must also be given to injection volumes since
the size of the injection is limited due to the low flow rates; chromatographic peak shape
will suffer if the injection volume is too large for the flow rate. Also, a specialized
nanospray ion source is necessary with varying degrees of complexity depending upon the
application. This approach has been taken in a number of recent studies, where maximum
assay sensitivity was necessary to successfully quantify DNA adducts. These are listed in
Table 2 and are briefly discussed below.
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Gross and coworkers have developed an assay for the measurement of estrone-metabolite-
modified N3-adenine adduct (4-OH-1-N3Ade) (Chart 4) in breast tissue of women with
breast cancer. This study employed an LCQ Deca (Thermo Scientific, San Jose, CA)
quadrupole ion-trap with a capillary HPLC. Samples (5 L) were loaded onto the column
(75 um ID x 12 cm C18 column self-packed into a 15 zm PicoFrit nano tip form New
Objective Inc., Woburn, MA). The HPLC flow was delivered by a standard pump (8 pl/min)
and split to achieve 270 nl/min flow rates through the column.15N5 labeled 4-OH-1-N3Ade
was used as an internal standard. 4-OH-1-N3Ade concentrations in breast tissue from five
women were in the range of 20-70 fmol/g, while it was undetectable in another female
subject. The authors concluded that the sensitivity of the method was not sufficient to permit
distinctions between cancer and non-cancer patients.

Etheno DNA adducts (1, V- etheno-2’-deoxyadenosine (edAdo), 3, V¥-etheno-2”-
deoxycytidine (edCyt), and 1,A#-etheno-2”-deoxyguanosine (1,AZ -edGuo) (Chart 4) and
nucleoside adducts derived from acrolein (AdG) and crotonaldehyde (CdG) can be induced
by exogenous exposure (industrial chemicals) and endogenous sources (lipid peroxidation).
A nano HPLC-nanospray MS/MS method was developed for quantitation of these adducts
levels in human saliva,%2 placenta,%9 and leukocyte DNA samples.61 Chen and coworkers
used a TSQ Quantum Ultra EMR triple quadrupole mass spectrometer (Thermo Scientific,
San Jose, CA), equipped with a nanospray ionization (NSI) interface. The triple quadrupole
was operated with a Q1 mass width of 0.2 amu (lower than standard 0.7 amu) to conduct
highly selected reaction monitoring (H-SRM) experiments. They used a hand pulled 75 pm
ID x 120 cm column hand packed with C18 stationary phase. An UltiMate 3000 Nano LC
system (Dionex, Amsterdam) was used with a 30 pL/min flow split before the injection port
to achieve a flow rate of 300 nL/min. The injection port had a 2 L loop. The detection
limits were reported as 0.73, 160, and 34 amol on-column for edAdo, dCyd, and 1,N2 -
edGuo standards, respectively and limits of quantitation for the entire assay were 0.18, 4.0,
and 3.4 fmol, respectively. edAdo, edCyd, and 1, £ -edGuo were detected in human
placental DNA, with the concentrations of 28.2, 44.1, and 8.5 adducts per 108 normal
nucleosides, respectively. The amounts of edAdo, dCyd, and 1,A%-edGuo in leukocyte
DNA samples from 11 human volunteers were 16.2 + 5.2, 11.1 £5.8, and 8.6 £ 9.1 (mean =
S.D.) in 108 normal nucleotides, respectively. DNA (30 ug) was isolated from 1-1.5 mL of
blood. The relative standard deviations were within 10%. An aliquot equivalent to 6 g of
DNA hydrolysate was used. The authors concluded that the method will allow for these
adducts to be used as noninvasive biomarkers in clinical studies for cancer risk assessment
and for evaluation of cancer chemopreventative agents.

Chen and coworkers used a very similar approach to that described above to measure levels
of the ethylated DNA adducts, O%ethylthymidine (O? -edT) and O -ethylthymidine( 0%
edT) (Chart 4), which accumulate in the body due to their slow repair and are thought to
have promutagenic properties.53 These authors employed nanoL.C-NSI/MS/MS
methodology H-SRM to attain impressive detection limits for O%-edT,AP-edT, and O7 -edT:
5.0, 10, and 10 fg, respectively, injected on-column. The limits of quantification for the
entire assay were reported as 50, 100, and 100 fg, respectively, corresponding to 1.1, 2.3,
and 2.3 adducts in 10° normal nucleotides, respectively. The assay requires 50 pg of DNA
obtained from 1.5-2.0 mL of blood. Adduct concentrations in leukocyte DNA from 20
smokers were 44.8 + 52.0, 41.1 + 43.8, 48.3 + 53.9 per 108 normal nucleotides for O%-edT,
NB-edT, and O%edT, respectively. The corresponding adduct levels in 20 nonsmokers were
0.19+0.87,4.1£13.3,and 1.0 £ 2.9, respectively. Adduct concentrations in human
leukocyte DNA were significantly higher in smokers than in nonsmokers. Chen et al.
suggested that this assay will be clinically feasible for simultaneous quantification of the
three ethylated thymidine adducts as potential biomarkers for exposure to ethylating agents
and for cancer risk assessment.
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Our laboratory has employed nanospray ionization for quantitation of DNA-DNA crosslinks
resulting from exposure to 1,3-butadiene, an important industrial chemical compound used
in rubber and plastic manufacturing and also present in automobile exhaust and cigarette
smoke. A nano HPLC-nanospray MS/MS method was initially developed for guanine-
adenine crosslinks, 1-(guan-7-yl)-4-(aden-1-yl)-2,3-butanediol (N7G-N1A-BD) (Chart 4).57
The liquid chromatography method utilized a nanoAcquity UPLC (Waters, Milford, MA)
system. Samples (8 L) were injected onto a 0.18 x 20 mm Symmetry C18 (Waters)
trapping column eluted at a flow rate of 10 wL/min for 1 min. The flow rate was then
reduced to 350 nL/min and re-directed from the trapping column to a 75 um ID x 100 mm
Atlantis C18 analytical column. The effluent from the second column entered the TSQ
Quantum Ultra AM (Thermo Scientific, Waltham, MA) triple quadrupole mass spectrometer
with a nanospray ion source.8” Excellent sensitivity was achieved, allowing the quantitation
of this minor adduct in laboratory rats and mice treated with 62.2 — 625 ppm BD by
inhalation.5 A similar nanospray ionization method was developed for the analysis of BD-
induced guanine-guanine cross-links, 1,4-b6/s-(guan-7-yl)-2,3-butanediol (6/s-N7G-BD)
(Chart 4).68:69 For this work, the analytical column employed was a self-packed Zorbax SB-
C18 column created using a 15 um PicoFrit nano tip (75 pm ID x 18 cm, from New
Objective Inc., Woburn, MA). The LOD values achieved in this assay were 0.5 fmol bis-
N7G-BD/100 vg DNA, with the LOQ of 1.0 fmol/100 g DNA allowing for the adduct to
be quantified /7 vivoat 3 adducts per 109 nucleotides. This method enabled the investigation
of the formation, persistence and repair of these adducts in laboratory animals treated with
low ppm and sub-ppm concentrations of BD;>2 test levels which approach the exposure
limits for occupationally exposed workers.

Swenberg and coworkers have employed nano HPLC-nanospray MS/MS to quantify
endogenous and exogenous AZ -hydroxymethyl-dG adducts (A2 -HOMe-dG in Chart 4) in
nasal and bone marrow DNA of laboratory rats exposed to 0.7-15.2 ppm [13CD,]-
formaldehyde by inhalation.> Deuterated formaldehyde was used in order to distinguish
between exogenous and endogenously formed adducts. These authors employed a nano-
UPLC system (Waters (Milford, MA) interfaced to a Quantum Ultra (Thermo Electron,
Waltham, MA) triple quadrupole mass spectrometer operated in the SRM mode. Samples
were loaded onto a trapping column at a flow rate of 5 L/min, followed by transfer to an
analytical column eluted at 600 nL/min. The method accuracy (~85%) and precision
(~10%) was verified by fortifying blank DNA (50 p.g) with known amounts of the analyte
(4 fmol, 8 fmol, or 16 fmol, in triplicate). The reported limit of detection of the new method
was 20 amol on column. These authors5® reported that endogenous DNA adducts dominated
at low formaldehyde exposures, comprising more than 99% of total A~-HOMe-dG.
Exogenous M2-HOMe-dG adducts were not detectable in the bone marrow of rats exposed to
less than 15.2 ppm [13CD,] formaldehyde and were formed in a highly nonlinear fashion at
higher exposures.5°

6. New Approaches to MS analysis of DNA modifications

A number of promising new liquid chromatography-mass spectrometry approaches have
been developed in the recent years with the goal of improving the sensitivity and specificity
of analyzing DNA modifications /n vivo. Several such approaches will be discussed in the
present section: on-line sample purification (sample switching), chip-MS, MS", and high
resolution MS.

6.1 On-line sample purification

As discussed above, HPLC-MS analysis of DNA adducts in biological samples can be
challenging due to ionization suppression resulting from other components within the
sample matrix (salts, proteins, unmodified nucleosides). Therefore, extensive sample
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processing is required prior to loading the sample on an analytical column for HPLC-MS
analysis; these procedures are often time-consuming and can result in significant losses of
the analyte of interest. Column switching methods couple on-line sample clean-up with
HPLC separation and MS analysis, potentially eliminating offline cleanup procedures,
preventing sample loss, and increasing sample throughput.

Column switching (or 2D chromatography) involves loading the sample onto a trapping
column and then washing away salts and other non-retained contaminants. After flushing the
column, the flow of the mobile phase is switched and the trapping column is back-flushed,
transferring the analyte onto a second, analytical column for final separation and MS
analysis (Figure 8). Column switching has been successfully used by several groups to
quantify DNA adducts in biological samples.20:27:28:180-184 For example, Doerge et a/. have
developed a column switching HPLC-ESI-MS/MS method to quantify exocyclic edAdo and
edCyd adducts (Chart 1) in liver and lung DNA of mice exposed to urethane.183 The method
employed a reverse phase trapping column (Luna C18, 2 mm x 30 mm, 3 um) and a Luna
C18, 2 mm x 150 mm, 3 wm analytical column coupled to a Quattro LC-triple quadrupole
operated in the ESI* mode. SRM transitions corresponding to a loss of deoxyribose from
protonated molecules of edAdo and edCyd were monitored. The limits of detection (LOD)
of their method were 0.3 — 0.9 edA adducts per 108 normal nucleotides and 0.7 — 1.8 edC
adducts per 108 normal nucleotides. Liver DNA from untreated and exposed mice contained
1.0 and 2.2 e-dA adducts per 108 normal nucleotides and 1.0 and 2.7 edC adducts in 108
normal nucleotides, respectively. The method sensitivity for edC was lower than that for
edA, and the authors suggested that immunoaffinity online cleanup could be used to
increase the sensitivity of edC detection in the future.183

Poulson et al. have developed a column switching method for analyzing Z,A%-etheno-2-
deoxyadenosine (edAdo) adducts (Chart 1) present in urine.2” The 2D separation was
performed with a Luna trapping LC column (75 x 4.6 mm, 5 wm) and a Synergi Polar-RP
analytical column (150 x 4.6 mm, 4 um). An API3000 triple quadrupole with an APCI
source was used for the analysis. Urine (3 mL) was initially purified by Oasis HLB solid
phase extraction prior to online column switching —ESI-MS/MS analysis. The LOQ value
for edAdo was 600 amol injected, or 0.7 pmol/L urine; however, no increase in edAdo
levels were observed in smoker's urine compared to healthy non-smoker's urine.2” The same
group has modified the above method to measure edCyd adducts in human urine with an
LOQ of 100 pM for e-dC.28

Brink et a/20 have developed a column switching method for the simultaneous
determination of OB-methyl-2”-deoxyguanosine (O°-Me-dG, Chart 1), 8-0x0-7,8-
dihydro-2" deoxyguanosine (8-oxo-dG, Chart 1), and edAdo (Chart 1) in rat liver DNA.
These three adducts can be formed endogenously or from exposure to exogenous chemicals.
The LOQ values for these three adducts ranged between 24 and 48 fmol, although only one
internal standard, isotopically labeled O%-Me-dG, was used for all three analytes. All three
adducts were observed in rats dosed with dimethylnitrosamine. A major advantage of this
method was that much lower levels of artifact 8-oxo-dG (Chart 1) were observed as
compared to other LC-MS/MS methods that use off-line sample cleanup methods.20

Chao et al. reported another column switching method for 8-oxo0-dG.182 These authors
reported the removal of more than 99% of dG from biological samples using an ODS-3 trap
column (Intersil) and Polyaminll endcapped analytical HPLC column (150 x 4.6 mm,
YMC). The LOD value was 0.13 8-0x0-dG adducts/108 dG (1.8 fmol on column) when
using 20 g mouse liver DNA per analysis, which is lower than background levels of 8-oxo-
dG in human lymphocytes (0.3 adducts/108 dG). The low LOD coupled with short analysis
time makes this method ideal for high throughput human analysis.182 The most recent
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column switching method for 8-ox0-dG quantitation simultaneously analyzes 8-oxo-dG and
8-ox0-dA (Chart 1) in rat liver DNA.184 The LOD for both adducts using this method was 5
fmol. While 8-oxo-dA was roughly 30 fold less abundant than 8-oxo-dG, there was less
artifact formation of 8-oxo-dA. It was concluded that the combination of 8-oxo0-dG and 8-
oxo-dA provides accurate quantitation of DNA oxidation.

Column switching has also been used for quantifying alkylguanine DNA adducts.181 Chao
et al. have developed a column switching method for the simultaneous analysis of N7
methylguanine (N7-Me-G) and N/7-ethylguanine (N7-Et-G) (Chart 1).181 The method
employs a Nucleosil NH2 trap column (35 mm x 4.6 mm, 10 wm) and a Polyamine-II
endcapped HPLC column (150 mm x 4.6 mm, 5 um, YMC). The HPLC method was only
15 min long, and the LODs were 0.42 fmol N7MeG and 0.17 fmol N7EtG on column. The
column switching method was used to develop dose response curves in liver DNA of
mosquito fish exposed to N-nitrosodiethylamine (NDEA) and N-nitrosodimethylamine
(NDMA).181 These authors reported that their column switching method had greater
sensitivity than previously developed LC-MS/MS methods.181

Our laboratory has developed column switching methods for two exocyclic DNA adducts of
1,3-butadine, Z, A-(1-hydroxymethyl-2-hydroxypropan-1,3-diyl)-2’-deoxyadenosine (Z, Af-
aHMHP-dA) and Z, AY-(2-hydroxy-3-hydroxymethylpropan-1,3-diyl)-2”-deoxyadenosine
(1, NB~yHMHP-dA) (Chart 1).28 The limit of detection of our method is 1.1.Z, A®-HMHP-
dA/10° nts, sensitive enough to obtain dose response curves for mice exposed to 62.5 to 625
ppm BD (Figure 10).

6.2 Chip/LC-MS

Establishing and maintaining good chromatographic and electrospray performance in the
nanospray mode can be challenging; this has led to efforts to simplify nanospray operation
as well as making the technique more robust. Chip-MS is the use of a microchip with
electrospray needles and/or nano columns embedded in it. This approach facilitates MS
operation in the nanoflow regime, potentially making for more robust operation.185 This
design makes it easier for “non-experts” to operate in the nanospray mode and in some cases
improves system performance. Some recent examples include the Agilent CHIP-MS, the
Thermo Scientific (Waltham, MA) EASY-Spray source, which employs pre-packed
nanoflow columns (0.075 mm ID, 2-3 um) up to 50 cm in length, and the New Objective
(Woburn, MA) PicoChip source, which allows for simple setup of an integrated nanoflow
column and nanospray emitter. Conversely, the Bruker Daltonics (Billerica, MA)
CaptiveSpray source is designed to provide nanospray-like sensitivity at higher HPLC flow
rates (1-5 p.L/min).

More dramatic modifications to the traditional column/emitter arrangement involve the
incorporation of microfabricated devices in the form of a “chip”, with various designs
incorporating chromatography, nanospray emitters, or both. A versatile device which
contains a fraction collector and silicon-based integrated chip with an array of ESI nozzles is
offered by Advion (Ithaca, NY). This device allows for coupling to chromatography or
direct infusion of a sample without an HPLC column,3* as well as fraction collection during
mass spectrometry data acquisition. A simplified version of this device has been recently
introduced (American Society for Mass Spectrometry National Meeting, 2012). This latest
version allows for direct coupling of the chip ESI nozzle device to chromatography to allow
for easier nanospray operation, with an advantage of instantaneous switching of nozzles in
the case of the emitter blockage. Applied Biosystems (Framingham, MA) offers a chip-
based chromatography device (cHiPLC Nanoflex) designed for making nanoflow
chromatography easier and more robust. Agilent Technologies (Santa Clara, CA) has a
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device (HPLC-Chip Cube) which incorporates both the chromatography and the nanospray
emitter into a single chip for the most user-friendly configuration of nanospray operation.

The majority of previous chip-MS applications have been limited to the analysis of peptides
or drugs/drug metabolites.18%:186 However, the Vouros group at Northeastern recently
employed chip-MS analysis for quantitation of DNA adducts. Glick et a/. first reported a
chip-based nano-LC/MS ion trap method for the quantitation of 2-amino-1-methyl-6-
phenylimidazo [4,5-b]pyridine (PhIP) induced DNA adducts (e.g. C8-dG-PhIP in Chart
4).187 The same laboratory has recently used a small molecule chip for quantitative analysis
of guanine adducts in DNA extracted from bladder tissue of rats exposed to 4-
aminobipheny! (4-ABP).188 Their methods employ an Agilent LC/MSD XCT Ultra lon Trap
configured with an Agilent small molecule Chip Zorbax 80SB-C18, 5 um particle size. The
Agilent Chip contains an enrichment column (40 nL) and analytical column (75 pm i.d., 43
pwm in length). For analyses of 4-ABP induced dG adducts (Chart 4), two SRM transitions
were monitored corresponding to dR loss from dG-ABP and its internal standard, dG-ABP-
dg(m/z435.4 — 319 and m/z 444 — 328, respectively). The limit of detection of this
method was reported as 2 dG-ABP adducts/10g nts, requiring only 1.25 g DNA. The
method was used to quantify dG-ABP adducts in bladder DNA from rats dosed with ABP by
IP injection; in these samples, dG-ABP was detected at levels starting at 80 adducts/108
nts.188

As discussed above, the use of tandem mass spectrometry can dramatically increase LC-MS
method selectivity for minor DNA lesions due to improved signal to noise ratios. Since ion
trap instruments are capable of MS3 and MS?# experiments, additional selectivity can be
achieved by including additional MS/MS transitions. For example, Turesky and coworkers
have developed®.:81 an MS3 method for several dG adducts of heterocyclic aromatic amines
present in tobacco smoke and cooked meat.54 Their HPLC-ESI-MS/MS” approach employs
consecutive reaction monitoring in the MS3 scan stage mode using a linear quadrupole ion
trap mass spectrometer. The method was employed to analyze C8-dG adducts of the
heterocyclic aromatic amines, 2-amino-1-methyl-6-phenylimidazo[4,5-6]pyridine (PhIP), 2-
amino-9H-pyrido[2,3-4]indole (ARC), 2-amino-3,8-dimethylmidazo[4,5- flquinoxaline
(MelQx), 4-aminobiphenyl (4-ABP), and 2-amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine (PhIP) (see C8-dG-PhIP, Chart 4).54 The chromatographic separation was
achieved at a flow rate of 6 pzL/min using a 0.32 mm ID C18 column. An LTQ linear ion
trap (ThermoElectron, San Jose, CA) was interfaced with an Advance CaptiveSpray ion
source from Michrom Bioresource Inc. (Auburn, CA). Fragment ions corresponding to the
loss of deoxyribose ([M + H - 116]*), followed by MS? full scanning to characterize the
product ions of the aglycone adducts [BH-]* and the two or three most abundant ions, were
used for quantitative measurements. For DNA adducts of HAAs and 4-ABP, the isolation
widths were set at 3.0 and 1.0 amu for the MS2 and MS3 scan modes, respectively. For A2-
BPDE-dG (Chart 4), the isolation widths were 6 amu and 5 amu for the MS? and MS3 scan
modes, respectively. One uscan was used for data acquisition, and about 12 scans were
acquired for each adduct and its corresponding internal standard.

DNA was isolated from saliva of 37 human volunteers on restricted diets. The
concentrations of PhIP, MelQx, and 4-ABP-dG adducts in these samples ranged from 1 to 9
adducts per 108 nucleotides. This study demonstrated that PhIP exposure is significant in
humans and that saliva is a promising biological fluid for DNA adducts induced by tobacco
and dietary carcinogens in humans. The same methodology was used to quantify DNA
adducts of PhIP and 4-ABP in tumor-adjacent breast tissue of breast cancer patients.189 The
authors found that only 1 of 70 biopsy samples contained measureable level of PhIP-DNA
adduct (3 adducts/10° nucleotides) and no measureable amounts of 4-ABP-DNA adducts.189
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This is in contrast to immunohistochemistry (IHC) and 32P-post-labeling results, which
reported the same adducts at concentrations that should have been measureable by the MS-
based method. Therefore, exact identities of the adducts measured by IHC or 32P-post-
labeling are uncertain.

This same research group has developed an assay for 7-(deoxyadenosin-A-yl) aristolactam
I (dA-AL-I) and 7-(deoxyguanosin-A¥ -yl) aristolactam | (dG-AL-1) (Chart 4) resulting from
exposure to aritolochic acids (AL).166 Consumption of aritolochic acids has been implicated
in the etiology of so-called Chinese herbs nephropathy and of Balkan endemic nephropathy,
both caused by carcinomas of the upper urinary tract.166 Turesky et a/. previously employed
HPLC-ESI-MS/MS” methodology to identify AL-DNA adducts in the renal cortex of a
woman who developed end-stage renal failure after using a herbal remedy containing
aristolochic acid!3? as also from patients in the Balkan countries!?0 and Taiwan.1®1 In their
new method,166 Turesky et al. employed a trapping column to enable on-line sample clean-
up. The LOQ values for dA-AL-1 and dG-AL-1 were reported as 0.3 and 1.0 adducts per 108
DNA bases, respectively, using 10 png of DNA (Figure 5). The new method was used to
quantify AL-DNA adducts in tissues of rodents exposed to AA and in the renal cortex of
Taiwanese patients with carcinomas of the upper urinary track. In human tissues, dA-AL-I
was detected at levels ranging from 9 to 338 adducts per 108 DNA bases, whereas dG-AL-
was not found. The researchers concluded that HPLC-ESI-MS/MS” methods is
complementary to 32P-postlabeling techniques previously used for biomonitoring of AL-
DNA adducts in human tissues.

6.4 High Resolution/Accurate Mass Mass Spectrometry

The use of high resolution mass spectrometry is a promising approach to maximize signal to
noise ratios for DNA adduct analyses in complex samples. For example, Balbo and
coworkers have developed a nano HPLC — accurate mass MS/MS based method to quantify
N7-ethylguanine (Chart 4) in human leukocyte DNA. Cigarette smoking has been proposed
to be a source of an unknown ethylating agent that cam modify genomic DNA. The
authors®6 have developed a nanospray based tandem mass spectrometry method for
quantifying A/Zethylguanine /n vivo (7-ethyl-G, Chart 4). [*®N5s]7-Ethyl-Gua was used as
the internal standard. High resolution/accurate mass data acquisition utilizing an LTQ
Orbitrap Velos instrument (Thermo Scientific, Waltham, MA) was used in order to reduce
chemical noise. A Nano2D-LC HPLC (Eksigent, Dublin, CA) system equipped witha 1 L
injection loop was utilized, with a flow rate of 300 nL/min and one microliter of sample was
injected onto a C18 capillary column (75 wmID, 10 cm length, 15 pm orifice). The column
was created by hand packing a commercially available fused-silica emitter (New Objective,
Woburn MA). The LC-NSI-HRMS/MS method used LTQ Orbitrap Velos instrument
(Thermo Scientific, Waltham, MA) and nanospray source (Thermo Scientific) and a
Nano2D-LC HPLC (Eksigent, Dublin, CA). Isolations of 1 amu mass windows and for the
analyte (/m/z 180) and internal standard (/77/z 185) were performed sequentially followed by
transport to the HCD collision cell for fragmentation. The transitions of m/z 180 [M + H]*
— m/z152.05669 [Gua + H]* for 7-ethyl-Gua and m/z 185 — my/z 157.04187 for the
internal standard were monitored in the Orbitrap detector set at a resolution of 30,000 (at
400) amu with an actual resolution of 55,000 at the detected masses. Accurate mass
monitoring of the fragment ions at 5 ppm (152.05669 + 0.0008 and 157.04187 + 0.0008,
respectively) was used to generate extracted mass chromatograms for quantitation. A full
scan event was also performed over 100-500 amu mass range at a resolution setting of
30,000 to monitor for the accurate mass at 5 ppm of the molecular ion of the analyte m/z
180.08799 and of the internal standard /m/z185.07317, to confirm the identity of the analyte.
A detection limit of approximately 10 amol on column was achieved, while the limit of
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quantitation was about 8 fmol/pwmol Gua starting with 180 tg DNA (corresponding to 36 g
DNA on-column).

The limit of quantitation of the new method was defined by identifying the lowest
measurement with a coefficient of variation lower than 5%. A measure of the signal-to-noise
could not be used for determining the LOQ because there was virtually no observable noise.
The method was used to determine the concentrations of A/7-ethylguanine in leukocyte DNA
samples from 30 smokers and 30 nonsmokers. Adduct concentrations in smokers were 49.6
+ 43.3 (range 14.6-181) fmol/imol Gua, while the corresponding amounts in nonsmokers
were 41.3 = 34.9 (range 9.64-157) fmol/wmol Gua, with no significant difference between
smokers and non-smokers.56 This study for the first time established the presence of N7
ethylguanine in human leukocyte DNA.

7. Mass spectrometry-based mapping of nucleobase damage along DNA
sequences

The ability of DNA lesions to induce mutations and cancer is strongly dependent on their
chemical structure, their ability to be recognized by specialized DNA repair proteins, and
their positions within the genome.192:193 _ocal DNA sequence context plays a major role in
mediating the rate of DNA adduct repair and their mispairing potency.1%4 Furthermore, the
exact location of a DNA lesion within the gene will determine whether it results in
mutations affecting the structure and function of the corresponding protein.

Most carcinogens and drugs exhibit distinct DNA sequence preferences.19%:196 Some
possible mechanisms of small molecule-DNA recognition include pre-covalent interactions
between the DNA modifying agent and its target sequence within DNA (e.g. electrostatic or
hydrophobic interactions, rt-m stacking), as well as electronic and steric factors that
influence the rates of the chemical reaction between carcinogen and its target base. For
example, GC-rich sites and poly G runs have long been recognized as targets for DNA
oxidation and alkylation.197-199 Fyrthermore, the introduction of the C5-methyl group on
cytosine as observed physiologically?%0 increases the reactivity of CG dinucleotides towards
carcinogen metabolites and drugs, e.g. mitomycin C, esperamicins, and benzo[a]pyrene
diolepoxide,199:201-203

Traditional methods of mapping nucleobase damage along DNA sequences have involved
gel electrophoresis (PAGE) analysis of DNA strand breaks generated at the sites of
nucleobase damage by the action of repair endonucleases or hot piperidine treatment.204
Unfortunately, many important biologically relevant DNA adducts, e.g. O°-Me-dG, OF-
POB-dG, and AZ-ethyl-dG, cannot be converted to DNA strand breaks and thus cannot be
detected by gel electrophoresis methods, furthermore, the structures and the optical identities
of carcinogen-modified bases cannot be determined by PAGE. Mass spectrometry based
approaches described below are applicable to any DNA adduct and are capable of providing
additional structural information, facilitating mechanistic studies of the origins of DNA
sequence specificity.

7.1 DNA Sequencing by Tandem Mass Spectrometry

The most direct way to sequence structurally modified DNA is to employ tandem mass
spectrometry (MS/MS). MS/MS has been extensively used in sequencing native
(unmodified) oligonucleotides. Initial efforts in this area have employed fast atom
bombardment (FAB)205:206 and plasma desorption (PD)207:208 coupled with single stage
mass spectrometry to achieve “bidirectional” sequencing of oligonucleotides. These
techniques resulted in the cleavage of phosphodiester bonds, thereby leading to the
formation of fragment ions (5"-P and 3’-P sequence ions) which can be used to determine
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the sequence.295 However, matrix interferences and surface fragmentation interfered with
accurate sequencing by FAB-MS, a problem solved by employing tandem mass
spectrometry.209 Cerny et. al. were among the first to sequence a short oligonucleotide (less
than 6 bases in length) using fast atom bombardment (FAB) coupled with tandem mass
spectrometry (FAB-MS/MS).209:210 FAB-MS/MS sequencing of oligonucleotides soon fell
out of favor due to its high detection limit (10 nmol for oligonucleotides of MW>1200).211
Instead, MALDI-MS methods using a variety of matrices have been developed and
successfully applied to oligonucleotide sequencing.212-215 The use of a delayed extraction
(DE) methodology?16 has improved the resolution of MALDI-MS, while post source decay
(PSD)211:217:218 provided useful fragmentation information during oligonucleotide
sequencing. Recently, the use of 1,5-diaminonapthalene as a matrix has been reported to
improve in source dissociation (ISD) of oligonucleotides during MALDI-MS.219 More
spectral fragment ions have been observed with this technique which is useful for accurate
sequencing.21?

McLuckey et. al.220 employed ESI-MS/MS to determine the sequence of short
oligonucleotides (4-8 nucleotides in length) and proposed a comprehensive nomenclature for
fragment ions, which is analogous to the nomenclature of peptide fragments (Scheme 4).
Under most CID conditions, the phosphodiester bond can be cleaved at four different
positions, giving rise to several types of 5’-terminus containing fragments (a, 4, ¢, and d)
and several types of 3’-terminus group containing fragments (w, x, , and 2).220 Each of
these ions is assigned a numerical subscript (&, z,etc.), where nrepresents the cleavage
position from the respective termini. In addition, “a”series of ions that underwent the
neutral loss of a DNA base are commonly observed due to the facile cleavage of N-
glycosydic bonds. The corresponding ions are designated as a,-58,, where upper case B
denotes the cleaved base, and subscript n stands for the position of the base from the 5
terminus. Finally, dand wseries ions can lose water molecules to form ions with the same
my/z as fragment ions ¢ (&tH,0) and x (n-H»0), respectively. Structurally modified
oligomers exhibit similar fragmentation patterns, and the characteristic mass shifts observed
for modification-containing fragments can be used to determine the positions of structurally
altered bases within the sequence.?21

Negative ion ESI-MS/MS is especially suitable to oligonucleotide sequencing due to its high
sensitivity and the production of multiply charged ions.220:222-226 However, CID spectra of
oligonucleotides can be quite complex, especially for longer oligonucleotides (> 10-mers),
making data interpretation challenging.224:226:227 Computer algorithms have been developed
to facilitate MS/MS data interpretation for oligonucleotides, and some of these are available
online free of charge. The recent introduction of high resolution/mass accuracy capabilities
of orbital trap (Orbitrap™ technology) and Q-TOF instruments for use in oligonucleotide
sequencing (Figure 11) facilitates accurate sequence determination of both structurally
modified and unmodified oligonucleotides.228

lannitti and coworkers were among the first to employ ESI-MS/MS for sequencing and
characterizing the oligodeoxynucleotides covalently modified by alkylating agents.229
Sequence selectivity of nucleobase alkylation by hedamycin was investigated by incubating
the drug with different 6 mer oligonucleotide sequences, followed by offline HPLC
purification and desalting of the differentially adducted oligomers. The individual purified
and desalted oligonucleotides were then injected onto a triple quadrupole mass spectrometer,
and the adduct position within oligonucleotide sequence was determined by negative ion
ESI-MS/MS.22% Marzilli et. al. employed a similar strategy to map aflatoxin-B1 (AFB1)
guanine adducts along the 5"-CCGGAGGCC-3" sequence.230 These authors have isolated
three isomeric oligonucleotides resulting from AFB1 epoxide adduction at three different
guanines, and the adduct position was established by HPLC-ITMS. Identification of the
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exact site of modification was possible by CID, which yielded characteristic fragmentation
patterns.230 In a separate study, Glover et. al. employed ESI-MS/MS to confirm that para-
benzoquinone preferentially alkylates cytidine residues of DNA by comparing the MS/MS
spectra of unmodified 7-mer oligonucleotide (5'- GTTCTTG-3") with the corresponding
spectra of para-benzoquinone-modified 5'- GTTCTTG-3".23 lannitti et. al. used negative
ion ESI-MS/MS to identify the sequence specificity of n-bromohexylphenanthridinium
bromide and ESI*-MS/MS to obtain structural information of the adduct formed by this
intercalating agent.232 However, sequence specificity of cisplatin could not be determined
by ESI"-MS/MS. Instead, positive ion ESI-MS/MS was employed, which revealed the
formation of intra strand cross link by cisplatin between the G4 and G6 guanines in the
oligonucleotide sequence 5 -CACGTG-3".232

Harsch et al. investigated the chemoselectivity of the reaction of carcinogenic bay region
diol epoxide (-)-(1/,25,354R)-1,2-epoxy-3,4-dihydroxy-1,2,3,4-tetrahydrobenzo-
[c]phenanthrene with 12-mer DNA oligonucleotide (5"-TAGTCAAGGGCA-3").233
Reactions were performed by incubating the carcinogen with both single stranded and
double stranded dodecamers. These authors233 were able to successfully resolve positional
isomers of adducted oligonucleotides using a polystyrene divinylbenzene column. Harsch et.
al. found that in reactions of (-)-(1R,253S5,4R)-1,2-epoxy-3,4-dihydroxy-1,2,3,4-
tetrahydrobenzo[ c]phenanthrene with double stranded dodecamer, the diol epoxide
preferentially alkylated adenine rather than guanine nucleobases and produces 3-fold more
adducts at A; as compared to Ag. On the other hand, reaction of the bay region diol epoxide
with single stranded dodecamer yielded oligonucleotides with more dG modifications than
dA.233 Colgrave et. al. applied the methodology developed by lannitti et. al. to study the site
and sequence specificity of alkylation of 14 mer oligonucleotide sequences by minor groove
binding alkylating agents duocarmycin C, and duocarmycin Cy.234

Wang et. al. employed sustained off-resonance irradiation collisionally-activated
dissociation (SORI-CAD) on a FT-ICR instrument to map the sites of interstrand cross
linking by mitomycin Cand 4,5",8-trimethylpsoralen.23% This was achieved by comparing
the fragmentation patterns of unmodified single-stranded oligonucleotides to those
containing interstrand cross-links.23% Xiong et. al. developed a ion-pair reversed-phase
nano-high-performance liquid chromatography coupled with nano-ESI-MS/MS to map the
preferential sites of adduction by + ant/-BPDE on a double stranded oligonucleotide
sequence.236 Using this highly sensitive method, they were able to resolve and characterize
four positional isomeric + ant/-BPDE adducted oligonucleotides. Interestingly, several
diastereoisomers were also resolved, although their stereochemistry could not be
identified.236 Chan et. al. employed negative ion ESI-MS/MS for mapping the site and
sequence specificity of aristocholic acids (AA-1 and AA-11).237 5"-TTTATT-3’, 5'-
TTTGTT-3,5'-TTTCTT-3’, and 5'-TACATGTGT-3’ oligonucleotide sequences were
incubated in the presence of AA-I and AA-II. The reaction mixtures were purified by SPE or
offline HPLC and subsequently analyzed by quadrupole time-of-flight MS. These
experigents confirmed that aristocholic acids form covalent adducts with A and G bases of
DNA.237

Chowdhury et. al. have developed an elegant and direct method for mapping the sites of
base modification in oligonucleotide sequences.238 The advantage of this method was that
incubation mixtures were directly analyzed by HPLC-MS/MS, avoiding the need for SPE or
offline HPLC purification. This method was applied successfully to study the differences in
the alkylation of multiple sites in a double stranded DNA 15-mer (representing codons 156,
157, 158, 159 of the p53tumor suppressor gene) following reactions with BPDE or A-
hydroxy-4-aminobiphenyl.238 These authors have confirmed that cytosine methylation in
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CpG dinucleotides led to an increase in the guanine alkylation by BPDE and A-hydroxy-4-
aminobipheny.238

Jamin et. al. have utilized ESI-MS/MS to study the effect of different bases flanking on the
3’ or 5’ side of a guanine base that can be potentially alkylated by heterocyclic aromatic
amines, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) and 2-amino-3-
methylimidazo[4,5-iquinoline (1Q).23° Model oligonucleotides (5" -TTTTTXGYTTTT-3,
where X and Y can be either C/A/G/T) were incubated with activated HAAs, and the
reaction mixtures were directly analyzed using HPLC-MS/MS. It was observed that 1Q
preferred 5"-GGG-3” sequences, while PhIP preferred 5'-GGA/G/T-3” trinucleotides, with
the site of adduction being the center guanine base.239

Anichina et. al. employed ESI-MS/MS as a screening tool to test the reactivity of
structurally related bromobenzoquinones with single stranded and double stranded
oligonucleotides.?40 They applied their methodology for testing of five compounds namely,
1,4-benzoquinone, 2,5-dibromo-1,4-benzoquinone, 2,5-dimethyl-3,6-dibromo-1,4-
benzoquinone, 2,3,5,6-tetrabromo-1,4-benzoquinone, and 3,4,5,6-tetrabromo-1,2-
benzoquinone and found that the reactivity of these closely related compounds with DNA
varies depending on the extent of their bromination and methylation.240 More recently,
Sharma et. al. developed a novel reversed phase-ion pairing-liquid chromatography
electrospray ionization tandem mass spectrometry using a monolithic poly(styrene-
divinylbenzene) capillary column eluted with a gradient of triethylammonium bicarbonate
and methanol.24! This method was initially applied to map the sites of adduction by N-
acetylaminofluorene (AAF) in a 15-base pair oligonucleotide fragments containing codon
135 of the p53gene. A complex mixture of 13 different oligonucleotide products was
obtained including the singly, bis-, tris-, and tetra AAF adducted oligonucleotides and
isomeric olignucleotides that were successfully characterized in a single HPLC-ESI-MS/MS
run.241 Additionally, this method was successfully applied to profile a complex
oligonucleotide mixture including seven unmodified 15 mer oligonucleotides, an
unmodified 17 mer, AAF modified 12 mer, two AAF modified 15 mer oligonucleotides, and
a AAF modified 18 mer oligonucleotide.?4

An alternate approach to map the sites of adduction in an oligonucleotide sequence is to
digest the modified oligonucleotide and analyze the digested fragments by ESI-MS.
Schrader et. al. have coupled capillary zone electrophoresis with ESI-MS to study the
reactivity and sequence selectivity of styrene oxide with DNA.242:243 Experiments were
performed with both oligonucleotides and calf thymus DNA, which were then enzymatically
digested to random fragments. The digested oligonucleotide fragments were resolved by
capillary zone electrophoresis and detected by MS. Since the adducted oligonucleotides
have different mass and mobility than unmodified oligonucleotide fragments, it is possible
to identify the site of adduction by looking at the molecular ions of adducted oligonucleotide
fragments.242:243 \Wang et. al. determined the sites of interstrand cross link formed by
mitomycin Cor a 4,5",8-trimethylpsoralen by treating double stranded oligonucleotides with
the drugs and digesting it with nuclease P1 and analyzing the digested products including
the bearing the cross-linked nucleobase moiety by both ESI-MS and ESI-MS/MS.244 Gao et.
al. subjected the dodeca-oligonucleotides modified by A-acetoxy-A-(trifluoroacetyl)-2-
aminofluorene to 3" and 5” exonuclease digestion, and the digests were analyzed by LC-MS
to determine the sites of adduction.245

Structural analysis of a modified oligonucleotide by tandem mass spectrometry results in a
large amount of complex mass spectral data, which needs to be interpreted in order to map
the sites of modification of oligonucleotides by carcinogens. Manual interpretation of this
data can be cumbersome, but can be facilitated by computational interpretation. Several
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useful computer algorithms have been developed in the last 10 years for interpreting the MS/
MS spectra. McCloskey and coworkers developed a program called Mongo oligo mass
calculator.246 When the user inputs a known oligonucleotide sequence, the program can
perform multiple functionalities including molecular mass calculations, predicting
electrospray series, potential MS/MS fragments obtained by collision-induced dissociation
(CID), and fragments of enzymatic digests by endonuclease and exonuclease. Simple
oligonucleotide sequencer (SOS) was the first automated sequencing algorithm launched in
2002 by Rozenski and McCloskey.247 This algorithm could be successfully used for de novo
sequencing of oligonucleotides 20 bases long or lesser but can't be used for base or sugar
modified oligonucleotides of greater than 10 bases.24” The program identifies the 5" (a—B-
ions)- and 3" (w-ions)-end ion series and extends the series by addition of masses of one of
the four bases to derive different combinations of m/z values which will be compared with
the experimental spectra.247

Oberascher et. al. started with comparative sequencing algorithm (COMPAS)248 for
sequencing oligonucleotides and later developed a global de novo sequencing algorithm that
starts with a known nucleotide composition and generates a theoretical mass spectra by
extending it with different base combinations leading to increased run times.249 More
recently, Oberascher et. al. improved their previous global de novo sequencing algorithm by
usage of simulated annealing for stochastic optimization.2%0 Briefly, the nucleotide
composition of a given oligonucleotide is determined from accurate molecular mass
measurements to yield an initial sequence. The algorithm predicts the fragmentation spectra
for this reference sequence and compares it with the experimental fragmentation spectra and
a parameter called fitness (FS) which measures the difference between the predicted and
observed m/z.2%0 If the FS value is smaller, a simulated annealing algorithm is applied
where in two bases of the initially predicted oligonucleotide sequence are randomly changed
and again the FS value is calculated. If the FS value is greater than the first iteration, the
new sequence will become the reference sequence and this process continues until the
optimal sequence is predicted. None of the software mentioned above have the ability to
predict the sequence of oligonucleotide from the MS and MS/MS data of digested modified
oligonucleotide.250

In 2008, Vouros and co-workers developed a novel software called GenoMass that uses
‘reversed pseudo-combinatorial” approach to predict the sequence of an oligonucleotide
from the mass spectral data of its digest.25! The software creates a combinatorial isomer
library consisting of 2-12 mer fragments in different combinations of the four bases. When
the raw data from the mass spectrometry is submitted, the program scans through the data to
match with the above computational data. If a match is found, it lists the mass, ion intensity
and shows the extracted ion chromatogram.251 The initial functionality of the software was
only identifying the adducted oligonucleotide fragments after enzymatic digestion and
predicting the MS and CID spectrum of digested oligonucleotide fragments generated after
digestion of modified or unmodified oligonucleotides.?5 The GenoMass software was
developed further by Vouros and co-workers and they recently reported a newer version252
which has the ability to map the exact site of modification in an oligonucleotide sequence by
matching the combinatorial library with the experimental tandem mass spectrometry data.2>2
Using the newer version of the software, they mapped the position of A-acetylaminofluorene
(AAF) adduct on a 17-mer (5'-CCTACCCCTTCCTTGTA-3") oligonucleotide (5'-
CCTACCCCTTCCTTGTA-3").252

7.2 Exonuclease ladder sequencing

DNA sequence information, including the presence of endogenously and exogenously
modified bases, can be obtained by mass spectral analysis of exonuclease ladders.253
Depending on their identity, DNA phosphodiesterases (PDEs) sequentially remove
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mononucleotides in either the 5'— 3" or the 3’— 5’ direction. Since time controlled
exonuclease digests contain a mixture of DNA fragments differing from each other by one
or more mononucleotides (DNA “ladders™), mass differences between adjacent peaks in the
resulting mass spectra correspond to individual nucleotides, making it possible to determine
the complete DNA sequence (Scheme 5).109:253

Pieles et. al. have developed an enzymatic ladder sequencing method for oligonucleotide
sequencing using MALDI-TOF spectrometry.2>* The exonuclease ladder approach is
applicable to many DNA adduct types, e.g. A>-BPDE-dG, 8-0x0-dG, oxazolone, O%-Me-dG
(Figure 12), and O%-POB-dG.2%3 Complete sequences can be deduced from as little as 50
pmol DNA. No a priori information on DNA sequence or adduct type is required. However,
important limitations of this approach are the requirement for pure DNA samples and
potential resistance of bulky adducts such as O%-POB-dG to exonuclease digestion.25°

7.3 Stable isotope labeling of DNA (IDL-MS)

While ESI-MS/MS and exonuclease ladder sequencing described above are powerful
approaches to locate a variety of nucleobase modifications, they are limited by their
requirement of available pure oligomers containing the adducted base at a specific site.
Furthermore, the length of the oligomers that can be sequenced is limited. This is not
practical for chemical reactivity studies where DNA duplexes containing many potential
reactive sites are treated with carcinogens. Our laboratory has developed a methodology
based on stable isotope labeling of DNA and mass spectral analysis (ILD-MS) enabling
accurate quantification of DNA adducts originating form specific sites within a DNA
sequence.256 The ILD-MS (mass tagging) approach involves placing®N- or 13C-labeled
nucleobases at specific positions within DNA oligodeoxynucleotides representing gene
sequences of interest, followed by carcinogen exposure, enzymatic or acid hydrolysis of
alkylated DNA, and mass spectral analysis of the resulting nucleoside adducts (Scheme 6).
DNA adducts formed at the isotopically tagged position can be distinguished from the
lesions originating at other sites by their molecular weight, which is increased due to the
presence of 15N and or 13C atoms in the molecule. The extent of reaction at the labeled
nucleobase is directly calculated from the peak areas (A) in the extracted ion chromatograms
corresponding to unlabeled and stable isotope-labeled adducts (Scheme 6): % reaction at X
= A1sn-x X 100/(Ax + A1sn- x)- By preparing a series of oligomers of the same sequence,
but with different label positions, the extent of the adduct formation at each site within the
sequence can be quantified. Since the stable isotope-labeled nucleobase is chemically
identical to the unlabeled base, its reactivity will represent the extent of reaction in unlabeled
DNA.

Over the past decade, the ILD-MS approach has been successfully employed to analyze the
distributions of structurally defined nucleobase lesions along DNA duplexes following
treatment with various carcinogens and reactive oxygen species.2>7:258 For example, we
employed this methodology to map the formation of benzo[&]pyrene diolepoxide derived
MN2-BPDE-dG adducts along frequently mutated regions of the p53 tumor suppressor
gene.201 For each sequence, a series of strands was prepared containing a [1,7,NH»-1°N3]
isotope label at one of the highlighted guanines. This label served as an isotope “tag” to
enable the quantification of guanine lesions originating from that specific position (Scheme
6). 5-Methylcytosine (MeC) was incorporated at all physiologically methylated sites. Each
isotopically labeled oligomer was carefully purified, structurally characterized, and annealed
to the complementary unlabeled strand. Following treatment with (x) ant/ BPDE (10 pM),
the adducted DNA was enzymatically hydrolyzed to 2”-deoxy-nucleosides in the presence
of DNAse I, phosphodiesterase 1, and alkaline phosphatase. Capillary HPLC-ESI*-MS/MS
was used to establish the relative amounts of A2-BPDE-dG lesions originating from the
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stable isotope labeled dG and from unlabeled dGs elsewhere in the sequence. For example,
quantitative analysis of A2-BPDE-dG and 1°N3- AZ-BPDE-dG was based on selected
reaction monitoring of mass transitions m/z570.2 — 454.1 and m/z573.2 — 457.1,
respectively (Figure 13), and percent reaction at the labeled site was established from
HPLC-ESI*-MS/MS areas as shown in Scheme 6. A TSQ Quantum mass spectrometer
(Thermo Scientific, Waltham, MA) was interfaced with an Agilent 1100 capillary HPLC
operated at a flow rate of 15 pL/min. All four A>-BPDE-dG diastereomers, (+) trans, (=)
trans, 2(3-1) cis, and (-) cis N°-BPDE-dG, were resolved and quantified separately (Figure
13A).

We found that BPDE adducts were formed preferentially at the endogenously methylated
CG dinucleotides, including those within p53 codons 157, 158, 245, 248, and 273 (Figure
13B). Many of these sites coincide with known hotspots for G — T transversions detected

in smoking induced lung cancer. Targeted formation of A¥-BPDE-dG at MeCG dinucleotides
within the p53 gene (Figure 13B) has been previously detected by endonuclease incision-
ligation mediated PCR assay and is consistent with the prevalence of G —T transversions at
these sites.

8. Mass spectrometry of epigenetic modifications

8.1 Cytosine modifications occurring naturally

Endogenous cytosine methylation is involved in many physiological processes, including
gene expression, host defense, genomic imprinting, and X chromosome inactivation.! 5-
Methylcytosine (MeC) bases are formed by the enzymatic methylation of the C5 position of
cytosine in CG dinucleotides (CpG sites) and represent about 1% of total bases in the
mammalian genome.2%® DNA methylation patterns are maintained by the action of
methyltransferase enzymes. If present in gene promoter sequences, MeC typically reduce the
levels of gene expression.260 While the reverse process of removing the 5-methyl group is
known to occur, the mechanism of demethylation has not yet been identified. Many tumor
types, including smoking-induced lung cancer, are characterized by aberrant DNA
methylation patterns, resulting in the silencing of tumor suppressor genes, activating
oncogenes, and decreasing chromosome stability.200

Recent studies have discovered several related epigenetic modifications of DNA in addition
to MeC, including 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-
carboxylcytosine (5caC).261:262 These modifications are thought to arise from the Tet (ten
eleven translocation protein)-mediated oxidation of MeC.18 5hmC, 5fC, and 5caC are present
in genomic DNA of various organs and are hypothesized to play a yet unidentified role in
epigenetic signaling or possibly serve as demethylation intermediates.

8.2 MS methods to quantify 5-methylcytosine and related epigenetic modifications

Among the various bases involved in epigenetic changes, 5-methylcytosine (MeC) has been
widely quantified using various mass spectrometric methods. HPLC-ESI-MS/MS analysis
was used as a tool for quantification of methylated nucleoside (5-methyl-dC) or its free base
(MeC) in DNA from various sources to determine the levels of global DNA
methylation.263-271 Most of the earlier methods did not employ isotopically labeled internal
standards for quantitation, but rather reported the relative amounts of methylated base with
respect to either dC or dG. For example, Thuc Le et a/. developed a mass spectrometric
method using selected reaction monitoring for simultaneous relative quantitation of MeC and
5hmC.272 These authors compared the levels of MeC and 5hmC in human pluripotent stem
cells versus differentiated parental fibroblast cells where, the pluripotent stem cells had
increased levels of 5meC and 5hmeC.272
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5-Methylcytosine was also quantified in urine of smokers and non-smokers using an online
solid-phase extraction (SPE) coupled to an isotope dilution HPLC-ESI-MS/MS (LC)
procedure.287 This method employed deuterated internal standards for absolute quantitation
of MeC and 5-Me-dC. In another study, 5-medC was quantified in human urine samples
using HPLC-MS/MS analysis.2”3

The less abundant epigenetically modified bases such as 5hmC have been detected using
immunological,45274:275 enzymatic,276-278 and 32P-radioactive labeling 1D or 2D thin layer
chromatography methods.2 More recently, mass spectrometry methods have played a major
role in detecting and quantifying minor epigenetic modifications in experimental systems
and in studies of their tissue distribution /7 vivo. For example, Globisch et a/261 used
HPLC-ESI-MS/MS methodology to determine tissue distribution of 5ShmC and other active
demethylation intermediates. These authors found that while the concentrations of mC in all
tissues were 4.3 % of dG in all tissues, hmC concentrations were highly variable, with
0.4-0.7 % hmC detected in CNS tissues, 0.2-0.4% in heart, muscle, kidney, and < 0.1% in
the lung, spleen, and testes.261 In contrast, 5-formylcytosine (fC), 5-carboxylcytosine (caC),
and 5-hydroxymethyluracil (hmU) were not detected in that study. Global DNA levels of
5hmC were analyzed in the DNA from cerebrums of rats using isotope dilution liquid
chromatography-tandem mass spectrometry (LC-MS/MS) and were found to be 0.66%.27°
There are very few mass spectrometric methods in literature for the quantification of 5fC
and 5caC. Among them, lto et a/. 262 employed HPLC-ESI-MS/MS to quantify 5fC and
5caC in genomic DNA of mouse embryonic stem cells.

9. Mass spectrometry to identify the biological consequences of DNA

damage

In addition to determining DNA adduct structures and quantifying their levels in biological
samples, mass spectrometry has played a major role in determining the biological
consequences of DNA damage. For example, the instrumentation can be used to determine
the identity of nucleotides inserted opposite DNA adducts upon in vitroand in vivo DNA
replication and to investigate DNA repair mechanisms and adduct persistence in tissues.
Several examples of such applications are briefly described in this section.

9.1 Primer extension

As discussed in the Introduction, DNA can be modified by endogenous and exogenous
agents leading to the formation of nucleobase adducts (Scheme 1).280 The resulting
structurally modified nucleobases may block the normal DNA replication process due to
their size or their effects on DNA structure.?81 The specialized translesion synthesis
polymerases (TLS polymerases) can copy across bulky or distorting DNA lesions, avoiding
replicative crisis.282-284 |n general, lesion bypass polymerases have large active sites and
lack endonuclease proofreading activity, which enables them to bypass DNA lesions. As a
result, these specialized DNA polymerases have lower fidelity and are more likely to
introduce errors, leading to mutations.285-287 Mass spectrometry along with gel
electrophoresis is an important tool employed in studying the mutagenic ability of
structurally defined DNA adducts /7 vitro.288-292 These jn vitro translesion synthesis
experiments are generally performed by annealing a DNA template strand containing a site
specific DNA adduct to a complementary DNA strand (primer). The length of the primer
strand is shorter than the template, so that the 3" terminus of the primer is positioned prior to
the lesion290:292 (Scheme 7). The template-primer duplexes are incubated in the presence of
a TLS polymerase and all four dNTPs allowing for primer extension. The primer extension
products have been traditionally visualized by gel electrophoresis using a 32P-end labeled
primer.293-295 However, the exact sequence of primer extension products cannot be
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determined by gel electrophoresis, and multiple time consuming experiments involving
individual dNTPs must be conducted to evaluate each incorporation step.292 More
importantly, gel electrophoresis fails to detect deletion products occurring when a
polymerase skips the modified base, resulting in frameshift mutations. HPLC-ESI-MS/MS
can be used to accurately sequence primer extension products in a single experiment,
without the use of radioactivity.292

Because of a size limitations for sequencing oligonucleotide by MS/MS, Zang et. al have
developed a methodology in which the primer is engineered to contain a uracil residue close
to its 3 terminus (e.g. Scheme 7).2%2 Following primer extension, the extension products are
cleaned with uracil DNA glycosylase (UDG) hot piperidine to generate shorter
oligonucleotides which can be readily sequenced by tandem mass spectrometry.

For the specific template-primer complex shown in Scheme 7, 7 mer products are generated
when the primer extension is complete. Depending on the specific base incorporated
opposite the adduct (X) and assuming the enzyme does not make any additional errors while
copying beyond the adduct, the sequence of the extension product can be any of the
following: 5'p-TCAATGA-3", 5'p-TCGATGA-3’, 5'p-TCCATGA-3’, or 5'p-
TCTATGA-3’. The preliminary identity of the product can be obtained by determining the
my/z values of the observed oligonucleotide products using full scan HPLC-ESI- MS. MS/
MS spectra of each product are then obtained using ion trap or triple quadrupole
instrumentation, and are compared to the predicted spectra (Mongo Oligo Mass Calculator
v2.06) (Example in Table 3).

The methodology developed by Zang et. al. has been successfully used in translesion
synthesis studies of several important DNA adducts including Z,AZ -etheno guanine,288:292
malondialdehyde-deoxyguanosine (M1-dG),299:2% 7.8-dihydro-8-
oxodeoxyguanosine,297:298 0b_penzylguanine,299:300 O%-methylguanine,300:301 Of.[4-
ox0-4-(3-pyridyl)butyl] (O%-Pob-G)3%0, A2-alkyl guanine adducts,392 C8- and A#-
deoxyguanosine adducts of the dietary mutagen 2-amino-3-methylimidazo]4,5-
f[quinolone,2%1 Af-deoxyadenosine-BPDE adducts,303 2,6-diamino-4-hydroxy-A® -
(methyl)-formamidopyrimidine (MeFapy-dGuo),3%4 and 7-(2-oxoheptyl)-1, AZ -etheno-2"-
deoxyguanosine.289

Our laboratory has recently utilized an HPLC-ESI-MS/MS methodology for studying
translesion synthesis across 1, A\f-(2-hydroxy-3-hydroxymethylpropan-1,3-diyl)-2’-
deoxyadenosine (1,AP-y-HMHP-dA) adducts formed by the alkylation of adenine by
1,2,3,4-diepoxybutane (genotoxic metabolite of 1,3-butadiene). 395 The primer/template
sequences were as shown in Scheme 7.39 Briefly, an 18-mer oligonucleotide template
strand (5"-TCATXGA ATCCTTCCCCC-3") where X=1,AP-»-HMHP-dA was annealed to
a 13 mer primer (5"-GGGGGAAGGAUTC-3") and incubated in the presence of individual
TLS polymerases (hPol ), hPol «) and all the four dNTPs. At the end of the polymerase
reaction, the primer extension products were cleaved with UDG/piperidine, and the resulting
short oligonucleotide products were sequenced by HPLC-ESI"-MS/MS on an Orbitrap Velos
(Thermo Scientific). A representative extracted ion chromatogram revealing the presence of
six different primer extension products following hPol « catalyzed primer extension are
shown in Figure 14. The relative yields of individual products were calculated by comparing
peak areas to that of a known internal standard (14-mer). As evident from Figure 14,
incorporation of incorrect bases (G, A) along with the correct base (T) was observed. The
error-free product 5’ p-TCTATGA-3" constituted only 18% of all the observed products. We
also observed single and double deletion/frameshift mutation products.3%°. Based on these
results, we proposed that 7, AP-»-HMHP-dA adducts could lead to A—T and A—C
transversions in vivo.305
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9.2 Site-specific mutagenesis

The Wang group recently developed a new mass spectrometry-based methodology allowing
for the determining the mutagenicity of specific DNA lesions /7 vivo, e.g. in living cells.306
This is a modification of the site specific mutagenesis approach developed by Essigmann et
al307 In short, double-stranded plasmids are constructed containing site-specific DNA
lesions. The plasmids are introduced into bacterial or mammalian cells and are allowed to
replicate. The products formed from replication or transcription are amplified by PCR,
digested with restriction enzymes, and the resulting restriction fragments are sequenced by
HPLC-ESI-MS/MS. These experiments can determine the influence of specific DNA
lesions on the efficiency and fidelity of DNA replication. This approach has been applied to
several important DNA adducts, including A2-carboxyalkyl-2’-deoxyguanosine lesions
produced by glyoxal.396

9.3 MS studies of DNA repair

Mass spectrometry provides an accurate and specific tool for investigating DNA adduct
repair /n vitroand in vivo. For example, MALDI-TOF MS in combination with hot
piperidine cleavage was used to detect base excision repair of oxidative dG adducts in
synthetic DNA duplexes.3%8 DNA duplexes containing site specific 8-oxo-G, oxaluric acid,
oxazolone, or cyanuric acid lesions were incubated with recombinant formamidopyrimidine
glycosylase (Fpg enzyme), and the resulting abasic sites were converted to strand breaks in
the presence of hot piperidine. The cleavage products were detected by MALDI-TOF using
3-hydroxypicolinic acid matrix. Fpg efficiently excised 8-0x0-G and oxaluric acid and to
some extent oxazolone, but not cyanuric acid. These data suggest that some DNA lesions
formed via ONOQO™ exposures (cyanuric acid) are not repaired by Fpg and are not uncovered
by assays based on piperidine cleavage at the site of lesion.308

Guza et al. have employed isotope dilution HPLC-ESI-MS/MS to investigate the influence
of DNA sequence on the kinetics of repair of O%-alkylguanine adducts by the specialized
repair protein, O%-alkylguanine-DNA alkyltransferase (AGT).39% 0%-Me-dG adducts were
placed at different sites (Gs, Gg, G7, Gg, Gg, G1g, or G11) within the synthetic double
stranded DNA sequences representing codons 8-17 of the K-ras protooncogene (5'-G;TA
GoTT G3G4A GsCT GgG7T GgGgC G1gTA G11G1oC AAG;3 AG14T-3"). The second
guanine of K-rascodon 12 is a major mutational hotspot for G — A transitions observed in
lung tumors of smokers and in neoplasms induced in laboratory animals by exposure to
methylating agents. 0%-Me-dG containing double stranded DNA oligomers were incubated
with human recombinant AGT protein at conditions favoring second-order Kkinetics, and the
reactions were quenched at varying times. Following acid hydrolysis, isotope dilution
HPLC-ESI-MS/MS was used to determine the amounts of unrepaired O8-Me-dG remaining
in DNA. The relative extent of repair for O5-methyl-dG located at Gs, Gg, G7, Gg, Gg, G0,
or Gy following a 10 s incubation with AGT varied by 5-30% depending on sequence
position. A similar strategy was recently used to analyze the kinetics of AGT-mediated
repair of O%-pyridyloxobutylguanine lesions.120

In vivoinvestigations of DNA adduct repair in various tissues can be achieved in laboratory
animal studies. Following exposure period, animals are allowed to recover for specified
periods of time. DNA is extracted from tissues, followed by standard sample preparation
techniques and HPLC-MS/MS analysis as described in Sections 3 and 5. This strategy
allows for determining the kinetics of DNA adduct removal in various tissues of a living
animal, to observe tissue differences in DNA repair, and to identify DNA lesions that are
resistant to repair and thus persist /n vivo, increasing their chances of inducing genetic
damage. For example, Goggin et a/.%8 employed capillary HPLC-ESI-MS/MS to study the 7
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vivo persistence of DNA-DNA adducts and exocyclic adducts of 1,2,3,4-diepoxybutane in
tissues of laboratory mice exposed to 1,3-butadiene (Figure 15).68

More recently, our laboratory has developed sensitive capillary HPLC-ESI-MS/MS
methodologies to monitor the kinetics of N,N-bis[2-(N7-guaninyl) ethyl] amine DNA-DNA
cross-links (G-NOR-G) cross-link repair in peripheral blood lymphocytes of cancer patients
undergoing chemotherapy with cyclophosphamide (CPA).310 DNA was extracted from
peripheral blood lymphoblasts of cancer patients receiving 50-60 mg/kg CPA intravenously.
Extracted DNA samples (5-20 g) were spiked with an internal standard of [1°N4¢]-G-
NOR-G and subjected to neutral thermal hydrolysis, releasing G-NOR-G nucleobase
adducts from the DNA backbone. Following solid phase extraction, G-NOR-G conjugates
were quantified by capillary HPLC-ESI-MS/MS in the selected reaction monitoring mode.
The highest numbers of G-NOR-G adducts (up to 18 adducts per 108 normal nucleotides)
were observed 4-8 h following CPA administration; adduct levels gradually decreased over
time, probably due to their spontaneous depurination, active repair, and white blood cell
turnover. Interestingly, CPA-DNA adduct concentrations were elevated in patients with
Fanconi Anemia as compared to non-Fanconi Anemia cancer patients; this is consistent with
compromised interstrand DNA cross-link repair in Fanconi Anemia.311

10. Conclusions

Over the past 30 years, mass spectrometry has played a central role in characterizing
endogenous and exogenous DNA modifications. It has also become the method of choice for
quantitative analyses of DNA adducts in vitro and in vivo. Mass spectrometry provides
valuable structural information used to unambiguously identify DNA nucleosides,
nucleotides, and nucleobases. Furthermore, the use of isotope dilution mass spectrometry
enables accurate, precise, and reproducible quantitation of DNA damage in tissues and cells.
A variety of possibilities are available for chromatographic separation of DNA adducts, and
a wide range of mass spectrometry systems with various capabilities can be used for both
qualitative and quantitative analysis of DNA modifications. The field of DNA adduct
analysis by mass spectrometry is expanding rapidly, as novel instrumentation and
approaches are being introduced, including online sample preparation, nanoflow LC-MS,
high resolution HPLC-MS/MS, and chip based methology. These rapid developments in
chromatography and mass spectrometry instrumentation and methodologies are enabling the
analysis of low abundance DNA adducts and epigenetic modifications in human samples.
Furthermore, mass spectrometry based methods are widely used for sequencing of
carcinogen-modified DNA and in combination with biotechnology tools, to determine the
biological consequences of DNA damage. Mass spectrometry will undoubtedly remain on
the forefront of chemical carcinogenesis and epigenetics research, continuing to provide
valuable information about structural modifications of nucleic acids in cells.
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Figure2.

Observed (top) and theoretical (bottom) accurate mass spectra of O%-pyridyloxobutyl-2-
deoxyguanosine [O8-POB-dG+H]*. The top spectrum was obtained with an LTQ Orbitrap
Velos (Thermo Scientific) operated at a resolution of 60,000. Shown on the bottom is the
predicted spectrum generated with Xcalibur Qualbrowser software (Thermo Scientific).
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Figure 3.

Comparison of “beam-type CAD” (triple quadrupole) and “ion-trap-type CAD” MS/MS
spectra of AF-ethyl-2”-deoxyguanosine obtained at increasing collision energy.
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Figure4.

MS/MS spectra of unmodified dG and representative dG adducts: AV2-ethyl-2’-
deoxyguanosine (A2-ethyl-dG), O°-methyl-2-deoxyguanosine (O%-methyl-dG), O°-
pyridyloxobutyl-2-deoxyguanosine (O°-POB-dG), and exocyclic crotonaldehyde adduct
(CPr-dG).
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Figure5.

Chromatograms obtained upon UPLC-MS3 analysis of renal cortex DNA from human
subject with a carcinoma of the upper urinary tract along with MS? fragmentation spectra of
dA-AL-Il and dA-AL-I. Reprinted with permission from Reference 166. Copyright 2012
American Chemical Society.
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Figure6.

Chromatograms obtained upon LC-NSI-HRMS/MS analysis of human leukocyte DNA (129
g, 12.9 g on column) containing 59.4 fmol N7-ethyl-Gua /iumol Gua. The relatively
higher amount of analyte in this sample allowed for the confirmation of its identity by
additional monitoring of the accurate mass of the molecular ion of N7-ethyl-Gua and the
internal standard. Panel A shows the result from monitoring of the accurate mass of 7-ethyl-
Gua (m/z 180.08799). Panel B shows the result from the monitoring of the accurate mass of
[15N5]7-ethyl-Gua (m/z 185.07317). Panel C shows the results from the transition at m/z
180 [M + H]* — m/z 152.05669 [Gua + H]* for 7-ethyl-Gua, and panel D shows the
corresponding transition m/z 185 [M + H]* — m/z 157.04187 [Gua + H]* for the internal
standard. Results are shown with a 5 ppm mass tolerance. Reprinted with permission from
Reference 66. Copyright 2011 American Chemical Society.
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Figure7.

Relationship between detected and added 7-ethyl-Gua. Various amounts of 7-ethyl-Gua
were added to calf thymus DNA (0.3 mg, 30 g on column) and analyzed by the method
described in the text; RZ = 0.99. 7-Ethyl-Gua present in the calf thymus DNA was subtracted
from each value. Reprinted with permission from Reference 66. Copyright 2011 American
Chemical Society.
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Figure8.

Diagram of valve positions employed in column switching HPLC-ESI-MS/MS. The sample
is loaded onto the trapping column in position A and washed to remove contaminants. In
position B, the second pump backflushes the analyte from the trapping column onto the
analytical column and into the mass spectrometer.
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(A) Simplified illustration showing concentration and flow rate effects on the ESI process.
For larger flow rates, which produce larger droplets, analyte surface activity, concentration,
and competition from other species can affect overall ionization efficiency, the extent of

ionization “suppression”, and quantitation. At sufficiently low flow rates and analyte

concentrations, each droplet contains on average less than one analyte molecule, ionization

efficiency is 100%, and suppression/matrix effects are eliminated. Reprinted with

permission from Reference 59. Copyright 2004 American Chemical Society. (B) Normal
flow rate electrospray (top) vs a lower flow rate electrospray (bottom) that produces smaller
droplets. By allowing closer proximity to the MS inlet, the lower flow rate electrospray

affords more efficient ion introduction. Reprinted with permission from Reference 59.

Copyright 2004 American Chemical Society.
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Column switching capLC-ESI+-MS/MS analysis of 7, M-HMHP-dA in liver DNA from a
control mouse (A) and a mouse exposed to 200 ppm BD for 2 weeks (B). Dose-dependent

formation of Z, -HMHP-dA in liver of laboratory mice exposed to increasing
concentration of BD by inhalation (C). Reprinted with permission from Reference 26.

Copyright 2010 American Chemical Society.
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Examples of representative MS/MS spectra of oligonucleotides obtained using an Orbitrap
Velos mass spectrometer.
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Figure12.

Exonuclease ladder sequencing of a synthetic DNA 18-mer containing site specific O%-Me-
dG. Reprinted with permission from Reference 253. Copyright 2010 American Chemical
Society.

Chem Rev. Author manuscript; available in PMC 2014 April 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tretyakova et al.

3
w1 A 2 1 = (-) trans-N*BPDE-dG
1.3 4 .
1271 Authentic standards 1 4 2=+ cis-N*BPDEG
058 3 = (-) cis-N*BPDE-dG
0.7 4
0s 4 = (+) trans-N*BPDE-dG
02 -
T T T 1 T T T T T T T T
30 40 50
S 424 4
% 3] N%-BPDE-dG
£ 7:] BPDE-treated DNA m/z = 570.1 — 454.1
- 21 4
5 174
o 1.2 :
sel Azl
30 40 50
13 9 4
1.2 +
10 ] *N,-N“-BPDE-dG
0s] BPDE-treated DNA m/z=573.1 > 457.1
05 ]
0.4 -
01 ] 123
0 o M
Time (min)
5-G,CTTTG,AG,G.TG,[“C G,T|GTTTG,TG,
B 3-CGAAAC TC CAC C AAACAC N(-)trans
s m (+)cis
404 21% B (-)cis 40
O (+)trans

Figure13.
ILD-MS based mapping of diastereomeric A2-BPDE —dG adducts along DNA sequence:
HPLC-ESI-MS/MS traces of A2-BPDE —-dG adducts originating from 15N3-labeled guanine
(m/z573.1) and elsewhere in the sequence (/7/2570.1) (A). A>-BPDE —dG distribution
along p53gene-derived DNA duplex as determined by ILD-MS (B). Reprinted with
permission from Reference 201. Copyright 2004 American Chemical Society.
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Figure 14.

HPLC-ESI"MS detection of primers extension products following /n vitro replication of
DNA template containing Z,A®-HMHP-dA. MS analysis reveals multiple mutated products

and -1 deletions.
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Figure 15.

Persistence of bifunctional DEB-DNA adducts in mouse and rat liver DNA. (A) Female
B6C3F1 mice were exposed to 625 ppm BD for 2 weeks, and tissues were collected 2, 72, or
240 h post exposure. (B) Female F344 rats were exposed to 1250 ppm BD for 2 weeks, and
tissues were collected 2, 24, 72, or 144 h post exposure. BissN7G-BD, N7G-N1A-BD, and
1,AB-HMHP-dA, were quantified by isotope dilution HPLC-ESI-MS/MS analysis of DNA

hydrolysates.
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Tandem mass spectrometry scanning modes.
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Sample processing scheme for HPLC-ESI-MS/MS analysis of DNA adducts.
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B, B, B3 B4
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aq b1 C1 d1 =) b2 Co d2 as b3 C3 d3
Scheme 4.

Nomenclature of common ion series observed upon MS/MS sequencing of DNA.
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Phosphodiesterase |
355

Scheme5.

Phosphodiesterase I

Page 71

53 2'.dA 313.2

X 2'-dG 329.2

X 2'-dC 289.2

.......... o 2'.dT 304.2

...... N 05-Me-dG  343.2

P N2-BPDE-dG 631.3

________ 05-POB-dG  477.2
MALDI-TOF MS

Exonuclease ladder sequencing of DNA. In separate experiments, DNA is partially digested
with phosphodiesterases | and Il to generate two series of DNA fragments, which are
analyzed by MALDI-TOF MS. Mass differences between adjacent signals in MALDI-TOF
spectra can be used to identify DNA sequence and to detect the presence of endogenous or

chemical modifications.
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5'-CATGAACC'SN-GGAGGCCCATC-3'
3'-GTACTTGG CCTCCGGGTAG-5'

l Carcinogen (X)
Adducted oligoucleotide
l Enzymatic Digestion*

dG dA dC dT d['N-G]
dG-X  d['5N-dG]-X

l

HPLC- ESI - MS/MS analysis

l

% Rxn at "’N-dG =
['SN-dG]-X A15N-dG-X /(AdG-X + A15N_dG_X) X 100%

* chemical digestion to free bases can be used

dG-X

Scheme 6.
Strategy for quantitation of dG adducts at specific sites within DNA by stable isotope
labeling of DNA — mass spectrometry (ILD-MS) approach.
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3'-CCCCCTTCCTA-AGXTACT-5"
5' -GGGGGAAGGAU-TC-3"

: . TLS polymerase
Primer extension 4 dNTPs

3'-CCCCCTTCCTA-AGXTACT-5"
5'-GGGGGAAGGAU-TC???2?2?2-3"

1. UDG hydrolysis
2. Piperidine treatment

Scheme 7.
MS/MS identification of /in vitroreplication products of adduct-containing DNA following
site-specific cleavage with UDG/piperidine.
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NH,
H H HC 0
0= A o= ) $
N NN, NN \ )\
dR dR
8-ox0-dG 8-oxo-dA N7-ethyl-G
HO
NH Hog\ﬁ
N N
N/
Y t )
N N
OH OH
OH OH
1,N6-oHMHP-dA 1, N-yHMHP-dA

Chart 1. Structures of representative DNA adducts

a7, N-etheno-2’-deoxyadenosine (eAdo); 3,A#-etheno-2’-deoxycytosine (edCyd); O°-
methyl-2’-deoxyguanosine (0%-Me-dG); N7-ethylguanine (N7-Me-G); 8-0x0-7,8-
dihydro-2” deoxyguanosine (8-oxo-dG); 8-oxo-7,8-dihydro-2”deoxyadenosine (8-oxo-dA);
N7-ethylguanine (N7-Ethyl-G); 1, Z, M6-(1-hydroxymethyl-2-hydroxypropan-1,3-diyl)-2’-
deoxyadenosine (Z, ¢ -aHMHP-dA); 1, Nf-(2-hydroxy-3-hydroxymethyl-propan-1,3-
diyl)-2”-deoxyadenosine (Z, V6 -yHMHP-dA)
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Chart 2. Structures of DNA adducts used for discussion of molecular formula determination.2

3guanine (G); 2’-deoxyguanosine (dG); O%-[4-(3-pyridyl)-4-oxobut-1-yl]guanine (O%-POB-
G); O%[4-(3-pyridyl)-4-oxobut-1-yl]-2”-deoxyguanosine (O°-POB-dG); 7,8,9-
trihydroxy-10-(N2-deoxyguanosyl)-7,8,9,10-tretrahydrobenzo[ ] pyrene (A?-BPDE-dG)
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Chart 3. Structures of DNA adducts used for discussion of nucleobase fragmentation.?

2’ _-deoxyguanosine (dG); AZ- ethyl-2”deoxyguanosine (A-Ethyl-dG); A2-[4-(3-pyridyl)-4-
oxobut-1-yl]-2”-deoxyguanosine (AV2-POB-dG); O%-methyl-2’-deoxyguanosine (O°-Methyl-
dG); O%-[4-(3-pyridyl)-4-oxobut-1-yl]-2’-deoxyguanosine (O-POB-dG); (CPr-dG); N7-
ethylguanine (7-Ethyl-G); 8-Hydroxy-2’-deoxyguanosine (80H-dG)
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Chart 4. Structures of DNA adducts highlighted in Section 5.5.2
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aN7-(2’-hydroxyethyl)guanine (NV~HEG); 5-hydroxymethyl-2”-deoxyuridine (HmduU);
3, M-ethenocytosine (eCyt); 7-(1",2”-dihydroxyheptyl)-3H-imidozo(2,1-i)purine (DHH-
eAde); 1, Mb-ethenoadenine (eAde); A2 3-ethenoguanine (AV2,3-eGua); 1, \-ethenoguanine

(1, A eGua); 4-hydroxyestrogen-1-AP-adenine (4-OH-E-1-APAde); 1, \-etheno-2’-
deoxyadenosine (edAdo); 3, -etheno-2’-deoxycytidine (edCyt); 1, A#- etheno-2-

deoxyguanosine (1,A2- edGuo); O%-ethylthymidine (O%edT); O%ethylthymidine (O%edT);

1-(guan-7-yl)-4-(aden-1-yl)-2,3-butanediol (N7G-N1A-BD); 1,4-bis-(guan-7-yl)-2,3-

butanediol (6is-N7G-BD); M-hydroxymethyl-2’-deoxyguanosine (A2-HOMe-dG); N7-

ethylguanine (N 7-Ethyl-G); N-(deoxyguanosin-&yl)-PhlIP (C8-dG-PhlIP); 10-

(deoxyguanosin-A2-yl)-7,8,9-trihydroxy-7,8,9,10-tetrahydrobenzo[ d]pyrene (dG-N2-B[a]P);
7-(deoxyadenosin-N6-yl)aristolactam | (dA-AL-1); 7deoxyguanosin-N2-yl aristolactam |

(dG-AL-1)
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