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DNA adduct profiles: chemical approaches to addressing the
biological impact of DNA damage from small molecules

Shana J Sturla

Diverse small molecules alkylate DNA and form covalently
linked adducts that can influence crucial biological processes,
contributing to toxicity and mutation. Understanding the
chemical reactivity dictating DNA alkylation and interactions of
adducts with biological pathways can impact disease
prevention and treatment. The ambident reactivity of DNA-
alkylating small molecules, and of DNA itself, often results in
formation of multiple adducts. Determining which structures
impart biological responses is important for understanding the
underlying relationships between small-molecule structure and
biology. With application of sensitive and structure-specific
experimental and analytical methodology, such as
heteronuclear NMR spectroscopy and mass spectrometry,
there are increasing numbers of studies that evaluate DNA
alkylation from the perspective of resulting adduct profiles.
DNA adduct profiles have been examined for both exogenous
and endogenous reactive small molecules. Examples of recent
findings are in the areas of tobacco-specific carcinogens, lipid
peroxidation products, environmental and dietary
chlorophenols, and natural-product-derived antitumor
therapies. As more profile data are obtained, correlations with
biological impact are being observed that would not be
identified by a simplified single agent/single adduct approach.
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Introduction

Cellular reactions involving DNA and electrophilic small
molecules can result in structural damage to DNA in the
form of covalent DNA adducts. DNA adducts are poten-
tial substrates for repair enzymes or polymerases, or they
can block these activities, triggering biological responses
including cell death and mutation. Diverse chemical
sources, structures and biological consequences are
associated with DNA adduct formation. Furthermore,

when considering DNA adducts on the nucleoside level,
as is the focus of this review, a single small molecule or
class of molecules can contribute to the formation of
multiple adducts (Figure 1). Traditionally, the biological
impact of DNA damage has often been probed on the
basis of a single electrophile giving rise to a single
nucleoside adduct, frequently the most abundant for a
given alkylating agent. However, minor nucleoside
adducts can have more significant biological impact than
a more abundant adduct. For example, the more abun-
dant adduct could be a substrate for an efficient repair
enzyme, whereas the minor adduct might persist and be
highly mutagenic. By contrast, if the persistence of
different adducts is similar, an abundant adduct could
be an excellent surrogate biomarker for a difficult to
detect minor lesion. Understanding how a spectrum or
profile of adducts responds to changing biological situ-
ations therefore has the potential to provide important
mechanistic information that could be obscured when
focusing on a single adduct. With the ultimate goal of
evaluating changing adduct patterns or profiles to assess
disease risk or therapeutic effectiveness, experimental
approaches require a detailed understanding of the ambi-
dent reactivity of alkylating agents and nucleobases,
as well as methods to evaluate multiple adducts
simultaneously.

DNA-alkylating agents can be intrinsically reactive, but it
is more typical that enzyme-mediated bioactivation is
required to produce biologically reactive intermediates.
Examples of relevant chemical functionalities include
aldehydes, aryl amines, cyclopropanes, enones and enals,
epoxides, furans, nitrosamines, phenols, polycyclic aro-
matic hydrocarbons and quinones. The four nucleotides
exhibit ambident reactivity such that multiple positions
of each nucleotide can be alkylated; representative
classes of adduct structures are illustrated in Figure 1c.
Further differences in reactivity can result from local
DNA sequence and chromosome structure. It would be
impossible to provide a comprehensive review of this
broad area in a brief article; therefore, this review will
highlight a small selection of studies with a focus on
recent results and current experimental approaches in
the identification and measurement of adducts and
their profiles to understand the chemistry and biology
of DNA-alkylating small molecules. Three classes of
DNA-alkylating small molecules — tobacco nitrosa-
mines, chlorophenols and lipid peroxidation products
— will illustrate ongoing studies. The discussion will
close with an outlook on future prospects.
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(a) Electrophilic small molecules damage cellular DNA by forming small
amounts of covalent DNA adducts, with most genomic DNA remaining
unmodified. Biological responses include DNA repair, toxicity and
mutation. (b) Evaluating profiles of nucleoside adducts is an
experimental approach to elucidate mechanisms and implement disease
biomarkers. DNA isolation and hydrolysis yields a mixture of modified
and unmodified nucleosides. Enrichment and quantitative analysis
reveals the DNA adduct profile for specific small molecules under a
given biological condition. (c) Representative adduct structures are
illustrated for the example of guanine. R=alkyl; n=1, 2; X=0, NH.

Chemical analysis of DNA adducts

A challenge in DNA adduct structure identification is that
adducts generally are formed in complex mixtures and at
exceedingly low levels. They can be chemically unstable
and lack clearly diagnostic spectroscopic signals, particu-
larly for '"H NMR. Heteronuclear correlation NMR spec-
troscopy data and chemical shifts from 1D *C NMR
experiments are useful for determining the position of
connectivity to a nucleoside. For such experiments,
sufficient quantities of adduct can be purified from opti-
mized nucleoside reactions or independent synthetic
approaches. Harris and co-workers recently reported,
for ®N-labeled adducts of the carcinogenic mycotoxin
aflatoxin, NMR data that contributed to solving a long-
standing question regarding the structures of formamido-
pyrimidine adducts [1°]. Adducts were determined to be
geometrical isomers of atropisomers about a single nitro-
gen atom, rather than regio- or structural isomers, as
previously proposed. In a recent example from our labora-
tory, *C chemical shift and "*C=">C coupling constants
for a "C-labeled chloroquinone adduct were used to
identify its chemical structure [2]. Positions of base
alkylation can often be distinguished on the basis of
long-range "H-"°C heteronuclear bond correlations, as
illustrated by the example of a DNA adduct of the drug
acylfulvene (Figure 2) [3]. To determine the influences of

site-specifically modified oligonucleotides are valuable
chemical tools for understanding the potential biological
impact of DNA adducts when used as substrates in
polymerase-mediated DNA synthesis reactions [5°],
and for gaining structural and mechanistic information
regarding translesion DNA synthesis [6,7].

DNA adduct levels as low as one damaged base in
10°~10"* undamaged bases can be significant and repro-
ducible, with definite biological consequences. Sample
size limitations may produce as little as 1 pg of DNA,
requiring analysis capabilities on the order of femtomoles
or, ideally, less. Extremely sensitive structure-specific
methods are therefore required. Post-labeling, fluor-
escence, electrochemical and immunological detection-
based methods can have excellent sensitivity for the
analysis of certain DNA adducts, but might not be well
suited to multiple adducts, to evaluate adducts with
significant differences in chemical properties or to obtain
information regarding chemical identity. The technique
of **P-post-labeling involves enzyme-mediated labeling
of the DNA hydrolysate with **P-ATP and subsequent
separation of modified nucleotides (traditionally by 2D
thin-layer chromatography), producing radioactive spots
indicative of DNA adducts. Although broadly applicable,
it is not readily automated, relies on the use of 32p
radioisotope labeling and may present difficulties in dis-
tinguishing specific adducts in a complex mixture of
adducts. For these reasons, mass spectrometry (MS) is
emerging as the method of choice for DNA adduct
analysis in many cases [8°°]. It is readily automated for
high-throughput analysis and is rich in information
regarding chemical structure. Accurate quantitation of
absolute and relative adduct levels can be accomplished
using stable isotope dilution methods. In this approach,
DNA is isolated from sources such as cultured cells or
animal tissue, and a stable-isotope-labeled standard or
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mixture of standards, which have identical chromato-
graphic properties to the analyte but differ by at least
two or three mass units, is combined with the DNA under
investigation. DNA hydrosylates are composed of a small
amount of adduct and high levels of unmodified nucleo-
sides that can suppress the analyte signal (Figure 1).
Therefore, sample enrichment techniques, such as
solid-phase extraction or molecular weight cutoff filters,
are typically used. By LC-MS/MS,; ratios of labeled to
unlabeled adducts are determined and levels of chemi-
cally distinct adducts can be compared (Figure 1).

Exogenous and endogenous carcinogen-DNA
adducts

In the past several years, hundreds of studies with a wide
range of objectives have addressed issues related to
complex DNA adduct mixtures. Results include identi-
fication of adduct structure, elucidation of adduct-specific
contributions to carcinogenesis and toxicity mechanisms,
and implementation of DNA adducts as 77 vivo chemical
biomarkers. This section will briefly highlight three
examples of carcinogens of exogenous and endogenous
origin: tobacco-specific nitrosamines, lipid peroxidation
products and chlorophenols.

Tobacco-derived nitrosamines

The tobacco-specific nitrosamines N’-nitrosonornicotine
(NNN) and 4-(methylnitrosamino)-1-(3-pyridyl)-1-buta-
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(a) The tobacco-specific nitrosamines NNN and NNK are metabolically
activated to produce a pyridyloxobutylating (POB) species that modifies
DNA at multiple positions. (b) Two representative POB-DNA adducts are
illustrated. Multiple POB-DNA adducts have been profiled in cell-free
systems and in specific tissue of carcinogen-treated animals. Data
indicate a biological role for tissue-specific retention and repair of
adducts.
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none (NNK) are human carcinogens found in tobacco and
its smoke (Figure 3). Oxidative bioactivation of NNN and
NNK, and subsequent reaction with DNA, produces
pyridyloxobutyl DNA (POB-DNA) (Figure 3) by reacting
at multiple sites in DNA, including the 7- and O°-pos-
itions of dGuo, and the O*-position of dCyt and Thd. Of
these, 0°-POB-dGuo is mechanistically implicated in
NNK carcinogenesis, but less is known regarding more
recently identified lesions [9°,10,11]. In a cell-free sys-
tem, the relative reactivity of each nucleobase toward
activated NNK was determined to be 1:23:6:4 for
0°-POB-dGuo:7-POB-dGua:0*-POB-Cyt:0*-POB-Thd,

with only small variations when relative amounts of DNA
and the electrophile were changed. However, i# vivo data
(i.e. analysis of DNA samples from carcinogen-exposed
animals) indicate that the adduct burden in specific
tissues does not correlate with the intrinsic reactivity of
the alkylating intermediate and suggest that the
0°-adduct can be preferentially eliminated by repair
processes in the rat liver versus lung [9°,10]. Furthermore,
adduct profiles from animals chronically treated with
enantiomers of NNAL — a metabolite of NNK —
indicate stereospecific NNAL retention in tissue and
re-conversion to NNK [9°%,10]. These relationships were
indicated by tracking profiles of adducts rather than a
single test.

Lipid peroxidation products

Endogenous reactive chemicals are a major source of
DNA damage and can contribute to diseases and con-
ditions such as Alzheimer’s disease, asthma, rheumatoid
arthritis, diabetes, multiple sclerosis, Parkinson’s disease
and stroke [12]. The concepts and approaches established
to study xenobiotic-induced DNA damage apply to
correlating relationships of diseases to inflammation,
oxidative damage and lipid peroxidation [13]. Lipid
peroxidation, resulting from reactions of reduced oxygen
species and polyunsaturated fatty acids, is a source of
secondary DNA-reactive electrophilic small molecules
(e.g. acrolein, crotonaldehyde, 4-hydroxynonenal [4-
HNE] and malondialdehyde; Figure 4a). In typical
lipid-peroxidation-derived damage, minor-grove modifi-
cation results in adducts with an added nucleobase ring
(i.e. exocyclic adducts; Figures 1c and 4b,c) that are
frequently mutagenic and unstable. In a mouse model
engineered to produce elevated reactive nitrates (NO,
ONOOCO2—, N,03, NO;), a 12-adduct profile includes
exocyclic adducts as well as markers for direct DNA-
reactive oxygen species (ROS) interactions and nucleo-
base deamination [14°°]. In this study, increases in lipid-
peroxidation-associated etheno adducts correlated with
increased inflammation; however, had a single direct
oxidation product been monitored, a positive association
would not have been revealed [14°°]. In a mouse model
with cyclooxygenase-2 overexpression, multiple hepta-
none-ctheno adducts were profiled for the first time in
mammalian tissue DNA [15°°]. Elevations in adduct
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(a) Representative «,B-unsaturated carbonyl compounds derived from lipid peroxidation. (b) Reactions producing exocyclic DNA adducts.

(c) Exocyclic etheno adducts.

levels were associated with increased levels of cycloox-
ygenase-2. Finally, although no significant differences
were observed between the small groups studied, as little
as 24 amol of hydroxynonenal guanine adduct alone was
compared in postmortem brains from normal and Alzhei-
mer’s disease subjects [16]. Adducts resulting from a
mixture of lipid peroxidation products can be complicated
if the secondary products react with one another before
alkylating DNA. Evidence for the possibility of such
‘conjugate’ adducts has been obtained in cell-free models
using calf thymus DNA [17,18]. Further elucidation of
molecular mechanisms for how etheno adducts contribute
to mutation will require an understanding of how diverse

cellular polymerases and repair enzymes process these
lesions. Certain polymerases can be more efficient at
synthesis past a specific lesion than the corresponding
unmodified base [19]. A comparison of steady-state
kinetics and sequence analysis of DNA synthesis pro-
ducts for multiple polymerases reveals that human pol m
efficiently synthesizes past the ethenoguanine adduct
(Figure 4¢) in an oligonucleotide [20]. For ethenoade-
nine, a combination of Pol v and Pol & efficiently syn-
thesize past this adduct in an error-free manner [19]. It has
been known that base glycosylases could be involved in
exocyclic adduct repair, but ethenoadenine was recently
found to be directly repaired by Escherichia coli AIkB and
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human ABH3 /# vitro [21]. These repair enzymes could
therefore play a role in mitigating the mutagenic potential
of lipid peroxidation adducts.

Environmental and dietary chlorophenols

Chlorophenols are widespread environmental and food
contaminants resulting from their application as pesti-
cides, herbicides and wood preservatives; in addition,
they can be breakdown products of related agents or
are natural products. Examples include pentachlorophe-
nol (PCP), 2,4,6-trichlorophenol, 2,4-dichlorophenol, ot-
her isomers and the mycotoxin ochratoxin A (Figure 5). As
a class, chlorophenols are acute toxins and possible
human carcinogens. Their metabolism results in increases
in ROS, which probably play a role in chlorophenol
toxicity and carcinogenesis [22]. Chlorophenol carcino-
genesis could also be linked with metabolic activation to
phenoxyl radicals and quinones that covalently bind to
DNA [23-26]. These direct pathways are of particular
interest because they offer candidate exposure biomarker
profiles that are agent specific and potentially useful for
prevention measures. For ochratoxin A [27], comparisons
of adduct levels in reactions with ochratoxin alone
versus with microsomes indicate that a quinone metab-
olite generates adducts that could be important for carci-
nogenicity. Likewise, quinone metabolites of simple
chlorophenols react with DNA and multiple adducts
can be formed. Illustrated in Figure 5b are representative
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(a) Examples of chlorophenols of environmental and dietary origin. (b)

Structures of representative direct chlorophenol-DNA damage products
resulting from phenoxy radical and quinone metabolites, illustrated for

dGuo as the reacting base.
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chloroquinone-DNA adducts [2,28°°]. In vitro reactivity
profiles for chlorophenol metabolites indicate the poten-
tial for direct DNA adduction by oxygen-based radicals,
carbon-based radicals and quinones. In future studies,
profiles from cells and animal tissues, and mutational
assays are expected to reflect the biological relevance
of direct chlorophenol-DNA adducts.

Conclusions

DNA adduct profiles reflect selectivities in nucleoside
reactions, but no information is gained regarding the
influence of DNA sequence context on alkylation
profiles. This could be an important parameter in deter-
mining the tumor-cell selectivity of DNA-alkylating
agents and the carcinogenic potential of adduct-derived
mutations [29]. There are many examples of sequence
selection in DNA alkylation, notably by natural-product-
derived DNA-alkylating antitumor agents [29,30].
Achieving selective toxicity to malignant cells and resist-
ance by healthy cells is difficult, and DNA-alkylation
selectivity might therefore be a factor that dictates thera-
peutic index. Sequence selectivity has been addressed in
model systems using defined oligonucleotide sequences
and modification sites determined by MS [31], or using
gel sequencing approaches in cases in which the modi-
fication is base labile, leading to strand breaks at the
position of modification. Taking the question of sequence
selectivity a step further, researchers recently addressed
the potential influence of chromatin structure, demon-
strating that, regardless of whether alkylation is carried
out with free DNA or nucleosome core particles,
sequence selectivity and alkylation efficiencies were
similar [32°]. It will be important to continue exploring
the contributions of DNA packaging to reactivity and
determine whether these initial observations hold for
DNA alkylation chemistry that gives rise to mutagenic
rather than cytotoxic lesions and whether chromatin
structure imparts selectivity to reactions with non-
sequence-selective agents. For example, the natural-pro-
duct-derived acylfulvenes are potential antitumor agents
that that modify the 3-position of dAde to generate
thermally unstable adducts, but resulting patterns of
DNA strand scission indicate that the reaction occurs
independent of sequence [3,33].

There is a clear need for experimental approaches that are
faster, can handle increased numbers of samples and can
use smaller sample sizes. Applications of alternative
chromatographic methods such as capillary electropho-
resis (CE) are emerging as potential improvements.
Although significant technical challenges for CE-MS
adduct analysis (i.e. orders of magnitude differences in
CE versus MS sample volumes and approaches for quan-
titation) need to be addressed, recent advanced appli-
cations of CE-MS, such as those focused on protein
analysis [34], demonstrate its potential for quantitation
[35] of modified nucleic acids ([36]; see also Update).
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Accelerator MS, with the capacity to detect attomole
(10718 levels of many isotopes (i.e. SH, Q), is among
the most sensitive DNA adduct detectors [37]. A signifi-
cant drawback has been the need to dose with labeled
small molecules, but recent examples illustrate that radio-
post-labeling is a potential solution [38]. Finally, a funda-
mental limitation in adduct detection is that amplification
methods (i.e. PCR) cannot be used to enrich samples for
DNA analysis because adduct-specific information would
be lost. Nucleoside-based probes that pair specifically
with biologically formed adducts, rather than canonical
nucleosides, might have potential for the development of
amplification-based strategies to study DNA damage in
the future [39].

Increasingly large profiles are expected to result from
biological samples exposed to a realistic exogenous
and endogenous small-molecule cocktail. An emerging
strategy to profile the resulting adductome involves neutral
loss analysis, a MS technique that automatically monitors a
common fragmentation pattern (e.g. loss of deoxyribonu-
cleoside) associated with a pattern of adducts [40°°]. Future
nucleoside-based biomarkers of chemical exposure and
drug therapy will clearly expand the current limited pro-
files of adducts to wide arrays of mixed adducts from
multiple sources and of unknown identity. Whereas these
data are expected to have great practical application, long-
term strategies aiming to understand biological responses
on the basis of detailed chemical and biochemical mech-
anisms of small molecule~-DNA reactivity will continue to
be crucial for ultimately understanding and predicting
biological impact on the basis of small-molecule structure.

Update

Zhu and co-workers [41] recently reported the first
example of pre-concentrating oligonucleotides on-line
for the analysis of adducts (derived from a metabolite
of the carcinogen benzola]pyrene) by capillary zone
electrophoresis-MS.
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