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Results of this work contributed to the advancement of the fields of nucleic acid adductomics and
DNA damage research with applicability to human exposure and drug development. A new methodology,
DNA/RNA adductomics was designed, tested and its proof-of-concept was demonstrated for the first
time.

DNA and DNA/RNA adduct screening pipelines were constructed to conduct
triple quadrupole mass spectrometry comparative adductomics by liquid chromatography electrospray
ionization tandem mass spectrometry (LC/ESI(+)-MS/MS) utilizing human cell lines that were exposed
to hazardous aromatic chemicals. Nucleic acid adductomics approaches were combined with high
resolution-(HR-MS) and NMR analyses to detect and to identify adducts of the naturally-occurring
food constituent, safrole, the environmental pollutant, benzo[a]pyrene, the air pollutant, 1,
2-naphthoquinone, and the arylhydroxylamine, N-(2,6-dimethylphenyl)hydroxylamine. The chemical
structures of novel and known adducts and their mechanisms of formation were proposed and a new
methodology for verification of DNA adductomics results to eliminate false positive annotations when

it is applied as a DNA damage/genotoxicity screening test was developed and demonstrated by
utilization of both DNA and RNA adductomics pipelines.
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Interactions between DNA and reactive chemicals in living cells may lead to structura
modifications called DNA adducts. DNA adducts may be considered to be a form of DNA damage
that results in harmful effects to cells and they may have roles in chemicaly-induced
carcinogenesis in living organisms. Currently, there are gaps in our understanding of the types of
DNA adducts that may occur in cells and their potential downstream effects. The formation of DNA
adducts and downstream effects occur by complex mechanisms that depend upon many factors
including cell type, DNA repair processes and exposure conditions.

Interest in understanding DNA damage that arises from exogenous exposures to small
and large molecule aromatic chemicals through occupation, diet, and other less-defined routes is
increasing as more information about the potential hazards of these chemicals becomes known. Due
to the dynamic nature of the occurrence of DNA adducts and the complexity of mechanisms
involved, innovative approaches to study DNA adducts are necessary.

To investigate DNA adduct formation of aromatic chemicals by using liquid chromatography
electrospray ionization tandem mass spectrometry (LC/ESI-MS/MS) and liquid chromatography
electrospray ionization high resolution mass spectrometry (LC/ESI-HR/MS) comparative
adductomics approaches and to establish pipelines for the application of DNA adductomics to
human cell lines.

Human cell lines were exposed to different classes of aromatic compounds after which cells were
extracted for DNA or RNA. After extraction, nucleic acids were digested by different techniques by
enzyme and heat treatment. DNA was hydrolyzed by micrococcal nuclease and spleen
phosphodiesterase and digested at 37°C. Digestion was completed by incubating the samples with
akaline phosphatase at 37°C and methanol extraction. RNA was treated identically to DNA in the
first step after which it was digested with RNase A, nuclease P1, and akaline phosphatase at 37°C
and extracted into methanol. Following sample preparation, digested 2'-deoxynucleosides and
ribonucleosides were analyzed by LC/ESI(+)-MS/MS and LC/ESI(+)-HR/MS using various mass
spectrometry techniques and nucleic acid adductomics methods were applied to evaluate the results.
2’-deoxyguanosine was exposed to different types of aromatic compounds and the products were
analyzed by LC/ESI(+/-)-MS/MS, LC/ESI(+)-HR/MS, and different types of NMR techniques.

Comparative DNA adductomics analyses of human hepatoma (HepG2) cells exposed to the
naturally-occurring plant constituent, safrole (4-allyl-1,2-methylenedioxybenzene) showed that
numerous putative DNA adduct candidates occurred in exposed cells. Chemical structures for five
of the DNA adduct candidates were proposed based upon different analytical approaches and a
biotransformation pathway to describe their formation in human cells was constructed and
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Fig. 1 Formation of a DNA adduct detected in HepG2 cells caused by exposure to safrole that was
detected by comparative DNA adductomics.



Comparative DNA/RNA adductomics analyses were applied independently as a methodology to
confirm putative DNA adducts that were originally detected by DNA adductomics by utilizing the
HepG2 cdll line and the polycyclic aromatic environmental pollutant, benzo[a]pyrene. Analogous
forms of nucleic acid damage were detected by LC/ESI(+)-MS/MS and the identities of the DNA
and RNA adducts were confirmed by LC/ESI(+)-HR/MS techniques. Overal, in vitro DNA
adductome methods in conjunction with in vitro RNA adductome methods, i.e., DNA/RNA
adductomics, was proposed as a hew methodology for verification of DNA adductome results by
which to eliminate false positive annotations when DNA adductomics is applied as a DNA
damage/genotoxicity screening test.
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Fig. 2 Benzo[a]pyrene adducts of DNA and RNA that were detected by comparative DNA/RNA
adductomics analyses utilizing both LC/ESI(+)-MS/M S and LC/ESI(+)-HR/M S techniques.
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LC/ESI(+/-)-MSMS and 'H NMR anayses of adduct formation caused by exposure of
2’-deoxyguanosine to the aromatic pollutant, 1,2-naphthoquinone were conducted and results
supported  that  1,2-naphthoquinone was non-enzymatically oxidized to become
1,2-naphthoquinone-epoxide which reacted with 2’-deoxyguanosine to form at least four bulky
2’-deoxyguanosine adducts. A mechanism was constructed and proposed that involved initiation of
the reaction process through hydration of 1,2-naphthoquinone to form unstable
naphthohydroquinones and 2-hydroxy-1,4-naphthoquinone that resulted in the production of
hydrogen peroxide. Hydrogen peroxide in turn oxidized 1,2-naphthoquinone to reactive
1,2-naphthoquinone-epoxide which in turn reacted with 2’-deoxyguanosine.
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Fig. 3 Simplified mechanism describing production of a bulky adduct through 1,2-naphthoquinone
oxidation.

When 2’-deoxyguanosine was exposed to N-(2,6-dimethylphenyl)hydroxylamine (2,6-DMPHA)
and N-phenylhydroxylamine (PHA) under weakly basic conditions and anayzed by
LC/ESI(+)-HRMS and various NMR techniques at least six different types of bulky adducts and
their corresponding structures were proposed based upon comprehensive MS spectral and NMR
analyses. Adducts that formed without conjugation through different positions on
2’-deoxyguanosine were identified and mechanisms for the formation of these adducts were
constructed and proposed.
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