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ABSTRACT OF THE DISSERTATION

Mass Spectrometric Studies of Structurally Modified DNA
by
Shuo Liu
Doctor of Philosophy, Graduate Program in Environmental Toxicology

University of California, Riverside, December 2015
Dr. Yinsheng Wang, Chairperson

The advances in mass spectrometry (MS) instrumentation have rendered MS an
indispensable tool for structure elucidation, quantification, and assessment of the
biological consequences of DNA modifications. DNA encodes genetic information that
is used in the development and functioning of essentially all known organisms.
Changes in DNA could give rise to compromised transmission of genetic information.
Abnormal modifications are generally harmful to cells and will be converted to
permanent genetic damage if they evade DNA repair, whereas epigenetic DNA
modifications are regulators of cell function that influence chromatin structure and
control the levels of gene expression. The emphasis of this dissertation is on the
application of MS, together with biological techniques, for assessing the occurrence
and biological consequences of these two major types of DNA modifications.

After an introduction presented in Chapter 1, Chapter 2 focuses on monitoring the



enzymatic removal of 8-methoxypsoralen-induced DNA interstrand cross-links (ICLs)
in cultured mammalian cells by using an HPLC coupled with tandem-MS approach.
With genetic depletion of DNA repair proteins, we also pinpointed the role of
nucleotide excision repair pathway in removing DNA ICLs. Chapters 3 and 4 discuss
the development of an HPLC-MS/MS/MS method, along with the isotope dilution
technique, for accurate measurements of 5-hydroxymethyl, 5-formyl and 5-carboxyl
derivatives of 2'-deoxycytidine and 5-hydroxymethyl-2'-deoxyuridine (5-hmdU) in
genomic DNA of cultured human cells, mammalian tissues and plant tissues. This is the
first direct quantitative comparison between the levels of multiple 5-mdC derivatives in
mammalian tissues and the first report of their presence in the model plant Arabidopsis.
Chapter 5 describes the combination of this method with other bioanalytical techniques
for studying the mechanisms of arsenic epigenotoxicity. We found that arsenite could
bind directly to the zinc fingers of Tet proteins and substantially impair the catalytic
efficiency of Tet proteins in oxidizing 5-mC both in vitro and in cells. In Chapter 6, we
report the application of LC-MS/MS for quantifying p-D-glucosyl-5-hydroxymethyl-
2'-deoxyuridine (dJ) in Trypanosoma brucei. The results provide evidence that dJ
binding proteins play an important role in oxidizing thymidine to form 5-hmdU, which

then facilitates the generation of dJ.
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Chapter 1: General Introduction

1.1. Overview

Faithful transmission of genetic information during cell differentiation and across
generations plays a significant role in the development and survival of all the living
organisms. Being a “bank” that stores most of the genetic instructions, double-stranded
DNA consists of two sugar-phosphate backbones, which are coiled around each other
and resistant to cleavage, as well as paired nucleobases. In addition to stabilizing the
double-helical structure of DNA and permitting sequence-specific recognition by
cellular proteins, the unique chemical properties of nucleobases render DNA
susceptible to modifications. Among the many types of DNA modifications,
methylation occurring at the C5 position of cytosine residues at CpG dinucleotide sites
is the best-studied covalent modification of DNA and it is also indispensable for
mammalian cells to regulate gene expression. However, opposite to the beneficial side
of DNA modification, other DNA adducts induced by exogenous or endogenous
sources are harmful and may compromise cellular functions by blocking DNA
replication and/or inducing mutations. Given that the flow of genetic information
through a modified DNA depends on its chemical structure, the biological significance

and health risks may vary from one modification to another. Therefore, a robust



guantitative assessment of DNA modifications would be of great importance in
biological, medical, and toxicological studies.

With the increasing interest in understanding the biological effects of DNA
modifications on living organism, the investigation has proceeded using more
sophisticated test systems, isolated DNA and cultured cells treated in vitro and
experimental animals and humans. Since DNA modifications are often present at very
low levels in biological systems, considerable emphasis has been placed on the
development of sensitive and specific methods for the detection and quantification of
these modifications. Especially for in vivo studies where a limited amount of tissue
sample may be available, the analytical method of choice must have adequate
sensitivity to measure DNA modifications.

Over the last three decades, a variety of analytical techniques have been used for
DNA analysis, including the *?P-postlabeling assay (1), immunoassays (2), and
electrochemical detection (3). In this vein, the development of the **P-postlabeling
method greatly enhanced the ability to detect chemically modified DNA, owing to its
high sensitivity (1 modification in 10'° nucleotides) and low sample requirement (1-10
g DNA) (1,4). However, *2P-postlabeling, like any other analytical methods, has some
disadvantages. The assay uses a radioactive isotope that can pose health risks; thus, the

method requires extra caution and a dedicated, isolated experimental environment.



More importantly, the assay provides very limited structural information, which may
lead to ambiguity in the identities of the DNA modifications under investigation.
Recent developments in mass spectrometric methods for DNA analysis have overcome
these shortcomings. Despite possessing poorer sensitivity than the *’P-postlabeling
method at the very beginning, the sensitivity of MS methods has improved rapidly as a
consequence of sustained development in instrumentation and sample preparation
methods. In light of these continuing advances, MS techniques have gained widespread
application in the qualitative and quantitative analysis of DNA modifications by
providing sufficient sensitivity, specificity, and detailed structural information.

The overall objective of this dissertation is to develop mass spectrometric methods
for the structure elucidation, quantification, and the assessment of the biological
consequences of DNA modifications, including both DNA damage and epigenetic
marks. The main focus of this chapter will be placed on an introduction into reactive
sites on nucleobases that tend to be modified, proteins interacting with various DNA
modifications, sample processing prior to and during MS analysis, and applications of

MS for understanding the biological consequences of DNA modifications.

1.2. Reactive Sites on Nucleobases

Being held by complementary base pairing, the stable structure of duplex DNA



relies mainly on the shape of nucleobases and the molecular electrostatic potentials of
the nucleophilic sites on nucleobases and base pairs. The unique chemical properties of
nucleobases also permit sequence-specific recognition of DNA by cellular proteins (5).
Yet, for the same reason, the functional groups on nucleotides render DNA susceptible
to modifications by electrophilic agents, which lie at the heart of understanding
mutagenesis (6-8). Therefore, a better understanding of the reactive sites of DNA
provides a strong reference for the identification of potential DNA modifications and
builds a solid foundation for the assessment of toxicity and health risk. Figure 1.1
displays the reactive sites on nucleobases where modifications are preferably formed.
1.2.1 Alkylation of Nucleobases

The most extensively studied DNA modifications are generated through the
covalent reactions between DNA bases and alkylating agents, the mode of which
usually involves transferring alkyl groups from these agents to nucleophilic sites on
nucleobases (9). Studies of these DNA alkylation-inducing chemicals uncovered most
ring nitrogen atoms as well as exocyclic oxygen and nitrogen atoms of nucleobases as
targets for alkylation. These include N7, N3, N N1, and O° positions of guanine, the
N7, N® N3, and N1 positions of adenine, the N3, N* and O? positions of cytosine, and
the N3, O% and O* positions of thymine. In this context, alkylation may also occur at

two nucleophilic sites in the same nucleobase. For instance, etheno derivatives of



guanine, adenine, and cytosine can arise from either metabolic activation of exogenous
chemicals (10) or endogenous metabolic processes (e.g. lipid peroxidation) (11). Their
targeting sites are almost all localized between the exocyclic nitrogen and one of its
neighboring ring nitrogen atoms, which give rise to the formation of 1,N*- and

3,N?-ethenoguanine (¢Gua), 1,N°-ethenoadenine (¢Ade), and 3,N*-ethenocytosine (¢Cyt)

(12-14).
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Figure 1.1. An illustration of the reactive sites on nucleobases.

Some therapeutic drugs act through their conjugation with reactive sites in DNA
to produce monoadducts and/or cross-links that can inhibit critical cellular processes in

abnormally proliferating cells (15,16). For example, nitrogen mustards bind to the N7



position of guanine to yield monoadducts (MAs), and a second reaction with the N7 of
guanine on the opposing DNA strand yields interstrand cross-links (ICLs) (17). On the
other hand, mitomycin C reacts almost exclusively with the N? of guanines to form
either MAs or ICLs at CpG sites (18). More complex cross-links are produced upon the
exposure of DNA to platinum derivatives, a group of bioreductive prodrugs that target
the N7 positions of guanine and adenine (19). Another example for therapeutic DNA
binding occurs between psoralen derivatives and thymine, whose C5 and C6 atoms
frequently serve as the reactive sites in the formation of cross-links (20).
1.2.2 Arylamination of Nucleobases

Different from DNA alkylation, a heterogeneous group of carcinogens can modify
DNA via arylamination. This group includes, for example, aromatic amines (e.g.
4-aminobiphenyl, 4-ABP) (21), nitroaromatic compounds (e.g. 2-nitrofluorene) (22),
and heterocyclic aromatic amines found in cooked fish and meats (23-25). Although the
sites of substitution on nucleobases vary substantially, it appears that the C8 atom and
the exocyclic amino nitrogen of the purine bases, particularly of guanine, are the major
targets for arylamination. Such a pattern is in stark contrast to that of alkylating agents
which displayed lower efficiency in targeting the aforementioned two reactive sites.
1.2.3 Radical-Induced Modifications on Nucleobases

Hydroxyl radical is one of the most reactive species formed from aerobic



metabolism or from exposure to ionizing radiation. This radical can bind to pyrimidine
bases with a preference for the C5 and C6 positions, generating C5-OH- and
C6-OH-adduct radicals, respectively; it can also conjugate with purine bases, giving
rise to C4-OH-, C5-OH-, and C8-OH-adduct radicals for both guanine and adenine
(26,27) as well as C2-OH-adduct radical for adenine (28,29). Examples of hydroxyl
radical-induced DNA adducts include 5-hydroxyuracil (5-OH-Ura), 5-hydroxycytosine
(5-OH-Cyt), 5,6-dihydroxy-5,6-dihydrothymine (a.k.a. thymine glycol), and
8-0x0-7,8-dihydroguanine (8-oxo-Gua) (30-33). Additionally, hydroxyl radical can
abstract a hydrogen atom from the 5-methyl group of 5-methylcytosine and thymine to
yield the corresponding 5-hydoxymethyl, 5-formyl and 5-carboxyl derivatives of the
two nucleobases (34-38). In this context, these oxidations of the 5-methyl group of
5-methylcytosine, mediated by the ten-eleven translocation (Tet) family of
dioxygenases, have attracted great attention in recent years owing to their potential

involvement in active cytosine demethylation in mammals (39-41).

1.3. Proteins Interacting with DNA Modifications in Mammals
1.3.1 Proteins Interacting with DNA Damage
Exogenous and endogenous chemical species can react, directly or after metabolic

activation, with DNA, eventually leading to DNA damage. If not repaired correctly or



in a timely fashion, DNA lesions may result in myriads of alterations within the cell,
including, but are not limited to, cell death, mutations in the genome, and aberrant cell
cycle control (7). There are many DNA repair pathways - the major being nucleotide
excision repair (NER), base excision repair (BER), homologous recombination (HR),
non-homologous end joining (NHEJ), and mismatch repair (MMR) (Figure 1.2). To
maintain the intact genome for a healthy organism, mammalian cells execute one or

more repair processes to preserve genome integrity when damage arises.
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Figure 1.2. Major DNA repair pathways.

1.3.1.1 Nucleotide Excision Repair (NER)
NER is the process that repairs large bulky lesions, particularly nucleobase
modifications that alter the normal helical structure of duplex DNA. DNA damage of

this type include cyclobutane pyrimidine dimers and pyrimidine(6-4)pyrimidone



photoproducts induced by ultraviolet light (42), base modifications created by
exogenous chemical agents [e.g. cisplatin (43)] or by endogenous byproducts of lipid
peroxidation (44), and tandem modifications such as purine cyclonucleosides that are
generated by reactive oxygen species (45). The recognition by NER in response to
DNA damage involves two subpathways: global-genome NER (GG-NER) and
transcription-coupled NER (TC-NER). GG-NER is a process independent of
transcription, which employs protein complexes comprised of damaged DNA-binding
(DDB) protein  and XPC-Rad23B to constantly screen for distortions in the genome;
while TC-NER is initiated when RNA polymerase is blocked at a lesion site and serves
as a signal for the recruitment of Cockayne syndrome proteins (CSA and CSB) instead
of XPC-Rad23B (46). The two subpathways utilize the same machinery subsequently
to execute the remaining steps for NER, which include excisions on both sides of the
lesion by XPF-ERCC1 and XPG, gap-filling synthesis by DNA polymerases, and
ligation by ligases to seal the nick (47,48). Because of the significance of NER in
maintaining genome integrity, defects in NER are associated with a group of autosomal
recessive human diseases, e.g. xeroderma pigmentosum (XP) and Cockayne syndrome
(CS) (49).

1.3.1.2 Base Excision Repair (BER)

Different from the functions of NER, the BER pathway has evolved to protect



against the harmful consequences of small base lesions that don’t totally alter the DNA
double helical structure. The lesions of BER substrate include a variety of base
modifications caused by oxidation, deamination, and alkylation (50). The participation
of BER pathway requires a lesion-specific monofunctional DNA glycosylase (e.g.
uracil-DNA glycosylase, UDG) or bifunctional DNA glycosylase such as 8-oxoguanine
DNA glycosylase (OGG1) in the first step to recognize and excise a modified base (51).
While bifunctional DNA glycosylases possess both glycosylase activity and an intrinsic
3" AP lyase activity, the abasic site left by the monofunctional DNA glycosylase is then
incised by APEL, which belongs to class Il AP endonucleases (51). When the necessary
3'-OH and 5'-phosphate termini are generated, BER typically recruits Pol B to the
missing nucleotide and engages the XRCC1-LIGa complex to seal the remaining nick
(50).

1.3.1.3 Homologous Recombination (HR)

HR pathway plays an essential role in repairing double strand breaks (DSBS)
while maintaining replication fidelity, which requires a homologous DNA strand that
has the correct coding information as reference (52). In this context, HR serves as a
repair tool during the S and G2 phases of the cell cycle when copying is occurring.
DSBs are formed upon replication fork collapse, for example at a polymerase blocking

lesion, during duplication of chromosomal DNA in dividing cells. Although the
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detailed molecular mechanisms for HR repair remain somewhat elusive, it has been
proposed that this pathway is initiated by recognition of the DSBs by the MRN
complex (53). As a break reader, the complex recruits the protein kinase and ATM
(ataxia telangiectasia mutated) to DSB sites and facilitates the recombination step of
HR. Following the recognition process, resection is carried out by C-terminal binding
protein (CtBP)-interacting protein (CtlP) and exonucleases, and the resulting
single-stranded DNA (ssDNA) is stabilized by binding with replication protein A (RPA)
(52). Subsequently, BRCA2 and Rad51 mediate the assembly and replacement of RPA
on the RPA-ssDNA complex, respectively (54). The Rad51-ssDNA complex then
enables strand invasion of the intact homologous DNA region, which provides the
genetic instruction for accurate repair.
1.3.1.4 Other Repair Pathways

In addition to NER and BER, DNA mismatch repair (MMR) constitutes the third
pathway for removing single strand DNA damage. This system is responsible for
recognizing and repairing erroneous base pairs and insertion-deletion loops that can
arise during DNA replication and recombination, as well as some forms of DNA
modifications (35). The major active components involved in the MMR pathway are
broadly designated as MutS and MutL, which are highly conserved and essential for

detecting the mismatch and directing repair machinery to it (55). Mutations in the
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human homologues of the Mut proteins have been shown to exhibit genomic instability
and result in microsatellite instability, a phenotypic evidence of abnormal MMR
function that is implicated in most human cancers (55).

In comparison with HR, non-homologous end joining (NHEJ) is a major DSB
repair system in higher eukaryotes especially when a homologous sister chromatid is
absent (52). A number of proteins are utilized in the three main steps of NHEJ: 1)
eukaryotic Ku70/Ku80 heterodimer forms a complex with the DNA-dependent protein
kinase catalytic subunit (DNA-PKcs) and serves as a docking site for other NHEJ
proteins (56); 2) nucleases process the DSB ends by removing non-ligatable termini or
damaged nucleotides at the break and trimming the single-stranded overhangs to reveal
complementary stretches; 3) the XRCC4/DNA ligase 1V complex performs the ligation
step of repair (57). While NHEJ can operate during all phases of the cell cycle, it is a
relatively error-prone pathway due to the end processing step.

1.3.2 Proteins Interacting with Epigenetic DNA Modifications

Eukaryotic chromatin possesses a wealth of information that is embedded both
genetically in the DNA sequence itself and epigenetically via DNA methylation and
post-translational modifications of core histone proteins (58,59). In mammals, DNA
methylation occurs at the C5 position of cytosine residues mainly at CpG dinucleotide

sites (58). This methylation pattern is established during embryonic development by de
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novo DNA methyltransferases DNMT3a and DNMT3b, and maintained during cell
division by maintenance DNA methyltransferase DNMT1 (58). Studies in the past
decade showed that DNA methylation pattern in mammals can be lost through passive
or active mechanisms (60,61). Elimination or inhibition of DNMT1 activity can lead to
loss of cytosine methylation during cell division, a process known as passive DNA
cytosine demethylation. Active DNA cytosine demethylation is the conversion of
5-methylcytosine (5-mC) to unmethylated cytosine in a process that is independent of
DNA replication (60).

Multiple lines of evidence support the existence of active cytosine demethylation
in the entire genome or in specific genomic loci, and multiple mechanisms have been
proposed for this process (61). In this vein, the ten-eleven translocation (Tet) family of
Fe?*- and 2-oxoglutarate-dependent dioxygenases have recently been identified as
crucial enzymes involved in active DNA demethylation in mammals. The three
subfamily members Tetl, Tet2, and Tet3 are capable of catalyzing the iterative
oxidation of 5-mC to 5-hydroxymethylcytosine (5-hmC), 5-formylcytosine (5-foC),
and 5-carboxylcytosine (5-caC) (40,62). There is also evidence that AID
(activation-induced deaminase)/APOBEC (apolipoprotein B mRNA-editing enzyme
complex) families of cytidine deaminases mediated demethylation through converting

5-hmC to 5-hydroxymethyluracil (5-hmU). Except 5-hmC, all the other oxidation
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products of 5-mC (i.e. 5-foC, 5-caC, and 5-hmU) are readily removed by thymine DNA
glycosylase and replaced with unmethylated cytosine by base excision repair (BER)

proteins.

1.4. Mass Spectrometry-Based Detection of DNA Modifications

Endogenous DNA modifications are often present at a level that is lower than
1/10° canonical nucleosides. This necessitates the development of highly sensitive and
specific methods that require only a small amount of DNA. As techniques have
improved, MS has played an increasingly important role in taking up this analytical
challenge. In comparison with earlier successful platforms such as *P-postlabeling,
MS has advantages including the use of standards and capability of providing structural
information for DNA modifications. To achieve highly sensitive detection, analytes are
generally separated and/or enriched prior to MS analysis. The combination of MS with
other techniques has also enabled sensitive quantification of trace amounts of DNA
modifications in a relatively small amount of DNA isolated from living organisms. An
illustration of sample processing for MS analysis of DNA modifications is shown in

Figure 1.3.
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Figure 1.3. Sample processing scheme for MS analysis of DNA modifications.

1.4.1 Sample Preparation
1.4.1.1 DNA Hydrolysis

The analysis of DNA modifications has been performed for DNA samples isolated
from cultured cells (63,64), tissues (65-70), and biofluids (14,71,72). Apart from DNA,
these samples also contain large amounts of salts, RNA, and proteins in the matrices
that may participate in the metabolism and/or interfere with the detection of targeted
DNA modifications. Thus, it is crucial to lyse the cells or tissues, isolate DNA, and
break up long DNA molecules to analytes that are amenable for MS analysis. In this

respect, the analysis of modified DNA in the form of nucleobase, mononucleoside, or
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mononucleotide by MS offers the highest sensitivity and accuracy for the quantification
of the majority of DNA modifications.

For the majority of DNA modifications that are chemically stable, quantification is
often conducted after complete digestion of DNA to 2'-deoxynucleosides. In general,
modification-carrying DNA is first digested down to 2'-deoxynucleoside-
5'-monophosphates. Among a number of digestion enzymes in this category, DNase |
and nucleases are non-specific endonucleases that can cleave DNA into
oligodeoxynucleotides (ODNs) and mononucleotides (24,73,74). The subsequent use of
phosphodiesterases results in further cleavage of ODNs into mononucleotides. The
commonly  used  phosphodiesterases  include  spleen  phosphodiesterase
(phosphodiesterase 1) and snake venom phosphodiesterase (phosphodiesterase 1),
which are 5'- and 3'-exonucleases, respectively (75,76). To obtain better sensitivity
through analysis by MS in the positive-ion mode, conversion of nucleotides to
nucleosides is often necessary, where alkaline phosphatase is frequently used (77-79).

It should be noted that precautions are often needed during enzymatic hydrolysis
to minimize errors if DNA lesions are unstable or can be produced artificially. For
instance, nitric oxide (NO"), an important physiological messenger involved in cell
signalling and an environmental pollutant, can induce deamination of nucleobases in

vivo (80). The addition of radical scavengers, such as TEMPO (2,2,6,6-
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tetramethylpiperidine 1-oxyl), appears to inhibit artifactual deamination throughout
sample preparation processes. Problems are also encountered in LC-MS analysis of
deamination or other modification products of 2'-deoxyadenosine when deaminase is
present in DNA samples (81) or in commercial preparations of enzymes used for DNA
hydrolysis (82). To avoid the adventitious deamination, a deaminase inhibitor [i.e.
erythro-9-(2-hydroxy-3-nonyl)adenine] is often added during DNA digestion (68).
Altogether, in cases where some modifications could form as artifacts during sample
preparation, methods for measuring DNA modifications should be carefully validated,
and the artificial formation or degradation of the analyte should be reduced to a level
below the detection limit of the method for a successful analysis.

The efficiency of enzymes in hydrolyzing modified DNA is also affected by the
structure of adduct-inducing agents and the conformation of modification-bearing DNA.
Bulky DNA modifications that cannot fit into the active site of digestion enzymes may
lead to incomplete hydrolysis. For instance, DNA modifications, including dimeric
DNA photoproducts (83,84), thymidine glycol (85), and DNA interstrand cross-link
lesions (86), cannot be fit into the active site of nuclease P1, which prevents the
cleavage of the phosphodiester bond on the 3’ side of the modified nucleoside. While
caution needs to be exerted to ensure complete digestion by enzymes during sample

preparation, researchers also employed selective enzymatic digestion to produce
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analytes suitable for more sensitive detection of DNA modifications by MS and for the
assessment of isomeric DNA lesions produced at different sites. Wang and co-workers
(87-90) also employed nuclease P1 to degrade ICL-containing DNA induced by
psoralen derivatives to a tetranucleotide remnant for LC-MS and MS/MS analyses.
Unlike releasing ICL-containing DNA as free base or nucleoside modifications that
cannot be distinguished from intrastrand cross-links, the formation of the 1CL-bearing
tetranucleotide provides unequivocal chemical specificity for the subsequent
guantitative analysis as well as information about the identities of the flanking
nucleosides of the cross-linked nucleosides.
1.4.1.2 Enrichment

Sample enrichment has been widely employed for quantitative measurement of
DNA modifications. Apart from modifications of interest, DNA hydrolysates also
contain the bulk of unmodified nucleosides, proteins, inorganic salts, and other
components which can interfere with MS analysis. As a result, extensive clean-up steps
prior to MS analysis are typically required to further improve detection sensitivity.
Meanwhile, following DNA hydrolysis, isolation could greatly influence the ability of
MS methods to detect DNA modifications. Examples of sample enrichment methods
for DNA modification analyses encompass liquid-liquid extraction (LLE),

ultrafiltration, solid-phase extraction (SPE), on-line column switching, off-line
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high-performance LC (HPLC), and immunoaffinity chromatography.

Column switching enables the trapping, enrichment and desalting of analytes prior
to LC-MS/MS analysis. This is particularly important for nanoLC-MS analysis because
column switching facilitates the injection of relatively large volume of sample for
on-line LC-MS analysis in the nano flow range (91). Special attention often needs to be
paid toward the choice of trapping materials for the trapping column, where the analyte
of interest should be efficiently trapped and subsequently eluted for online LC-MS
analysis, as shown previously for analyses of peptides and modified ribonucleosides
(92,93).

Further separation of modifications from biological samples is also frequently
achieved by off-line HPLC. When a DNA sample is digested to nucleosides and
subjected to HPLC analysis, even if the modifications can escape detection by a
conventional UV detector, the fractions known to contain specific modifications can be
collected and analyzed by MS. A number of investigators have employed HPLC
enrichment of DNA modifications [e.g. HE-DNA adducts (94,95) and cisplatin
1,2-intrastrand guanine-guanine adduct (96)] for the subsequent MS detection. Wang
and co-workers (63,64,68) also employed HPLC enrichment to improve the MS
detection sensitivity and specificity of a number of DNA maodifications, including

carboxyalkylated DNA  lesions, oxidatively induced 8,5'-cyclopurine-2'-
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deoxynucleosides, and oxidized derivatives of 5-methyl-2'-deoxycytidine and
thymidine. This offline HPLC enrichment is considered one of the best options for
isolating trace amounts of DNA modifications from DNA hydrolysates prior to MS
analysis as it affords nearly gquantitative analyte recovery, avoids the introduction of
solid phase particles, which can clog nano-HPLC columns (97), and removes most
unmodified canonical nucleosides as well as buffer salts employed in enzymatic
digestion. However, when higher amounts of analytes are first injected to establish their
elution times, the HPLC system can become contaminated. To avoid problems such as
analyte carryover and cross-contamination, an HPLC enrichment blank must be
included prior to sample enrichment.
1.4.2 Mass Spectrometry-based Quantitative Analysis
1.4.2.1 Standards for Quantitative Analysis

Reliable quantification of DNA modifications by MS requires accurate calibration
of MS data using external or internal standards. For quantitation using external
standards, the calibration normally involves a simple comparison of MS response (i.e.
peak area or peak height) from a target DNA modification with that from an exactly
measured quantity of the identical analyte (98,99). Simplicity and applicability to a
wide variety of methods constitute the main benefits of external standard calibration;

however, its use is severely restricted by the drawback that this calibration could be
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greatly influenced by the stability of MS detector as well as the sample matrix that may
affect chromatographic separation, analyte ionization and precursor ion selection.

The development of LC-MS has also facilitated the use of internal and
co-chromatography standards, which is necessary for monitoring analyte recovery
during the assay procedures. Additionally, the use of an internal standard removes the
effects of sample matrix on signal suppression and variation in equipment response
among runs. Among a variety of approaches, incorporation of a stable isotope-labeled
form of the analyte as the internal standard provides accurate and precise quantification
by MS. Because these standards are chromatographically identical to, but different in
mass from the DNA modifications of interest, their retention time on chromatogram
and fragmentation pattern in tandem MS offer unequivocal specificity for the
identification of DNA modifications. Stable isotope-labeled internal standards of
nucleosides containing 2H, *°N, and/or *3C in nucleosides have been widely used for the
guantification of DNA modifications (100-103). Overall, the use of stable
isotope-labeled standard provides unambiguous identification and accurate
guantification of DNA modifications, and the method should be used whenever
possible.
1.4.2.2 Liquid Chromatography-Mass Spectrometry

LC-MS attempts to achieve three desirable attributes for DNA modification
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analysis, namely, high sensitivity, low sample requirements, and structural
identification. Since conventional-flow LC-MS was employed for the analysis of DNA
modifications, a number of publications have demonstrated the increasing role that
LC-MS would play in the characterization and detection of DNA modifications. Given
that ESI produces ions in the gas-phase directly from a flowing liquid solution at a
broad range of flow rates (typically in the range of 100-200,000 nL/min), it became an
ideal ionization technique used to interface with liquid-phase separation techniques. In
the early 1990s, the hyphenation of LC with ESI-MS was first introduced for the
measurement of DNA modifications. The set-up of LC-ESI-MS methodology opened a
new door to DNA modification analysis, leading to a dramatic increase in the
utilization of MS for detection and quantification of DNA modifications.

Overall, the development of LC-MS in the field of DNA modification analyses has
a trend towards a decline in sample consumption and an improvement in detection
sensitivity. Tandem MS constitutes a powerful tool for providing specific structural
information about DNA modifications via diagnostic fragment ions. Such specificity of
modification identification further helps increase the sensitivity of the method by
lowering the background noise. Consequently, LC-MS/MS has become the method of
choice for the unambiguous and simultaneous structural identification during

quantification. Earlier platforms used LC-MS/MS with conventional flow on 1-4.6 mm
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internal diameter (i.d.) columns for in vivo animal studies. Although tandem MS is
highly specific, sensitivity of the assay is sometimes sacrificed due to fragmentation of
the parent ion to daughter ions. Moreover, the use of this technique in DNA
modification analysis has been limited because the levels of some DNA modifications
in vivo are far below the limits of detection attainable by standard LC-ESI-MS/MS. To
increase assay sensitivity for analytes of low abundance, there is a trend to use LC with
a small diameter column at a low flow rate along with micro- and nano-ESI (LESI and
nESI) sources (104,105). The recent emergence of these changes has resulted in
profound decreases in the limits of detection for LC-MS/MS.

For instance, in analyses conducted on a conventional bore 2 mm i.d. column, a
well-studied nucleoside modification, 4-aminobiphenyl (ABP)-C8-dG, was reported at
levels of 4.9-30 modifications per 10" nucleosides in hepatic DNA isolated from mice
treated with 4-ABP (21). By enzymatically hydrolyzing 100 g of DNA, this assay
achieved a detection limit of ~10 pg on-column, equivalent to 0.7 ABP-C8-dG in 10’
normal nucleotides. Compared to columns with small i.d., the relatively large bore
column used in this LC-MS method has limited analytical sensitivity. For the purpose
of improving trace modification detection in biological DNA, a capillary
LC-LESI-MS/MS technique was later carried out on a 320 pm i.d. column to

investigate the presence of ABP-C8-dG modifications in human pancreatic DNA,
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which yielded an LOQ approaching 1 modification per 10° nucleotides when using
only 13.3 g of DNA per analysis (106). This amount was further decreased to 2.5 g
of DNA per analysis in a subsequent study using a capillary column with a smaller i.d.
(75 pm i.d.) and a lower flow rate of 200 nL/min compared to the previous 20 pA/min
(207). Furthermore, Randall et al. (108) reported an integration of a 75 pm i.d.
analytical column with online sample enrichment on a trapping column for sensitive
quantification of ABP-C8-dG in 4-ABP-exposed human bladder cells and rat bladder
tissues. This improved quantification method has a detection level of 5 modifications
per 10° nucleosides with the use of 5 g of DNA and the equivalent of only 1.25 pg of
DNA per analysis.

Impressive improvement in overall sensitivity for the detection of trace levels of
DNA modifications has also been achieved by coupling nLC-based separation methods
with multi-stage MS (MS"). The MS" scan mode affords better signal-to-noise ratio
owing to its high specificity, especially when there are co-eluting isobaric interferences.
Meanwhile, the method allows for unambiguous identification of analytes of interest as
detailed structural information is obtained from additional fragmentation pathways.
Attracted by the analytical merits of multi-stage MS, LC-ESI-MS?® has been employed
for the quantification of a number of DNA lesions including tobacco carcinogen- and

cooked-meat carcinogen-induced DNA modifications, purine cyclonucleoside,
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5-HmdU, 5-FodU, and N%(1-carboxyethyl)-2'-deoxyguanosine in cellular and tissue
DNA, and has been shown to be more reliable than the MS? mode for the analyses of
these types of lesions (63,67,68,109,110).

It is of note that, while LC-MS is advantageous over GC-MS in detecting DNA
modifications directly, derivatization can still be employed to enhance the ionization
efficiency of analytes during LC-MS analysis. In this regard, Hong et al. (110)
employed LC-ESI-MS/MS together with chemical derivatization for the highly
sensitive detection of an oxidatively induced thymidine lesion, 5-formyl-2'-
deoxyuridine (5-fodU). Given that the detection limit of 5-fodU was relatively poor
compared with other types of oxidative DNA base damage, Hong et al. (110) first
derivatized 5-fodU with Girard’s reagent T (GirT) to form a hydrazone conjugate
harboring a precharged quaternary ammonium moiety. This enabled the facile detection
of the resulting conjugate by positive-ion ESI-MS with a pronounced increase in
detection sensitivity (by ~20-fold compared with direct analysis of the underivatized
compound). Although chemical derivatization has not been widely employed for the
detection of DNA modifications by LC-MS, we expect to see more applications of this
method for the quantitative assessment of certain DNA modifications, which may
dramatically improve the detection sensitivity of trace-level analytes in limited

amounts of DNA.
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1.5. Applications of MS in Biological Studies of DNA Modifications
1.5.1 Structure Elucidation

The last few decades have witnessed significant progress in our understanding of
the biological consequences of DNA modifications. In addition to advances in
molecular biology, this may also have arisen, at least partly, from the impressive
improvement in analytical tools aimed at characterizing DNA at nucleoside or
nucleotide levels and in DNA segments. Structure elucidation of an unknown
nucleoside or nucleotide modification achieved by chromatography coupled with
tandem MS provides a solid foundation for further quantitative analysis (24,100,111).
In this vein, stable isotope-labeled standards often play an instrumental role in tandem
MS-based qualitative analysis by possessing identical elution time with the analyte on
chromatography as well as similar fragmentation pattern in MS/MS (24,101,112). On
the other hand, selective stable isotope incorporation to unique sites in the modified
nucleosides, together with multi-stage MS analysis, facilitates the unambiguous
elucidation of fragmentation pathways of modified nucleosides (32).
1.5.2 Sequence Verification

Driven by the optimal sensitivity and simple fragmentation pattern, DNA

modifications are frequently detected as nucleosides or nucleotides. However, sequence

26



information that is closely correlated with DNA modification formation is lost upon
digestion to individual nucleosides or nucleotides. It has been revealed that reaction of
carcinogens with DNA often exhibits sequence selectivity, the revelation of which
could be important for understanding their mutagenic potentials (17,113). The
improved mass range in modern mass spectrometers and the capability in forming
multiply charged ions during ESI have made possible the detection and sequencing of
larger modified base-bearing ODN fragments. Under the collisional activation
conditions, multiply charged ODNSs are shown to have a strong tendency to cleave at
the N-glycosidic bond between the nucleobase and 2-deoxyribose and the 3' C-O bond
of the same nucleoside to form [a, — Base] and w, series of fragment ions (Figure 1.4)
(114). Apart from sequence confirmation and verification of site-specific incorporation
of modifications into ODNs via MS and MS/MS, the combination of MS/MS-based
ODN sequencing with molecular biology tools also allows for the examination of the
biological consequences of DNA modifications, particularly how they compromise the
efficiency and fidelity of DNA replication and transcription. For instance,
LC-ESI-MS/MS was employed for studying in vitro translesion synthesis across

various DNA lesions mediated by purified DNA polymerases (115-118).
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Figure 1.4. Nomenclature of fragment ions for oligodeoxyribonucleotides. ‘B1°, ‘B2’,
and ‘B3’ represent nucleobases, and ‘dR’ designates 2-deoxyribose.

1.5.3 Biomarker Discovery

Chemical modifications in DNA followed by cell proliferation can lead to
mutations that may eventually result in cancer development. Biomarkers of
carcinogenesis are essential for assessing the human health consequences of exogenous
or endogenous exposure to DNA damaging agents. Such exogenous exposure is hardly
determined by external doses owing to the potential disposition of toxicants within an
organism. Modulated by genetic and environmental factors, the patterns of absorption,
distribution, metabolism, and excretion vary among different toxicants. To better
predict the mutagenic and carcinogenic potentials of genotoxic agents, more suitable
biomarkers are needed. In this vein, the analysis of modified DNA can elucidate
mechanisms of action of chemical carcinogens in humans and identify risk-associated

biomarkers for prediction of cancer development. Additionally, DNA modifications
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formed from endogenous sources are generally considered end points of reaction; thus,
monitoring their formation may provide a useful index of exposure to endogenous
DNA damaging agents (119,120).
1.5.4 DNA Repair Studies

There are a variety of DNA repair pathways for removing DNA modifications
from the genome, as noted above (7). Failure in repair or inaccurate repair may result in
adverse biological consequences. A predominant pathway leading to mutation is
structural modifications resulting in aberrant base pairing during DNA replication.
Structural modifications of DNA bases (e.g. DNA lesions caused by ROS) bring not
only immediate, but also long-lasting impacts on the cell. Slow but constant accrual of
non-lethal genetic changes in DNA has been considered as a key event leading to
chronic genetic diseases, including cancer and aging. While formation of only a few
unrepaired DNA modifications among millions of normal DNA bases can result in
significant biological consequences, measuring such small differences require
analytical methods with high accuracy and sensitivity.

Improvements in MS-based analytical methods for measuring trace levels of DNA
modifications, together with genetic manipulation, have offered an opportunity to
assess DNA repair process by monitoring directly the levels of DNA modifications. For

instance, Wang and co-workers (65,67) found that deficiency in ERCC1 led to
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markedly elevated accumulation of 8,5'-cyclo-2'-deoxyadenosine (cdA) and 8,5'-cyclo-
2'-deoxyguanosine (cdG) in mouse tissues, thereby providing direct evidence to
support the involvement of ERCC1, and thus the NER pathway, in repairing the
endogenously induced purine cyclonucleosides in vivo. Likewise, Malayappan et al.
(121) used LC-MS/MS to follow the formation and repair of cyclophosphamide-
induced N,N-bis[2-(N7-guanyl)ethyl]amine cross-link in human blood. The use of an
LC-MS/MS assay also led to the observation that ICLs induced by mitomycin C could
be partially removed in mouse mammary tumor cells (122).
1.5.5 Epigenetic Studies
1.5.5.1 Quantification for 5-Methylcytosine and Related Epigenetic Modifications
DNA methylation is one of the key epigenetic mechanisms that is involved in
many physiological processes, including transcriptional silencing of retrotransposons,
host defence, genomic imprinting, and X chromosome inactivation (123).
5-Methylcytosine (5-mC) in the symmetric CpG dinucleotide sites replaces about 4%
of total cytosines in the mammalian genome (124,125). However, the mechanism of
demethylation has long been elusive until the recent discovery of several related
epigenetic modifications of DNA in addition to 5-mC as noted above. Because of the
rapid removal of 5-foC, 5-caC, and 5-hmU by thymine DNA glycosylase (TDG) and

the replacement with unmethylated C through BER pathway, these modifications are

30



proposed to be important in active DNA cytosine demethylation in mammals.
Moreover, aside from being an intermediate in DNA demethylation, 5-hmC can be
recognized by specific cellular proteins (126,127), and thus acts as an epigenetic mark
on its own right and regulates gene transcription (128). Changes in the levels of 5-hmC
are often accompanied with human diseases, especially cancer (128,129).

Assessing the involvement of these newly discovered DNA modifications in
epigenetic regulation necessitates the measurement of the levels of these modifications
in cells and tissues. Among these modified bases, 5-mC and 5-hmC are the first two
that have been widely quantified using mass spectrometric methods owing to their
relatively high abundance in the global genome. For example, by using an
LC-ESI-MS/MS method to measure the levels of 5-mC and 5-hmC in cells, Le et al.
(130) observed a dramatic increase in 5-mC and 5-hmC levels in the DNA isolated
from mouse embryonic stem cells as compared with parental fibroblast cells. This
result indicated the existence of DNA methylation and hydroxymethylation regulation
during cellular reprogramming. Likewise, Chen et al. (131) developed a mass
spectrometric method for quantifying 5-mC and 5-hmC in genomic DNA from
hepatocellular carcinoma (HCC) tumor tissues to assess the effects of their presence on
epigenetic regulation in HCC. In addition to cells and tissues, 5-mC and 5-hmC have

been quantified in DNA from blood and saliva in healthy volunteers (132). More
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recently, mass spectrometry has also played an increasingly important role in
identifying and quantifying less abundant epigenetically modified bases, and achieved
higher detection sensitivity in comparison with immunological, enzymatic, and
2p_postlabeling 1D or 2D thin layer chromatography methods. In this respect, Ito et al.
(40) employed HPLC-ESI-MS/MS to quantify 5-foC and 5-caC in genomic DNA of
mouse embryonic stem cells and confirmed the two previously unknown cytosine
derivatives as the products of Tet proteins. However, their method failed to obtain
reliable quantitative data for 5-caC in several mouse organs due to its lower abundance
in genomic DNA. Further developments in sample preparation methods and MS
instrumentation are expected to improve the detection sensitivity and specificity while
reducing the amount of sample required, especially for extreme trace analysis of DNA
modifications in vivo.
1.5.5.2 Examination of Epigenetic Modifications Occurring in DNA sequences

Owing to the advantage of tandem-MS methods in charactering ODNs, MS also
provides a powerful tool for the identification and quantification of epigenetically
modified DNA sequences, instead of single nucleoside or nucleotide modifications.
This alternative approach is particularly useful for the investigation of DNA
modification-interacting proteins, whose activity is normally regulated by the length

and/or sequence of DNA. For instance, Ji et al. (133) developed an LC-tandem MS
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method to assess how the substitution of 5mC at a hemi-methylated CpG site with a
5-hmC, 5-foC, 5-caC or 5-hmU within synthetic duplex DNA alters the efficiencies of
mouse Dnmtl and human DNMT3a in methylating the cytosine residue in the opposing
and adjacent 5' CpG sites. The results from this study provided important insights into
the role of 5-mC oxidation products in maintenance cytosine methylation. In another
approach, tandem MS was employed for identifying the replication products arising
from DNA substrates with site-specific incorporation of cytosine modifications (134).
It turned out that the replication of 5-hmC, 5-foC, and 5-caC displayed high fidelity
and relatively high efficiency in human cells, which is in agreement with the roles of

these 5-mC derivatives in epigenetic regulation.

1.6. Scope of the Dissertation

In Chapter 2, we describe an LC-MS/MS method, together with the isotope
dilution technique, for assessing the repair of 8-methoxypsoralen (8-MOP)-induced
DNA interstrand crosslinks (ICLs), as well as monoadducts (MAS), in cultured
mammalian cells. We found that, while there were substantial decreases in the levels of
ICL and MAs in repair-competent cells at 24 hr after 8-MOP/UVA treatment, there was
little repair of 8-MOP-ICL and MAs in XPA-deficient human skin fibroblasts and

ERCC1-deficient Chinese hamster ovary (CHO) cells over a 24-hr period. This result
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provided unequivocal evidence to support that the 8-MOP photoadducts are substrates
for nucleotide excision repair (NER) in mammalian cells. This is one of the first reports
about the application of LC-MS/MS for assessing the repair of DNA ICLs.

In Chapters 3 and 4, we describe the use of a reversed-phase HPLC-MS/MS/MS
method, along with the use of stable isotope-labeled standards, for accurate
measurements of 5-hydroxymethyl, 5-formyl and 5-carboxyl derivatives of
2'-deoxycytidine (5-hmdC, 5-fodC and 5-cadC) and 5-hydroxymethyl-2'-deoxyuridine
(5-hmdU) in genomic DNA of cultured human cells, mammalian tissues and plant
tissues. We found that overexpression of the catalytic domain of human Tetl led to
marked increases in the levels of 5-hmdC, 5-fodC, and 5-cadC, but only a modest
increase in 5-hmdU, in genomic DNA of HEK293T cells. Moreover, 5-hmdC is present
at a level that is approximately 2-3 and 3-4 orders of magnitude greater than 5-fodC
and 5-cadC, respectively, and 35-400 times greater than 5-hmdU in the mouse brain
and skin, and in the human brain. To our knowledge, this is the first direct quantitative
comparison between the levels of multiple 5-mdC derivatives in mammalian tissues. In
addition, we found that, in Arabidopsis DNA, the levels of 5-hmdC, 5-fodC, and
5-cadC are approximately 0.8 modifications per 10° nucleosides, with the frequency of
5-hmdC (per 5-mdC) being comparable to that of 5-hmdU (per thymidine). The

relatively low levels of the 5-mdC oxidation products suggest that they arise likely
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from reactive oxygen species present in plant cells, which is in line with the lack of
homologous Tet-family dioxygenase enzymes in Arabidopsis.

In Chapter 5, we report the use of a set of analytical and biological techniques to
test our hypothesis that the highly conserved CsH-type zinc fingers situated in Tet
proteins may constitute potential targets for arsenic binding owing to the high binding
affinity of As(l1l) toward cysteine residues. Our results showed that arsenite could bind
directly to the zinc fingers of Tet proteins in vitro and in cells, and this interaction
substantially impaired the catalytic efficiency of Tet proteins in oxidizing 5-mC to
5-hydroxymethylcytosine (5-hmC), 5-formylcytosine (5-foC), and 5-carboxylcytosine
(5-caC). Treatments with arsenite also led to a dose-dependent decrease in the level of
5-hmC, but not 5-mC, in DNA isolated from HEK293T cells overexpressing the
catalytic domain of each of the three Tet proteins and from mouse embryonic stem cells.
The study unveiled, for the first time, that arsenite could alter epigenetic signaling by
targeting the zinc fingers of Tet proteins and perturbing the Tet-mediated oxidation of
5-mC in vitro and in cells.

In Chapter 6, we describe the development of a reversed-phase HPLC coupled
with tandem mass MS method, together with the use of a surrogate internal standard
(B-D-glucosyl-5-hydroxymethyl-2'-deoxycytidine), for the accurate detection of

B-D-glucosyl-5-hydroxymethyl-2'-deoxyuridine (dJ) in Trypanosoma brucei DNA. For
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comparison, we also measured the level of the precursor for dJ synthesis, i.e. 5-hmdU.
We found that dJ was not detectable in the JBP-null cells while it replaced
approximately 0.5% thymine in wild-type cells, which was accompanied with a
markedly decreased level of 5-hmdU in JBP1/JBP2-null strain relative to the wild-type
strain. These results provided direct evidence that JBP proteins play an important role
in oxidizing thymidine to form 5-HmdU, which facilitated the generation of dJ. This is

also the first report about the application of LC-MS/MS for the quantification of d J.
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Chapter 2: Quantitative Mass Spectrometry-Based Approach for Assessing the
Repair of 8-Methoxypsoralen-Induced DNA Interstrand Crosslink and

Monoadducts in Mammalian Cells

Introduction

DNA in eukaryotic cells is constantly damaged through exposure to a variety of
reactive chemicals derived from external and internal sources (1,2). It was estimated
that tens of thousands of DNA lesions can be induced in each of the ~10* cells in the
human body per day (1,3). Because damage to DNA may be incompatible with its
essential roles in preservation and transmission of genetic information, multiple DNA
repair pathways have evolved in organisms to maintain genomic stability and cell
viability. These include, but are not limited to, nucleotide excision repair (NER),
mismatch repair (MMR), base excision repair (BER) and recombinational repair (2). If
left unrepaired, DNA damage may perturb the flow of genetic information by inhibiting
DNA replication and transcription and by inducing mutations during these processes,
which may ultimately lead to the development of cancer, neurodegeneration, or other
human diseases (2).

DNA interstrand crosslink (ICL) is among the most toxic type of DNA lesions (4).

It has been estimated that a single ICL can kill a repair-deficient bacterial or yeast cell,
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and as few as 20-40 ICLs can be lethal to a mammalian cell lacking the ability to
remove the crosslink (5,6). Because of the presence of covalent linkages between the
opposing strands of DNA, ICLs may completely block replication and transcription,
and consequently pose a formidable challenge to cell survival and to the maintenance
of genetic information (7,8). On the other hand, it is also this cytotoxic effect that
constitutes the mechanistic basis of action for many currently used cancer
chemotherapeutic agents (9).

Psoralen and its derivatives, a group of furocoumarins naturally found in leafy
vegetables and other plants, are well-known bifunctional photoreactive DNA
crosslinking agents. Upon long-wavelength UV irradiation, psoralen reacts
preferentially with thymine residue at 5'-TpA site to form monoadducts (MASs) or
interstrand crosslink via [2+2] cycloaddition (10). Psoralen plus UVA (PUVA) is a
widely used and effective therapy for several hyper-proliferative skin disorders such as
psoriasis and vitiligo (11) and has been used for the treatment of cutaneous T-cell
lymphoma (12). The effectiveness of PUVA treatment is largely attributed to the
formation of DNA ICLs. However, the benefit of PUVA treatment is accompanied with
the risk of developing non-melanoma skin cancer (13). Thus, a better understanding of
the repair of psoralen-photoactivated ICL will provide important knowledge for

developing improved PUVA therapies for the treatment of cancer and other human
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diseases.

Owing to the different properties of ICLs and depending on the cell cycle phase,
ICLs are most likely processed through multiple repair mechanisms in vivo (9). A
conceptual model consisting of a two-cycle scheme has been proposed for ICL repair.
The first cycle is thought to begin with the cleavage of one strand on both the 5" and 3'
sides of the damaged base by NER enzymes, resulting in the generation of a gapped
intermediate (14). Gap filling is executed by translesion synthesis in non-dividing cells
or by recombination repair in actively dividing cells using the undamaged homologous
chromosome as the template (15). The gap-filling process converts an ICL into an MA,
after which the second cycle of excision repair removes the MA presumably through
the conventional NER pathway (5). The above scheme has delineated a general
mechanism for ICL repair in E. coli and yeast. However, our understanding about the
repair of ICLs in mammalian cells is far from complete.

Assessing the repair of DNA ICLs often necessitates the measurement of the
levels of these lesions in cells and tissues. Several biophysical and biochemical
techniques have been used for measuring ICLs, which include agarose gel-based
method (16), alkaline filter elution (17), alkaline comet assay (18), and
chromatographic techniques (19). A drawback of these methods is their relatively low

sensitivity or a requirement for a high level of ICL, which is lethal to almost all cells
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and may saturate cellular DNA repair capacity. Additionally, these methods do not
provide structural information about the 1CLs. With the development and application of
mass spectrometry techniques, the detection sensitivity of DNA damage analysis has
been greatly improved. By using HPLC coupled with tandem mass spectrometry
(LC-MS/MS), Courdavault et al. (20) studied the repair of three types of bipyrimidine
photoproducts in keratinocytes, where they observed a rapid elimination of TT-(6-4)
photoproduct from cellular DNA 72 hr post-irradiation. With the use of inductively
coupled plasma mass spectrometry (ICP-MS), Harrington et al. (21) discovered a faster
removal of cisplatin 1,2-intrastrand guanine-guanine adducts (1,2-GG) in
cisplatin-resistant human lung tumor cells relative to drug-sensitive cells.
LC-MS/MS/MS with the isotope-dilution technique has also been employed to
examine the role of NER in repairing endogenously induced intrastrand crosslink
d(G[8-5m]T), 8,5'-cyclo-2'-deoxyadenosine, and 8,5'-cyclo-2'-deoxyguanosine in
mammalian tissues (22,23).

We recently reported the application of LC-MS/MS in assessing the levels of ICLs
and MAs formed in human cells upon exposure to different psoralen derivatives
(24,25). LC-MS/MS, however, has been rarely employed for examining the repair of
DNA ICLs. In this vein, considering the high cytotoxicity of DNA ICLs, it is

potentially challenging to identify an experimental condition that can allow for the
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generation of adequate level of DNA ICLs for LC-MS/MS detection without
compromising the repair capacity or survival of the host cells. Malayappan et al. (26)
used LC-MS/MS to follow the formation and repair of cyclophosphamide-induced
N,N-bis[2-(N7-guanyl)ethyl]amine crosslink in human blood, but intrastrand and
interstrand crosslinks were not distinguished in that study because both types of lesions
were released as free base adducts after neutral thermal hydrolysis. It was also reported
that ICLs introduced by mitomycin C could be partially removed in mouse mammary
tumor cells (27). However, a crosslinked dinucleoside standard was used for the
guantitative measurement. Given that the release of mitomycin C interstrand crosslink
from genomic DNA may not be complete, the accuracy for the quantification remains
uncertain.

Herein, we demonstrated the capability of LC-MS/MS in assessing directly the
repair of 8-MOP-induced DNA ICL, as well as MAs, in mammalian cells. Moreover,
our results provided unequivocal evidence to support that NER functions in repairing

the 8-MOP-induced ICL and MAs in mammalian cells.

Materials and Methods

Materials and Cell Lines

All chemicals and enzymes, unless otherwise specified, were from Sigma-Aldrich
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(St.  Louis, MO) and New England Biolabs (Ipswich, WA). All
oligodeoxyribonucleotides (ODNSs) used in this study were purchased from Integrated
DNA Technologies (Coralville, 1A). [8-Ds3]-8-methoxypsoralen (D3-8-MOP) was
synthesized previously (24).

Human embryonic kidney 293T cells (HEK293T) were obtained from the
American Type Culture Collection (Manassas, VA). Human skin fibroblasts (HFs) that
are repair-competent (GMO00637) or deficient in xeroderma pigmentosum
complementation group A (XPA, GM04429) were provided by Prof. Gerd P. Pfeifer
(City of Hope). Repair-proficient AA8 Chinese hamster ovary (CHO) cells and the
isogenic CHO cells that are deficient in excision repair cross-complementing rodent
repair deficiency, complementation group 1 (ERCC1, CHO-7-27) were provided by
Prof. Michael M. Seidman from National Institute of Aging (28).

Preparation of Standard ICL- and MA-Containing ODNs

ODNs containing an ICL or MA introduced by 8-methoxypsoralen (8-MOP) or
D3;-8-MOP were prepared following the previously reported procedures with
modifications (24). Structures of unlabeled and labeled 8-MOP are depicted in Scheme
2.1a. A 10-nmol self-complementary ODN d(CGCGCTAGCGCG) was annealed in a
40-uL reaction buffer that contained 5 mM Tris (pH 7.6), 50 mM NaCl and 0.2 mM

EDTA. The ODN solution was diluted to 1 mL with the reaction buffer, and a solution
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of 8-MOP or D3-8-MOP in ethanol was added until its final concentration reached 1
mM. The reaction mixture was subsequently dispersed in a 3.5-cm-i.d. Petri dish and
incubated in the dark for 1 hr. The resulting solution was irradiated on ice for 45 min
with UVA light, which was delivered by two 15-W Spectroline light tubes with
emitting wavelength centered at 365 nm (Spectronics Corp., Westbury, NY). The
irradiation mixture, which contained both ICLs and unreacted starting material, was
immediately irradiated on ice with short-wavelength UV light centered at 254 nm
(Spectronics Corp.) for 15 sec to facilitate the photo-reversal of ICL-containing ODNs
(25). After irradiation, the solution was extracted with chloroform, and the ODNs were
recovered by ethanol precipitation, separated by HPLC, and used as standards for
LC-MS/MS analysis.
HPLC

The purification of ICL- and MA-containing ODNs was performed on an Agilent
1100 HPLC system with a UV detector monitoring at 260 nm. A 4.6x150 mm Aeris
WIDEPORE column (3.6 um in particle size and 200 A in pore size, Torrance, CA)
was used, and the column was heated to 50<C by using an SP8790 column heater
(Spectra Physics, San Jose, CA). A solution of 50 mM triethylammonium acetate
(TEAA, pH 6.8) and a solution of 30% (v/v) acetonitrile in 50 mM TEAA were used as

mobile phases A and B, respectively. A gradient of 5 min 0-25% B and 40 min 25-50%
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B was employed, and the flow rate was 0.8 mL/min. The purities of the ICL- and
MA-containing ODNs were verified by LC-MS/MS analysis.
Cell Culture and Drug Treatment

Cells were routinely cultured at 37<C in 5% CO, atmosphere. Human skin
fibroblasts and HEK293T cells were grown in Dulbecco's Modified Eagle Medium,
and CHO cells were grown in Alpha Minimum Essential Medium without
ribonucleosides or deoxyribonucleosides. All culture media were supplemented with 10%
fetal bovine serum and 100 IU/ml penicillin. Cells were seeded in 6-well plates at a
density of 250,000 cells per well in complete medium, and 24 hr later, a stock solution
of 8-MOP was added to the culture medium to render its final concentration 2.5 puM.
The mixture was incubated at 37<C in dark for 30 min, and subsequently irradiated
with UVA light at a dose of 2 J/cm?, which was measured by a Mannix UV-340 light
meter (Mannix Instrument Inc., New York, NY). The cells were then cultured at 37<C
in complete medium for different time intervals to allow for lesion repair. Cells were
then harvested and washed with PBS. Trypan blue exclusion assay showed that cell
viability was greater than 90% at the end of the entire experiment. It is worth noting
that 8-MOP could be rapidly absorbed after oral administration or penetrates into the
epidermis and dermis following topical (cream or bath) application. The peak

concentrations of 8-MOP in patient plasma and dermis are in the range of 45-970
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ng/mL (29-31), and the UVA dose employed for PUVA treatment is typically within the
range of 1-10 J/cm? (32,33). Thus, the concentration of 8-MOP (2.5 uM, or 540 ng/mL)
and the dose of UVA irradiation (2 J/cm?) used in this study were pharmacologically
relevant.
DNA Extraction and Enzymatic Digestion

Genomic DNA was isolated from the resulting cell lysate using a high-salt method
(34) and desalted by ethanol precipitation. The isolated DNA (10 pg in 100 uL ddH,0)
was subsequently mixed with 0.5 pmol of authentic D3-8-MOP-ICL-carrying duplex
ODN and 0.2 pmol of D3-8-MOP-MA-containing ODN. To the mixture were added
nuclease P1 (0.5 unit) and a 5-pL solution containing 300 mM sodium acetate (pH 5.6)
and 10 mM zinc acetate. Nuclease P1 has combined endo- and exonuclease activities
that can hydrolyze nucleic acid to 5'-mononucleotides. To prevent the potential loss of
5' phosphate in the resulting nucleotides, a 5-uL phosphate buffer (10 mM, pH 5.7) was
also added to the sample prior to the digestion. The digestion mixture was incubated at
37<C for 1 hr and extracted twice with chloroform to remove the enzyme. The aqueous
layer was dried in a Speed-Vac concentrator, reconstituted in 20 uL. H,O, and a 5-15 pL
aliquot was injected for LC-MS/MS analysis.
LC-MS/MS Analysis

The LC-MS/MS experiments were conducted on an LTQ linear ion-trap mass
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spectrometer (Thermo, San Jose, CA), and a 0.5>250 mm Zorbax SB-C18 column (5
um in particle size, Agilent Technologies, Santa Clara, CA) was employed, as
described previously (24,25). The flow rate was 8.0 pL-min™, and a solution of 400
mM 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, pH was adjusted to 7.0 by addition of
triethylamine, solution A) and methanol (solution B) were used as mobile phases for
the separation of nucleotide mixtures arising from nuclease P1 digestion. A gradient of
5 min at 0% B, 5 min of 0-20% B, and 40 min of 20-50% B was employed for the
separation. The mass spectrometer was set up to acquire the tandem mass spectra
(MS/MS) for the fragmentation of the [M-2H]* ions of tetranucleotides harboring ICL
induced by 8-MOP or D3-8-MOP and the [M-H]  ions of dinucleotides containing MAs
formed from 8-MOP or D3-8-MOP.

Calibration curves for the quantification of 8-MOP-ICL and 8-MOP-MAs were
constructed by LC-MS/MS analysis of the nuclease P1 digestion products of standard
ODN mixtures, which contained known amounts of the unlabeled 8-MOP-ICL- and
-MA1-housing 12mer ODNSs, together with 0.5 pmol D3-8-MOP-ICL-bearing 12mer
duplex ODN and 0.2 pmol 8-MOP-MAl-bearing single-stranded ODN. The
LC-MS/MS experiments were conducted under identical conditions as described above

for the nuclease P1-produced nucleotide mixture of cellular DNA.
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Results and Discussion
Preparation of Standard ICL- and MA-containing ODNs

To examine the repair of 8-MOP-induced lesions in cells by LC-MS/MS, we first
prepared ODNs bearing an ICL or MA induced by 8-MOP or D3-8-MOP (Scheme
2.1a), the latter of which was synthesized previously (24). After UVA exposure and
photoreversal, we isolated the ICL-carrying duplex ODN and MA-bearing
single-stranded ODNs from the mixture by HPLC. The 32.9-min fraction shown in
Figure A.1 was identified as 8-MOP-ICL in d(CGCGCTAGCGCG), and the fractions
eluting at 27.5, 29.1, and 29.7 min were found to be the ODN carrying isomeric
8-MOP-MAs. The identities of the ICL- and MA-containing ODNs were further
confirmed via mass spectrometric characterization after nuclease P1 digestion, and the
amounts of the ODNs were quantified by UV absorption measurements at 260 nm.

Unlike a previously described method where mitomycin C crosslink-containing
dinucleoside was employed as standard (27), we chose to use stable isotope-labeled,
lesion-carrying ODNs as standards because the standard ODNs are digested together
with DNA isolated from 8-MOP-treated cells. Therefore, the assay allows for more
accurate quantification of 8-MOP-ICL and -MAs in cellular DNA by accounting for

potential incomplete release of ICL and MAs from DNA during the enzymatic
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digestion and potential loss of target analytes during other stages of sample preparation
process.
Identification and Quantification of DNA ICL and MAs Induced by 8-MOP/UVA in
Mammalian Cells

Previous studies revealed that ICL and MAs induced by different psoralen
derivatives prevent the nuclease P1-mediated hydrolysis of the phosphodiester linkage
between the crosslinked dT and its neighboring 3' dA (24,35). Thus, nuclease P1
digestion facilitates the release of 8-MOP-induced ICL and MA from DNA as
lesion-bearing tetranucleotide and dinucleotide, respectively (Scheme 2.1b). Indeed,
negative-ion ESI-MS of the nuclease P1 digestion products of 8-MOP- and
D3-8-MOP-ICL-containing ODNs showed the ions of m/z 742 and 743.5,
corresponding to the [M-2H]* ions of 8-MOP- and D3-8-MOP-ICL-bearing
tetranucleotide. Likewise, the MS of digestion mixtures of ODNs carrying both
8-MOP- and D3-8-MOP-MA revealed the m/z 850 and 853 ions for the [M-H] ions of
8-MOP- and D3-8-MOP-MA-containing dinucleotide (data not shown).

By employing MS/MS, along with the use of authentic ODNs carrying the
D3-8-MOP lesions, we demonstrated that 8-MOP-induced ICL and MAs are readily
detectable in human skin fibroblasts and CHO cells treated with 8-MOP and UVA light

(representative LC-MS/MS results are shown in Figures 2.1 and 2.2, and the
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Scheme 2.1. (a) The chemical structures of 8-MOP and D3-8-MOP; (b) Experimental
outline of the enzymatic digestion of 8-MOP-ICL and 8-MOP-MAs in ODNs or
cellular DNA; (c) The chemical structures of the tetranucleotide and dinucleotide
generated from nuclease P1 digestion and the cleavages for the formation of major
fragment ions observed in MS/MS.
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assignments for major fragment ions are depicted in Scheme 2.1c). Our LC-MS/MS
method also allowed for the accurate quantification of 8-MOP-induced ICL and MAs
in mammalian cells. In this respect, three peaks at 25.4, 28.2 and 30.5 min were
observed in the SIC for the m/z 850 - 519 transition (Figure 2.2a), and according to
their elution orders, these three MAs were designated as 8-MOP-MAL, -MA2 and
-MAZ3, respectively. We assumed that the dinucleotides carrying the three isomeric
MAs share the same ionization efficiency. This should be a reasonable assumption in
the viewpoint that the deprotonated ions were monitored and the three MAs are
structural isomers. Thus, we constructed only one calibration curve by analyzing the
nuclease P1 digestion products of ODN mixtures containing D3-8-MOP MAL and its
unlabeled counterpart at different molar ratios, and used this curve to quantify all three
8-MOP MAs formed in cells (Figure A.2)

The limits of quantitation (LOQ) and limits of detection (LOD), defined as the
amounts of analytes giving rise to signal-to-noise ratios of 10 and 3, were 33.3 fmol
and 10.9 fmol for 8-MOP-ICL and 8-MOP-MA, respectively, and 10 fmol and 3.3 fmol
for the ICL and MA, respectively. Although immunoassays can offer a sensitivity of
detecting 17 fmol MAs in cells treated with 8-MOP (36), the LC-MS/MS method that

we developed here can facilitate the simultaneous quantification of 8-MOP ICL and
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MAs with the use of a relatively small amount (5 ng) of DNA. This level of sensitivity

renders the method useful for assessing the repair of DNA adducts in mammalian cells.

24.4
100 (a) SIC: m/z 742 — 1154, 1019, 921
-pdA
1154
pdA [M-A-HPO-H, 0% 'POS','HZO
0 625.6 [M-H3PO4]%
50 M-pdAIZ | ooz
576.6 |V 1019
b : A -PO3-H,0
M-AJ2-~ g50 92y [4-=-7 1387
675 L l‘"" 1270 L»Pos'
1| 976 A 1405
g ‘ “u Ll-“ L “ . ‘\‘ ik b ! |“|I“ \‘ ||‘""‘\ | miz
8 200 400 600 800 1000 1200 1400 1600
c 0 Yl S
=}
<
© 24.4
% 100 (b) SIC: m/z 7435 — 1157, 1022, 924
- -pdA
e 1157
pdA i
330 [M-A-HPO5-H,0]% -POs-H0
627 :
[M-pdAJ> 529 | [M-HgPOL% :
50— 578 ~~-_ 694
T 1022 -PO5-H,0
P [ PR 1390
[’\2_7/22/ 853 24 Y w3 |08
- 1408
Lol Ml (e .
i HMJVHMM ki, 4, % alllyl. e JH‘.‘\” Lislil L. 1 } | miz
200 400 600 800 1000 1200 1400 1600
0 T T
0 10 20 30

Retention Time (min)
Figure 2.1. Selected-ion chromatograms (SICs) for monitoring the m/z 742.0-> 1154,
1019, 921 transitions for 8-MOP-ICL-containing tetranucleotide (a) and the m/z
743.5>1157, 1022, 924 transitions for D3-8-MOP-ICL-containing tetranucleotide (b)
resulting from nuclease P1 digestion of DNA extracted from wild-type CHO cells
immediately after photoirradiation (i.e., at 0 hr). Shown in the insets are the product-ion
spectra of the ESI-produced [M-2H]? ions of the tetranucleotide housing unlabeled and
labeled 8-MOP-ICL.
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Figure 2.2. Selected-ion chromatograms (SICs) for monitoring the m/z 850->519
transition for 8-MOP-MA-containing dinucleotides (a) and the m/z 853->522 transition
for D3-8-MOP-MA-containing dinucleotide (b) resulting from nuclease P1 digestion of
DNA extracted from wild-type CHO cells immediately after photoirradiation (i.e., at 0
hr). Shown in the insets are the product-ion spectra of the ESI-produced [M-H] ions of
the dinucleotide containing unlabeled and labeled 8-MOP-MA.

Role of NER in the Cellular Repair of 8-MOP Photolesions

After demonstrating that ICL and MAs could be readily detected in HF and CHO
cells after exposure to 8-MOP and UVA light, we next assessed their repair in these
two types of cells. For these experiments, we employed a drug treatment and UVA

irradiation condition that minimally perturbs the physiology and DNA repair capacity
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of the host cells. In particular, instead of dispersing the cells in PBS in previous
experiments (24,25), we seeded the cells in the culture media during drug uptake and
UVA light exposure. Additionally, the cells were not placed on ice during UVA
exposure. With the use of these conditions, we found more than 90% viability of the
cells at the end of the experimental period.

These experimental conditions, together with the use of LC-MS/MS, also allowed
for examining the repair of 8-MOP-ICL and -MAs in mammalian cells. Our
guantification results showed that, at 8 hr after photo-irradiation, the levels of
8-MOP-ICL in repair-proficient HF (GM00637) and CHO cells (CHO-AAS8) decreased
from 8.7 to 3.2 lesions and from 4.4 to 0 lesions per 10° nucleotides (Figure 2.3).
However, cells deficient in XPA or ERCC1 failed to efficiently remove ICLs at 24 hr
after 8-MOP had been photo-activated in these cells. For instance, ICL was detected at
the level of 3.2 per 10° nucleotides in repair-competent GM00637 cells at 24 hr after
8-MOP/UVA treatment, while almost twice of that (5.7 ICLs per 10° nucleotides) was
observed in XPA-deficient GM04429 cells (Figure 2.3a). The level of 8-MOP-ICL in
ERCC1-deficient CHO cells also exhibited no significant change at 24 hr after
irradiation, where the lesion remains at the level of 7.4 ICLs per 10° nucleotides

(CHO-7-27, Figure 2.3b). These results also suggest that the dose of 8-MOP (2.5 M)
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and UVA exposure (2.0 J/cm?) did not compromise the repair capacity of the HF and

CHO cells.
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Figure 2.3. LC-MS/MS quantification results for 8-MOP-ICLs in DNA samples from
human skin fibroblast (a) and Chinese hamster ovary cells (b). Data represent the
means and standard deviations of results obtained from three independent experiments.
* p <0.05 ** p<0.01; # p > 0.05. The p-values were calculated by using unpaired
two-tailed t-test.

In the repair-proficient GMO00637 cells, the level of 8-MOP-MA3 substantially
declined from 47.7 to 12.3 adducts per 10° nucleotides at 24 hr after UVA exposure,
which was accompanied with slight decreases of 8-MOP-MAL and -MA2 (by 26% and
29%, respectively, Figure 2.4a-c). On the other hand, repair-proficient CHO-AAS cells
exhibited a more efficient removal of the 8-MOP-MA lesions. The levels of all three
MAs in AA8 cells decreased dramatically with time, with MAL1 being hardly detectable
in cells at 24 hr after UVA irradiation (CHO-AAS8, Figure 2.4). In contrast, the

XPA-deficient GM04429 cells and ERCC1-deficient CHO-7-27 cells displayed no
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apparent repair of any of the three MAs (Figure 2.4). These results demonstrated that
the sensitivity, accuracy, and precision of the LC-MS/MS coupled with stable isotope
dilution method facilitated the assessment of the repair of 8-MOP-induced ICL and
MAs in mammalian cells. Although others and we previously employed LC-MS/MS
for detecting DNA ICLs in cells or tissues (24-26), to our knowledge, this is one of the
first few reports about the application of LC-MS/MS for examining the repair of any

DNA ICLs (27).
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Figure 2.4. LC-MS/MS quantification results for 8-MOP-MAs in DNA samples. The
results for MA1, MA2, and MA3 in human skin fibroblast cells are shown in (a), (b),
and (c), respectively. The corresponding data for Chinese hamster ovary cells are
displayed in (d), (e), and (f), respectively. The data represent the means and standard
deviations of results obtained from three independent experiments. *, p < 0.05; **, p <
0.01; #, p > 0.05. The p-values were calculated by using unpaired two-tailed t-test.
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The ERCC1-XPF complex is a structure-specific endonuclease that functions in
NER by cleaving damaged strand at the 5' side to the lesion (37). Previous studies
showed that, unlike yeast where loss of any of the several NER proteins confers
sensitivity to crosslinking agents, only elimination of ERCC1 or XPF leads to exquisite
sensitivity of mammalian cells toward these agents (38,39). In comparison, the increase
in sensitivity to crosslinking agents was observed to be more modest with mutations in
XPA, another NER protein involved in damage recognition (40). However, even if
XPA is not required for the repair of an ICL substrate in vitro (41), failure to complete
the repair step by XPA renders the ICLs persistent in cells and is at least cytostatic (40).
Additionally, Niedernhofer et al. (42) found that XPA-mutant primary HFs are more
sensitive than normal controls to mitomycin C, a potent DNA crosslinker. In support of
these previous notions, our results provided direct evidence to demonstrate that XPA
and ERCC1 are both required for the efficient repair of 8-MOP-ICL in mammalian
cells, as reflected by the elevated accumulation of 8-MOP-ICL in mammalian cells
deficient in one of these two genes. A similar finding was made for 8-MOP-MAs,
underscoring the involvement of NER pathway in the repair of these psoralen-induced
MA:s.

It is of note that there is substantial functional overlap among the proteins in the

various pathways for complete processing of bulky DNA damage. For example, recent
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studies suggested that NEIL1-mediated base excision repair (BER) may also be
involved in the repair of ICLs induced by 8-MOP/UVA (43,44). Therefore, it is
important to assess, in the future, the roles of other DNA repair pathways in the
removal of psoralen ICLs in mammalian cells. It can be envisaged that the analytical
method developed here can be readily employed for such studies.
Removal Efficiency of 8-MOP-Induced DNA Lesions in Different Cell Types

The LC-MS/MS results also allowed us to compare the relative repair efficiencies
of 8-MOP photoproducts in different cell types. The overall level of 8-MOP-ICL was
found to be approximately 1.6-fold higher in HFs than in CHO cells obtained after
UVA photoactivation. In addition, we observed that, at 8 hr post irradiation, 19% and
40% of the 8-MOP-ICL were removed in repair-proficient HF (GM00637) and CHO
(CHO-AAZB) cells, respectively (Figure 2.3). We also examined, by using the same
method, the repair of 8-MOP photoadducts in 293T human embryonic kidney epithelial
(HEK?293T) cells. Interestingly, the yield of 8-MOP-ICL in HEK293T cells was below
the detection limit, indicating that the lesion is much more rapidly repaired in this type
of cells than in HFs and CHO cells (Figure A.3). Similarly, the rates of removal of
8-MOP-introduced MAs in three types of cells followed the same trend as that of the
ICL, where the MA processing rate in repair-competent CHO cells was 1.5-2.0-fold

higher than that in HFs, but markedly lower than that in HEK293T cells. This result
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shows that the removal of psoralen photoadducts of DNA in mammalian cells is cell
type-specific. Similar observation was made for other types of DNA lesions. For
instance, D'Errico et al. (45) showed that lower levels of UV photoproducts are induced

in keratinocytes relative to fibroblasts under the same UV dose regimen.
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Chapter 3: Quantitative Assessment of Tet-induced Oxidation Products of

5-methylcytosine in Cellular and Tissue DNA

Introduction

Eukaryotic chromatin possesses a wealth of information that is required for the
development and growth of a multi-cellular organism. Such information is embedded
both genetically in the DNA sequence itself and epigenetically via DNA methylation
and post-translational modifications of core histone proteins (1,2). In mammals, DNA
methylation occurs at the C5 position of cytosine residues mainly at CpG dinucleotide
sites (1). This methylation pattern is established during embryonic development by de
novo DNA methyltransferases DNMT3a and DNMT3b, and maintained during cell
division by maintenance DNA methyltransferase DNMT1 (1). The importance of
cytosine methylation in mammalian development is manifested by the observations that
mice deficient in DNMT3a die at 4 weeks of age (3), and mice lacking DNMT1 or
DNMT3b are embryonically lethal (3,4).

Studies in the past decade showed that DNA methylation pattern in mammals can
be lost through passive or active mechanisms (5,6). Elimination or inhibition of
DNMT1 activity can lead to loss of cytosine methylation during cell division, a process

known as passive cytosine DNA demethylation. Active cytosine DNA demethylation is
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the conversion of 5-methylcytosine (5-mC) to unmethylated cytosine in a process that
is independent of DNA replication (5). Multiple lines of evidence support the existence
of active cytosine demethylation in the entire genome or in specific genomic loci, and
multiple mechanisms have been proposed for this process (6).

Recent discovery of Ten-eleven translocation (Tet) family dioxygenases, including
Tetl, Tet2 and Tet3, in the oxidation of 5-mC sheds significant new light on active
cytosine demethylation in mammals. Tetl was first observed to catalyze the oxidation
of 5-mC to 5-hydroxymethylcytosine (5-HmMC) in DNA in vitro and in human cells (7),
and all three members of mouse Tet family were later found to carry the same
enzymatic activity (8). Aside from the generation of 5-HmC, Tet family proteins are
also capable of oxidizing 5-mC to 5-formylcytosine (5-FoC) and 5-carboxylcytosine
(5-CaC) (9,10). 5-FoC and 5-CaC in DNA can be readily excised by thymine DNA
glycosylase (TDG) in vitro (9,11), and genetic depletion of TDG in mouse embryonic
stem cells leads to substantial accumulation of 5-CaC (9). These results suggest that
Tet-mediated oxidation of 5-mC to 5-FoC and 5-CaC, followed by the excision of the
latter two by TDG and restoration of an unmethylated cytosine by base-excision repair
(BER) machinery, constitutes a new pathway for active cytosine demethylation in

mammals (Figure 3.1).
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Figure 3.1. Proposed mechanisms for Tet-mediated oxidative demethylation of
5-methylcytosine in DNA. In the presence of Fe?*, 2-oxoglutarate (2-OG) and O,, Tet
family proteins can catalyze the sequential oxidation of 5-mC in DNA to give 5-HmC,
5-FoC and 5-CaC. 5-CaC can then be recognized and cleaved by TDG and subsequent
action of BER machinery leads to the restoration of unmethylated cytosine.
Alternatively, the Tet-produced 5-HmC can be deaminated by AID/APOBEC
deaminases to give 5-HmU, which can be cleaved and replaced with unmethylated
cytosine by TDG/SMUG1 and BER machinery.

Apart from the direct removal of Tet-produced oxidation products (i.e., 5-FoC and
5-CaC) by TDG, it was also proposed that 5-HmMC in DNA can be deaminated, by AID
(activation-induced deaminase)/APOBEC (apolipoprotein B mRNA-editing enzyme
complex) families of cytidine deaminases, to yield 5-hydroxymethyluracil (5-HmU)
(12,13). While 5-HmC in DNA is a poor substrate for TDG, 5-HmU, when paired with
a guanine, can be readily excised by DNA glycosylases (e.g. TDG and SMUG1)
(11,12,14). Thus, the oxidation of 5-mC to 5-HmMC by Tet proteins, deamination of the

latter nucleobase by AID/APOBECs, and TDG-induced BER of the resulting 5-HmU
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may also give rise to active cytosine demethylation in mammals (Figure 3.1) (12,13).
The involvement of this sequential oxidation-deamination mechanism in active
cytosine demethylation was recently challenged by the apparent lack of significant
biochemical activity of recombinant AID or APOBEC toward 5-HmC deamination in
vitro or in cultured cells because of lack of detection of 5-HmU (15). Nevertheless, it
remains possible that such deamination may occur in specific cellular context(s).

Liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS)
method has played an important role in the identification of the Tet-induced oxidation
products of 5-mC (7,9,10). The method, along with the use of external standards, has
also been used for assessing the levels of 5-HMC, 5-FoC and 5-CacC in cells or tissues
(10,15). However, we reason that the use of stable isotope-labeled internal standards
will offer unambiguous identification and more accurate measurements of levels of
intermediates that are proposed to be involved in active cytosine demethylation, which,
along with genetic manipulation, may provide important insights into the mechanisms
of active cytosine demethylation.

Aberrant epigenetic regulation of gene expression has long been known to be
associated with cancer development (16). Along this line, Tetl is a fusion partner of the
mixed lineage leukemia (MLL) gene in acute myeloid leukemia (17,18). Lower levels

of 5-HMC has been observed in myeloid leukemia and a number of solid tumors
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(including carcinomas of the breast, liver, lung, pancreas and prostate), as shown by
immunohistochemistry or dot blot analysis (19,20), and in lung and brain tumors, as
revealed by both immunohistochemistry and LC-MS/MS analysis (21). Thus, a robust
analytical method for the accurate quantification of the aforementioned 5-mC oxidation
intermediates may also result in the discovery of biomarkers for the diagnosis of cancer
and perhaps other human diseases.

Herein, we developed an LC-MS/MS/MS coupled with the stable isotope-dilution
method for the sensitive, accurate and simultaneous quantification of
5-hydroxymethyl-2'-deoxycytidine (5-HmdC), 5-formyl-2'-deoxycytidine (5-FodC),
5-carboxyl-2'-deoxycytidine  (5-CadC), and  5-hydroxymethyl-2'-deoxyuridine

(5-HmdU) in genomic DNA of cultured human cells and multiple mammalian tissues.

Materials and Methods
Materials

All chemicals and enzymes, unless otherwise specified, were from Sigma-Aldrich
(St. Louis, MO). [1,3-"*N,-2"-D]-5-hydroxymethyl-2'-deoxycytidine ([1,3-*°N,-2'-D]-
HmAC), [1,3-"°N,-2'-D]-5-hydroxymethyl-2’-deoxyuridine ([1,3-"*N,-2'-D]-HmdU),
and  [1,3-°N,-2'-D]-5-formyl-2’-deoxycytidine  ([1,3-°N»-2'-D]-FodC)  were

synthesized previously (22,23). [4-amino-1,3-"°N3]-2'-deoxycytidine ([4-amino-1,3-
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>N3]-dC) was purchased from Cambridge Isotope Laboratories (Andover, MA).
Proteinase K was obtained from New England Biolabs (Ipswich, WA). The HEK293T
human embryonic kidney cells, HeLa human cervical cancer cells, WM-266-4 human
melanoma cells, and cell culture reagents were purchased from ATCC (Manassas, VA,
USA). Expression vectors for the catalytic domain of human Tetl (amino acids
1418-2136) and its corresponding mutant Tetlm (H1672Y/D1674A) were previously
described (12) and were deposited to Addgene (#39454 and #39455). The DNA of
mouse embryonic stem (ES) cells, which were derived from mouse blastocysts, was
provided by Prof. Gerd P. Pfeifer (City of Hope).

Synthesis and Characterization of [4-amino-1,3-">Ns]-5-Carboxyl-2'-deoxycytidine
([4-amino-1,3-"°N3]-5-CadC)

The title compound was prepared at a microscale according to previously
published methods for the synthesis of the corresponding unlabeled compounds with
some modifications (24). [4-amino-1,3-**N3]-dC (3.0 mg, 13.0 umol) was dissolved in
DMF (100 uL) and allowed to stir at room temperature (rt) for 10 min. Slight excess of
iodine (2.13 mg), followed by m-chloroperbenzoic acid (2.97 mg), was added and
allowed to stir at rt for 1.5 h. The reaction mixture was then dried by Speed-vac. The
sample was reconstituted with water and filtered. The resulting

[4-amino-1,3-"*N3]-5-iodo-2"-deoxycytidine ([4-amino-1,3-">N3]-5-1dC) was purified
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by HPLC.

The purified [4-amino-1,3-">N3]-5-1dC was dissolved in methanol (500 uL) and
CO was bubbled through the solution for 30 min, to which solution were subsequently
added triphenylphosphine (1.37 mg), triethylamine (2 upL) and tris(dibenzylidene-
acetone)dipalladium(0) (0.81 mg). The reaction was stirred at 50°C under CO
atmosphere overnight. The mixture was then cooled to rt and the solid removed by
filtration. The resulting [4-amino-1,3-">N3]-5-methoxycarbonyl-2'-deoxycytidine was
readily converted to the desired [4-amino-1,3-">N3]-5-CadC by treating with 0.1 M
K,CO3 in MeOH/H,0 at 40°C overnight. The latter compound was isolated from the
reaction mixture by HPLC. The identity of [4-amino-1,3-°N3]-5-CadC was confirmed
by LC-MS/MS analysis and by high-resolution MS analysis on an ESI-TOF instrument.
The latter measurement gave m/z 273.0618 for the [M — H] ion, whose calculated m/z
was 273.0637.
Cell Culture, Transfection and DNA Extraction

HEK?293T cells were cultured in Dulbecco's Modified Eagle Medium (ATCC).
HeLa human cervical cancer cells and WM-266-4 human melanoma cells were
cultured in Eagle's Minimum Essential Medium (ATCC). All cells were incubated at
37T in 5% CO; atmosphere. The culture medium was supplemented with 10% fetal

bovine serum and 100 1U/mL penicillin. The HEK293T cells were seeded in 6-well
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plates at 50-60% confluence and, 24 h later, the cells were transfected with
approximately 1.5 pg Tetl or Tetlm expression plasmids using Lipofectamine 2000
(Invitrogen). The cells were harvested for DNA extraction 48 h after plasmid
transfection.

Genomic DNA was extracted from the cells and mouse brain tissues using a
high-salt method, following published procedures (25). With this method, we could
typically obtain approximately 30 ug of DNA from 5 million cells or 100 ug of DNA
from 100 mg of tissues. The whole brain tissues were dissected from 8-weeks old
C57/B6 strain of male mice, snap-frozen in liquid nitrogen and stored in —80<C freezer
prior to DNA extraction. Genomic DNA samples from human brain (cerebellum, Table
B.1 gives the patient information) and mouse skin tissues were previously isolated
(26,27). The DNA pellet was redissolved in doubly distilled water and its concentration
measured by UV absorbance at 260 nm.

Enzymatic Digestion

For the enzymatic digestion of DNA, nuclease P1 (0.1 U/ug DNA),
phosphodiesterase 2 (0.00025 U/ug DNA), and erythro-9-(2-hydroxy-3-nonyl)adenine
(EHNA, 1 mM in final concentration) were added to 30-80 ug of cellular or tissue
DNA in a solution containing 30 mM sodium acetate (pH 5.6) and 1.0 mM zinc acetate.

The digestion mixture was incubated at 37<C for 48 h and continued for another 2 h
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after alkaline phosphatase (0.05 U/pg DNA), phosphodiesterase 1 (0.0005 U/ug DNA)
and Tris-HCI (pH 8.9, final concentration 50 mM) were added. To the mixture were
then added 30 fmol of [1,3-**N,-2'-D]-5-FodC, 25 fmol of [4-amino-1,3-°N3]-5-CadC,
and 2 pmol of [1,3-°N,-2'-D]-5-HmdU. The enzymes were removed by chloroform
extraction. The aqueous layer was dried, reconstituted in doubly distilled water, and
subjected to off-line HPLC for the enrichment of target nucleosides.

For LC-MS/MS/MS  quantification of 5-HmdC, 50 fmol of
[1,3-°N»-2'-D]-5-HmdC was added to the enzymatic digestion mixture of 10-50 ng
genomic DNA. The samples were subsequently extracted with chloroform to remove
the enzymes and the aqueous layer subjected to LC-MS/MS/MS analysis.

HPLC

HPLC npurification of [4-amino-1,3-">N3]-5-1dC was performed on an Agilent
1100 series HPLC system equipped with a binary pump and a UV detector. A 4.6>250
mm Apollo C18 column (5 pum in particle size and 300 A in pore size, Grace Inc.,
Deerfield, IL) was used and the wavelength was set at 260 nm. A solution of 10 mM
ammonium formate (pH 6.3, solution A) and a mixture of 10 mM ammonium formate
and acetonitrile (70:30, v/v, solution B) were employed as mobile phases. The flow rate
was 0.50 mL/min, and a gradient of 5 min 0-20% B, 40 min 20-55% B and 5 min 55-98%

B was used. The purification of [4-amino-1,3-">N3]-5-CadC was conducted under the
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same conditions except that a 4.6>250 mm Alltima C18 column (5 um in particle size
and 300 A in pore size, Grace Inc., Deerfield, IL) with a gradient of 10 min 0-2% B, 15
min 2-15% B and 5 min 15-98% B was employed.

The enrichment of 5-FodC, 5-CadC, and 5-HmdU from the enzymatic digestion
products of DNA was carried out on a Beckman HPLC system with pump module 125
and a UV detector (module 126). A 4.6 %250 mm Aeris Widepore C18 column (3.6 um
in particle size, Phenomenex, Torrance, CA) was used. An isocratic elution at a flow
rate of 0.8 mL/min and with a solution of 10 mM ammonium formate (pH 8.5) as
mobile phase was employed. A typical HPLC trace is depicted in Figure B.1 in the
Supporting Information. From the enrichment HPLC trace, we often observed a low
level (< 5%) of RNA contamination for the DNA samples, and the DNA amount was
corrected based on the ratio of peak areas found for guanosine (rG) to
2'-deoxyguanosine (dG) in the HPLC trace (Figure B.1). The HPLC fractions eluting at
3.0-4.0, 9.5-10.5, and 26.0-27.5 min were collected for 5-CadC, 5-HmdU, and 5-FodC,
respectively. The collected fractions were dried, redissolved in water, and injected for
LC-MS/MS/MS analysis.

During the above enrichment, 5-mdC could also be resolved from other
nucleosides. The levels of 5-mdC, expressed as percentage of 2'-deoxyguanosine (dG),

were quantified based on the peak areas of 5-mdC and dG found in the chromatogram
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with the consideration of the extinction coefficients of the two nucleosides at 260 nm
(5,020 and 11,700 L mol™ cm™ for 5-mdC and dG, respectively) (28,29).
Quantification with LC-MS/MS/MS

The LC-MS/MS/MS experiments were conducted using a 0.5 %250 mm Zorbax
SB-C18 column (5 um in particle size, Agilent Technologies, Santa Clara, CA) and an
Agilent 1200 capillary HPLC pump. The flow rate was 8.0 pL/min. The effluent from
the LC column was directed to an LTQ linear ion-trap mass spectrometer (Thermo
Fisher Scientific), which was set up for monitoring the labeled and unlabeled 5-HmdC,
5-FodC, and 5-CadC in the positive-ion mode, and the labeled and unlabeled 5-HmdU
in the negative-ion mode. A solution of 0.1% (v/v) formic acid in water (solution A)
and a solution of 0.1% (v/v) formic acid in methanol (solution B) were used as mobile
phases for 5-HmdC, 5-FodC, and 5-CadC analyses. A solution of 2 mM ammonium
formate in water (solution A) and a solution of 2 mM ammonium formate in methanol
(solution B) were used as mobile phases for 5-HmdU analysis. A gradient of 5 min
0-20% B and 25 min 20-70% B was employed for the separation of all the modified
nucleosides. The temperature for the ion transport tube was maintained at 275<C and
300<C in the positive- and negative-ion modes, respectively. The sheath gas flow rate
was 15 arbitrary units, and no auxiliary gas was used. The electrospray, capillary, and

tube lens voltages for the positive-ion mode analyses were 5 kV, 14 V, and 20 V,
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respectively, and these values for the negative-ion mode analyses were 4.5 kV, =10 V,
and —100 V, respectively. The sensitivities for detecting all these modified nucleosides
were optimized by varying two working parameters of the LTQ mass spectrometer, i.e.,
normalized collision energy and activation Q (Table B.2).

The numbers of moles of 5-HmMdC, 5-FodC, 5-CadC, and 5-HmdU in the
nucleoside mixtures were calculated from the area ratios of peaks found in the
selected-ion chromatograms (SICs) for the analytes over their corresponding
isotope-labeled standards, the amounts of the labeled standards added, and the
equations derived from the calibration curves. The final data, expressed in terms of
numbers of modifications per 10° nucleosides (or per 10° 5-mdC), were calculated by
dividing the number of moles of the modified nucleosides with the number of moles of

total nucleosides (or 5-mdC) in the digested DNA (Table B.3).

Results
Quantification of 5-HmdC, 5-FodC, 5-CadC, and 5-HmdU in DNA of HEK293T
Cells with Tetl Overexpression and in DNA of Cultured Human Cancer Cells

We set out to develop an LC-MS/MS/MS combined with stable isotope-dilution
method for the accurate assessment of levels of 5-HmdC, 5-FodC, 5-CadC, and
5-HmdU in genomic DNA of cultured cells and tissues. We first examined how

overexpression of Tetl affects the levels of the four modified pyrimidine nucleosides in
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genomic DNA of cultured human cells. We expressed the catalytic domain of Tetl or
its corresponding inactive mutant in HEK293T cells, isolated the genomic DNA from
the cells, and digested the DNA to nucleosides with a cocktail of four enzymes (See
Materials and Methods). Three of the aforementioned pyrimidine nucleosides,
5-HmdU, 5-FodC, and 5-CadC, were subsequently enriched from the digestion mixture
with reversed-phase HPLC, and the enriched fractions were subjected to LC-MS?
analyses using an LTQ linear ion trap mass spectrometer. As displayed in Figure B.1,
the three modified pyrimidine nucleosides can be readily resolved from each other and
from the four canonical nucleosides by reversed-phase HPLC with isocratic elution.
Owing to the high level of 5-HmdC in cellular and tissue DNA, the digestion mixture
of much lower amount of genomic DNA (i.e., 10 ng of tissue DNA or 10-50 ng of
cellular DNA) was directly subjected for LC-MS® analysis of 5-HmdC.

The fragmentation of the protonated ions of unlabeled and labeled 5-HmdC and
5-FodC was previously described (23). Briefly, upon collisional activation, the [M+H]"
ions of unlabeled 5-HmdC and 5-FodC can readily eliminate a 2-deoxyribose moiety to
yield the protonated ions of the nucleobase portion (m/z 142 and 140 for 5-HmdC and
5-FodC, respectively) as the dominant fragment ions in MS/MS. Further collisional
activation of the ions of m/z 142 and 140 leads to facile loss of H,O and HNCO

moieties to yield fragment ions of m/z 124 and 97 in MS?® for 5-HmdC and 5-FodC,
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respectively (Figure 3.2a&b, inset). Collisional activation of the protonated ion of
5-CadC again resulted in facile formation of the protonated ion of 5-CaC (m/z 156) in
MS/MS (spectrum not shown), the latter fragment can lose a H,O molecule to give the
ion of m/z 138 in MS? (Figure 3.2c, inset). As we found previously, 5-HmdU exhibits
better sensitivity when analyzed in the negative-ion mode (22). The deprotonated
5-HmdU loses readily an HNCO moiety to yield an ion of m/z 214 in MS/MS, and
further collisional activation of the latter leads to the loss of part of the 2-deoxyribose
component to produce the ion of m/z 124 in MS® (Figure 3.2d, inset). The proposed
structures for the major fragment ions observed in MS/MS and MS?® are displayed in
Figure B.2.

The nearly identical elution time and similar MS?® spectra for the analytes and their
stable isotope-labeled counterparts allowed for the unambiguous identification and
reliable quantification of the four pyrimidine nucleosides in the digestion mixture of
DNA isolated from the HEK293T cells (Figure 3.2). The calibration curves for
5-HmdC, 5-FodC and 5-CadC are depicted in Figure B.3, and the calibration curve for
5-HmdU was shown previously (30). In this vein, because the levels of 5-HmdC,
5-FodC, and 5-CadC cover a wide range in different samples, calibration curves in two
concentration ranges were used for determining accurately the levels of these mdC

modifications. Our quantification results revealed that the levels of 5-HmdC, 5-FodC,
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Figure 3.2. Representative LC-MS/MS/MS results for the quantification of 5-HmdC
(@), 5-FodC (b), 5-CadC (c), and 5-HmdU (d) in HEK293T cells expressing the
catalytic domain of Tetl. Shown are the selected-ion chromatograms for monitoring the
indicated transitions for the analytes (top trace) and the isotope-labeled standards
(bottom trace), and the inset gives the corresponding MS/MS/MS for the analytes and
internal standards.

5-CadC, and 5-HmdU in HEK293T cells overexpressing the catalytically active form

of Tetl were 960, 76, 102, and 7.9 modifications per 10° nucleosides, respectively

(Figure 3.3a-d and Table B.3). The levels of the four nucleosides were 32.5, 0.23, 0.18

and 6.3 modifications per 10° nucleosides, respectively, in DNA of HEK293T cells
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overexpressing the catalytically inactive form of Tetl (Figure 3.3a-d and Table B.3).
The catalytic activity of Tetl led to markedly higher levels (by ~29.5-, 330-, and
570-fold for 5-HmMdC, 5-FodC and 5-CadC, respectively) of the three 5-mdC oxidation
products. Thus, we confirmed the previous findings that 5-HmdC, 5-FodC and 5-CadC
can be induced from Tetl-mediated oxidation of 5-mdC in genomic DNA (7-10). Our
results also provided, for the first time, unambiguous evidence to support that, in
contrast to the substantial elevation of the levels of the three 5-mdC oxidation products
described above, Tetl catalytic activity alone only gave rise to a modest (by ~25%)
increase in the level of 5-HmdU in genomic DNA of cultured cells (Figure 3.3d).

We next assessed whether these oxidation products of 5-mdC are present in
genomic DNA of cultured human cancer cells. Our results showed that, in genomic
DNA of HelLa cells, the levels of 5-HmdC, 5-FodC, 5-CadC, and 5-HmdU were 31.2,
0.67, 0.27, and 3.0 per 10° nucleosides, respectively (Figure 3.3a-d). In addition, these
four nucleosides were present in genomic DNA of WM-266-4 human melanoma cells
at the levels of 12.2, 0.69, 0.29, and 3.4 modifications per 10° nucleosides, respectively
(Figure 3.3a-d). Thus, the levels of these modifications are similar as what were found
for HEK293T cells expressing catalytically inactive form of Tetl, except that the level
of 5-HmdC in WM-266-4 cells is approximately 2.5-fold lower than that in HEK293T

or HelLa cells.
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Figure 3.3. Quantification results for the levels of 5-HmdC (a), 5-FodC (b), 5-CadC (c),
and 5-HmdU (d) in HEK293T cells expressing the active or inactive forms of Tetl (n =
3) and in HeLa and WM-266-4 cells (n = 3). Quantification results for the levels of
5-HmdC (e), 5-FodC (f), 5-CadC (g), and 5-HmdU (h) in human brain tissues (black
bar, n = 4), mouse brain tissues (dark grey bar, n = 3), and skin tissues of redhead (light
grey bar, n = 3) and albino (open bar, n = 3) mice. The data represent the mean and
standard deviation of the measurement results. The p values were calculated using
unpaired two-tailed t test.

We further measured the levels of 5-HmMdC, 5-FodC, and 5-CadC in DNA of
mouse embryonic stem (ES) cells (Table B.3). For comparison with previous

LC-MS/MS measurement results obtained from the use of the external standards (10),
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we converted the data to the number of modified nucleosides per 10° dC. Our results
showed that the levels of 5-HmdC, 5-FodC and 5-CadC are 680+50, 14.5+2.9, and
3.4+0.3 modifications per 10° dC, respectively. Our data for 5-FodC and 5-CadC are
largely consistent with those reported previously (10), where the levels of the two
nucleosides from duplicate measurements were 17.9/19.8 and 3.6/3.1 modifications per
10° dC, respectively. However, the level of 5-HmdC from the previous measurement,
i.e., 1120/1380 modifications per 10° dC (10), was approximately two-fold higher than
what we measured here.
Quantification of 5-HmMdC, 5-FodC, 5-CadC, and 5-HmdU in Genomic DNA from
Human and Mouse Brain

We next quantified the levels of the modified nucleosides in human and mouse
brain tissues. In human brain (cerebellum) DNA, the average levels of 5-HmdC,
5-FodC and 5-CadC are 1550, 1.7, and 0.15 modifications per 10° nucleosides,
respectively, with the three nucleosides exhibiting a ratio of ~10000:11:1 (Figure 3.3e-g
and Table B.3). Given these brain tissues were from four individuals at different ages
(Table B.1), the relatively small standard deviations associated with measurement
results suggested a lack of substantial age-dependent effect on the levels of these
modifications in human brain. In mouse brain genomic DNA, the contents of 5-HmdC,

5-FodC and 5-CadC display a ratio of ~4700:12:1, at levels of 560, 1.4, and 0.12
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modifications per 10° nucleosides, respectively (Figure 3.3e-g and Table B.3). The
levels of 5-HmdU in DNA from human and mouse brain were 3.9 and 8.3
modifications per 10° nucleosides, respectively, which are drastically (by ~400- and
70-fold, respectively) lower than those of 5-HmdC (Figure 3.3h), but higher than
5-FodC (by 2.3- and 5.9-fold, respectively) and markedly higher than 5-CadC (by 26-
and 69-fold, respectively).
Quantification of 5-HmdC, 5-FodC, 5-CadC, and 5-HmdU in DNA from Mouse Skin
Tissues

Mitra et al. (27) recently studied genomic consequences of functional deficiency
in the melanocortin 1 receptor gene (Mc1r®®), the “redhead-fairskin” gene in numerous
species including mouse and man. The redhair-fairskin Mc1r allele results in elevated
production of pheomelanin (red pigment), and elevations in endogenous reactive
oxygen species (ROS) were suggested to contribute to UV-independent generation of
melanoma in “redhair-fairskin” (redhead) mice (27). We reasoned that the increased
generation of ROS may also result in a rise in levels of 5-mdC modifications within
skin tissues of redhead mice as compared to albino mice, the latter of which carry a

clc

dysfunctional tyrosinase gene (Tyr") that abolishes all melanin (including pheomelanin)

biosynthesis. Thus, we also analyzed the levels of the four pyrimidine nucleosides in

ele

DNA isolated from the skin tissues of these two strains of mice (Mclr™ wvs.
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Mc1r¥®;Tyr®). Our results showed that indeed the skin of redhead mice contains
significantly higher levels of 5-HmdC (280 vs. 217 per 10° nucleosides) and 5-FodC

(1.2 vs. 0.7 per 10° nucleosides) as compared to skin from Mc1r®®

albino mice (Figure
3.3e&f, representative LC-MS/MS/MS results are shown in Figure B.4). The levels of
5-CadC (0.21 vs. 0.19 per 10° nucleosides) and 5-HmdU (6.4 vs. 6.0 per 10°

nucleosides, Figure 3.3g&h) in these two strains of mice are, however, very similar.

Discussion

Our LC-MS/MS/MS coupled with stable isotope-dilution method facilitates the
accurate and reproducible detection of 5-HmdC, 5-FodC, 5-CadC, and 5-HmdU in
DNA isolated from cultured human cells and multiple mammalian tissues. In this
context, it is worth emphasizing the advantages of the isotope-dilution method for the
measurements of these mdC oxidation products. In this method, we added the stable
isotope-labeled standards to the nucleoside mixture; thus, the analytes and the
corresponding internal standards are enriched by HPLC and analyzed by
LC-MS/MS/MS under identical conditions. Any variation in experimental conditions
during the HPLC enrichment and LC-MS/MS/MS analysis will not influence the
measurement of the molar ratios of the analytes over their corresponding internal
standards. Therefore, the determination of the levels of the analytes will not be affected

by alterations in these experimental conditions. Additionally, the co-elution of the
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analyte and its isotope-labeled standard, along with the similar fragmentation pattern of
the analyte and internal standard, offers unequivocal chemical specificity for analyte
identification.

Relative to the previously reported LC-MS/MS method with the use of external
standards, our method also displays superior sensitivity and reproducibility. The limits
of detection for 5-HmMdC, 5-FodC, 5-CadC (10), and 5-HmdU were reported to be 2.5
fmol, 5 fmol, 10 fmol, and 2-3 modifications per 10° dC, resepectively (15). With our
method, the limits of quantitation for 5-HmdC, 5-FodC, 5-CadC, and 5-HmdU were
0.056, 0.098, 0.14 and 80 fmol, respectively (Table B.2). Along this line, with the use
of external standards, 5-CadC was not detectable in DNA from HEK293T cells or most
mouse organs (10), and 5-HmdU could not be detected in DNA isolated from
HEK?293T cells (15). We, however, were able to quantify these two modified
nucleosides in all cell lines and mammalian tissues tested. Moreover, while reasonably
good reproducibility was obtained for the levels of the abundant 5-HmdC in cellular or
tissue DNA with the use of the previous method, relatively large variations were
observed for the levels of 5-FodC between the two replicate measurements of various
mouse tissue DNA samples (10). In contrast, excellent reproducibilities were achieved
with our isotope-dilution method (Figure 3.3 and Table B.3).

Both endogenous ROS and Tet-mediated oxidation may contribute to the

97



generation of the 5-mdC oxidation products in vivo. Whereas no in-vitro experiments
have been performed to assess the frequencies of ROS-induced formation of 5-CadC, a
previous study showed that the Fenton-type reagent, Cu(ll)/H,O/ascorbate, induced
the generation of 5-HmdC at a rate that is approximately 1.5 times higher than that of
5-FodC (31). Here we observed that overexpression of the catalytic domain of Tetl in
HEK293T cells led to drastic increases in the levels of 5-HmdC, 5-FodC, and 5-CadC,
which is accompanied with a modest increase of 5-HmdU. In addition, we found that
5-HmdC is present at a level that is about 2-3 orders of magnitude greater than 5-FodC,
and 3-4 orders of magnitude greater than 5-CadC, in brain tissues of humans and mice,
and skin tissues of mice (Figure 3.3). We also observed that 5-HmdC exists at a level
that is ~35-70 times greater than 5-HmdU in skin and brain tissues of mice, and ~400
times greater in human brain tissues. To our knowledge, this is the first direct
guantitative comparison between the levels of multiple 5-mdC derivatives in
mammalian tissues. The difference in the levels of 5-HmdU and 5-HmdC in DNA is
remarkable viewing that mouse and human DNA carries at least 20 times more dT than
mdC. While relatively high level of 5-HmdC in human brain tissues has been
documented (32), this is the first demonstration that this modified nucleoside is also
present in mouse skin at levels that are only a few times lower than that in mouse brain.

Previous biochemical studies support that human TDG exhibits very high cleavage
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rates for 5-FodC, 5-HmdU, 5-CadC, but extremely low cleavage rate for 5-HmdC at
CpG dinucleotide site (11,14,33). Therefore, the much higher endogenous levels of
5-HmdC than the other three oxidized pyrimidine nucleosides could be attributed, at
least in part, to the poor removal of 5-HmdC from the genome. Considering the recent
notion that 5-HmdC, apart from being an intermediate for active cytosine
demethylation, may itself serve as an epigenetic mark (34), accumulation of 5-HmdC

in skin tissues may also alter the epigenetic regulation of gene expression.

99



References

1. Jaenisch R, Bird A (2003) Epigenetic regulation of gene expression: how the genome
integrates intrinsic and environmental signals. Nat Genet 33: 245-254.

2. Jenuwein T, Allis CD (2001) Translating the histone code. Science 293: 1074-1080.

3. Okano M, Bell DW, Haber DA, Li E (1999) DNA methyltransferases Dnmt3a and
Dnmt3b are essential for de novo methylation and mammalian development. Cell 99:
247-257.

4. Li E, Bestor TH, Jaenisch R (1992) Targeted mutation of the DNA methyltransferase
gene results in embryonic lethality. Cell 69: 915-926.

5. Ooi SK, Bestor TH (2008) The colorful history of active DNA demethylation. Cell
133: 1145-1148.

6. Wu SC, Zhang Y (2010) Active DNA demethylation: many roads lead to Rome. Nat
Rev Mol Cell Biol 11: 607-620.

7. Tahiliani M, Koh KP, Shen Y, Pastor WA, Bandukwala H, et al. (2009) Conversion
of 5-methylcytosine to 5-hydroxymethylcytosine in mammalian DNA by MLL partner
TET1. Science 324: 930-935.

8. Ito S, D'Alessio AC, Taranova OV, Hong K, Sowers LC, et al. (2010) Role of Tet
proteins in 5mC to 5hmC conversion, ES-cell self-renewal and inner cell mass
specification. Nature 466: 1129-1133.

9. He YF, Li BZ, Li Z, Liu P, Wang Y, et al. (2011) Tet-mediated formation of
5-carboxylcytosine and its excision by TDG in mammalian DNA. Science 333:
1303-1307.

10. Ito S, Shen L, Dai Q, Wu SC, Collins LB, et al. (2011) Tet proteins can convert
5-methylcytosine to 5-formylcytosine and 5-carboxylcytosine. Science 333: 1300-1303.

11. Maiti A, Drohat AC (2011) Thymine DNA glycosylase can rapidly excise
5-formylcytosine and 5-carboxylcytosine: potential implications for active
demethylation of CpG sites. J Biol Chem 286: 35334-35338.

12. Guo JU, Su 'Y, Zhong C, Ming GL, Song H (2011) Hydroxylation of
5-methylcytosine by TET1 promotes active DNA demethylation in the adult brain. Cell
145: 423-434.

100



13. Cortellino S, Xu J, Sannai M, Moore R, Caretti E, et al. (2011) Thymine DNA
glycosylase is essential for active DNA demethylation by linked deamination-base
excision repair. Cell 146: 67-79.

14. Bennett MT, Rodgers MT, Hebert AS, Ruslander LE, Eisele L, et al. (2006)
Specificity of human thymine DNA glycosylase depends on N-glycosidic bond stability.
J Am Chem Soc 128: 12510-12519.

15. Nabel CS, Jia H, Ye Y, Shen L, Goldschmidt HL, et al. (2012) AID/APOBEC
deaminases disfavor modified cytosines implicated in DNA demethylation. Nat Chem
Biol 8: 751-758.

16. Lund AH, van Lohuizen M (2004) Epigenetics and cancer. Genes Dev 18:
2315-2335.

17. Ono R, Taki T, Taketani T, Taniwaki M, Kobayashi H, et al. (2002) LCX,
leukemia-associated protein with a CXXC domain, is fused to MLL in acute myeloid
leukemia with trilineage dysplasia having t(10;11)(g22;923). Cancer Res 62:
4075-4080.

18. Lorsbach RB, Moore J, Mathew S, Raimondi SC, Mukatira ST, et al. (2003) TET1,
a member of a novel protein family, is fused to MLL in acute myeloid leukemia
containing the t(10;11)(g22;923). Leukemia 17: 637-641.

19. Ko M, Huang Y, Jankowska AM, Pape UJ, Tahiliani M, et al. (2010) Impaired
hydroxylation of 5-methylcytosine in myeloid cancers with mutant TET2. Nature 468:
839-843.

20. Yang H, Liu Y, Bai F, Zhang JY, Ma SH, et al. (2012) Tumor development is
associated with decrease of TET gene expression and 5-methylcytosine hydroxylation.
Oncogene: DOI: 10.1038/onc.2012.1067.

21. Jin SG, Jiang Y, Qiu R, Rauch TA, Wang Y, et al. (2011) 5-Hydroxymethylcytosine
is strongly depleted in human cancers but its levels do not correlate with IDH1
mutations. Cancer Res 71: 7360-7365.

22. Hong H, Cao H, Wang Y, Wang Y (2006) Identification and quantification of a
guanine-thymine intrastrand cross-link lesion induced by Cu(l1)/H,O,/ascorbate. Chem
Res Toxicol 19: 614-621.

23. Cao H, Wang Y (2006) Collisionally activated dissociation of protonated

101



2'-deoxycytidine, 2'-deoxyuridine, and their oxidatively damaged derivatives. J Am Soc
Mass Spectrom 17: 1335-1341.

24. Dai Q, He C (2011) Syntheses of 5-formyl- and 5-carboxyl-dC containing DNA
oligos as potential oxidation products of 5-hydroxymethylcytosine in DNA. Org Lett
13: 3446-3449.

25. Wang J, Clauson CL, Robbins PD, Niedernhofer LJ, Wang Y (2012) The oxidative
DNA lesions 8,5'-cyclopurines accumulate with aging in a tissue-specific manner.
Aging Cell 11: 714-716.

26. Wang J, Cao H, You C, Yuan B, Bahde R, et al. (2012) Endogenous formation and
repair of oxidatively induced G[8-5m]T intrastrand cross-link lesion. Nucleic Acids Res
40: 7368-7374.

27. Mitra D, Luo X, Morgan A, Wang J, Hoang MP, et al. (2012) An
ultraviolet-radiation-independent pathway to melanoma carcinogenesis in the red
hair/fair skin background. Nature 491: 449-453.

28. Yuan B, Zhang J, Wang H, Xiong L, Cai Q, et al. (2011) 6-Thioguanine reactivates
epigenetically silenced genes in acute lymphoblastic leukemia cells by facilitating
proteasome-mediated degradation of DNMT1. Cancer Res 71: 1904-1911.

29. Zhang J, Yuan B, Zhang F, Xiong L, Wu J, et al. (2011) Cyclophosphamide perturbs
cytosine methylation in Jurkat-T cells through LSD1-mediated stabilization of DNMT1
protein. Chem Res Toxicol 24: 2040-2043.

30. Wang J, Yuan B, Guerrero C, Bahde R, Gupta S, et al. (2011) Quantification of
oxidative DNA lesions in tissues of Long-Evans Cinnamon rats by capillary
high-performance liquid chromatography-tandem mass spectrometry coupled with
stable isotope-dilution method. Anal Chem 83: 2201-2209.

31. Cao H, Wang Y (2007) Quantification of oxidative single-base and intrastrand
cross-link lesions in unmethylated and CpG-methylated DNA induced by Fenton-type
reagents. Nucleic Acids Res 35: 4833-4844.

32. Kriaucionis S, Heintz N (2009) The nuclear DNA base 5-hydroxymethylcytosine is
present in Purkinje neurons and the brain. Science 324: 929-930.

33. Zhang L, Lu X, Lu J, Liang H, Dai Q, et al. (2012) Thymine DNA glycosylase
specifically recognizes 5-carboxylcytosine-modified DNA. Nat Chem Biol 8: 328-330.

102



34.Yildirim O, Li R, Hung JH, Chen PB, Dong X, et al. (2011) Mbd3/NURD complex
regulates expression of 5-hydroxymethylcytosine marked genes in embryonic stem
cells. Cell 147: 1498-1510.

103



Chapter 4: Detection of Oxidation Products of 5-Methyl-2'-deoxycytidine in

Arabidopsis DNA

Introduction

DNA methylation at the C5 position of cytosine is a conserved epigenetic mark
for transcriptional gene silencing in diverse organisms (1). While the levels of
5-methylcytosine (5-mC) are relatively low in human genomes (~4% of total cytosine),
5-mC is abundantly present in plant genomes (5-25% depending on the species) (2). In
addition to the primary methylation at CG sites, cytosine in plants can also be
methylated in CHG and, less frequently, in CHH sequences (‘H’ represents A, C or T)
(3). The plant methylation patterns are established by different methyltransferase
activities. De novo domains rearranged methyltransferases (DRMs) transfer methyl
groups to completely unmethylated duplex DNA in all sequence contexts, and
chromomethylase 3 (CMT3) can convert cytosine to 5-mC at non-CG sites (4). The CG
methylation is propagated during mitotic cell divisions by a group of maintenance
methyltransferases (METL1 in Arabidopsis) (5).

Another mechanism for the dynamic regulation of the methylation status of genes
is to passively and/or actively remove 5-mC from DNA. Passive demethylation occurs

when cells fail to maintain the methylation during DNA replication. In plants, a
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subfamily of helix-hairpin-helix-Gly/Pro/Asp (HhH-GPD) DNA glycosylases have
been identified as demethylases involved in active cytosine DNA demethylation (6).
These bifunctional glycosylases remove the 5-mC base and then cleave the DNA
backbone at the resulting abasic site. Subsequent action by base excision repair (BER)
machinery results in the replacement of 5-mC with an unmethylated cytosine (7).
Previous studies demonstrated the biological role of the glycosylase-mediated
demethylation of DNA in Arabidopsis. Loss-of-function mutations in Demeter (DME),
a 5-mC DNA glycosylase gene in Arabidopsis, lead to impaired endosperm and
embryo development, and eventually in seed abortion (8). Hypermethylation of
cytosine occurred in genomes of plants that lack members of the DNA glycosylase
demethylase family, e.g. repressor of silencing 1 (ROS1), DME-like 2 (DML2), and
DME-like 3 (DML3) (9).

Mammals appear to lack the activity of glycosylases that can excise 5-mC
specifically. However, active DNA demethylation may also be achieved in mammals
through a BER pathway by DNA glycosylases, though it requires oxidation of 5-mC as
the first step (10). In this vein, 5-mC is converted into 5-hydroxymethylcytosine
(5-HmMC), 5-formylcytosine (5-FoC), and 5-carboxylcytosine (5-CaC) by the ten-eleven
translocation (Tet) family of DNA dioxygenases through iterative oxidation (11,12).

5-FoC and 5-CaC, but not 5-HmMC, at CG site can be readily removed by thymine DNA

105



glycosylase and replaced with unmethylated cytosine by BER proteins (13,14). This
differential reactivity toward thymine DNA glycosylase may account for the recent
observations that 5-FoC and 5-CaC are much less abundant than 5-HmC in mammalian
genomes (12,15).

The discovery of Tet-induced oxidation of 5-mC in mammals raised questions
about the possible presence of consecutive oxidations of 5-mC in plants. The
mammalian TET proteins responsible for these oxidative modifications contain a
catalytic domain that is typical of Fe(ll)- and 2-oxoglutarate (20G)-dependent
dioxygenases, members of the cupin superfamily (16). By using computational analysis,
lyer et al. (17) reported several distinct families of Fe(ll)- and 20G-dependent
dioxygenases that are likely to be involved in oxidation of 5-mC in mammals and other
early branching eukaryotes such as fungi and algae. In contrast, enzymes of this family
have not been identified in multicellular plants (17,18). The prediction of lack of this
cytosine modifying enzymatic activity in plants was strengthened by the fact that,
despite some preliminary results reporting the presence of 5-HmC (19,20), there is yet
no definitive evidence supporting the presence of oxidation products of 5-mC in plants.

As it was considered that this conclusion was based on the absence of evidence
rather than the evidence of absence, we set out to assess the levels of these modified

bases in Arabidopsis DNA using a liquid chromatography coupled with tandem mass
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spectrometry (LC-MS/MS/MS) method. In this context, we recently reported the
application of LC-MS/MS/MS, along with the isotope-dilution technique, for sensitive
and accurate quantification of 5-hydroxymethyl-2'-deoxycytidine (5-HmdC),
5-formyl-2'-deoxycytidine (5-FodC), 5-carboxyl-2'-deoxycytidine (5-CadC), and
5-hydroxymethyl-2'-deoxyuridine (5-HmdU) in mammalian cells and tissues (15).
Herein, we measured these four modified nucleosides along with the (5'S) diastereomer
of 8,5'-cyclo-2'-deoxyguanosine (S-cdG), a reliable biomarker for endogenously
induced oxidative DNA damage (21), in Arabidopsis DNA. Our results demonstrated
the presence of these modified nucleosides in Arabidopsis. Their relatively low levels
in genomic DNA, however, suggest that, in contrast to the observations made for

mammals, they are not likely to be formed from enzyme-mediated oxidation reactions.

Materials and Methods
Materials

Genomic DNA was isolated from leaves of four individual plants of Arabidopsis
thaliana Columbia (Col-0) using a DNeasy Plant Maxi Kit (Qiagen, UK) according to
the manufacturer’s instructions. Nuclease P1 and phosphodiesterases 1 and 2 were
from Sigma-Aldrich (St. Louis, MO). Alkaline phosphatase was obtained from New
England Biolabs (Ipswich, MA), and erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA)

hydrochloride was from Tocris Bioscience (Ellisville, MO). [1,3-**N,, 2'-D]-5-HmdC,
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[1,3-°N,-2'-D]-5-FodC, [4-amino-1,3-"°N3]-5-CadC, [1,3-*N,-2-D]-5-HmdU, and
[1,3,7,9-°N4-(2-amino-"°N)]-S-cdG were synthesized previously (15,22-24). The
chemical structures of these modified nucleosides are shown in Figure 4.1.
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Figure 4.1. Chemical structures of the modified nucleosides measured in this study.
The “N” in bold italic font represents °N, and the site of deuterium atom incorporation
is indicated with a “D”.

Enzymatic Digestion

Plant DNA (30 pg) was first digested by nuclease P1 (0.1 U/ug DNA) and
phosphodiesterase 2 (0.00025 U/ug DNA) in a solution containing 30 mM sodium
acetate (pH 5.6), 1.0 mM zinc acetate, and 1 mM EHNA, which is an inhibitor for
adenine deaminase. After incubation at 37<C for 48 h, Tris-HCI (pH 8.9) was added to

the solution until its final concentration reached 50 mM and the samples were further
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treated with alkaline phosphatase (0.05 U/ug DNA) and phosphodiesterase 1 (0.0005
U/ug DNA) at 37°C for 2 h. To the mixture were then added 90 fmol of [1,3-15N2,
2-D]-5-HmdC, 30 fmol of [1,3-°®N,-2-D]-5-FodC, 75 fmol of
[4-amino-1,3-"*N3]-5-CadC, 2 pmol of [1,3-*N,-2-D]-5-HmdU, and 128 fmol of
[1,3,7,9-°N4-(2-amino-">N)]-S-cdG. The enzymes were subsequently removed from
the digestion mixture by chloroform extraction. The aqueous layer was subjected to
off-line HPLC for the enrichment of these five target nucleosides.
HPLC Enrichment

The enrichment was carried out on a Beckman HPLC system with pump module
125 and a UV detector (module 126). A 4.6 <250 mm Aeris Widepore C18 column
(3.6 um in particle size, Phenomenex, Torrance, CA) was used. An isocratic elution at
a flow rate of 0.8 mL/min was employed with a solution of 10 mM ammonium formate
(pH 8.5) as mobile phase. The HPLC fractions for 5-HmdC, 5-FodC, 5-CadC, 5-HmdU
and S-cdG were pooled, dried, redissolved in water, and then injected for
LC-MS/MS/MS analysis.
LC-MS/MS/MS Analysis

The LC-MS/MS/MS experiments were conducted using a 0.5 <250 mm Zorbax
SB-C18 column (5 um in particle size, Agilent Technologies, Santa Clara, CA) and an

Agilent 1200 capillary HPLC pump. A solution of 0.1% (v/v) formic acid in water
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(solution A) and a solution of 0.1% (v/v) formic acid in methanol (solution B) were
used as mobile phases. A gradient of 5 min 0-20% B and 25 min 20-70% B was
employed for the separation of the modified nucleosides. The flow rate was 6.0 uL/min.
The effluent from the LC column was directed to an LTQ linear ion-trap mass
spectrometer (Thermo Fisher Scientific, San Jose, CA). The temperatures of the ion
transport tube were maintained 275 and 300 <C in the positive- and negative-ion modes,
respectively. The electrospray, capillary and tube lens voltages were 5 kV, 4 V and 25
V, respectively, in the positive-ion mode, and 4.5 kV, =12 V and —92 V, respectively,
in the negative-ion mode. The sheath gas flow rate was 15 arbitrary units, and no
auxiliary gas was used. The mass spectrometer was set up to acquire the MS® spectra
for fragmentations of the [M+H]" ions of 5-HmdC, 5-FodC, 5-CadC, and S-cdG, and

the [M-H] ion of 5-HmdU following previously described methods (15,24).

Results

As a first step toward exploring whether the oxidation of 5-mC plays a role in
epigenetic regulation in plants, we employed our recently developed LC-MS/MS/MS
coupled with the stable isotope-dilution technique (15,24) to measure the levels of
5-HmMdC, 5-FodC, and 5-CadC in genomic DNA from Arabidopsis leaves. For

comparison, we also quantified 5-HmdU and S-cdG in the same DNA samples. In this
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regard, we utilized HPLC to enrich these modified nucleosides prior to LC-MS?
analysis, as described previously (15). As shown in Figure 4.2, the targeted analytes
were well resolved from each other and from the canonical ribonucleosides and
2'-deoxyribonucleosides. The identities and quantities of the aforementioned
nucleosides were established from LC-MS/MS/MS measurements. The selected-ion
chromatograms (SICs) and MS? spectra for unlabeled and labeled analytes are
displayed in Figure 4.3. The fragmentation behaviors of the protonated ions of 5-HmMdC,
5-FodC, 5-CadC, and S-cdG and the deprotonated ion of 5-HmdU as well as the
calibration curves for each analyte were previously described (15,24). Briefly,
collisional activation of protonated ions of the three modified 5-mdC nucleosides gave
rise to cleavages of the N-glycosidic linkage and facile elimination of a 2-deoxyribose
moiety. Further fragmentation of protonated ions of the nucleobase portion yielded one
major fragment ion (m/z 142, 140, and 138 for 5-HmMdC, 5-FodC, and 5-CadC,
respectively) emanating from the neutral losses of H,O for 5-HmdC and 5-CadC, and
HNCO for 5-FodC. On the other hand, collisional activation of the [M+H]" ion of
S-cdG leads to the facile cleavages of the N-glycosidic linkage and the bond between
C4' and C5' of 2-deoxyribose to give the ion of m/z 180 in MS/MS. Further collisional
activation of the m/z-180 ion results in the losses of NH3, CO, and both to generate the

ions of m/z 163, 152, and 135 in MS/MS/MS. As reported previously, 5-HmdU could
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be detected with better sensitivity in the negative- than positive-ion mode (25). Upon
collisional activation, the [M-H] ion of 5-HmdU loses an HNCO from the modified
nucleobase moiety to produce the most abundant ion of m/z 214 in MS/MS, further
activation of which leads to elimination of part of the 2-deoxyribose component to give
the ion of m/z 124 in MS®(15). Corresponding fragments were observed in the MS® of
the stable isotope-labeled standards (Figure 4.3). The identical elution times in SICs
and similar MS® spectra for the analytes and their stable isotope-labeled standards
confirmed the identities of the modified nucleosides and allowed for their reliable
quantification.
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Figure 4.2. Representative HPLC trace for the enrichment of 5-HmdC, 5-FodC,
5-CadC, 5-HmdU, and S-cdG from the enzymatic digestion mixture of genomic DNA
isolated from Arabidopsis.
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Figure 4.3. Representative LC-MS/MS/MS results for the quantification of 5-HmdC
(@), 5-FodC (b), 5-CadC (c), 5-HmdU (d), S-cdG (e), and quantification results (f) in
Arabidopsis DNA. Shown in panels A-E are the selected-ion chromatograms for
monitoring the indicated transitions for the analytes (top trace) and the isotope-labeled
standards (bottom trace), and the insets give the MS/MS/MS results for the analytes
and internal standards.
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With the use of this method, we successfully detected 5-HmdC, 5-FodC, 5-CadC,
5-HmdU, and S-cdG in four independent genomic DNA preparations from Arabidopsis
leaves (Table 4.1). Our results revealed that 5-HmdC, 5-FodC, and 5-CadC were
present at very similar levels in Arabidopsis genomic DNA (0.79, 0.79, and 0.78 per
10° nucleosides, respectively, Figure 4.3). In addition, we found that the levels of
5-HmdU and S-cdG were approximately 4.5 and 0.17 modifications per 10° nucleosides,

respectively (Figure 4.3).

Table 4.1. Frequencies of 5-HmdC, 5-FodC, 5-CadC, 5-HmdU and S-cdG (in the unit of
modifications per 10° nucleosides) in Arabidopsis genomic DNA

Nucleosides Numbers” (n=4)
5-mdC / 100 dG 9.63 +0.92

dT /100 dN 19.2 +0.18
5-HmdC / 10° dN 0.79 +£0.25
5-FodC / 10° dN 0.79 +0.15
5-CadC / 10° dN 0.78 +0.24
5-HmdU / 10° dN 450 +1.01
S-cdG /10°dN 0.17 +£0.01

“The data represent mean =standard deviation

Discussion
The combination of LC-MS®with the stable-isotope dilution technique provides a
sensitive and accurate method for the measurement of oxidation products of 5-mdC,

together with 5-HmdU and S-cdG, in Arabidopsis tissues. To our knowledge, this is the
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first rigorous quantification of all three 5-mdC modification products in a flowering
plant. Since the recent discoveries of Tet-mediated oxidation of 5-mdC to 5-HmdC,
5-FodC, and 5-CadC, many biophysical and biochemical techniques have been
employed for their detection, including LC-MS analysis (26-29), thin layer
chromatography (30), chemical derivatization followed by sequencing analysis (31,32),
single molecule detection (33), antibody-based dot-blot analysis (11,20,34), etc. The
development of these methods has provided valuable insights regarding the roles of
these 5-mdC oxidation products in processes such as active DNA demethylation in
mammals. By using a dot-blot assay, Yao et al. (20) first reported the observation of
low levels of 5-HMC in Arabidopsis leaves and flowers. However, a dot-blot assay
does not offer an accurate quantification of the modified nucleobase. The relatively low
levels of oxidized derivatives of 5-mC in Arabidopsis require more sensitive methods
for their reliable detection. With the use of our recently developed LC-MS® coupled
with isotope-dilution method, we were able to detect these modified bases in
Arabidopsis DNA. In contrast to the high levels of 5-HmdC found in mammals
(~200-1600 modifications per 10° nucleosides), which were about 100 to 1000-fold
higher than those of 5-FodC and 5-CadC, our results revealed that the Arabidopsis
genome contains similar levels (approximately 0.8 modifications per 10° nucleosides,

Figure 4.3) of 5-HmMdC, 5-FodC, and 5-CadC.
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While 5-HmC, 5-FoC, and 5-CaC are considered as products from Fe(ll)- and
20G-dependent dioxygenase-mediated oxidation, they could also arise from
endogenous reactive oxygen specie (ROS). Thus, we also measured 5-HmdU and
S-cdG to estimate the contribution of endogenous ROS to the formation of 5-HmdC,
5-FodC, and 5-CadC. The results showed that the levels of the three 5-mdC
modification products are ~0.8 modifications per 10° nucleosides, whereas the level of
5-HmdU is approximately 5.7-fold higher than that of 5-HmdC. Considering that there
are approximately 6.5 times more thymidine than 5-mdC nucleosides in Arabidopsis,
the frequency of occurrence of 5-HmdC (on per mdC basis) is only 1.1 time as high as
that of 5-HmdU (on per dT basis). Thus, at least part of 5-mdC modification products
arises from ROS present in cells or from artificial oxidation of 5-mdC in DNA during
various steps of sample preparation. The latter, however, may make a smaller
contribution according to the results for S-cdG measurements. The 8,5'-cyclopurine-2'-
deoxynucleosides are considered as robust biomarkers for oxidative stress. We
previously measured the levels of S-cdG and 5-HmdC in mouse skin tissues, which
were at the levels of 0.35 and 200 modifications per 10° nucleosides, respectively
(15,35). In comparison with the results obtained in this study, the difference is huge in
the level of 5-HmdC but not that of S-cdG between mammalian and Arabidopsis tissues.

Given that the level of 5-HmdC in a plant genome is ~2—3 orders of magnitude lower
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than that in mammalian tissues while 5-FodC and 5-CadC are present at similar levels
(12,15,29), it is unlikely that in plants these oxidized bases serve as intermediates in
active DNA demethylation. This finding is in keeping with the fact that to date no
putative homologues of Fe(ll)- and 20G-dependent dioxygenase enzymes responsible

for 5-mdC oxidation have been unambiguously identified in plants (17).
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Chapter 5: Arsenite Targets the Zinc Finger Domains of Tet Proteins and Inhibits

Tet-mediated Oxidation of 5-Methylcytosine

Introduction

As a naturally occurring metalloid, arsenic constitutes an important and ubiquitous
threat to public health due to the prevalence of its contamination in ground water and
the substance’s toxic potential (1). Whilst the World Health Organization (2011)
recommends a threshold of 10 pg/L for inorganic arsenic concentration in drinking
water, over 100 million individuals in nearly 70 nations are exposed to excessive
amounts of arsenic through drinking water and diet (2). There is a strong body of
evidence linking arsenic exposure with diverse pathophysiological end points in
humans, from acute toxicity to chronic diseases including cancer (3). Apart from
arsenic-induced oxidative damage in DNA and perturbations of DNA repair (4), it
becomes increasingly clear that arsenic accumulation also leads to epigenetic
dysregulation, including perturbations of DNA methylation in the global genome and at
some specific genomic loci (5,6). However, it remains unexploited how arsenic
exposure influences the enzymatic removal of this pivotal epigenetic mark.

Although 5-methylcytosine (5-mC) is a stable epigenetic mark that mediates

long-term gene silencing, mounting evidence indicates that DNA methylation is
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reversible (7). In this vein, the recent discovery of Ten-eleven translocation (Tet) family
of Fe?*- and a-ketoglutarate-dependent dioxygenases shed new lights on the
replication-independent active DNA demethylation in mammals. Tet enzymes can
induce the iterative oxidation of 5-mC to yield the 5-hydroxymethyl, 5-formyl and
5-carboxyl derivatives of cytosine (5-hmC, 5-foC, and 5-caC) (8,9), and the resultant
5-foC and 5-caC as well as the deamination product of 5-hmC (i.e.
5-hydroxymethyluracil) can then be removed from DNA by thymine DNA glycosylase
(10,11). Subsequent repair of the resulting abasic site by the base excision repair
machinery restores unmethylated cytosine.

A recent structural analysis of a catalytically active form of human Tet2 revealed
three zinc cations in C3H coordination that are important for the structural integrity,
substrate recognition and catalytic activity of Tet2 (12). In addition, the amino acid
residues involved in zinc coordination are highly conserved in Tet proteins, and
mutations in these residues are found in a number of human cancers (12). Furthermore,
As(111) was found to be capable of binding to proteins harboring a CsH- or C,-type of
zinc fingers, e.g. the promyelocytic leukemia protein (13), estrogen receptor-o. (14),
poly(ADP-ribose) polymerase-1 (15), DNA repair proteins (16), and some RING-finger
histone E3 ubiquitin ligases (17). Hence, we reason that arsenite may interact with the

zinc fingers of Tet proteins, thereby altering their conformation and perturbing
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Tet-mediated oxidation of 5-mC in mammalian systems.

To test the hypothesis, we examined the interaction between As(lIl) and zinc
finger domains of human Tet proteins in vitro and in mammalian cells with the
applications of LC-MS, ultraviolet (UV) absorption spectrophotometry, and
streptavidin agarose affinity assay. We also assessed how arsenite exposure affects the
Tet-mediated oxidation of 5-mC in vitro and in cultured mammalian cells by
determining the catalytic efficiency of Tetl in sequentially oxidizing 5-mC in a
synthetic duplex DNA and by analyzing the levels of 5-hmC in genomic DNA isolated
from arsenite-treated cells. The results uncovered a novel molecular mechanism
underlying arsenic-induced perturbation in epigenetic signaling, which deepened our

understanding on the epigenotoxicity of arsenic.

Materials and Methods
In Vitro Arsenite Binding Assay

The peptide FPSCRCVERAGHTCEAA, derived from the first zinc finger of
human Tet2 with amino acid residues 1130-1137 and 1215-1224, was obtained from
Genemed Synthesis Inc. (San Antonio, TX). For mass spectrometric analysis, the
lyophilized apopeptide was prepared at a concentration of 1 mM in 100 mM

ammonium acetate (pH 7.2) containing 10 mM tris(2-carboxyethyl)phosphine (TCEP).
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Aliquots of 100 uM peptide solution were incubated with 100 uM NaAsO; at room
temperature for 1 hr. The resultant solution was diluted by 10 fold in 50% methanol
and 0.1% formic acid before injection. Electrospray ionization-mass spectrometry
(ESI-MS) experiments were performed on an LTQ linear ion-trap mass spectrometer
(Thermo Fisher Scientific, San Jose, CA). Samples were introduced into the inlet at 10
uL/min in 50% methanol. The voltages for the ESI source, capillary, and tube lens were
maintained at 5 kV, 8.6 V, and 41.5 V, respectively. The maximum ion injection time
was 50 ms and the temperature for the ion transport tube was held constant at 275<C
throughout the experiment.
UV Spectrophotometric Analysis of As(l111)-Peptide Interaction

Aliquots of 200 M of the aforementioned apopeptide in a solution containing 20
mM ammonium acetate (pH 7.2) and 1.0 mM TCEP were titrated with NaAsO; in
increments of 20 M over a range of 20-220 M at room temperature. The UV
absorption spectra of the resultant solutions were collected in the wavelength range of
240-370 nm on a Varian Cary 50 UV-visible spectrophotometer (Palo Alto, CA).
Streptavidin Agarose Affinity Assay and Western Blot

The streptavidin agarose affinity assay was conducted with the use of biotin-As as
previously described (17). Briefly, HEK293T cells were transfected with plasmid

allowing for expressing the HA-tagged catalytic domain of TET1 (HA-Tet1CD) for 24
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hrs, followed by treating with 5 uM biotin-As for 2 hrs. The cells were then lysed in
CelLytic™ M lysis buffer supplemented with a protease inhibitor cocktail
(Sigma-Aldrich). Afterwards, the cell lysates were incubated with streptavidin agarose
beads at room temperature for 3 hrs. Streptavidin agarose beads were subsequently
washed with 1>PBS containing 1% IGEPAL CA-630 (Sigma-Aldrich) for 3 times and
resuspended in SDS-PAGE loading buffer.

The proteins on the beads were resolved by SDS-PAGE and subsequently
transferred to a nitrocellulose membrane using a solution containing 10 mM NaHCOs3,
3 mM Na,COs3, and 20% methanol. The membranes were blocked with 5% non-fat
milk at room temperature for 2 hrs and then incubated with primary anti-HA antibody
(1:10000 dilution, Sigma-Aldrich) in PBS-T at 4<C overnight, washed for 5 times in
PBS-T (10 min each), and incubated with secondary anti-rabbit antibody (1:10000) in
PBS-T for 1 hr, which was followed with five washes in PBS-T. The secondary
antibody was detected by using ECL Advance Western Blotting Detection Kit (GE
Healthcare) and visualized with Hyblot CL autoradiography film (Denville Scientific,
Inc., Metuchen, NJ). Similar Western blot analysis was carried out for HA-Tet1CD-
overexpressing HEK293T cells following a 24-hr treatment with 0-5 uM NaAsO..
Biochemical Assay of Tetl-Mediated Oxidation of 5-mC in DNA

The 5-mC oxidation assay was performed in triplicate by using a 5-mC-containing
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duplex DNA d(AGCTC"CGGTCA)/d(GTGACCGGAGCTG) and purified mouse Tetl
protein included in a 5mC Tetl Oxidation Kit (Wisegene, IL, USA). The reaction was
initiated by incubating 0.15 pL of the Tetl enzyme with 10 pmol of the duplex DNA at
37<C in a buffer that contained 50 mM HEPES (pH 8.0), 10 mM NaCl, 2 mM ascorbic
acid, 1 mM 2-oxoglutarate, 50 M (NHj).Fe(SO4),, 1 mM ATP, and different
concentrations of NaAsO; (i.e. 0, 2, and 5 M). After reaction for 10 and 30 min, the
mixtures were immediately frozen on dry ice.

Prior to LC-MS analysis, the enzyme in the reaction mixture was removed by
chloroform extraction. The aqueous layer was subjected to LC-MS analyses on an LTQ
linear ion-trap mass spectrometer (Thermo Fisher Scientific, San Jose, CA) operated in
the higher resolution “ultra-zoom-scan” mode, and an Agilent 1200 capillary HPLC
(Agilent Technologies, Santa Clara, CA) was used. The separation was carried out on a
0.5 %250 mm Zorbax SB-C18 column (5 um in particle size, Agilent Technologies,
Santa Clara, CA). The flow rate was 8.0 uL/min, and a gradient of 5 min of 0-20%
methanol followed by 35 min of 20-40% methanol in 400 mM
1,1,1,3,3,3-hexafluoro-2-propanol (pH adjusted to 7.0 with triethylamine) was
employed. The mass spectrometer was operated in the negative-ion mode to monitor
the [M — 3H]* ions of the initially methylated 11-mer DNA as well as the

corresponding products with the 5-mC being oxidized to 5-hmC, 5-foC, and 5-caC. The
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ESI source, capillary and tube lens voltages were 4.0 kV, -50 V and -75 V, respectively,
and the temperature for the ion transport tube was 300<C. Quantification of the
oxidation products was conducted based on the intensities of the monoisotopic peak
and the M+1 isotopic peak representing the [M — 3H]*" ions of 5-mC-, 5-hmC-, 5-foC-,
and 5-caC-containing 11mer DNA. Because the isotopic peaks of the 5-hmC- and
5-foC-bearing DNA partly overlap, the total intensities of the M+2 and M+3 isotopic
peaks of the 5-foC-harboring DNA were calculated following its isotopic abundance
ratios of M, M+1, M+2, and M+3 (i.e. 73.9:100:76.8:42.9 for an elemental composition
of C107H135N41065P10) and subtracted from the intensities of the monoisotopic and M+1
isotopic peaks of the 5-hmC-carrying DNA. The amounts of 5-hmC, 5-foC and 5-caC
produced and 5-mC remained in the reaction mixture were expressed as the
percentages of the peak intensity for each cytosine modification-harboring 11mer DNA
over the total peak intensities of DNA containing all four modifications.
Synthesis of [**Cs]-5-methyl-2 ~deoxycytidine ([**Cs]-5-mdC)
5-methyl-N*-benzoylcytosine was synthesized following the established
procedures for the preparation of N*-benzoylcytosine (18). Additionally, 3',5'-di-O-
acetyl-[“C10-N,]-thymidine was synthesized following our previously established
procedures (19). 3',5'-di-O-acetyl-[**C10-°N,]-thymidine (5.0 mg, 0.015 mmol,

Cambridge Isotope Laboratories) and 5-methyl-N*-benzoylcytosine (13.3 mg, 0.040

128



mmol) were added to a 15-mL flask and purged with N, gas. Anhydrous acetonitrile (1
mL) was added, and after 10 min of stirring, bis(trimethylsilyl)acetamide (20 uL, 0.070
mmol, Sigma-Aldrich) was added to the reaction mixture. The solution was then heated
to 70°C. After 15 min, trimethylsilyl triflate (4 uL, 0.020 mmol, Sigma-Aldrich) was
subsequently added and the reaction was maintained at 70°C for 4 hr. The reaction
mixture was cooled, removed of solvent, and dried under vacuum. The crude
[%Cs]-3',5'-di-O-acetyl-5-methyl-2’-deoxycytidine was purged with N, gas, and 2 M
ammonia in methanol (4 mL, Sigma-Aldrich) was subsequently added. The reaction
was heated to 40°C and maintained at that temperature overnight. Ammonium
hydroxide solution (30%, 4 mL) was added to the reaction mixture, and the solution
was stirred at 40°C for 72 hr. The solvent was removed and
[©Cs]-5-methyl-2'-deoxycytidine was purified by HPLC. The identity of
[Cs]-5-methyl-2'-deoxycytidine was confirmed by LC-MS/MS analysis (Figure C.2).
Cell Culture, Transfection and NaAsO; treatment

The HEK293T human embryonic kidney cells were cultured in Dulbecco's
Modified Eagle Medium (ATCC) supplemented with 10% fetal bovine serum and 100
IU/mL penicillin. The mouse embryonic stem cells were cultured in High Glucose
Dulbecco’'s Modified Eagle Medium (Life Technologies), supplemented with 10%

ES-qualified fetal bovine serum (Atlanta Biologicals), 100 I1U/mL
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penicillin-streptomycin, MEM Non-Essential Amino Acids (Life Technologies), 0.1
mM B-mercaptoethanol (Sigma), and 60,000 units of Leukemia Inhibitory Factor
(Stemgent). Culture vessels were pre-treated with 0.1% gelatin (STEMCELL
Technologies) for 5-10 min prior to its removal and cell plating. All cells were
maintained in a humidified atmosphere with 5% CO, at 37 <C and media renewed 2-3
times a week according to cell densities. For plasmid transfection, cells were
transferred to the same media as described above without the addition of penicillin.

HEK?293T cells, seeded in 6-well plates at a density of ~3x10° cells per well, were
transfected individually with 1.5 pg expression vectors carrying the catalytic domains
of human Tetl (amino acids 1418-2136), human Tet2 (amino acids 1129-2002), or
mouse Tet3 (amino acids 697-1669) using Lipofectamine 2000 (Invitrogen), as
described previously (20). The media were discarded at 6-hr following transfection,
and fresh media containing NaAsO, at final concentrations of 1, 2, and 5 uM were
subsequently added. The cells were cultured for 24 hrs and harvested for DNA
extraction. Following the similar procedures, mESCs were seeded in 6-well plates,
treated with 0, 1, 2, and 5 uM NaAsO, for 24 hrs, and harvested for DNA extraction.
DNA Extraction and Enzymatic Digestion

Total genomic DNA was isolated from treated cells using a previously published

high-salt method (21). The resulting DNA sample (1 |g) was treated with nuclease P1
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(0.5 U) and phosphodiesterase 2 (0.00025 U) at 37<C for 12 hrs in a digestion buffer
(30 mM sodium acetate, 1 mM zinc acetate, 1 mM EHNA, pH 5.6), followed by the
addition of alkaline phosphatase (0.05 U) and phosphodiesterase 1 (0.0005 U) in 50
mM Tris-HCI (pH 8.9) for 2 hrs. After being neutralized by formic acid, the enzymatic
digestion mixture of 50-300 ng genomic DNA was mixed with 48 fmol of
[1,3-°*N,-2'-D]-5-hmdC, 600 fmol of [**Cs]-5-mdC, and 16.2 pmol of [*°Ns]-dG. The
samples were subsequently extracted with chloroform and the aqueous layer was
subjected to LC-tandem MS analysis.
LC-Tandem MS Quantification of 5-mdC, dG and 5-hmdC

Measurements of 5-mdC, dG, and 5-hmdC were conducted on an LTQ linear
ion-trap mass spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with an
Agilent 1200 capillary HPLC (Agilent Technologies, Santa Clara, CA). The mass
spectrometer was operated in the positive-ion mode, where the MS/MS for the [M+H]"
ions of 5-mdC (m/z 242) and [**Cs]-5-mdC (m/z 247) were acquired, and the
MS/MS/MS arising from the further cleavages of the [M+H]" ions of the nucleobase
portions of dG (m/z 152), [*°Ns]-dG (m/z 157), 5-hmdC (m/z 142) and [1,3-N,
2'-D]-5-hmdC (m/z 144) were recorded (Figures C.3-5). The HPLC separation was
carried out on a 0.5 %250 mm Zorbax SB-C18 column (5 pum in particle size, Agilent

Technologies, Santa Clara, CA) at a flow rate of 8.0 pL/min. A solution of 2 mM
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ammonium bicarbonate (pH 7.0, solution A) and methanol (solution B) were used as
mobile phases, and a gradient of 5 min 0-20% B followed by 25 min 20-70% B was
employed for the separation. MS settings were as follows: electrospray voltage, 5 kV;
capillary temperature, 275<C; capillary voltage, 38 V; tube lens voltage, 60 V; sheath
gas flow rate, 15 arbitrary units. The calibration curve for 5-hmdC was constructed
previously (22), and the calibration curves for 5-mdC and dG were generated by
spiking 600 fmol and 16.2 pmol of [**Cs]-5mdC and [*°*Ns]-dG with different amounts
of 5-mdC and dG, respectively (Figure C.6). The numbers of moles of 5-mdC, dG, and
5-hmdC in each sample were calculated from the peak area ratios versus the molar
ratios of the unlabeled analyte to the corresponding stable isotope-labeled standard. The

levels of 5-hmdC and 5-mdC were expressed as the percentages of dG.

Results
Arsenite Binds to the Zinc Finger Domains of Tet Proteins In Vitro and In Cells

To test whether NaAsO; can bind directly to the zinc finger domains of Tet
proteins, we first performed a mass spectrometry (MS)-based in vitro binding assay
using a synthetic peptide derived from the first zinc finger motif of human Tet2 protein,
which carries a.a. 1130-1137 and a.a. 1216-1224. Positive-ion electrospray

ionization-mass spectrometry (ESI-MS) revealed the [M + 2H]** ion of the apopeptide
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at m/z 919 (Figure 5.1a). Incubation of the apopeptide with As(lll) leads to a +36 m/z
shift (Figure 5.1a), which corresponds to the binding with one As(l11) after the release
of three protons from the Cys residues in the Tet2 peptide. In accordance with the mass
increase for coordination of As(lIl) with other CsH-type zinc finger proteins (23,24),
the MS result revealed that arsenite can occupy the peptide derived from the first zinc
binding site of Tet2. The coordination of As(l1l) with thiol was also confirmed by UV
spectrophotometric analysis. In the UV absorption spectra, titrations of arsenite into
Tet2 peptide-containing solution led to increased absorbance in the wavelength range
of 240-370 nm (Figure 5.1b), indicating the new charge-transfer electronic transitions
occurring in the near UV range upon As-S bond formation (25).

To further exploit the potential binding of arsenite to Tet proteins in mammalian
cells, we treated HEK293T cells with a p-aminophenylarsenoxide-conjugated biotin
probe (17,26), and assessed its interaction with ectopically expressed Tetl by
streptavidin agarose affinity assay. The Western blot result showed that biotin-As probe
pulled down Tetl protein that was overexpressed in mammalian cells (Figure 5.1c),
confirming Tetl as an As(l11)-binding protein. In a control experiment, we failed to pull

down Tetl without the addition of the biotin-As probe (Figure 5.1c).
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Figure 5.1. The binding behavior between NaAsO, and human Tet proteins. (a)
Higher-resolution “ultra-zoom-scan” ESI-MS showing the [M + 2H]** ions of a
synthetic peptide derived from human Tet2 in the absence or presence of As(lll). (b)
UV absorption spectra of the synthetic Tet2 peptide titrated with increasing
concentrations of arsenite. (c) Streptavidin agarose affinity pull-down assay using
biotin-As as a probe revealed the binding between As(111) with Tetl in cells.
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Arsenite Suppresses the Sequential Oxidation Of 5-mC in a Synthetic Duplex DNA
Given that mammalian Tet proteins could induce sequential oxidation of 5-mC to
yield 5-hmC, 5-foC, and 5-caC (8-10), we next assessed how binding to arsenite affects
the catalytic efficiency of Tetl in oxidizing 5-mC in duplex DNA. To this end, we
conducted an in vitro Tet reaction in the presence of different concentrations of arsenite,
where a duplex DNA d(AGCTCXGGTCA)/d(GTGACCGGAGCTG) (X=5-mC) was
employed as the substrate. The compositions of the resulting reaction mixture were
characterized and quantified by LC-ESI-MS analysis (Figures 5.2 and C.1). In the
absence of arsenite, the MS results revealed a rapid loss of approximately 83.2% 5-mC
in 10 min and an additional decrease of 8.6% in 30 min (Figure 5.3), suggesting the
high activity of Tetl towards oxidizing 5-mC in duplex DNA. Consistently, we
observed rapid formation of the three oxidized 5-mC derivatives. At 10 min, the levels
of duplex DNA carrying 5-hmC, 5-foC, and 5-caC were increased by 42%, 26%, and
15%, respectively; and at the later time point (30 min), an accumulation of 57% 5-caC
was observed, which was accompanied with drops in the levels of 5-hmC and 5-foC by
2.7- and 1.4-fold, respectively. In contrast to the control reactions, the addition of 2 uM
arsenite led to an inhibition of Tetl activity, as reflected by a nearly 50% reduction in
the production of 5-caC at 30-min. Such a retardation in Tetl-mediated oxidation of

5-mC to 5-caC was exacerbated when a higher concentration of arsenite (5 pM) was
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present in the reaction mixture, where 5-caC was produced at a level that was about

one third of its yield in the control reaction. Together, the MS data indicated that

NaAsO, exerted significant inhibitory effects on the oxidation of 5-mC in duplex DNA

by Tet enzymes.
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Figure 5.2. LC-ESI-MS for monitoring the Tetl-mediated oxidation of 5-mC in a
duplex DNA, d(AGCTCmCGGTCA)/d(GTGACCGGAGCTG), at 0 and 30 min.
Shown are the higher resolution “ultra-zoom-scan” ESI-MS results for monitoring the
[M - 3H]* ions of the initial 5-mC-bearing 11mer DNA (a) and its corresponding
products with the 5-mC being oxidized to 5-hmC (b), 5-foC (c), and 5-caC (d).
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Figure 5.3. Time- and dose-dependent alterations of 5-mC (a) and its oxidation
products, i.e. 5-hmC (b), 5-foC (c), and 5-caC (d), in duplex DNA,
d(AGCTC"CGGTCA)/d(GTGACCGGAGCTG). The peak intensity for each
modification-carrying DNA was quantified by LC-MS (Figures 5.2 and C.1) and
expressed as a percentage of the total peak intensities for DNA harboring all the four
types of modifications (n=3). The p values were calculated using unpaired two-tailed
Student’s t-test, and the asterisks designate significant differences between arsenite
treatments and untreated controls at the same time point (*, p < 0.05; **, p < 0.01; ***,
p <0.001).
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Figure 5.4. NaAsO; inhibits the formation of 5-hmdC in HEK293T cells individually
overexpressing the catalytic domains of Tetl, Tet2, and Tet3 (TetlCD, Tet2CD, and
Tet3CD). Shown are the levels of 5-hmdC (a) and 5-mdC (b) in cells treated with 0, 1,
2, and 5 pM of NaAsO; (n=3). The p values were calculated using unpaired two-tailed
Student’s t-test, and the asterisks designate significant differences between arsenite
treatments and untreated controls (*, p < 0.05; **, p <0.01; ***, p < 0.001).
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Arsenite Inhibits Tet-mediated Hydroxylation of 5-mdC in Mammalian Cells

Having demonstrated that arsenite suppresses the enzymatic activity of Tet
proteins toward 5-mdC oxidation in vitro, we next examined how NaAsO, exposure
perturbs the levels of 5-mdC and its oxidation product 5-hmdC in HEK293T cells
individually overexpressing the catalytic domains of the three Tet proteins, namely
TetlCD, Tet2CD, and Tet3CD. In this vein, we did not assess if arsenite exposure alters
the levels of 5-fodC and 5-cadC in cellular DNA because of the facile cleavage of these
two modified nucleosides from DNA by thymine DNA glycosylase (10,27). After
arsenic treatments, we isolated genomic DNA from the cells, digested the DNA with
enzymes, and subjected the resulting nucleoside mixture to LC-MS/MS for the
simultaneous quantification of 5-methyl-2'-deoxycytidine (5-mdC), 2'-deoxyguanosine
(dG), and 5-hydroxymethyl-2'-deoxycytidine (5-hmdC). The levels of 5-mdC and
5-hmdC were expressed as the percentages of dG. The identical elution time and
similar tandem mass spectra of the analytes and their respective stable isotope-labeled
standards facilitated the unambiguous identification and reliable quantification of these
nucleosides in the digestion mixture of cellular DNA (Figures C.3-5). Our
quantification results revealed that HEK293T cells with ectopic expression of Tetl1CD
displayed a high level of 5-hmdC (~0.33% dG), whereas 24-hrtreatments with 1, 2, and

5 UM NaAsO, diminished the levels of 5-hmdC by 1.3-, 1.4-, and 2.1-fold, respectively
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(Figure 5.4a). Moreover, we found that the arsenite-induced dose-dependent decrease
in the yield of 5-hmdC was accompanied with an elevated level of 5-mdC in genomic
DNA (up to a 28% increase at the highest dose) in HEK293T cells ectopically
expressing TetlCD (Figure 5.4b), suggesting that arsenite inhibited the conversion of
5-mdC to 5-hmdC in cells. Likewise, exposure to arsenite resulted in dose-dependent
reductions in the levels of 5-hmdC, but not 5-mdC, in HEK293T cells ectopically
expressing the catalytic domains of Tet2 and Tet3 (Figure 5.4). Additionally, Western
blot result showed that arsenite treatments did not alter significantly the expression
level of TetlCD in HEK293T cells (Figure C.7). Hence, we inferred that the reduced
5-hmdC formation is attributed to impaired catalytic function of Tet enzymes, rather
than decreased expression at the protein levels.

We next asked whether similar findings can be extended to mammalian cells
without ectopic expression of Tet proteins. It turned out that arsenite exposure did not
alter substantially the oxidation of 5-mC to 5-hmC in HEK293T cells without the
overexpression of any Tet proteins (Figure C.8). We reason that mouse embryonic stem
cells (mESCs) with relatively high levels of Tet-induced oxidation products (28) could
be a unique system for studying the impact of arsenic on Tet-mediated oxidation of
5-mdC. Indeed the MS-based quantification data revealed substantial decreases in the

levels of 5-hmdC in mESCs treated with NaAsO», where the levels of 5-hmdC were
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0.092, 0.096, 0.070, and 0.063 modifications per 100 dG in cells treated with NaAsO,
at concentrations of 0, 1, 2, and 5 uM, respectively (Figure 5.5a). The drop in the levels
of 5-hmdC, particularly in mESCs exposed to 2-5 uM arsenite, was in line with the
inhibitory effect of arsenite on 5-hmdC generation in cells ectopically expressing Tet
proteins (Figure 5.4a). We also found that the same treatments did not result in
statistically significant decreases in the level of 5-mdC (Figure 5.5b), indicating that
5-hmdC diminution was induced by the suppressed enzymatic activity of Tet proteins,

but not the reduced level of 5-mC.
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Figure 5.5. NaAsO, suppresses the formation of 5-hmdC in mouse embryonic stem
cells. Displayed are the levels of 5-hmdC (a) and 5-mdC (b) in cells treated with 0, 1, 2,
and 5 M of NaAsO, (n=3). The p values were calculated using unpaired two-tailed
t-test, and the asterisks designate significant differences between arsenite treatments
and untreated controls (*, p < 0.05; **, p < 0.01; ***, p <0.001).
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Discussion
Role of Zinc Fingers in the Toxicity of Arsenic and Other Metal lons

Since As(lll) can selectively bind to C3H- and Cs-type zinc fingers with high
affinity (29-31), the interaction between arsenic and zinc finger proteins plays a crucial
role in the toxicity and carcinogenesis of the metalloid. Binding of As(lll) to the zinc
finger domain of poly (ADP-ribose) polymerase 1 (PARP-1) and Xxeroderma
pigmentosum complementation group A (XPA) proteins is known to interfere with
DNA repair (32,33). In addition, substitution of Zn(l11) with As(I11) in the RING finger
motif of RNF20-RNF40 heterodimer, a RING finger E3 ubiquitin ligase, was found to
impair the ubiquitination of lysine 120 in histone H2B, which gives rise to a chromatin
environment that is less biochemically accessible and inhibits DNA double strand break
repair (17). Our present study demonstrated that arsenite can bind to the zinc finger
motifs of Tet proteins. In this vein, zinc fingers of Tet2 are highly conserved and are
essential for the structural integrity, DNA interaction and catalytic activity of the three
Tet proteins (12). Therefore, our discovery of diminished Tet activities arising from
arsenic binding is closely associated with the disruption of the coordination sphere in
the zinc finger environment and consequent perturbation of the zinc finger function.
The results also supported that the zinc fingers of Tet proteins serve an essential and

critical function in oxidizing 5-mC. Apart from arsenic, other metals and metalloids
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with high affinities to thiolates can also compromise zinc fingers by displacing zinc and
disrupting the conformations of the zinc finger proteins. For instance, cadmium, cobalt,
nickel, and antimony ions were found to cause zinc ion release from the zinc finger
motif of XPA protein (34-36). Similarly, the displacement of zinc from zinc finger
structures by cadmium and mercury also resulted in the inactivation of bacterial
formamidopyrimidine-DNA glycosylase (Fpg), a DNA repair enzyme involved in base
excision repair (37). In this vein, owing to the metal binding properties of zinc fingers
(16), it can be envisaged that Tet proteins may also be susceptible to inhibition by a
variety of carcinogenic metal ions.
Disturbance to DNA Methylation Fidelity by Arsenic

As a milestone in epigenetic research, the recent discovery of Tet family proteins
revealed a plausible DNA demethylation process which can be initiated through
Tet-mediated successive oxidation of 5-mC to 5-hmC, 5-foC, and 5-caC (8,9). The
functions of Tet proteins necessitate their binding with metal ions [i.e. Zn(Il) and Fe(Il)]
and co-substrate (i.e. a-ketoglutarate). It has been demonstrated that some
cancer-associated mutations in isocitrate dehydrogenases 1 and 2 (IDH1/2) and the
resulting aberrant accumulation of (R)-2-hydroxyglutarate could lead to inhibition of
Tet enzymes by occupying the a-ketoglutarate binding site, which contributes to

diminished levels of 5-hmC and global genome hypermethylation in some cancer cells
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(38,39). It was also observed that the catalytic functions of Tet proteins could be
stimulated by vitamin C (40-42). Here we found that arsenite could bind to the zinc
finger domain of Tet proteins and inhibit the formation of the three oxidized derivatives
of 5-mC in vitro, and consistently, it compromised the catalytic efficiency of Tet
enzymes in cells and led to a substantial loss of 5-hmC in the global genome of
cultured mammalian cells. 5-hmC has now been widely accepted as the sixth base
owing to its ubiquitous presence in mammalian DNA (43,44). Aside from being an
intermediate in active DNA demethylation, 5-hmC can be recognized by specific
cellular proteins (45,46), and thus acts as an epigenetic mark on its own right and
regulates gene transcription (47). Additionally, changes in the levels of 5-hmC are often
accompanied with human diseases, especially cancer (47,48). Therefore, the
arsenite-induced alteration of this modification provides a novel mechanism pertaining
to carcinogenic effects of arsenic exposure. It is also noteworthy that, failure in
efficiently oxidizing 5-mC to 5-hmC may lead to an enrichment of 5-mC in the genome.
In this regard, DNA hypermethylation has been observed in the global genome in
various human cell lines and human peripheral blood leukocytes after arsenic exposure,
and targeted hypermethylation was also found in the promoter regions of some tumor
suppressor genes (49). Hence, arsenite-induced impairment of the functions of Tet

proteins could confer multiple risks on the control of DNA methylation fidelity and
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exacerbate its perturbation of the epigenome.
Implications in Environmental Exposure to Arsenic

While the currently permitted concentration of arsenic in water is 10 ug/L,
millions of people worldwide are exposed to arsenic at concentrations that are higher
than this limit. Arsenic concentrations of up to 800-7550 pg/L have been detected in
drinking water in many countries including Argentina, Bangladesh, Chile, China, India,
Mexico, and the United States (3). Even when the levels of arsenic are low and
considered safe by the EPA, the impact of long-term cumulative arsenic exposure on
public health is substantial (3). For instance, Zierold et al. (50) reported that individuals
who drink well water with low concentrations of arsenic (2-10 ug/L) for more than 20
years were significantly more likely to exhibit depressive symptoms than those
drinking water with less than 2 pg/L arsenic. On the basis of these studies, although
some low-concentration treatments in our work did not result in statistically significant
changes in the level of 5-hmdC within 24 hrs, it cannot be ruled out that chronic and/or
excessive arsenic exposure may have pronounced effect in inhibiting the activities of
mammalian Tet proteins.

From our cellular experiment, the notably dose-dependent accumulation of 5-mC
observed in TetlCD-, but not Tet2CD- and Tet3CD-overexpressing cells can be

explained by the expression of a relatively high level of Tet1CD. This result indicates a
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potentially high correlation between Tet expression and arsenic toxicity. Viewing that
5-hmC is relatively abundant in the brain and that its presence is Tet protein-dependent,
arsenic may have a greater impact on epigenetic regulation in this organ. While
exposure to arsenic has been shown to induce neurotoxicity in children and adults (51),
our study suggests a link between arsenite-induced aberrant cytosine methylation/
hydroxymethylation and cognitive/mental disorders. In addition, because Tet enzymes
and 5-hmC are present in various embryonic and adult cell types, and play crucial roles
in pluripotency as well as embryonic and adult development (52), the present work sets
the stage for future studies on the roles of arsenic interaction with Tet proteins in

perturbing the methylation patterns during development.
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Chapter 6: Quantitative Mass Spectrometry-Based Analysis of

B-D-Glucosyl-5-hydroxymethyluracil in Genomic DNA of Trypanosoma brucei

Introduction

B-D-glucosyl-5-hydroxymethyluracil (base J) is the first hyper-modified base
discovered in eukaryotic DNA (1). Over the past two decades, this unique modified
base has been found within members of unicellular kinetoplastids family, such as
Trypanosoma and Leishmania species (2), and in the related unicellular flagellate
protist Euglena gracilis (3), where it replaces a fraction of thymine in the genome. In
contrast to its discovery in unicellular protozoa, base J was not detectable in animals,
plants, or fungi tested, nor in a range of other simple eukaryotes (2). In all kinetoplastid
flagellates analyzed, base J is localized primarily in telomeric repeat regions (telomeric
J) (4-6) and with a small portion present in other repetitive DNA sequences (7) and in
sequences between transcription units (internal J) (8,9). In the parasite Trypanosoma
brucei, it also appears in the sub-telomeric variant surface glycoprotein (VSG) gene
expression sites that are involved in producing a VSG coat on cell surface to evade host
immune response (10). The restricted presence of J in the genome of kinetoplastids but
not other higher eukaryotes renders base J, and perhaps J biosynthesis, a potential

target for parasite-specific chemotherapy (11).
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Indirect evidence indicates that biosynthesis of J involves two steps, which starts
with de novo hydroxylation of a specific thymidine residue to 5-hydroxymethyl-2'-
deoxyuridine (5-HmdU) (11). The intermediate 5-HmdU is then converted to
B-D-glucosyl-5-hydroxymethyl-2'-deoxyuridine (dJ) by a yet unidentified glucosyl
transferase (GT) (11). Two enzymes involved in catalyzing the oxidation of thymidine
were identified in trypanosomes, namely, J-binding proteins 1 and 2 (JBP1 and JBP2)
(9). Both of them contain a N-terminal thymine hydroxylase (TH) domain (12), but
only JBP1 can bind to J in DNA via a particular J-binding domain in its C-terminal half
(13). On the other hand, JBP2 contains a SWI2/SNF2 domain homologous to
ATPase/DNA helicases, which has been thought to be important for its activity (14).
Recently, the JBP proteins have been grouped together with mammalian TET proteins
into the new TET/JBP subfamily of Fe(ll)- and 2-oxoglutarate (20G)-dependent
dioxygenases (15). Being able to oxidize 5-methylcytosine (5-mC) to 5-hydroxy-
methylcytosine (5-HmMC) in mammalian DNA (16), TET enzymes are identified as the
only homologue of JBP1/2 TH domain in eukaryotes and may play a very important
role in active cytosine demethylation in mammals (17).

While much is known about J biosynthesis, the function of base J has long been
elusive. However, ice was broken when recent studies showed that J is an epigenetic

factor regulating transcription in kinetoplastids. Unusual for eukaryotes, the protein-
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coding genes in Kinetoplastids are arranged in polycistronic gene clusters transcribed
by RNA polymerase Il (RNAP Il1) (18). Genome-wide analysis in trypanosomes
revealed an enrichment of internal J at chromosomal regions flanking polycistronic
transcription (8). In JBP1/2-knockout Trypanosoma cruzi, the loss of J leads to a major
increase In transcription initiation and a loose chromatin structure at divergent
transcription start regions (19). Differently, loss of internal J, following the deletion of
JBP proteins in Leishmania, resulted in massive readthrough at RNAP |1 transcriptional
termination sites (20). Although J may assume different functions in different species,
the underlying mechanisms could be similar as more repressive chromatin structures
are created with the synthesis of J. Furthermore, given the predominant presence of J at
telomeric repeats among kinetoplastids analyzed, questions regarding whether J has a
telomeric function were addressed, but remained unresolved thus far (11).

To help further dissect the functions of J and verify its presence in other organisms,
highly sensitive and accurate detection methods are required. So far several analytical
techniques have been employed for detecting base J, including *2P-postlabeling (21),
two-dimensional thin-layer chromatography (3), immunoprecipitation experiments (10),
immunoblots and Southern blots (6). These methods, however, are limited by their
relatively low sensitivity or accuracy and their failure to provide any structural

information about J. van Leeuwen et al. (21) studied the efficiency of postlabeling, and
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found that it could only recover 50% of the total J owing to the poor digestion of this
bulky DNA modification during analysis. The following production of rabbit
polyclonal antisera against protein-coupled J-deoxyribosemonophosphate (dJMP)
raised the sensitivity of J detection (2), but the yield was limited and it was difficult to
generate more antisera (11). Since the first application of mass spectrometry techniques
in nucleic acid research, HPLC coupled with tandem mass spectrometry (LC-MS/MS)
has become one of the standard methods for quantifying DNA modifications (22). For
instance, an LC-MS/MS coupled with the stable isotope-dilution method allowed for
the examination of the roles of repair proteins in removing bulky DNA lesions from
mammalian genome (23). It has also been extensively used for the analysis of 5-mC
and its oxidation products, which may be involved in epigenetic regulation of a broad
range of biological processes and diseases (24). LC-MS/MS, however, has not been
employed for base J detection in any organisms. Herein, we sought to develop a
bio-analytical method by using a surrogate internal standard (B-D-glucosyl-
5-hydroxymethyl-2'-deoxycytidine, 5-gHmdC) and LC-MS/MS for the accurate
measurement of dJ in wild-type T. brucei and the isogenic strain that is JBP-null. For

comparison, we quantified the levels of 5-HmdU in these strains simultaneously.
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Materials and Methods
Materials

All chemicals and enzymes, unless otherwise noted, were purchased from
Sigma-Aldrich  (St. Louis, MO) and New England Biolabs (Ipswich, MA).
Erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA) hydrochloride was from Tocris
Bioscience (Ellisville, MO). [1,3-®N»-2'-D]-5-HmdU were previously synthesized
(25,26).
Preparation of Standard

Single-stranded  oligodeoxyribonucleotide (ODN, 5-ATGGCGXGCTAT-3')
housing a 5-hydroxymethyl-2'-deoxycytidine (5-HmdC) at the X position was
incubated with uridine diphosphate (UDP)-glucose and T4 phage B-glucosyltransferase
(B-GT) to generate the corresponding 5-gHmMdC-containing ODN. The desired ODNs
were purified on HPLC and its identity verified by MS and MS/MS. The J-containing
ODN was prepared and characterized in a similar fashion.
DNA Extraction and Enzymatic Digestion

Blood stream form T. brucei cell line 221a of strain 427 (Wild-type and JBP-null)
were cultured as previously described (27). Total genomic DNA was isolated as
described (28). To the resulting DNA sample (1 ng) were added 100 fmol of the

aforementioned 5-gHmdC-containing ODN, which was the surrogate internal standard
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for LC-MS/MS analysis, and a cocktail of enzymes including nuclease P1,
phosphodiesterases 1 and 2, and alkaline phosphatase, as described previously (29). To
inhibit adenine deaminase during digestion, EHNA was also added to the digestion
mixture until its final concentration reached 2.5 mM. To the resultant nucleoside
mixture was then added 2 pmol [1,3-"*N,-2-D]-5-HmdU, and the enzymes in the
digestion mixture were removed by chloroform extraction. The target nucleosides, dJ,
5-gHMdC, and 5-HmdU, were enriched via off-line HPLC.
HPLC Enrichment

The enrichment was performed on a Beckman HPLC system with pump module
125 and a UV detector (module 126). An Aeris WIDEPORE C18 column (4.6 > 250
mm, 3.6 pm beads, 200 A pore size, Phenomenex, Torrance, CA) was used. An
isocratic elution of 10 mM ammonium formate (pH 8.5) was employed at a flow rate of
0.8 mL/min. The HPLC fractions for dJ and 5-gHmMdC were collected together, whereas
the fraction for 5-HmdU was collected separately for subsequent LC-MS/MS analysis.
Mass Spectrometric Analysis

LC-MS/MS measurement of dJ was conducted on an LTQ XL linear ion trap mass
spectrometer equipped with a nanoelectrospray ionization source coupled to an
EASY-nLC Il system (Thermo Fisher Scientific, San Jose, CA). Samples were

automatically loaded onto a home-made trapping column (150 pm x 40 mm) packed
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with Magic AQ reversed-phase C18 material (5 pm beads, 120 A pore size, Michrom
BioResources, Auburn, CA) at a flow rate of 3 ul/min and eluted to an in-house
packed Magic C18 AQ column (75 pm =200 mm, 5 pm beads, 300 A pore size). A
solution of 0.1% (v/v) formic acid in water (solution A) and a solution of 0.1% (v/v)
formic acid in acetonitrile (solution B) were used as mobile phases. The modified
nucleosides were separated with a gradient of 40 min 0-10% B and at a flow rate of 300
nL/min. The temperature for the ion transport tube was maintained at 275<C, the
activation Q was 0.25, and activation time was 30 ms. In the positive-ion mode, the
spray, capillary and tube lens voltages were 2.0 kV, 12 V and 100 V, respectively.

The enriched fractions containing 5-HmdU were separated on an Agilent 1200
capillary HPLC using a 0.5 <250 mm Zorbax SB-C18 column (5 pm beads, 80 A pore
size, Agilent Technologies, Santa Clara, CA). The eluent was directed to an LTQ linear
ion-trap mass spectrometer (Thermo Fisher Scientific, San Jose, CA) following the

previously reported procedures (30).

Results and Discussion
5-gHmMdC-containing ODN as Surrogate Internal Standard for Base J
Quantification

LC-MS/MS coupled with the isotope-dilution technique constitutes the most

158



reliable analytical method for the quantification of modified nucleosides in cellular and
tissue DNA (31). Although synthetic methods were previously developed for the
synthesis of dJ and for its incorporation into ODNs (32-34), the methods involve a
multi-step synthesis and are not readily amenable for the preparation of stable
isotope-labeled dJ. Thus, we decided to take an alternative approach for the
LC-MS/MS quantification of dJ in cellular DNA, where we employed a
5-gHmMdC-bearing single-stranded ODN as a surrogate internal standard. In this context,
it is important to note that 5-gHMdC is absent in genomic DNA of T. brucei, as
revealed by LC-MS/MS analysis. We synthesized the 5-gHmMdC-containing ODN using
T4 phage p-GT following previously published procedures (35). In this vein, the T4
[-GT-catalyzed glucosylation of 5-HmdC has been utilized for the measurement of
global 5-HmdC levels in vivo (35-37). In our method, the 5-gHmMdC-carrying standard
ODN was digested together with DNA isolated from T. brucei prior to HPLC
enrichment, which corrects for incomplete release of dJ from DNA during enzymatic
hydrolysis and potential loss of the analyte during other stages of sample preparation
process, thereby providing more accurate quantification of dJ.

The identity of the standard ODN was verified by ESI-MS and MS/MS analyses
(Figure D.1a and D.1b). The MS/MS of the [M-3H]* ion (m/z 1283.5) yielded typical

[an-base] and wy, series ions (38). In particular, we observed a 481.5-Da difference
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between the ws (m/z 1556.1) and we® (m/z 1018.3) ions. This mass difference is
consistent with the residue mass of a 5-gHmdC monophosphate, thereby supporting the
presence of this modified nucleotide at the 7™ position counting from the 5' terminus of
the ODN. The similar conclusion can be drawn from the mass difference between the
[a7-X]* (m/z 994.8) and [as-G]* (m/z 1235.8) ions.
Analytical Strategy for Simultaneous Quantification of dJ and 5-HmdU

To improve the detection sensitivity of dJ and 5-HmdU in isolated cellular DNA,
we employed off-line HPLC enrichment to remove the unmodified nucleosides and
buffer salts employed in the enzymatic digestion. An example HPLC trace is shown in
Figure 6.1, where the three modified nucleosides, 5-HmdU, 5-gHmdC and dJ, eluting
at 11 min, 28 min, and 30 min, respectively, were well resolved from each other and
from the canonical 2'-deoxyribonucleosides and residual ribonucleosides. In this vein,
the amounts of RNA contamination in the DNA samples were corrected based on the
peak areas of the 2'-deoxyribonucleosides and ribonucleosides found in the

chromatograms for the HPLC enrichment, as described previously (30).
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Figure 6.1. A representative HPLC trace for the off-line enrichment of 5-HmdU,
5-gHmMdC, and dJ from the enzymatic digestion mixture of genomic DNA isolated from
wild-type T. brucei.
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Figure 6.2. Representative LC-MS/MS results for the quantification of dJ. Shown in
left panels are the selected-ion chromatograms for monitoring the indicated transitions
for the surrogate internal standard (5-gHmMdC, a) and the analyte (dJ, b), and solid and
dashed lines represent samples from wild-type and JBP-null T. brucei, respectively.
Right panels give the MS/MS for 5-gHmMdC (c) and dJ (d), and the inset (c) gives the
MS/MS/MS for 5-gHmdC.
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Scheme 6.1. Chemical structures of the modified nucleosides measured in this study
and the cleavages for the formation of major fragment ions observed in the MS? of the
[M+H]" ion of 5-gHmMdC and dJ as well as in the MS® of the [M-H] ion of 5-HmdU.
The sites of N and deuterium (D) are indicated in the structure of the isotope-labeled

5-HmdU.
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To achieve unambiguous identification and quantification of dJ, we subjected the
dJ- and 5-gHmdC-containing fractions to nano-scale LC (nanoLC)-MS? analysis on an
LTQ linear ion-trap mass spectrometer. As displayed in Figure 6.2a and 6.2b, a peak
was observed in the selected-ion chromatogram (SIC) for monitoring the m/z 420 >
304 transition for 5-gHMdC or m/z 421 - 125, 143 transition for dJ. Relative to
offline-HPLC enrichment, a much slower gradient was employed to online-HPLC
separation in order to avoid the interference between surrogate standard and analyte,
the molecular weights of which differ by only 1-Da. The identities of the components
eluting at 11 min and 20 min were further confirmed to be 5-gHmMdC and dJ from
MS/MS measurements. The chemical structures and the proposed major fragmentation
pathways for the [M+H]" ions of 5-gHMdC and dJ found in MS/MS are depicted in
Scheme 6.1. Upon collisional activation, the N-glycosidic linkage in the [M+H]" ion of
5-gHMdC (m/z 420) was cleaved readily to produce the most abundant product ion of
m/z 304 in MS/MS (Figure 6.2c). Further collisional activation of the ion of m/z 304 led
to the generation of three major fragment ions (m/z 124, 142, and 286) in MS?, as a
consequence from neutral losses of glucose, part of glucose [CsH100s], and H,O,
respectively (see inset of Figure 6.2c). Likewise, collisional activation of the [M+H]"
ions of dJ (m/z 421) yielded fragment ions of m/z 305, emanating from the elimination

of a 2-deoxyribose moiety, and m/z 125, 143, and 287, which are attributed to the
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subsequent losses of glucose, C¢H100s, and H,O from base J portion (Figure 6.2d).
Apart from these fragment ions, the MS/MS of the [M+H]" ion of dJ gave additional
fragment ions that are ascribed to the partial losses of the glucosyl unit on J, i.e., the
ions of m/z 205, 223, 241, and 259 (Figure 6.2d). Because the fragmentation behaviors
differed between 5-gHMdC and dJ, we selected unique transitions for monitoring the
surrogate internal standard (5-gHmMdC, m/z 420 - 304) and the target analyte (dJ, m/z
421 -> 125, 143), which allows for unequivocal identification and reliable
quantification of base J in cellular DNA.

A calibration curve was constructed for the quantification of dJ under identical
conditions as described for sample analysis (See Experimental Section). Along this line,
known amounts of the dJ-containing ODNs and 100 fmol of 5-gHmMdC-harboring ODN
were digested together with calf thymus DNA at the same amount as the genomic DNA,
and then enriched via offline-HPLC. The addition of calf thymus DNA to the
calibration mixture serves to mimic the digestion conditions for genomic DNA. This,
together with the analysis of 5-gHmMdC- and dJ-containing HPLC fractions under the
same LC-MS/MS conditions, facilitated the accurate quantification of dJ. It is worth
noting that, from the calibration curve, over 100-fold difference was found for the
efficiencies in the formation of the ion of m/z 304 for 5-gHmMdC and those for the

formation of the ions of m/z 125 and 143 for dJ. At least two factors may account for
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this difference. First, the ion of m/z 304 is the only product ion found in the MS/MS of
the [M+H]" ion of 5-gHMAC, whereas a large number of fragment ions are observed in
the MS/MS of the [M+H]" ion of dJ (Figure 6.2c and 6.2d). Second, a previous study
by Liguori and coworkers (39) suggested that the proton affinity of 2'-deoxyuridine is
significantly lower than that of 2'-deoxycytidine. Therefore, the glucosylated 5-HmdC
may possess a higher proton affinity than glucosylated 5-HmdU, which may contribute
to the more facile ionization of the former nucleoside. In spite of this difference,
according to the data gained on three separate days, we obtained excellent linearity for
the calibration curve (R? = 0.998).

Because the sensitivity for the detection of 5-HmdU is better in the negative- than
the positive-ion mode, we quantified 5-HmdU by using LC-MS?® in the negative-ion
mode, as previously reported (30). The co-elution of 5-HmdU analyte and standard
(Figure 6.3a and 6.3b), together with their identical fragmentation patterns (Figure 6.3c
and 6.3d), provides solid evidence for the identification of the component and leads to

accurate quantification of 5-HmduU.
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Figure 6.3. Representative LC-MS/MS/MS results for the quantification of 5-HmdU.
Shown in left panels are the selected-ion chromatograms for monitoring the indicated
transitions for unlabeled 5-HmdU (a) and isotope-labeled 5-HmdU (b), and solid and
dashed lines represent samples from wild-type and JBP-null T. brucei, respectively.
Right panels give the MS/MS/MS for 5-HmdU (c) and labeled 5-HmdU (d).

Quantification of dJ and 5-HmdU in T. brucei

With the use of this method, we measured simultaneously the levels of dJ and
5-HmdU in T. brucei. To our knowledge, this is the first rigorous quantification of base
J and its intermediate product 5-HmMU in the genome of kinetoplastids. It is worth
noting that the employment of nanoLC coupled to mass spectrometer decreases the
amount of DNA required for J detection (~200 ng for wild-type cells), while in the
meantime the detection sensitivity is improved by at least 10 fold relative to the use of

regular ESI and a capillary HPLC operating at a flow rate of 8 uL/min. The limit of

166



quantitation (LOQ) and limit of detection (LOD), which referred to the amounts of dJ
giving rise to signal-to-noise ratios of 10 and 3, were 46.8 fmol and 15.6 fmol,
respectively. This level of sensitivity renders the method highly powerful for the
detection of J in cellular DNA, which will be very useful for dissecting the roles of

various protein factors in J biosynthesis and for interrogating the biological functions

of base J.
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Figure 6.4. Frequencies of dJ and 5-HmdU in T. brucei DNA (n=3). The data represent
the mean and standard deviation of the measurement results. The p values were
calculated using unpaired two-tailed t test.

Our quantitative result revealed that the level of dJ in T. brucei genome was ~1500
modifications per 10° nucleosides (Figures 6.2 and 6.4a). Based on the peak areas of
the four natural 2'-deoxyribonucleosides found in the HPLC trace with consideration of

their extinction coefficients at 260 nm, the percentage of thymidine was quantified to
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be approximately 29.1%. Thus, the level of dJ represented 0.53% of dT in the wild-type
strain, which is consistent with the levels reported previously (3,4). Conversely, J was
not detectable in the JBP-null strain (Figure 6.4a). To confirm that this observation was
based on the absence of J but not due to the limit of detection, we increased the amount
of DNA used for the analysis by 40 fold. However, there was still no signal exhibited in
SICs for the analyte (data not shown). A remarkable difference in the SICs for
monitoring dJ in wild-type and mutant T. brucei was displayed in Figure 6.2b. Similarly,
we found that the level of 5-HmdU in the wild-type strain was 42.5 modifications per
10° nucleosides, while it was present at a level that is 3.2 times lower in the JBP-null
strain (13.3 modifications per 10° nucleosides, Figures 6.3 and 6.4b).

The significant decreases in the levels of dJ and 5-HmdU in JBP-null T. brucei are
in keeping with the important roles of JBP proteins in the biosynthesis of 5-HmU and J.
In this study, we found that the level of 5-HmdU in JBP-null cells was approximately
one third of that in wild-type cells. However, considering the LOD and the amount of
DNA used for detection, base J, if exists, would be present in the mutant strain at a
level that is at least 12,500 times lower than that in the wild-type strain. This is in line
with the previous observation that deletion of both JBP1 and JBP2 results in lack of
base J in cells (9). The absence of base J in JBP-null background is primarily attributed

to the lack of JBP-mediated biosynthesis of the precursor of base J (i.e., 5-HmU). In
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this vein, all available evidence now supports that base J synthesis is initiated by JBP1-
and JBP2-mediated de novo oxidation of dT to 5-HmdU (40-43). Additionally, it was
hypothesized that JBP1 can bind to the initially synthesized J via its specific J-binding
domain and then oxidize adjacent thymidines followed by GT-catalyzed glucosylation
(11). Therefore, the lack of local amplification of J synthesis may also contribute to the
absence of J in the trypanosome.

In the presence of 5-HmU, the biosynthesis of J may potentially enter into the
second stage where a glucose moiety is transferred onto 5-HmU by the putative GT
(11). Thus, one may expect that some of the 5-HmU may be converted to base J in the
JBP-null background. Several factors may account for our observation of the absence
of base J, but the presence of a significant level of 5-HmdU in the JBP-null T. brucei.
First, JBPs and putative GT may function together as a protein complex, the loss of
function of one (JBPs) may compromise the expression and/or the function of the other
(GT). Second, there could be other enzymes involved in the oxidation of thymine to
5-HmuU in T. brucei and the resulting 5-HmU may not be converted to base J. Moreover,
some of the 5-HmdU detected in wild-type and JBP-null T. brucei may arise from
oxidatively induced DNA damage. Further studies are necessary for a better

understanding of this observation.
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Chapter 7: Concluding Remarks and Future Directions

The goal of work presented in Chapter 2 was to develop an LC-MS/MS method
for assessing the repair of DNA damage induced by psoralen and UVA light in
mammalian cells. Our results demonstrated that the unequivocal chemical specificity,
accuracy, sensitivity, and reproducibility of the LC-MS/MS coupled with isotope
dilution technique allowed for monitoring the repair of 8-MOP-induced ICL and MAs
in mammalian cells. With the use of this method, we investigated the impact of
defective NER pathway on the cellular removal of 8-MOP/UVA-induced DNA damage
by comparing human fibroblasts (HFs) derived from normal and XPA individuals, and
Chinese hamster ovary (CHO) cells that are repair-competent or deficient in ERCCL.
The results revealed a much lower removal rate of ICL and MAs in repair-deficient
mammalian cells relative to their repair-competent counterparts, thereby providing
direct evidence to unambiguously support the role of NER in repairing these DNA
lesions. It can be envisaged that the method can be generally applicable for examining
the roles of other DNA repair enzymes and pathways in removing these lesions in
mammalian cells.

Our LC-MS/MS method also unveiled variations in repair efficiencies among the

three types of mammalian cells (i.e., HFs, CHO cells and human embryonic kidney

175



epithelial cells), suggesting that the method may also be useful for examining the repair
capacities of different individuals toward these DNA lesions. Such a possibility is also
manifested by the fact that pharmacologically relevant doses of 8-MOP and UVA light
were used in the present study. Thus, our LC-MS/MS-based approach may facilitate the
future use of ICL and MAs as biomarkers for defining the optimal dose of psoralen
plus UVA treatment in individual patients.

In Chapters 3 and 4, we developed a sensitive LC-MS/MS coupled with stable
isotope-dilution method for the simultaneous quantification of 5-hmdC, 5-fodC, 5-cadC,
and 5-hmdU in mammalian cellular and tissue DNA and in plant DNA. Our results
provided the first direct comparison of the levels of these four modified nucleosides in
same mammalian tissue samples. It can be envisaged that the robust analytical method,
when combined with manipulations of genes involved in Tet-mediated active cytosine
demethylation pathway, will provide important insights into the roles of various protein
factors in active DNA cytosine demethylation. Additionally, the method developed here
should be generally applicable for the detection of these 5-mdC modification products
in other organisms, which will provide important knowledge for understanding the
involvement of Tet family enzymes and their homologs in epigenetic regulation of gene
expression in these organisms. Moreover, considering that aberrant levels of 5-hmdC

has been found in a number of different cancers, the analytical method reported here
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should also be useful for examining whether 5-HmdC and other 5-mdC modifications
discussed in this paper can be used as biomarkers for cancer and perhaps other human
diseases.

In addition, we found that Arabidopsis genomic DNA contains detectable levels of
oxidation products of 5-mC. Our quantification results suggest that the modified bases
are most likely induced by ROS, though we cannot exclude the possibility that
intermediates of sequential oxidation of 5-mdC are present at a small number of
specific genomic loci. Further studies would be needed to determine whether 5-HMC,
5-FodC, and 5-CadC are located at specific loci in Arabidopsis DNA, but this approach
would be challenging given the low levels of these modified bases that we measured.

In Chapter 5, we examined the interaction between As(lIl) and zinc finger
domains of human Tet proteins in vitro and in mammalian cells with the applications of
LC-MS, UV absorption spectrophotometry, and streptavidin agarose affinity assay. We
also assessed how arsenite exposure affects the Tet-mediated oxidation of 5-mC in vitro
and in cultured mammalian cells by determining the catalytic efficiency of Tetl in
sequentially oxidizing 5-mC in a synthetic duplex DNA and by analyzing the levels of
5-hmC in genomic DNA isolated from arsenite-treated cells. We found that arsenite
could bind directly to the zinc fingers of Tet proteins in vitro and in cells, and this

interaction substantially impaired the catalytic efficiency of Tet proteins in oxidizing
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5-mC both in vitro and in mammalian cells. The results uncovered a novel molecular
mechanism underlying the arsenic-induced perturbation in epigenetic signaling, which
deepened our understanding on the epigenotoxicity of arsenic. Additionally, because
Tet enzymes and 5-hmC are present in various embryonic and adult cell types, and play
crucial roles in pluripotency as well as embryonic and adult development, the present
work sets the stage for future studies on the roles of arsenic interaction with Tet
proteins in perturbing the methylation patterns during development. Owing to the metal
binding properties of zinc fingers, it can be envisaged that Tet proteins may also be
susceptible to inhibition by a variety of carcinogenic metal ions.

In Chapter 6, the mass spectrometry-based analytical method developed in this
study provides the first accurate and simultaneous measurements of base J and its
intermediate product 5-hmdU in kinetoplastid flagellates. Our results are consistent
with the important roles of JBP proteins in J synthesis. It can be envisaged that the
analytical method will be generally applicable for examining the roles of other proteins
involved in J synthesis. Additionally, being the only hyper-modified base discovered in
eukaryotic genome, J has been found in unicellular kinetoplastids but not in higher
animals. Given that TET enzymes are the only homologue of JBP1/2 in mammals, it is
still an open question whether hyper-modifications, such as J derivatives, are

synthesized in higher organisms. In this context, the sensitive method reported here
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could be adapted readily for exploring the potential presence of other

hyper-modifications and their biological functions in other eukaryotes.
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Appendix A: Supporting information for Chapter 2
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Figure A.l. Representative HPLC trace for the purification of 8-MOP-ICL or
8-MOP-MA bearing self-complementary duplex ODN, d(CGCGCTAGCGCG), from

the reaction mixture.
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Figure A.2. Calibration curves for the quantification of 8-MOP-ICL (A) and
8-MOP-MA (B) by LC-MS/MS with the stable isotope dilution method. Plotted are the
ratios of areas of peaks found in the selected-ion chromatograms for monitoring the
transitions as shown in Figures 2.1 and 2.2 versus the molar ratios of the
lesion-containing unlabeled 8-MOP over that of the corresponding stable
isotope-labeled standard (0.5 pmol for 8-MOP-ICL and 0.2 pmol for 8-MOP-MA).
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Figure A.3. LC-MS/MS quantification results for 8-MOP photo-activated ICL and
MAs in DNA extracted from HEK293T cells. Data represent the means and standard
deviations of results obtained from three independent experiments. **, p < 0.01; N.D.,
not detectable. The p-values were calculated by using unpaired two-tailed t-test.
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Appendix B: Supporting information for Chapter 3

Table B.1. Information of 4 patients from whom the brain tissues were obtained.

Patient # Age Sex Race
1 44 years 60 days Female Caucasian
2 46 years 163 days Female Caucasian
3 35 years 345 days Female Caucasian
4 23 years 228 days Female Asian

Table B.2. Optimized instrument conditions used for the LC-ESI-MS3 analysis of the
5-HmdC, 5-FodC, 5-CadC and 5-HmdU and detection limits of these modifications. The
LOQ (limit of quantitation, which is defined as the amount of analyte that gives rise to a
signal-to-noise ratio of 10) represents the means and standard deviations of the results
from three measurements of the unlabeled standards. A constant activation time of 30 ms
was employed for this experiment.

SIM (MS?®) of lesions Optimized LTQ
parameters
Analyte Isotope-lab Norm_a_hzed Activation LOQ, fmol
Unlabeled collision
eled Q
energy
257 > 214 | 260 - 216 30 0.25
S-HMAU = S 104 | 216 > 126 33 0.25 80+15
258 > 142 | 261 - 145 48 0.25 0.056 +
5-HmdC
142 > 124 | 145 > 126 27 0.25 0.011
5-FodC 256 = 140 | 259 > 142 33 0.27 0.098 +
140 - 97 142 - 98 36 0.43 0.007
272 > 156 | 275 > 159 15 0.35
- +
5-CadC 1= 138 [ 150 > 141 21 0.37 0.14+0.03
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Table B.3. Levels of 5-mdC, 5-HmdC, 5-FodC, 5-CadC, and 5-HmdU in genomic DNA
of HEK293T cells with the overexpression of Tetl catalytic domain (HEK293T-Tetl)
and its corresponding mutant (HEK293T-Tetlm), HeLa cells, WM-266-4 cells, mouse
ES cells, human brain, mouse brain and mouse skin tissues. The data represent mean +
standard deviation of results from at least three independent measurements. The “n” for
brain and skin tissue DNA designates the number of different animal/human tissues
employed for the study.

5-mdC 5-HmdC 5-FodC
% of dG /10° bases /10° 5-mdC /10° bases /10° 5-mdC
HEK?293T-Tetl (n=3) 2.7+0.3 960 +140 161 +35 76 3 128 1.6
HEK?293T-Tetlm (n=3) 3.6 0.3 32521 4.0 0.2 0.23 +0.01 0.028 +0.002
HelLa (n=3) 2.8+0.2 31.2+3.7 5.3+0.6 0.67 +0.03 0.114 +0.012
WM-266-4 (n=3) 2.8+0.1 12224 21+04 0.69 +0.18 0.116 +0.031
Mouse ES” - 163 11 - 3.5+0.7 -

Human Brain (n=4) 53=x1.0 1550 250 133 +18 1.7+04 0.146 £0.028
Mouse Brain (n=3) 4611 560 +70 59 +17 1.4+0.2 0.150 £0.041
Mouse Skin (Red head, n=3) 3402 277 £36 355 12+0.1 0.153 +0.013
Mouse Skin (Albino, n=3) 3402 217 3 27 +1 0.7+0.1 0.085 +0.017

5-CadC 5-Hmdu

/10° bases /10° 5-mdC % of dG

HEK?293T-Tetl (n=3) 102 £13 17.2 3.0 2.7+0.3

HEK?293T-Tetlm (n=3) 0.18 +0.02 0.022 +0.004 3.6 +0.3

HelLa (n=3) 0.27 £0.04 0.029 +0.006 2.8 +0.2

WM-266-4 (n=3) 0.29 +0.03 0.049 +0.004 28+0.1

Mouse ES” 0.83 +£0.08 - -

Human Brain (n=4) 0.15 +0.02 0.013 £0.001 53*1.0

Mouse Brain (n=3) 0.12 +0.01 0.012 £0.002 46=*11

Mouse Skin (Red head, n=3) 0.21 +0.03 0.026 £0.004 3.4%0.2

Mouse Skin (Albino, n=3) 0.19 +0.01 0.023 +0.002 3.4+0.2

*The data for mouse ES cells were obtained from triplicate LC-MS/MS/MS
measurements of samples from a single off-line HPLC enrichment. The amount of
DNA was inadequate for 5-HmdU measurement.

184



dG

0.5+

0.4+

dcC

0.3+
dT

Ao (A. U.)

0.2+
dA

5-HmdU
0.1+

5-cIdc STm%de S_Ffdc
Y|\ X2 G X rA
0.0 T

T T T T T T T T T T T

10 20 30 40 50 60
Retention Time (min)

Figure B.1. Representative HPLC trace for the enrichment of 5-FodC, 5-CadC, and
5-HmdU from the enzymatic digestion mixture of genomic DNA isolated from cellular
or tissue DNA. Shown is the trace for a DNA sample isolated from skin tissue of an
albino mouse.
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Figure B.2. Proposed fragmentation pathways for the [M — H]- ions of unlabeled (a)
and stable isotope-labeled (b) 5-HmdU found in MS/MS and MS/MS/MS.
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Figure B.3. Calibration curves for the quantification of 5-HmdC, 5-FodC, and 5-CadC
by LC-MS/MS/MS with the stable isotope dilution method. Plotted are the ratios of
areas of peaks found in the selected-ion chromatograms for monitoring the transitions
as shown in Figure 3.2 versus the molar ratios of the unlabeled nucleoside over that of
the corresponding stable isotope-labeled standard (30 fmol each for 5-HmdC and
5-FodC, 25 fmol for 5-CadC). Two calibration curves were constructed for different
concentration ranges so that the modified nucleosides in a wide concentration range
can be accurately quantified.
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Figure B.4. Representative LC-MS/MS/MS results for the quantification of 5-HmdC
(@), 5-FodC (b), 5-CadC (c), and 5-HmdU (d) in skin tissue of an albino mouse. Shown
are the selected-ion chromatograms for monitoring the indicated transitions, and the
insets give the MS/MS/MS for the analytes and internal standards.
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Appendix C: Supporting information for Chapter 5

Table C.1. The relative abundances of 5-mC and its oxidation products, 5-hmC, 5-foC,
and 5-caC, in duplex DNA d(AGCTC"CGGTCA)/d(GTGACCGGAGCTG) after
incubation with mouse Tetl and different concentrations of NaAsO; (i.e. 0, 2, and 5
uM). The data, expressed as average + standard deviation, represent the results from
three independent reactions stopped at 0, 10, and 30 min.

Time (min) 0 uM NaAsO, 2 UM NaAsO, 5 uM NaAsO,
0 100 £ O 100 =+ O 100 £ O
5-mC 10 16.8 + 0.3 26+ 3 42 + 5
30 8+3 14 + 3 15+ 1
0 - - -
5-hmC 10 42 + 2 40 £ 6 40 + 4
30 16 + 4 32+ 6 384 + 0.9
0 - - -
5-foC 10 26 £ 2 20 = 3 126 + 0.3
30 19 + 4 24 £ 7 255 + 0.8
0 - - -
5-caC 10 15+ 3 14 + 6 56 + 0.6
30 57 + 8 30 + 10 21 £ 2
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Table C.2. The levels of 5-mdC and 5-hmdC in DNA samples isolated from HEK293T
cells individually overexpressing the catalytic domains of Tet proteins with exposure to
different concentrations of NaAsO; (i.e. 0, 1, 2, and 5 uM). The data, expressed as
average + standard deviation, represent the results from three independent transfections,
NaAsO; treatments, and LC-tandem MS measurements.

NaAsO, (UM)  5-mdC/dG (%) 5-hmdC/dG (%)
0 22 % 01 0.331 + 0.003
et1CD 1 231 02 0.259 + 0.008
2 26 + 0.2 0.24 + 0.03
5 2.8 + 0.3 0.16 + 0.04
0 32+ 01 0.16 + 0.01
et2CD 1 31+ 03 0.13 + 0.03
2 32+ 01 0.11 + 0.02
5 3.2 + 0.4 0.08 + 0.01
0 3.7 + 01 0.099 + 0.003
et3CD 1 36 + 0.1 0.073 + 0.004
2 35+ 02 0.060 + 0.007
5 3.8 + 03 0.043 + 0.002

Table C.3. The levels of 5-mdC and 5-hmdC in DNA samples isolated from mouse
embryonic stem cells with exposure to different concentrations of NaAsO; (i.e. 0, 1, 2,
and 5 uM). The data, expressed as average + standard deviation, represent the results
from three independent transfections, NaAsO, treatments, and LC-tandem MS
measurements.

NaAsO, (UM) 5-mdC/dG (%) 5-hmdC/dG (%)
0 45 + 0.3 0.092 + 0.002
1 44 £ 06 0.096 + 0.011
2 49 + 0.3 0.070 + 0.004
5 49 £ 05 0.063 + 0.001
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Figure C.1. LC-ESI-MS for monitoring the Tetl-mediated oxidation of 5-mC in a
duplex DNA d(AGCTCmCGGTCA)/d(GTGACCGGAGCTG) at 0- and 10-min.
Shown are the higher resolution “ultra-zoom-scan” ESI-MS results for monitoring the
[M - 3H]* ions of the initial 5-mC-bearing 11mer DNA (a) and its corresponding
products with the 5-mC being oxidized to 5-hmC (b), 5-foC (c), and 5-caC (d).
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Figure C.2. LC-MS/MS analysis of purified [**Cs]-5-mdC in the presence of unlabeled
5-mdC. The top panel is the selected-ion chromatogram for the m/z 242->126 transition,
monitoring the loss of the 2-deoxyribose moiety from the [M+H]" ion of unlabeled
5-mdC. The bottom panel is the selected-ion chromatogram for the m/z 247->126
transition, monitoring the loss of [**Cs]-2-deoxyribose moiety from the [M+H]" ion of
unlabeled 5-mdC. The MS/MS for the [M+H]" ions of 5-mdC and [**Cs]-5-mdC are
shown in the insets.
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Figure C.3. Representative LC-MS/MS results for the quantification of 5-mdC in
mouse embryonic stem cells. Shown are the selected-ion chromatograms for
monitoring the indicated transitions for 5mdC (top trace) and [**Cs]-5-mdC (bottom
trace). Shown in the insets are the corresponding MS? for the analyte (top) and the
internal standard (bottom).
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Figure C.4. Representative LC-MS/MS/MS results for the quantification of dG in
mouse embryonic stem cells. Shown are the selected-ion chromatograms for
monitoring the indicated transitions for dG (top trace) and [*°Ns]-dG (bottom trace),
and the insets give the corresponding MS® for the analyte (top) and the internal
standard (bottom).
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Figure C.5. Representative LC-MS/MS/MS results for the quantification of 5-hmdC in
mouse embryonic stem cells. Shown are the selected-ion chromatograms for
monitoring the indicated transitions for 5-hmdC (top trace) and [1,3-"’N,-2’-D]-
5-hmdC (bottom trace), and displayed in the insets are the corresponding MS?® for the
analyte (top) and the internal standard (bottom).
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Figure C.6. Calibration curves for the quantifications of 5-mdC (a) and dG (b) by
LC-tandem MS with the stable isotope dilution method. Plotted are the ratios of areas
of peaks found in the selected-ion chromatograms for monitoring the transitions as
shown in Figure C.3 and C.4 versus the molar ratios of the unlabeled nucleoside over
that of the corresponding stable isotope-labeled standard (600 fmol for 5-mdC and 16.2
pmol for dG).
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Figure C.7. NaAsO; treatments did not significantly alter the expression level of
TetlCD in HEK293T cells that were pre-transfected with TetlCD plasmid. Shown are
the expression levels of TetlCD protein measured by Western blot with the use of
[-actin as the loading control. The quantification data represent the mean and standard
deviation of results from six biological replicates (calculated based on the ratios of
band intensities of TetlCD over -actin and normalized to what was found for control
cells without NaAsO, treatment).
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Figure C.8. High concentration exposure or prolonged treatment of NaAsO; did not
lead to a significant alteration in the levels of 5-hmdC and 5-mdC in HEK293T cells.
Shown are the levels of 5-hmdC and 5-mdC in DNA isolated from cells following a
24-hr treatment with 5 or 10 pM NaAsO, or following a 7-day exposure to 2 M
NaAsO..
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Figure D.1. Negative-ion ESI-MS of the standard ODN harboring a 5-gHmdC (a) and

the product-ion spectrum of the [M-3H]

% jon (b).
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Figure D.2. The calibration curve for the quantification of dJ by LC-MS/MS with the
use of a surrogate internal standard method. Plotted are the ratios of areas of peaks
found in the selected-ion chromatograms for monitoring the transitions as shown in
Figures 6.2b and 6.2a versus the molar ratios of dJ over that of 5-gHmMdC standard (100
fmol for 5-gHmMdC-containing ODN was used). The data represent the mean and
standard deviation of the measurement results obtained on three separated days.
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