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ABSTRACT OF THE DISSERTATION

Syntheses and Characterizations of Modified Nucleosides and Their Incorporation into
Oligodeoxynucleotides

by

Mario Rolando Vargas

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, June 2012
Dr. Yinsheng Wang, Chairperson

Tobacco-specific nitrosamines, N’-nitrosonornicotine (NNN) and 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone (NNK), are found in tobacco and its smoke. Both compounds can
generate the same intermediate upon metabolic activation by cytochrome P450, which can then
form mutagenic DNA adducts. These adducts have been detected in the DNA of lung cancer
patients. One of the most persistent and abundant adduct that has been detected in several tissues
of rats that have been treated with NNN, is O*-(pyridyloxobutyl)-thymine (O*-POBdT). N3-
POBAT is a new adduct that has never been detected in genomic DNA. Chapter two of this
dissertation reports on the syntheses of O*-POBdT and N3-POBAT and their incorporation into
oligodeoxyribonucleotides (ODNs) for conducting biological studies.

5-Hydroxymethyl-2-deoxycytidine (hmdC) is a modified nucleotide that has recently
been detected genomic DNA. Tet enzymes oxidize 5-methylcytosine (mC) to generate hmdC.
Recently, it has been discovered that hmdC plays a crucial role in stem cell development. Like

hmdC, 5-formyl-dC (fdC) has also recently been detected in genomic DNA. Its levels are lower



than hmdC and its exact role remains to be determined. Chapter 3 of this dissertation reports on
the syntheses of hmdC and fdC and their incorporation into ODNSs.
8-0x0-7,8-dihydro-2’-deoxyguanosine (8-0x0-dG) is an oxidized lesion found in genomic
DNA. It is weakly mutagenic in vitro and in vivo, causing G—>T transversions. 2’-
Deoxyribonolactone (dL) is an oxidized abasic site found in damaged DNA. If left unrepaired it
can produce single- and double-strand breaks, and dL is also mutagenic. Generation of the dL in
short ODNs can be readily accomplished from insertion of a precursor, 7-nitroindole, d(7-Ni),
followed by irradiation. Chapter 4 of this dissertation reports on the syntheses of 8-oxodG and

d(7-Ni) and their incorporation into ODNss.
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Chapter 1 Introduction

1.1 DNA damage and genomic instability

Maintaining the integrity of the genetic code is vital for proper function and survival of a
cell. Although some modifications to the DNA such as cytosine methylation or
hydroxymethylation of S5-methylcytosine are vital modifications (1-4), modifications by
endogenous or exogenous sources can result in detrimental DNA damage such as deamination
and oxidation of nucleo bases, formation of DNA adducts, and single- and double-strand breaks.
For example, high levels of reactive nitrogen species (RNS), e.g., nitrous anhydride (N,03), can
lead to deamination of nucleobases (5-8). Reactive oxygen species (ROS), such as "OH radical,
generated from normal aerobic metabolism, can lead to oxidation of nucleobases and generation
of strand breaks. ROS can also be produced exogenously from exposure to irradiation such as X-
rays or y-rays. Molecules that form adducts with DNA can be derived from environmental
pollutants such as polycyclic aromatic hydrocarbons (PAHs) or heterocyclic aromatic compounds
(HCAs), derived from cooked foods or tobacco smoke (48, 49). If left unrepaired these lesions
can cause point mutations or frameshift mutations; some of these lesions can stop the entire DNA
replication process, which is lethal to a cell (9). If mutations caused by lesions occur at genes that

regulate growth or protect cells against cancer, it can lead to tumor formation.

1.2 Oxidative DNA damage and epigenetic regulation

ROS include superoxide, O,”, endogenously derived from leakage of the electron

transport system chain. O, can then be converted by superoxide dismutase (SOD) to H,0,,



which can then react with Cu” or Fe'" to yield *OH radical. ‘OH radical can then react with
numerous macromolecules including DNA. For example, ‘OH radical can abstract hydrogen
atoms from numerous positions of the nucleosides to yield different types of modified
nucleosides, e.g,, S-formyl-dC (fdC), 5-formyl-dU (fdU), thymidine glycol (Tg), 8-0xo-dG and
tandem lesions. "OH can also lead to the formation 8,5’-cyclopurine-2’-deoxynucleosides such as
(5’S)-cdA (9, 10). Some of these lesions can then interfere with cellular processes that use DNA
as a template—such as replication and transcription. For example, it has been demonstrated in
vitro that 8-0x0-dG containing template strand directs the misincorporation of dAMP and dCMP
opposite the oxidized lesion (50, 51). Lesions present in genes that are actively transcribed can
stall or block RNA elongation, or induce base misincorporation in the growing mRNA strand.
This can then lead to compromised gene expression, affecting the spatial and temporal flow of
genetic information in a cell, which can lead to growth defects during development (11).
Specifically, a lesion in the template strand can block RNA polymerases, leading to truncated
transcripts, slow RNA polymerase translocation, and promote the incorporation of mismatched

bases into mRNA potentially altering the transcript (12-15).

1.3 DNA damage and tandem lesions

Besides single nucleoside damage, damage to two adjacent nucleotides is another form of
DNA damage. Studies conducted with oligodeoxynucleotides (ODNs) or DNA usually involves
the generation of "OH exogenously via exposure to ionizing radiation. "OH then reacts with DNA
directly or forms other ROS such as peroxyl radical in the presence of molecular oxygen. Using
y-rays to irradiate calf thymus DNA in the presence of oxygen, Cadet et al. (16) discovered that

peroxyl radicals form on pyrimidine nucleosides and form tandem lesions with vicinal guanine,



N-(2-deoxy-f-D-erythro-pentofuranosyl)formylamine-8-o0xo0-7,8-dihydro-2’-deoxyguanosine

(dBF-8-0x0-dG and 8-oxo0-dG-dfSF). However, these types of lesions have never been detected in
cellular DNA. jy-irradiation of synthetic duplexes also led to the formation of intrastrand cross-
link between the 6-hydroxy-5,6-dihydrocytosin-5-yl radical and a vicinal guanine leading, after
dehydration to the generation of the G[8-5]C adduct (17). As a general trend the addition
reaction of the pyrimidine radicals is favored in the absence of oxygen and when the purine base
is located on its 5’-side. Other tandem lesions formed include: G[8-5]T, T[5m-8]G, A[8-5m]T,
and T[Sm-8]A (18). Both G[8-5]C and G[8-5m]T have been proposed as degradation products in
aerated solutions using Cu(I) or Fe(Il) with H,O, and ascorbate (19, 20). Both tandem lesions
have been detected in HeLa cells after being exposed to y-rays. Like single lesions, tandem
lesions can also alter DNA replication. G[8-5]C blocked DNA replication and was found to be
mutagenic in vivo, giving rise to 8.7% G—2>T and 1.2% G—>C transversion mutations (52). G[8-
5]T lesion also stopped DNA synthesis by Pol I after incorporating the correct nucleotide dAMP

opposite the lesion (53).

1.4 Tobacco-specific Nitrosamines (TSNAs)-induced DNA modification

Tobacco use in the United States is the largest preventable cause of death and disease in
the United States (21). Tobacco use causes heart disease, adverse reproductive effects, and the
exacerbation of chronic health conditions. Every year, approximately 443,000 persons in the
United States die from smoking-related illnesses. In 2010, 19.3% (45.3 million) of U.S. adults
were current cigarette smokers. Among the several carcinogenic compounds found in tobacco
smoke are the nicotine and polycyclic aromatic hydrocarbons (PAHs). Although there are several

metabolic pathways by which PAHs are activated, one known pathway yields radical cations

3



which can form depurinating adducts such as B[a]P-6-N7Gua or B[a]P-6-N7Ade (22).
Replicative DNA polymerases will then insert a dAMP opposite the abasic site thus giving rise to
G—>T and A>T when the daughter strand is replicated (23). Such mutations have been detected
in K-ras and p53 genes of lung cancer patients [24-29]. Another class of compounds that are
found in tobacco and tobacco smoke are tobacco-specific nitrosamines (TSNAs) such as NNK
and NNN (30, 31). As with PAHs, these TSNAs must also be activated by P450 to form reactive
intermediates that react with DNA bases. Metabolically activated NNN and NNK can also form

depurinating adducts or form stable covalently bound adducts that can be mutagenic (32, 33).

1.5 Scope of this thesis

Two tobacco-specific components, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK) and N’-nitrosonornicotine (NNN) can be directly extracted and measured (34, 35, 36).
The levels of NNN and NNK are not as high as nicotine levels and their amounts vary depending
on the tobacco source and how it is processed (30, 31). Nevertheless, NNK and NNN are
deleterious only upon metabolic activation by cytochrome P450, a multifunctional enzyme, that
yields a common intermediate from NNK and NNN and forms adducts with DNA nucleotides
(37). Some of these pyridyloxobutylated adducts (POB adducts) are hard to repair and persist in
the cell’s genome. POB adducts have been linked to cancer in rodents and are also present in
human-pulmonary tissue of cancer patients. Some of the POB-DNA adducts that have been
detected and studied are: 7-POBG, O*-POBdC, O*-POBAT and O°-POBdG. One of the most
persistent and abundant is O°-POBdT. Recently, the synthesis of N3-POBAT has been reported
(38). Although N3-POBdT has never been detected, its synthesis can allow for incorporation into

oligodeoxyribonucleotides (ODNs) for in vitro replication and mutagenic studies. Chapter 2 is to



report on the synthesis of O*-POBT and N3-POBAT and their incorporation into ONDs for in
vitro analyses.

Recently two oxidized nucleotides have been detected in genomic DNA. 5-formyl-2’-
deoxycytidine (fdC) and 5-hydroxymethyl-2’-deoxycytidine (hmdC). HmdC has only recently
been detected in genomic DNA (2, 3). In 2009, it was detected from digested genomic DNA and
it was discovered that it is derived from 5-methylcytosine (mC). Since then hmdC has been
detected in several tissues and its function is currently being deciphered at an enthusiastically fast
pace because evidence shows that it plays a crucial role in the development and differentiation of
stem cells (39-42). It has been quantified at 0.6% to 0.23% in nerve cells (1). fdC has only been
recently detected in mouse embryonic stem cells (ES cells) at about 0.02% (43). Site-specific
mutagenesis studies have been conducted. Although it does cause some mutations, its mutation
frequency is quite low, about 0.03-0.28% (44). Chapter 3 reports on the syntheses of fdC and
hmdC and the incorporation a precursor of fdC into an ODN.

Chapter 4 of this dissertation reports on the synthesis of two oxidized lesions, 8-0x0-7,8-
dihydro-2’-deoxyguanosine (8-0x0-dG) and 7-nitroindole (7-Ni), and their contiguous
incorporation into a docecameric ODN. 8-0x0-dG results from oxidation of dG by reactive
oxygen species. If the lesion remains unrepaired, it has been shown to cause G>T transversions.
7-nitroindole nucleoside, d(7-Ni), is a synthetic non-natural nucleoside that has never been
detected in genomic DNA. It serves as a precursor for the formation of 2’-deoxyribonolactone
(dL) lesion (46). dL is a C1’-oxidized abasic site. /n vivo studies shows that it mainly causes G-
to-A and G>T transversions in E. coli (47). The tandem lesion 8-0x0-dG/dL was successfully

formed and it was found to be induced in calf thymus DNA upon exposure to Fenton reagent.
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Chapter 2 Chemical Syntheses of @*-POBdT and /3-POBdT Phosphoramidites for

Incorporation into Oligodeoxynucleotides

2.1 Introduction

Tobacco-specific nitrosamines (TSNAs) such as 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK) and N’-nitrosonornicotine (NNN) are found in tobacco products. These can
simply be extracted directly from tobacco and measured using gas chromatography-thermal
energy analysis (GC/TEA) (6, 7). Their levels vary depending on the type of tobacco used and
how it is processed. Generally, NNN is found at higher levels than NNK (6, 7, 33). All TSNAs
are bioactivated by cytochrome P450 via hydroxylation; upon hydroxylation at the methyl carbon
of NNK, a reactive intermediate is generated, 1, Scheme 2-1, that forms miscoding
pyridyloxobutyl adducts (POB adducts) with DNA bases (31). Studies have found a link between
POB adducts and tumorigenesis in rodents that were treated for several weeks with NNK,
underlining the importance of studying such adducts (2). Similarly, upon 2’-hydroxylation of
NNN, the same reactive species that forms from NNK is generated and also forms POB adducts
(Scheme 2-1). When rodents were treated for several weeks with both enantiomers of NNN, if
was discovered that S-NNN gave more total POB adducts in the liver and esophagus and R-NNN

gave more total adducts in the lungs (24). In general S-NNN is the most potent enantiomer.

The POB-DNA adducts that have been detected and studied thoroughly are: N7-POBAG,
O*-POBAC, O*-POBdT and O°-POBdG. Both N7-POBdG and O’-POBAC readily lose their
nucleobases to yield N7-POBG and O*-POBC, respectively (5). Most of these release HPB upon
treatment with mild acid; the release of HPB has been estimated at about 50%; a different

estimate of 65% has also been published (34). Usually HPB is monitored when investigating the
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levels of POB adducts in DNA (Figure 2-1). Interestingly one of the most abundant and
persistent adduct is O*POBdT. We report here the syntheses of O*-POBT and N3-POBdAT

nucleosides for incorporation into oligodeoxynucleotides (ODNSs).
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2.1.2. P450 isoforms in humans and other species

There are several isoforms of P450, the enzyme that activates TSNAs, each present in
different concentrations in different tissues; each isoform of P450 has a different activity towards
TSNAs such as NNN or NNK. Some are even inducible in certain tissues (17, 20, 19). P450s
used in studies may be obtained from microsomes prepared from tissues or they may be generated
as recombinant proteins. Interspecies differences in the activities of P450 also exist (8).

In a recent study, 116 human lung microsomes were analyzed for the amounts of two
isoforms of P450: 2A13 and 2A6. It was discovered that 90% had detectable 2A6, whereas only
12% of had detectable 2A13. However, it was discovered that only 2A13 contributes to the
metabolism of NNK and levels of CYP2A proteins vary among individuals (10).  They
concluded that individuals with relatively high level of 2A13 expression will likely have an
increased risk of developing smoking-related lung cancer (10). This type of study highlights the
interindividual difference in levels of P450 isoforms and the differences in activities towards
NNK. Other studies using the same isoforms of P450 also show differences in levels among

individuals (11).

2.1.3. The abundance and persistence of @*-POBdAT in rodents

When rodents were treated with different doses of NNK and their hepatic and pulmonary

DNA analyzed, it was discovered that O*~POBdT adduct was present in highest levels among all

known POB-DNA adducts (22) (Table 1-1). When a similar experiment was done with NNAL, a

metabolite of NNK, O’-POBAT was also present at highest level in pulmonary and hepatic DNA
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of rodents (35). O*-POBAT was also detected as the most abundant and persistent adduct in

extrahepatic tissues when rodents were treated with NNK and both enantiomers of NNAL (32).
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Table 2-1 Adduct levels in NNK-treated rats (22)

Mean = S.D., N =5 (fmol/mg DNA)

Tissue

Lung

Liver

Dose of NNK
(mmol/kg)
0.025

0.1

Saline control

0.025
0.1

Saline control

NT7-POBG

933 = &9

1800 + 478

84 +7

3550 = 1600

12200 = 1600

ND

0?-POBAT

1120 = 66
2020 = 483
ND

3530 = 725

12300 = 1690

ND

0’-POBC

483 + 36
840 = 169
ND

2930 = 521
7800 = 1680

ND

0°-POBAG

251 =26
487 = 101
ND

28 =17
140 = 25

ND
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When F344 rats were given NNN in their drinking water for several weeks, O>-POBdT
was detected at highest levels in liver and lung DNA. S-NNN produced higher levels of POB-
DNA adducts in the esophagus than R-NNN, supporting previous data that S-NNN is more
tumorigenic than R-NNN (24). Other tissues from rodents have also indicated O*-POBdAT as the
most abundant POB-DNA adduct present when treated with NNN, with S-NNN being the most

potent (25).

2.1.4. Repair and mutagenicity of @*-POBdT

Some POB-DNA adducts, such as O°-POBdG, are repaired by AGT with the rate of
repair proportional to the size of the cavity of AGT (27). For example, NNKOAc treated
bacterial cells expressing hAGT have been shown to contain 80% less mutations relative to cells
with no AGT expression (36). Cells that have been treated with NNKOAc have shown an
increased mutagenicity and toxicity when a scaffold of BER is lost (27). Interestingly, BER-
generated abasic site intermediate causes mutations if left unrepaired with the majority of the
mutations being AT-to-GC (37). When DNA from lung tumors where isolated from A/J mice
that had been treated with NNKOACc, it was discovered that all the tumors analyzed contained a
mutation on codon 12 of Ki ras gene with mainly G-to-A and G-to-T mutations (38).

Both NNK and NNN have also been shown to be mutagenic in target tissues in lacZ and
lacl transgenic mice (39, 40-42). NNK induced an increased rate of GC>AT mutations but
since NKK both methylates and pyridyloxobutylates DNA, it is difficult to associate specific
mutations with specific adducts. Based on the all the data up to now, the two mutagenic
pyridyloxobutyl candidates are O°-POBdG and O*-POBdT. It has been suggested that if

mutations at AT base pairs are required to produce oncogenic proteins, the formation of O*-
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POBAT and its replicative bypass is important for tumor formation. If mutations at the GC base

are to cause cancer, O°-POBAG is most likely responsible.

2.1.5. The detection of @*-POBAT in humans

In 2007 Holze et al. (26) extracted DNA from human lung tissue. They treated the DNA
with mild acid and monitored the release of HPB from POB adducts in DNA using GC-MS.
They discovered that the concentration of HPB-releasing lung DNA adducts was significantly
higher in 21 self-reported smokers compared to 11 self-reported nonsmokers (404 + 258 fmol vs.
59 = 56 fmol HPB/mg DNA). All of the 32 patients had a form of lung cancer except for two
(26). Thus, one can say that smoking leads to increased levels of POB adducts and tumorigenesis

that may be linked to cancer.

2.1.6. /V3-POBdT, an undetected POB adduct in DNA

N3-POBAT has never been detected in any hepatic or pulmonary tissues of rodents
treated with a TSNA such as NNN and NNK (22, 23, 24). It has not been detected in prokaryotic
and mammalian cells that have been treated with either NNK or NNN or even NNKOAc. It has
not been detected in cell lines with deficient repair mechanism (25). Since it has not been

detected, no mutagenic studies have been conducted.
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2.1.7. The intention behind the synthesis of 0*-POBdAT and /A3-

POBdT

I synthesized 3’,5°-O-[isobutyryl]-N3-POBdT and confirmed its structure with 2D 'H-"C
NMR (Scheme 2-2) To our knowledge there was no published papers on the synthesis of such a
compound at the time, probably due to its lack of detection in DNA treated with NNK or NNN.
Regretfully, no additional syntheses were attempted in our part. A recent paper reported the
synthesis of N3-POBAT using a similar approach as ours but with a much higher yield (43). Thus
we followed the published procedures for the synthesis of N3-POBAT (43) (Scheme 2-3).

Although O*-POBAT has been synthesized, the reported yields are less than 1%. Using a
recent published procedure (43) we intended to synthesize O>-POBAT phosphoramidite for

incorporation into ODNs for biological studies.

2.2 Results

In order to synthesize N3-POBAT, starting material 4-(1,3-dithiane-2-yl)-4-(3-
pyridyl)butanol, 1d, Scheme 2-2, was synthesized according to the method of Hecht (44). The
final structure was verified by '"H NMR and MS, see experimental procedures.

Our initial approach used for the synthesis of N3-POBdT was initiated by first generating
the starting material 3°,5’-O-[isobutyryl]thymidine by reacting dT with isobutyric anhydride at
room temperature overnight. 'H NMR spectrum of the compound showed the disappearance of
both 3’ and 5’-hydroxy protons that were present in dT and the appearance of new peaks
corresponding to the methyl groups of isobutyl group used to protect 3°, 5’-hydroxy groups, 2b,

Scheme 2-3.
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3’,5’-O-[isobutyryl|thymidine, 2a, was then reacted with alcohol, 1d, via Mitsunobu
reaction conditions to yield the isobutyryl-protected N3-POBAT, 2b, Scheme 2-3. Unlike most
Mitsunobu reactions that are carried out at room temperature or slightly above ambient
temperature, the conditions required refluxing in ACN overnight. The '"H NMR spectrum showed
new peaks corresponding to isobutyl-protected N3-POBdT including a triplet at 3.70 ppm
corresponding to H1 of the butyl part of the molecule. 2D NMR was needed to confirm the exact
structure. 'H-"C HMBC showed strong coupling between H1 (butyl) and C2 and C4 carbons of
the pyrimidine ring of the adduct. Neither O* nor O*-POBJT structures can have coupling
between H1 (butyl) and both C2 and C4 carbons of the pyridine ring (Figure 2-2). Thus, the

above spectral features support the successful preparation of compound 2b.
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Instead of using isobutyric anhydride to protect the 3’ and 5° hydroxyl groups of dT, 1,3-
dichloro-1,1,3,3-tetraisopropyldisiloxane was used to obtain compound 3a, Scheme 2-4 (43). A
Mitsunobu reaction was then carried out to obtain compound 3b, which was followed by reaction
with BuyNF and DMTrCl to obtain compound 3d, Scheme 1-4. Unfortunately the synthesis of

the phosphoramidite derivative was not attempted.
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We synthesized dithiane-protected O’-POBAT (Scheme 2-5). Generation of O’-5’-
anhydrothymidine, 4b, was accomplished by refluxing tosylated-thymidine in ACN and DBU. It
was crucial to isolate and purify the cyclic intermediate before reacting it with 4-(1,3-dithiane-2-
y1)-4-(3-pyridyl)butanol, 1d, to yield the dithiane-protected O’-POBAT (4¢, Sheme 2-5). The
structure of 4c¢ is supported by 'H-NMR and 2-dimensional HMBC measurements. In particular,
the two methylene protons in the pyridyloxobutyl functionality exhibit strong correlation with the
C2, but not C4 of the thymine ring in the 2-D HMBC spectrum (Figure 2-3); this distinct spectral
feature supports the site of pyridyloxobutylation in this thymidine lesion. Attempts to incorporate

the phosphoramidite derivative of 4¢ into ODNs failed.
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2.3 Discussion

The synthesis of 4-(1,3-dithiane-2-yl)-4-(3-pyridyl)butanol was carried out according to
the method of Hecht (44). One slight modification was done in the preparation of 2-(3-pyridyl)-
1,3-dithiane. Instead of reacting 3-pyridine carboxaldehyde with 1,3-propanedithiol by refluxing
for 0.5 h as reported the reaction was refluxed for 3 days to obtain a much better yield. It was
discovered that refluxing for only 0.5 h did not generate any product at all as indicated by TLC.

Much milder conditions were used for the synthesis of 3°,5’-O-diisobutyrylthymidine.
Isobutyric anhydride was used to protect both hydroxy groups of dT at room temperature. The
new electronic effects of the isobutyl protecting groups on the deoxyribose ring were made
apparent on the '"H NMR spectrum as indicated by a downfield shift of 0.64 ppm for the H5’
protons. Both 3’ and 5” hydroxy proton resonances disappeared; peaks corresponding the methyl
protons of the isobutyl group appeared at 1.08 ppm; ESI-MS gave m/z 383.2 for the [M+H]" ion,
which agreed with the calculated value of 382.7. It was necessary to protect both hydroxy groups
to be able to carry out the Mitsunobo reaction in the subsequent reaction for generation of N3-
[3{2-(3-Pyridyl)-1,3-dithian-2-yl}propyl]-3’,5’-O-diisobutyrylthymidine, 2b, Scheme 2-3.
Product yield was quite low and not weighed. However, enough product was obtained for NMR
analysis. 'H NMR showed the appearance of a triplet corresponding to HI protons of the butyl
part of the molecule. Additionally, the NMR spectrum was also missing the singlet
corresponding to N-H of the pyrimidine ring. 'H-">C HMBC was used to determine the exact
structure of the molecule. There were strong cross peaks for H1 of the butyl part with carbons C2
and C4 on the pyrimidine ring of the molecule (Figure 2-2). MS (ESI) gave m/z of 620.1 which
agreed with the calculated value of 620.2 for the [M+H]" ion. Only enough product was obtained

for NMR analysis.
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To obtain better yields of the desired N3-POBAT, the method of Amin was used (43). 1,3-
dichloro-1,1,3,3-tetraisopropyldisiloxane was used to protect the 3° and 5° hydroxyl groups. A
Mitsunobo reaction was used to obtain the POB adduct, 3b, Scheme 2-4. This was followed by
reaction with BuyNF and DMTrCl to obtain compound 3d, Scheme 2-4. All compounds agreed
with NMR and MS data when compared to the published data. No attempt was made to obtain
the phosphoramidite derivative.

A previous method had been developed for the synthesis of O*-methylthymidine (O*-
MedT). The method involves generation of O*-5’-anhydrothymidine from tosylated-thymidine in
dry methanol in the presence of DBU to generate O>-MedT. A similar approach was used for the
synthesis of O*-POBdT. Upon refluxing tosylated-thymidine in ACN, O*-5’-anhydrothymidine,
4b, is formed (Scheme 2-5). It is thought that delocalization of the N3 aromatic electrons causes
the carbonyl electrons at C2 of pyrimidine to attack the C5’ of the tosylated-thymidine. DBU
then removes the exocyclic proton at N3 to generate the thermally stable O°-5’-
anhydrothymidine. However, attempts to react the anhydrothymidine with 4-(1,3-dithiane-2-yl)-
4-(3-pyridyl)butanol, 1d, without first isolation and purification of anhydrothymidine, failed.
Only upon purification of the cyclic intermediate, reaction with 4-(1,3-dithiane-2-yl)-4-(3-
pyridyl)butanol, in the presence of DBU, generated dithiane protected O*-POBJT, 4c. (Scheme 2-
5). Using 2-D HMBC, cross-peaks were detected for O>-CH, and C2 of the pyrimidine ring and
O*-CH, and C4 of the pyrimidine ring (Figure 2-3). The yields were low and no optimization

reactions were performed.
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2.4 Conclusion

N3-[3-{2-(3-Pyridyl)-1,3-dithian-2-yl} propyl]-3°,5’-O-[isobutyryl|thymidine, 2b, was
successfully synthesized and confirmed with 2D NMR. However, the yield was quite low and no
optimization reactions were performed. Using a different approach, N3-[3-{2-(3-Pyridyl)-1,3-
dithian-2-yl}propyl]-3°,5’-O-[4,4’-dimethoxytrityl [thymidine, 3d, was obtained. Generation of

dithiane-protected O’-POBAT was achieved with low yield.

2.5 Experimental Procedures

Materials. All chemicals, unless otherwise specified, were obtained from Sigma-Aldrich
(St. Louis, MO). All anhydrous solvents, unless otherwise specified, were purchased from

Across Organics.

Mass Spectrometry (MS). Electrospray ionization-mass spectrometry (ESI-MS) and
tandem MS (MS/MS) experiments were carried out on an LCQ Deca XP ion-trap mass
spectrometer (Thermo Fisher Scientific, San Jose, CA). A mixture of acetonitrile and water
(50:50, v/v) was used as solvent for electrospray. The spray voltage was 3.0 kV, and the

temperature of the heated capillary was maintained at 275 °C.

NMR. 'H NMR spectra were recorded at 300 Mhz on a Varian Inova 300 NMR
spectrometer (Varian Inc., Palo Alto, CA). Two-dimensional NMR spectra were recorded in D,O
using a Variant Unity (Varian, Inc., Palo Alto, CA) spectrometer operating at 500 MHz at 25 °C.

Resonance assignments were based on 'H-"C HMBC experiments. The HMBC spectra were
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acquired using sweep widths of 5006.3 Hz and 30177.3 Hz for 'H and "°C, respectively. The first
delay was set to match a 140-Hz coupling constant, and the second delay was set to match a long-

range coupling constant of 8 Hz.

2.5.1. Synthesis of N3-[3-{2-(3-Pyridyl)-1,3-dithian-2-yl} propyl]-3°,5’-O-
[isobutyryl]thymidine

Synthesis of 3°,5’-O-[isobutyryl|thymidine (2a, Scheme 2-3) Thymidine (550 mg, 2.06 mmol)
was co-evaporated three times with dry pyridine to eliminate residual water. It was then
dissolved in 30 ml of ACN. TEA (0.69 ml, 5.0 mmol), 34 mg DMAP, and 0.82 ml (5.0 mmol)
isobutyric anhydride were added and the reaction was stirred overnight at room temperature. The
crude was purified with silica gel to yield 0.76 g of 2a (87.4%). 'H NMR (DMSO-d,) & 1.01-1.04
(s, 12H, (CH;),CO0-), 1.71 (s, 3H, H7), 2.17-2.42 (m, 2H, H2’, H2"*) 3.23 (s, 1H, (CH;),CH-),
4.06 (m, 1H, H4")), 4.18-4.22 (m, 2H, H5’, H5”)), 5.12-5.14 (m, 1H, H3’), 6.07-6.12 (m, 1H,
H1%), 7.39 (s, 1H, H6), 11.29 (s, 1H, N-H); "“C NMR ((CDs),SO) & 12.78, 19.28, 33.79,
36.32, 64.18, 72.01, 81.76, 84.57, 110.40, 136.18, 150.78, 164.44, 176.36; MS (ESI): [M +

H]" calcd m/z 383.2, found 382.7.

Synthesis of N3-[3-{2-(3-Pyridyl)-1,3-dithian-2-yl]-3’,5’-O-diisobutyrylithymidine (2b,
Scheme 2-3). PPh; (0.13 g, 0.50 mmol) and 0.142 g (0.56 mmol) of 4-(1,3-dithian-2-yl)-4-(3-
pyridyl)butanol were dissolved in 3 ml of ACN. Diethyl azocarboxylate (0.22 ml, 0.49 mmol)
and 0.163 g (0.43 mmol) of 3°,5’-O-diisobutyldT were then added in 3 ml of ACN. The solution
was stirred at room temperature for about 7 hrs. An additional 10% of PPh; and DEAD and
dithiane alcohol was then added and the solution was refluxed overnight. The crude was isolated
with silica gel column chromatography (Rf: 0.28). 'H NMR (DMSO-dg) & 1.11 (s, 12H), 1.40 (m,
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2H, CH, dithiane), 1.80 (s, 1H, H7), 1.85 (m, 2H, CH, dithiane), 2.07 (m, 2H, CH, dithiane),
2.27-2.31 (m, 1H, H2*), 2.31-2.38 (m, 1H, H2”*), 2.53 (m, 2H, H3 butyl), 2.60 (m, 2H, H2
butyl), 3.69-3.72 (t, 2H, H1 butyl), 4.13-4.15 (m, 1H, H4"), 4.16-4.26 (m, 2H, H5’), 5.20-5.21
(m, 1H, H3"), 6.14-6.17 (t, 1H, H1"), 7.41-7.44 (m, 1H,), 7.49 (s, 1H, H6), 8.08-8.10 (dd, 1H),
8.48-8.49 (d, 1H), 8.91 (s, IH); “C NMR ((CD;),SO) & 13.41, 15.21, 19.27, 22.94, 25.02,
27.49, 33.82, 36.53,56.21, 61.13, 64.14, 74.19, 81.90, 81.90, 85.75, 109.62, 129.35, 132.22,
133.00, 134.10, 136.89, 150.15, 151.00, 157.21, 163.12, 176.35; MS (ESI): [M + H]" calced m/z

620.2, found 620.1.

2.5.2. Synthesis of N3-[3-{2-(3-Pyridyl)-1,3-dithiane-2-yl}propyl]-5’-0-[4,4’-
dimethoxytrityl]thymidine

Synthesis of 3°,5°-0-[1,1,3,3-Tetrakis(isopropyl)-1,3-disiloxanediyl]thymidine (3a, Scheme 2-
4) (43). The synthesis of disiloxane thymidine was carried out according to the method of Amin
(43). Thymidine (2g, 8.26 mmol) was first dissolved in a small amount of pyridine and
evaporated under vacuum. After the second time heat was applied with vacuum for several hours
to eliminate any residual amount of water present. It was than dissolved in about 50 ml of dry
pyridine. 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane (2.8 ml, 8.88 mmol) was added dropwise
under an argon atmosphere. The solution was stirred overnight at room temperature. Afterwards
the pyridine was removed and the crude redissolved in CH,Cl, and washed successively with
10% HCI, saturated sodium bicarbonate, and brine. The organic layer was dried, concentrated
and purified with silica gel (CH,Cl,/MeOH: 99/1) to give 3.5 g of 3a (88%). 'H NMR (DMSO-

dg) § 1.01 (s, 24H, (CHs),CH-), 1.75 (s, 3H, H7), 2.24-2.42 (m, 2H, H2’, H2""), 3.67-3.75 (m, 1H,
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H4"), 3.89-4.00 (m, 2H, H5"), 4.51-4.59 (m, 1H, H3"), 5.97-6.01 (t, 1H, HI"), 7.39 (s, 1H, H6),

11.31 (s, 1H, N-H). MS (ESI): [M + H]" calcd m/z 485.2, found 485.1.

Synthesis of N3-[3-{2-(3-Pyridyl)-1,3-dithian-2-yl}propyl]-3°,5’-0-[1,1,3,3-
tetrakis(isopropyl)-1,3,-disiloxanediyl]thymidine (3b, Scheme 2-4). (43). 3°,5’-O-[1,1,3,3-
Tetrakis(isopropyl)-1,3-disiloxanediyl]-thymidine (180 mg, 0.371 mmol), 104 mg of 4-(1,3-
dithian-2-yl)-4-(3-pyridyl)butan-1-o0l (0.407 mmol), 107mg (0.408 mmol) of PPh;, and 0.19 ml
(0.417 mmol) of diethyl azodicarboxylate were dissolved in about 3 ml of freshly distilled THF
(dried with sodium). The mixture was gently refluxed under argon overnight. The solvent was
then evaporated and the crude was purified with silica gel [hexane/EtOAC, 7:3 (v/v)] to yield 188
mg (70.1%) of 3b. 'H NMR (DMSO-de) & 1.06-1.32 (m, 24H, -CH(CH3),, 1.53 (m, 2H, CH,
dithiane), 1.87 (s, 1H, H7), 1.89-2.04 (m, 4H, CH, dithiane), 2.35 (m, 1H, H3 butyl), 2.57-2.79
(m, 4H, H1, H2 butyl), 3.78-3.86 (m, 2H, H5"), 4.58-4.66 (m, 1H, H3’), 5.96-6.00 (m, 1H, HI"),
7.44-7.48 (dd, 1H, H5 pyridyl), 7.51 (s, 1H, H6), 8.31-8.32 (d, 1H, H4 pyridyl), 8.44 (d, 1H, H6

pyridyl), 9.01 (s, 1H, H2 pyridyl). MS (ESI): [M + H]" calcd m/z 722.3, found 722.3.

Synthesis of N3-[3-{2-(3-pyridyl)-1,3-dithian-2-yl}propyl|thymidine (3¢ Scheme 2-4).
Compound 3b (182 mg) was dissolved in 10 ml of THF, to which was added 1 ml of BusNF (10
M) drop by drop at room temperature. After stirring under argon for 1.5 hr, the crude was
purified by column chromatography to yield 180 mg of 3¢, above the theoretical yield. MS (ESI):

[M + H]" caled m/z 480.2, found 480.3.

Synthesis of N3-[3-{2-(3-pyridyl)-1,3-dithiane-2-yl}propyl]-5’-0-[4,4’-

dimethoxytrityl]thymidine (3d, Scheme 2-4). Compound 3¢ was co-evaporated twice with
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pyridine and twice with CH,Cl, prior to the reaction. The compound (121 mg) was subsequently
dissolved in 9 ml of dry pyridine to which was added 103 mg of DMTrCl and 2 mg of DMAP.
The solution was then stirred at room temperature for 4 h. After 4 h, additional DMTrCl (103
mg) was added and left stirring overnight. The crude was purified with column chromatography
to obtain 105 mg of 3d (53.2). 'H NMR & 1.00-1.05 (m, 2H, CH, dithiane), 1.82 (s, 3H, CH3),
1.89-1.91 (m, 2H, CH, dithiane), 2.00-2.04 (m, 2H, CH, dithiane), 2.45-2.49 (m, 2H, H2’), 2.60-
2.80 (m, 4H, H2, H3 butyl), 3.77 (m, 9H, -OMe, H5*’, H1-butyl), 3.89 (m, 1H, H4’), 4.18 (m,
1H, H5’), 4.50 (m, 1H, 3°’OH), 6.35-6.40 (t, 1H, H1’), 6.82 (m, 4H, Ar-H), 7.28-7.45 (m, 9H, Ar-
H), 7.50 (s, 1H, H6), 8.19-8.22 (dd, 1H, HS5 pyridyl), 8.49 (d, 1H, H4 pyridyl), 8.61 (d, 1H, H6),

9.11 (s, 1H, H2). MS (ESI): [M + Na]" calcd m/z, 804.3, found 804.3.

2.5.3. Synthesis of 4-(1,3-dithian-2-yl)-4-(3-pyridyl)butanol

Synthesis of 2-(3-pyridyl)-1,3-dithiane (1a, Scheme 2-2) (44). 3-pyridine carboxyaldehyde
(4.24 ml, 45.2 mmol) was dissolved in 25 ml of freshly distilled THF under an argon atmosphere.
To this solution was added 6.01 ml of 1,3-propanedithiol (59.8 mmol) and 1.88 ml of BF;Et,O
(15 mmol). The reaction was refluxed until most of the starting material was converted into
product, as monitored by TLC (3 days). The crude solution was then poured into 100 ml of water
and the pH was adjusted to 4.0 with 1 N HCl. The crude was then purified with silica gel
(hexane/EtOAc: 2/1) to yield 3.49 g of 2-(3-pyridyl)-1,3-dithiane (34%). 'H NMR & 1.88-2. 00
(m, 1H, -SCH,CH,CH,S-), 2.16-2.24 (m, 1H, -SCH,CH,CH,S-), 2.89-3.15 (m, 4H, -
SCH,CH,CH,S-), 5.18 (s, 1H, C-H), 7.29 (dd, 1H, HS5 pyridyl J/=7.9 Hz, 4.8 Hz), 7.81-7.85 (dt,
1H, H4 pyridyl J=7.9 Hz, 1.8 Hz), 8.54-8.54 (dd, 1H, H2 pyridyl, J=4.85 Hz, 1.57 Hz), 8.69 (d,

1H, H6 pyridyl, J=2.05 Hz); MS (ESI): [M + H]" calcd m/z 198.0, found 198.1.
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Synthesis of 2-[2-(3-pyridyl)-1,3-dithiane]ethyl-1,3-dioxolane (1b, Scheme 2-2) (44). A
solution of 2-(3-pyridyl)-1,3-dithiane (3.49 g, 17.7 mmol) was dissolved in freshly distilled THF
(84 ml) under an argon atmosphere at -78 °C. To this solution, n-butyllithium (8.5 ml, 2.5 M)
was slowly added. The solution was stirred for 1 h at -78 °C. A second solution was then
prepared consisting of 2-(2-bromoethyl)-1,3-dioxolane (2.5 ml, 21.3 mmol ) in dry THF (9 ml).
This solution was then added to the original solution drop by drop at -78 °C and allowed to stir
for 2 h at that temperature. The solution was then allowed to warm to room temperature
overnight. The solution was subsequently poured into 150 ml of water and extracted with EtOAc
several times. The combined organic layers were dried and concentrated to yield the crude
product which was purified by silica gel (hexane/EtOAc: 2/1) to give 1b (3.58 g, 68.1%). 'H
NMR (CDCl3) 6 1.63-1.68 (m, 2H, -SCH,CH,CH,S-), 1.90-1.99 (m, 2H, -SCH,CH,CH,S-), 2.13-
2.18 (m, 2H, -SCH,CH,CH,S-), 2.60-2.74 (m, 4H, -OCH,CH,0-), 3.76-3.91 (m, 4H, -CH,CH,-),
4.78 (t, 1H, H2, J= 4.38 Hz), 7.31 (dd, 1H, HS5 pyridyl, /=8.1 Hz, 4.8 Hz), 8.19-8.23 (dq, 1H, H4
pyridyl, J/=8.11 Hz, 1.63 Hz), 8.50-8.52 (dd, 1H, H2 pyridyl, J=4.75 Hz, 1.55 Hz), 9.14 (d, 1H,

H6 pyridyl, J=2.34 Hz). MS (ESI): [M + H]" calcd m/z 298.1, found, 298.1.

Synthesis of 4-(1,3-dithiane-2-yl)-4-(3-pyridyl)butanal (1c, Scheme 2-2) (44). Aryl acetal 1b
(3. 58 g, 12.0 mmol) was dissolved in 5 ml of THF and mixed with aqueous oxalic acid solution
(0.4M, 1L). The solution was stirred at room temperature for 72 h and extracted with ether (200
ml). The combined organic layers were dried and concentrated to give a yellowish residue. The
crude was purified with silica gel (hexane/EtOAc: 1/1) to give 1¢ (1.77 g, 58%). 'H NMR
(CDCl3) 6 1.92-2.02 (m, 2H, CH, dithiane), 2.34-2.38 (m, 2H, CH, dithiane), 2.52-2.56 (m, 2H,

CH, dithiane), 2.60-2.77 (m, 4H, H1 and H2), 7.32 (dd, 1H, HS pyridyl J=8.12 Hz, 4.72 Hz),
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8.17-8.20 (m, 1H, H4 pyridyl), 8.53 (dd, 1H, H2 pyridyl, J/=4.68 Hz, 1.34 Hz), 9.12 (d, 1H, H6

pyridyl, J=2.0 Hz), 9.67 (s, 1H, H1); MS (ESI): [M + H]" calcd m/z 254.1, found 254.2.

Synthesis of 4-(1,3-dithian-2-yl)-4-(3-pyridyl)butan-1-ol (1d, Scheme 2-2) (44). Butanal 1c
(1.77 g, 6.99 mmol) was dissolved in 14 ml of anhydrous THF; a second solution was prepared
consisting of LiAlH4 in 7 ml of anhydrous THF. The original solution was then added to LiAlH,4
solution at 0 °C, under argon, drop by drop, and stirred at 0 °C for 1 h. H,O (0.6 ml), 15% NaOH
(0.6 ml), and H,O (1.7 ml) were then added in sequence. The white precipitate was then filtered
off and washed with ether. The filtrate was concentrated to yield a yellowish residue. The
residue was purified with silica gel (100% EtOAc) to give 1d (1.29 g, 72.5%). 'H NMR (CDCls)
0 1.50-1.60 (m, 2H, CH, dithiane), 1.91-2.01 (m, 2H, CH, dithiane), 2.04-2.09 (m, 2H, CH,
dithiane), 2.60-2.74 (m, 4H, H2 and H3), 3.53-3.57 (t, 2H, H1), 7.35 (dd, 1H, H5 pyridyl, J=8.07
Hz, 4.71 Hz), 8.22-8.25 (m, 1H, H4 pyridyl), 8.52-8.54 (dd, 1H, H2 pyridyl, J/=4.82 Hz, J=1.6

Hz), 9.16 (d, 1H, H6 pyridyl, J=1.7 Hz); MS (ESI): [H + H]" calcd m/z 256.1, found 256.3.
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CHAPTER 3 Syntheses of 5-Hydroxymethyl-2’-deoxycytidine and 5-formyl-2’-

deoxycytidine and their Incorporation into Oligodeoxynucleotides

3.1 Introduction

5-hydroxymethyl-2’-deoxycytidine (hmdC) is a modified nucleoside that has been
recently detected in genomic DNA of mammalian tissues (2, 3). Tet enzymes oxidize 5-
methylcytosine (mC) in DNA to yield hmdC (2, 3, 6, 7). HmdC plays a crucial role in the
development and differentiation of embryonic stem cells (ES cells). The levels of hmdC and of
Tet enzymes vary upon differentiation of a stem cell (7).

Another recently discovered nucleoside is 5-formyl-dC (fdC). fdC, like hmdC, has
recently been detected in genomic DNA and its exact role is yet unknown. Its levels are even
lower than that of hmdC (5). However, because it can be artificially produced in vitro upon
exposure to ionizing radiation or by reaction with Fenton reagents, from mC, and because it was
thought that fdC was responsible for the high rate of mutations observed at CpG sites, site-
specific mutagenesis studies have been conducted (23). These studies indicate that fdC is not a
potent mutagen (24). We report here the synthesis of fdC and hmdC for incorporation into

synthetic oligodeoxynucleotides (Figure 3-1).

45



NH HO OH NH, O NH,

SN
| | |
HO /L§o HO. . N/L§O HO. ) N/L§O
OH OH OH
hmdC dheC fdC

Figure 3-1 Structures of hmdC, dheC, and fdC
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3.2 Detection and Sequencing of hmdC in genomic DNA

The first time hmdC was detected was by simply using TLC plates to visualize **P-
dNMPs that had been obtained from digested DNA. The intensity of the new spot was inversely
proportional to the mC spot indicating that hmdC was derived from mC (2). Further confirmation
on the exact structure was obtained with HPLC and MS (2). Other methods use enzymes that
cleaved DNA at specific cytosine sequences (3). A more accurate method that is independent of
nucleotide sequence uses B-glucosyltransferase (-gt) to attach a radioactive labeled UDP-
[*H]glucose onto the hydroxy group of hmdC in genomic DNA and that allows for detection and
quantification in several tissues (7). A biotin tag can also be attached to a UDP-6-azidoglucose of
hmdC for detection, purification, and sequencing (12). J-binding protein coupled to magnetic
beads can also be used to capture glycosylated hmdC (13). One method allows for detection and
sequencing at the same time. Single DNA polymerase molecules are observed in real time while
they catalyze the incorporation of fluorescently labeled nucleotides complementary to a template
nucleic acid strand (9). For example, incorporation of a mC or hmdC would give rise to a unique
fluorescence trace. Only in vitro studies with ODNs have been conducted using this technique

(9). Nanopore detection and sequencing has also been used (16).

3.2.1. HmdC levels in different cells and tissues

Very recently, hmdC was discovered in Purkinje neurons and granule cells (2). Although
the percentages that were given were estimates of hmdC levels at CpG sites, 0.6% and 0.23%, in
Purkinje and neuronal cells respectively, its discovery initiated a race to detect, quantify, and

elucidate its role in genomic DNA (2). In human embryonic kidney cells, hmdC was present at 4-
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6% at specific cytosine sequences. These short cytosine sequences were obtained using specific
restrictive enzymes  and thus the percentages reported are likely overestimates (3). Using
HPLC-MS, Carell et al. detected hmdC in mouse tissues, mainly in the central nervous system, at
levels from 0.3 to 0.6% (4). These detection methods target specific sequences and the
percentages reported may not reflect the true abundance of hmdC in genomic DNA.

Other studies that detect hmdC independent of nucleotide sequence indicate hmdC is
present from 0.2 to 1.2%. For example, hmdC was detected in the cortex at about 1.2%,
cerebellum 0.9%, kidney 0.7%, and testis 0.2% (7). The method used here allows for the
detection and quantification of the levels of this modified nucleoside in genomic DNA. Similar

methods report highest hmdC levels at 0.4% in mouse cerebellum (12).

3.3 Detection and mutagenicity of fdC

In 2011, fdC was detected in mouse ES cells at very low levels (0.02%) (5). However,
long before this, fdC was artificially produced and incorporated into oligodeoxynucleotides
(ODNSs) for in vitro studies (22). The purpose was to examine if fdC was mutagenic. It was
concluded that f{dC may cause C>T mutations at CpG sites (22). It was found that the Klenow
fragment of E. coli misincorporated TMP and dAMP opposite fdC (23). Authors speculated that
fdC my cause C> A and C->T mutations during replication (23). A different in vitro experiment
revealed similar results but also revealed base substitutions (mutations) at sites adjacent to fdC.
In vivo studies using fdC-containing vectors showed that fdC weakly blocked DNA replication in
mammalian cells. The mutation spectrum reported was broad (fdC>G, fdC>A, and fdC>T).
However, the mutational frequencies were low (0.03-0.28%) (24). Thus, fdC is not at all a

potent mutagen. It has been speculated that fdC is derived from hmdC and then removed.
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Thymidine DNA glycosylase (TDG) removes fdC at G:fdC base pairs faster than for G:T base
pairs (26). However, given the overwhelming evidence that hmdC functions as epigenetic
modification in ES cells, oxidizing hmdC to fdC would have deleterious effects in gene

expression and development of ES cells.

3.4 The role of hmdC and Tet enzymes during ES cell differentiation

Current research on hmdC is focused in its role in the differentiation of embryonic stem
cells (ES cells). Tet enzymes, Tetl, Tet2, and Tet3 oxidize 5-methyl-2’-deoxycytldine (mdC) to
form hmdC. An ES cell maintains high levels of Tet transcripts (Tetl Tet2) and hmdC, but as the
cell differentiates, hmdC levels and Tetl and Tet2 transcript levels drop while Tet3 transcript
levels increase (7). It appears the hmdC levels are correlated with gene activation; in Tetl
knockdown ES cells, increase in methylation at the Nanog promoter region was detected (6).
When fragmented genomic DNA was glucosylated at hmdC nucleotides and pulled down with J-
binding proteins, promoters of the pluripotency genes (Nanog, Oct4, KIf4) were enriched in
hmdC by 7-14 fold (13). Other studies showed decreases in Tetl, Tet2 and Octd mRNA levels
while Tet3 levels increased during differentiation; embryonic fibroblasts differentiating into ES
cells showed the opposite trend. Oct4 depletion down-regulated Tetl, Tet2 and hmdC levels,
while up-regulating Tet3 levels. Prolonged depletion of Tetl or Tet2 also affected normal ES cell
differentiation as it led to abnormal cell tissue such as high levels of immature glandular tissue or

scattered giant cells relative to healthy cells (11).
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3.5 The intention behind the syntheses of hmdC and fdc

Published methods were used to synthesize both hmdC and fdC (27, 28). Our objective
was to synthesize ODNs housing a site-specifically incorporated hmdC and fdC. These ODNs
will then be used for future studies on how these modified nucleosides affect DNA replication in

mammalian cells and how they are recognized by proteins in mammalian cells.

3.6 Results and Discussion

The synthesis of hmdC was conducted using the method of Sowers (27). The key
reaction step was the conversion of 5-hydroxymethyl-2’-deoxyuridine (hmdU) 1b, to the dC
analog, 1¢, Scheme 3-1. The yield for this step was modest (39.6%). 'H NMR and MS were
used to verify the synthesis of 1f, Scheme 3-1 and Appendix B. A number of attempts were made
to incorporate 1f into ODNs but without success. Most likely the incorporation did occur but the
harsh postsynthetic de-protection of the cyanoethyl group did not work. After ODN synthesis
was complete the solid support was placed in concentrated ammonia and heated at 65 °C for 60 h
(27). The ODN was then purified using HPLC and the fractions collected were analyzed with
MS (ESI) and MS/MS which showed no evidence of the desired ODN harboring an hmdC.
When 1b was de-protected using the same conditions to de-protect the ODN, removal of the
cyanoethyl group did not occur. Further heating did not work either.  Thus, most likely

incorporation did occur but was not de-protected with the conditions reported by Sowers.
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For the synthesis of fdC, the method of Matsuda was used (27). The conversion of vinyl-
dU (2¢) to vinyl-dC (2d) was very inefficient (Scheme 3-2). In addition, the phosphoramidate
derivative that was incorporated into the ODN did not contain the 5-formyl functionality but
instead contained 5-(1,2-dihydroxyethyl)-2’-deoxycytidine, (dheC), that required postsynthetic
NH4OH treatment to remove the acetyl groups and reaction with NalOy4 to generate the 5-formyl
functionality of fdC. "H NMR and MS were used to confirm the structure of 2h (Scheme 3-2). A
12-mer in the sequence (ATGGCGXGCTAT) was successfully synthesized, where “X”
represents dheC, the precursor to fdC, Scheme 3-2, at the 6-position and was confirmed with MS

and MS/MS (Figure 3-2 and 3-3).
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The ODN (12mer) obtained was characterized by ESI-MS and MS/MS to confirm the
sequence and location of dheC. The measured m/z values for the multiply deprotonated ions is
consistent with the calculated values. MS/MS of the [M-3H]* ion (m/z 1239.64) gives a series of
sequence ions, allowing for the absolute confirmation of dheC at the 6™ position from the 3” end
on the ODN (Figure 3-3). Upon collisional activation, an ODN undergoes cleavages at the N-
glycosidic bond and the 3’ C-O bond of the same nucleoside to form [a,-Base] and its
complementary w, ions, which carry the 5’ and 3’ termini of the ODN, respectively. Thymine
usually does not undergo these types of cleavages (28). Figure 3-3 shows the [a;-G], [a4-G], [as-
Cl, [a7-X], [as-G], [a11-A], W2, W3, W4, Ws, W, Wg, Wo, and wy; ions. The observed masses of wg,
ws, Wo, and wy; are 60 Da higher in masses than the calculated masses of the corresponding
fragments for the unmodified ODN, whereas the masses of the w,, wi, w4, and ws ions are the
same as the calculated masses for the corresponding fragments from the unmodified ODN,
indicating the presence of dheC at the 6™ position of the 12mer. Analyzing the [a,-Base] ions

gives the same results.

3.7 Conclusion

The syntheses of phosphoramidites, building blocks of hmdC and fdC were successfully
synthesized, though the incorporation of hmdC into ODNs failed. Most likely incorporation did
occur but the postsynthetic conditions did not remove the cyanoethyl group used for protecting
the hydroxymethyl group during ODN synthesis. A 12mer containing the precursor for fdC was

successfully obtained and confirmed with MS (ESI) and MS/MS.
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3.8 Experimental Procedures

Materials. All chemicals, unless otherwise specified, were obtained from Sigma-Aldrich
(St. Louis, MO). All anhydrous solvents, unless otherwise specified, were purchased from Acros

Organics.

Mass Spectrometry (MS). Electrospray ionization-mass spectrometry (ESI-MS) and
tandem MS (MS/MS) experiments were carried out on an LCQ Deca XP ion-trap mass
spectrometer (Thermo Fisher Scientific, San Jose, CA). A mixture of acetonitrile and water
(50:50, v/v) was used as solvent for electrospray. The spray voltage was 3.0 kV, and the

temperature of the ion transport tube was maintained at 275 °C.

ODN Synthesis and Purification. ODN (12mer) was synthesized on a Beckman Oligo
1000S DNA synthesizer (Fullerton, CA) at 1-umol scale. The synthesized phosphoramidite
building block was dissolved in anhydrous acetonitrile at a concentration of 0.07 M. Standard
phosphoramidite building blocks (Glen Research Inc., Sterling, VA) of dA, dC, dG, and dT were
employed and standard ODN assembly protocol was used without any modification. The ODN
containing 5-(1,2-dihydroxyethyl)-2’-deoxycytidine (dheC) linked to the solid support was
treated with concentrated NH,OH at 55 °C for 12 h. The purification of the ODN was performed
on a Beckman HPLC System (32 Karat software version 3.0, pump module 125) with a UV
detector (module 126) monitoring at 260 nm. A C-18 column was used and a linear gradient of

ACN from 0 to 35% in 0.1 M TEAA bufter, pH 7.0, was used for the mobile phase.
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NMR. 'H NMR spectra were recorded at 300 MHz on a Varian Inova 300 NMR

spectrometer (Varian Inc., Palo Alto, CA).

Synthesis of 5-hydroxymethyl-2’-deoxyuridine (1a, Scheme 3-1). (27) 2’-Deoxyuridine (4g)
was dissolved 0.5 M TEA in water (80 ml total). To this solution was added 2.36 g
paraformaldehyde and the solution was heated at 60 °C overnight. After day one, 3.43 g of
paraformaldehyde was added followed by 2.44 g after day two. Each time additional
paraformaldehyde was added, 1 ml TEA and 10 ml water was added to keep the solution basic.
The crude was purified by silica gel to yield 2.35 g of 5-hydroxymethyl-2’-deoxyuridine (51.9%).
'H NMR (DMSO-dy) §, 11.30 (s, 1H, NH), 7.72 (s, 1H, H6), 6.16 (t, 1H, H1’, J=6.0 Hz), 5.24 (d,
1H, 3°’OH), 4.90-4.96 (m, 1H, 5°0OH), 4.14 (m, 1H, H3"), 4.12 (s, 2H, 5-CH,0-), 3.87 (m, 1H,
H4%), 3.77 (m, 2H, 5H’, H5"’), 2.07-209 (m, 2H, H2’-H2"*), 0.93-0.97 (t, 1H, 5-CH,OH). MS

(ESI): [M + H]" caled m/z 259.1, found 258.9.

Synthesis of 5-(2-cyanoethoxy)methyl-2’-deoxyuridine (1b, Scheme 3-1). (27) 5-
Hydroxymethyl-2’-deoxyuridine (2.35 g, 9.10 mmol) in 2-cyanoethyl alcohol (47 ml) was treated
with a catalytic amount of trifluoroacetic acid (470 ul). The solution was stirred at 130 °C under
vacuum for 1 h. The product was purified with silica gel (1.5 g, 53.0%); 'H NMR (DMSO-dy) 8,
11.40 (s, 1H, NH), 7.93 (s, 1H, H6), 6.15 (t, 1H, H1’, J=6.0 Hz), 5.23-5.25 (d, 1H, 3°’OH), 5.01 (4,
1H, 5°0OH), 4.21 (m, 1H, H3"), 4.17 (s, 2H, 5-CH,0-), 3.77 (m, 1H, H4’), 3.61 (m, 4H, H5’, H5",
CH,CH,CN), 2.72 (t, 2H, CH,CH,C N, J=6.3 Hz), 2.08-2.12 (m, 2H, H2’, H2"*), 1.14-1.19 (4,

2H, 5-CH,OH). HRMS (ESI): [M + H]" caled m/z 334.1, found 334.1.
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Synthesis of 3’,5°-bis-O-Acetyl-5-(2-cyanoethoxy)methyl-N*-triazoyl-2’-deoxycytidine. (27)
5-(2-Cyanoethoxy)methyl-2’-deoxyuridine (1.5 g) was dried by co-evaporation with dry pyridine.
Pyridine (45ml) was than added, followed by dropwise addition of acetic anhydride (3.4
ml). The solution was stirred at room temperature for 3 h. Anhydrous methanol was added and
the mixture was stirred for an additional 5 min. Solvents were removed under reduced pressure
and the product was dried to a foam by co-evaporation with toluene. The acetylated derivative
was purified with silica gel to obtain 1.96 g.

The above acetylated derivative (624 mg) was dissolved in 12.5 ml of CH;CN, to which
solution was added 1,2,4-triazole (2.2 g, 31.9 mmol) followed by addition of Et;N and POCI;
(0.66 ml, drop by drop). The solution was stirred at room temperature for 1 h. Stirring was
continued for 1 h upon which ethyl acetate was added and washed with saturated NaHCO; and
brine. The organic solution was dried over anhydrous Na,SO,, concentrated and purified with
silica gel to obtain 0.61g (87%). 'H NMR (DMSO-d,) & 9.38 (s, 1H, H6), 8.41 (s, 2H, H3 and H5
triazole), 6.14 (t, 1H, H1’), 5.22-5.24 (d, 1H, H3"), 4.77 (s, 2H, 5-CH,0-), 4.45 (m, 1H, H4"),
4.31 (m, 2H, 5H’, H5”), 3.67 (t, 2H, CNCH,CH,0-), 2.68-2.75 (t, 2H, CNCH,CH,0-), 2.60-2.66
(m, 1H, H2’), 2.35-2.45 (m, 1H, H2”’), 2.08 -2.02 (m, 6H, CH3-). MS (ESI): [M + H]" calcd m/z

447.2, found 447.1.

Synthesis of 5-(2-cyanoethoxy)methyl-2’-deoxycytidine (1c, Scheme 3-1). (27) After
isolation and purification of the acetylated triazolyl derivative, it was dissolved in 1,4-dioxane (10
ml) and treated with 29% aqueous ammonia (2ml). After achieving complete conversion, as
monitored by TLC, the solvent was evaporated and the crude was re-dissolved in 0.4M TEA in
MeOH an allowed to react overnight at room temperature to obtain the desired 3°,5’-deprotected

cyanoethoxy protected dC compound, 172 mg (39.6%). 'H (DMSO-d,) & 7.86 (s, 1H, H6), 7.44
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(s, 1H, NH), 6.68 (s, 1H, NH), 6.13 (t, 1H, HI’, J=6.0 Hz), 5.18-5.19 (d, 1H, 3’0OH), 4.98-5.03
(m, 1H, 5°OH), 4.21 (m, 3H, H3’, 5-CH,0-), 3.75 (m, 1H, H4"), 3.54-3.58 (m, 4H, H5’, H5"", -
CH,CH,CN), 2.74-2.78 (m, 2H, -CH,CH,CN), 1.89-2.00 (m, 1H, H2’), 2.08-2.16 (m, 1H, H2"").

MS (ESI): [M + H]" caled m/z 311.1, found 311.1.

Synthesis of N*-benzoyl-5-(2-cyanoethoxy)-methyl-2’-deoxycytidine (1d, Scheme 3-1). (27)
5-(2-Cyanoethoxy)methyl-2’-deoxycytidine (172 mg, 0.55 mmol) was dried by coevaporation
with dry pyridine. Pyridine (3ml) was added, followed by trimethylsilyl chloride (0.35 ml, 2.74
mmol). After 15 min at room temperature, the stirred solution was treated with benzoyl chloride
(0.33 ml, 2.84 mmol). The solution was continuously stirred for an additional 3 h. The mixture
was then cooled to 0 °C and water (5 ml) was added. After 5 min, 29% aqueous ammonia was
added and the mixture was stirred at room temperature for 15 min. Solvents were removed under
reduced pressure and the residue was dissolved in dichloromethane and washed with saturated
aqueous sodium bicarbonate and brine. The organic phase was dried and filtered. Solvents were
removed under reduced pressure and the product was isolated by silica gel chromatography to
give 133 mg of 1d (57.8%); '"H NMR (DMSO-d) & 8.26 (s, 1H, H6) 7.47-8.16 (m, 5H, aromatic),
6.16 (t, 1H, H1’, J= 6.0 Hz), 5.28-5.29 (d, 1H, 3°’OH), 5.08 (t, 1H, 5°0OH), 4.45 (s, 2H, 5-CH,0-),
4.23-4.29 (m, 1H, H3’), 3.85 (m, 1H, H4"), 3.60-3.85 (m, 4H, H5’, H5”’, CH,CH,CN), 2.74 (t,
2H, CH,CH,CN), 2.12-2.26 (m, 2H, H2’, H2”’). MS (ESI): [M + H]" caled m/z 415.2, found

415.1.

Synthesis of N*-benzoyl-5-(2-cyanoethoxymethyl)-5’-O-(4,4’-dimethoxytrityl)-2’-
deoxycytidine-3’-O-(2-cyanoethyl)-N,N-diisopropylphosphororamidite (1f, Scheme 3-1).

(27). Compound 1d (40 mg, 0.097 mmol) was converted to the protected 5’-dimethoxytrityl
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compound by standard methods. Dimethoxytrityl group was installed on to the 5° hydroxyl group
using 4,4’-dimethoxytrityl chloride (50 mg, 0.15 mmol) in pyridine. AgNO; (25 mg, 0.15 mmol)
was added and the reaction was left overnight. The product was washed with brine, extracted
with dichloromethane and purified by silica gel to yield 63 mg (90.5%). '"H NMR (DMSO-d;) &
6.82-8.85 (aromatic and H6), 6.15 (t, H1’, J=6 Hz), 5.36-5.37 (d, 3°’OH), 4.22 -4.29 (m, H3’, 5-
CH,0-), 3.94 (m, H4’, CH,CH,CN), 3.41 (t, CH,CH,CN), 3.23-3.25 (m, H5’, H5”"), 2.26-2.30
(m, H2’, H2*). MS (ESI): [M + H]" m/z caled 717.3, found 717.2.

The purified dimethoxytrityl derivative was converted to the 3’-phosphoramidite using 2-
cyanoethyl-N,N-diisopropylchlorophosphoramidite and diisopropylethylamine in dry acetonitrile
and purified using flash column chromatography to yield 1f. *'P NMR & 160.2 ppm. MS (ESI):

[M + Na]" calcd m/z 939.4, found 939.1.

Synthesis of 5’-0-(4,4’-Dimethoxytrityl)-5-iodo-2’-deoxyuridine (2a, Scheme 3-2). (23) 5-
Iodo-2’-deoxyuridine (5g, 14.1 mmol) was dissolved in 88 ml of pyridine, to which solution was
added 5.74 g (16.9 mmol) of dimethoxytrityl chloride, DMAP (88.5 mg, 0.720 mmol), and TEA
(3.55 ml, 24.1 mmol). The reaction was allowed to proceed at room temperature for about 4 hrs.
Reaction was quenched by the addition of some methanol and the crude was purified column
chromatography to yield 6.27 g (67.6%) of compound 2a. 'H NMR (DMSO-d,) & 8.00 (s, 1H,
H6), 6.87-7.40 (m, 10H aromatic), 6.09 (t, 1H, H1"), 5.28-5.30 (d, 1H, 3’OH), 4.20-4.24 (m, 1H,
H3), 3.87-3.92 (d, 1H, H4’), 3.72 (s, 6H, -OCH3;), 3.15-3.18 (m, 2H, H5’, H5"*), 2.25 (m, 2H,

H2’, H2’’). MS (ESI): [M + Na]" caled m/z 679.1, found 678.9.

Synthesis of 3’-O-(-butyldimethylsilyl)-5’-0-(4,4’-dimethoxytrityl)-5-iodo-2’-deoxyuridine

(2b, Scheme 3-2). (23) Compound 2a (6.27 g, 9.6 mmol) was dissolved in 30 ml of ACN. 2.28
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ml N-methylimidazole, 1.58 g fert-butyldimethylsilyl chloride, and 4.8 g were then added. The
solution was allowed to react at room temperature for 1 h. The solvents were evaporated under
reduced pressure and the crude was purified by silica gel chromatography to yield 5.76 g of
compound 2b (78.2%). 'H NMR (CDCls) 8 11.73 (s, 1H, N-H), 8.06 (s, 1H, H6), 6.87-7.41 (m,
13H, Ar-H), 6.04-6.08 (t, 1H, H1’), 4.32-4.39 (m, 1H, H3"), 3.75 (m, 1H, H4’), 3.73 (s, 6H, -
OCHs;), 3.12 (m, 2H, H5’), 2.07-2.38 (m, 2H, H2’), 0.78-0.84 (m, 9H, C(CHj3;);), 0.07-0.02 (m,

6H, SiCH3) MS (ESI): [M + Na]" m/z caled 771.2 found, 792.9.

Synthesis of 3’-O-(z-butyldimethylsilyl)-5’-0-(4,4’-dimethoxytrityl)-5-vinyl-2’-deoxyuridine
(2¢, Scheme 3-2). (23) Compound 2b (5.76 g, 7.47 mmol), (Ph;P),PdCl, (525 mg, 0.74 mmol)
and tributyl(vinyl)tin (2.84ml, 9.73mmol) were dissolved in DMF (46 ml) and stirred at 80 °C for
1.5 h. The reaction mixture was filtered through a Celite pad and the filtrate was taken in EtOAc.
The organic layer was washed with diluted NaHCO;, H,O and brine, dried (NaSO,) and
evaporated under reduced pressure. The residue was purified by column chromatography to give
4.09 g of 2¢ (81.6%). 'H NMR (CDCls) & 7.77 (s, 1H, H6), 7.28-7.44 (m, 9H, aromatic), 6.88-
6.85 (m, 4H, aromatic), 6.36 (t, 1H, H1’), 5.75-5.88 (dd, 1H, H1*’, J=17.6, 11.2 Hz), 4.99 (d, 1H,
H2’(Z), J=17.6 Hz), 4.95 (d, 1H, H2’(E), J=11.2 Hz), 4.01-4.02 (m, 1H, H4’), 3.82 (s, 6H,
CH;0), 3.45 (m, 1H, H5’a), 3.27 (m, 1H, H5’b), 2.51 (m, 1H, H2’a), 2.31 (m, 1H, H2’b), 0.87 (s,

9H, (CH;);C-Si), 0.02-0.05 (m, 6H, CH;-Si). MS (ESI): [M + Na] calcd m/z 693.3, found 693.1.

Synthesis of 3’-O-(z-butyldimethylsilyl)-5’-0-(4,4’-dimethoxytrityl)-5-vinyl-2’-deoxycytidine
(2d, Scheme 3-2). (23) Compound 2¢ (4.09 g, 6.09 mmol) was dissolved in ACN to which Et;N
(2.42ml, 17.4mmol), DMAP (2.13g, 17.4mmol), and 2,4,6-triisopropylbenzenesulfonyl chloride

(5.27¢g, 17.4 mmol) were added and stirred at room temperature for 28 h. The mixture was cooled
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in an ice bath, concentrated NH,OH (100 ml) was added, and then stirred at room temperature for
1 h. The mixture was concentrated under reduced pressure and extracted with EtOAc. The
organic layer was washed with H,O and brine, dried (NaSO,4) and evaporated under reduced
pressure. The residue was purified by column chromatography (0-4% MeOH in CHCl;) to give
418 mg of 2d as a foam (10.3%). '"H NMR (CDCls) § 7.96 (m, 1H, H6), 7.28-7.40 (m, 9H,
aromatic), 6.84-6.81 (m, 4H, aromatic), 6.31 (t, 1H, H1"), 5.90-5.99 (dd, 1H, H1°), 5.11-5.17 (d,
1H, H2*’(Z), J=17.6 Hz), 4.93-4.46 (d, 1H, H2’(E), J/=11.2 Hz), 4.39-4.46 (m, 1H, H3"), 3.97 (m,
1H, H4"), 3.80 (s, 6H, CH;0), 3.47 (dd, 1H, H5’a), 3.20 (dd, 1H, H5’b), 2.47-2.59 (m, 1H, H2’a),

2.12-2.22 (m, 1H, H2’b), 0.81 (s, 9H, (CH3);C-Si), 007-0.00 (m, 6H, CH-Si).

Synthesis of 3’-O-(+~-Butyldimethylsilyl)-5-(1,2-dihydroxyethyl)-5’-O-(4,4’-dimethoxytrityl)-
2’-deoxycytidine (2e, Scheme 3-2). (23) A solution of OsOy in ~-BuOH (5mg/ml, 1.6 ml) was
added to a solution of 2d (418 mg, 0.624 mmol) and N-methylmorphorine N-oxide (146.4mg,
1.25 mmol) in acetone/H,O/t-BuOH (4:1:1, 9ml) and the resulting mixture stirred at room
temperature for 4 h. After the reaction was quenched with saturated aqueous Na,SO; (15 ml) the
mixture was extracted with EtOAc. The organic layer was washed with saturated aqueous
Na,SO; (30 ml) and brine, dried (Na,SO,4) and evaporated under reduced pressure. The residue
was purified by column chromatography to give 2e as a foam (221mg, 50.3%). 'H NMR (CDCls)
0 7.92 (s, 0.33H, H6, isomer A), 7.70 (s, 0.67H, H6 isomer B), 7.49-7.28 (m, 9H, Ar-H), 6.34-
6.29 (t, 1H, 1H’), 4.52-4.39 (m, 1H, H-3"), 4.28-4.18 (m, 1H, CHOH, isomer B), 4.01-4.00 (m,
1H, H4’), 3.92-3.89 (m, 0.3H, CHOH, isomer A), 3.86-3.84 (m, 6H, CH;0), 3.67-3.42 (m, 2H,
CH,0H), 3.40-3.22 (m, 2H, H5’), 2.54-2.42 (m, 1H, H2’a), 2.21-2.09 (m, 2H, H2’b), 0.80-0.93
(m, 9H, (CH3)3C-Si), 0.07-0.08 (m, 6H, CH3-Si). MS (ESI): [M + Na]" caled m/z 726.3, found

726.1.
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Synthesis of 5-(1,2-Diacetoxyethyl)-N*-acetyl-3’-O-(t-butyldimethylsilyl)-5°-O-(4,4’-
dimethoxytrityl)-2’-deoxycytidine (2f, Scheme 3-2). (23) A mixture of 2e (221 mg, 0.314
mmol), DMAP (4.2 mg, 0.034 mmol), Ac,O (133.3 ul, 1.4 mmol) in pyridine (4 ml) was stirred at
room temperature for 20 h. After EtOH was added the mixture was evaporated under reduced
pressure. After successive co-evaporation with toluene the residue was dissolved in EtOAc and
washed with H,O, and brine, dried (Na,SO,) and evaporated under reduced pressure. The residue
was purified by column chromatography to give 2f as a foam (202 mg, 77.5%). MS (ESI): [M +

H]" m/z calcd 830.4, found 829.9.

Synthesis of 5-(1,2-Diacetoxyethyl)-N*-acetyl-5’-O-(4,4’-dimethoxytrityl)-2’-deoxycytidine
(2g, Scheme 3-2). (23) A solution of TBAF in THF (1.0 M, 0.484 ml, 1.67 mmol) was added to
a solution of 2f in THF(3.4 ml) in an ice bath and stirred at room temperature for 6 h. The
reaction mixture was taken in EtOAc (56 ml), washed with H,O and brine, dried (Na,SO,) and
evaporated under reduced pressure. The residue was purified by column chromatography to give
2g as a foam (116 mg, 66.6%). 'H NMR (CDCl3) & 7.41-7.28 (m, 9H, Ar-H), 6.82-6.86 (m, 4H,
Ar-H), 6.16-6.26 (m, 1H, H1’), 5.59 (m, 1H, CHOAc), 4.00-4.45 (m, 4H, CH,OAc, H3’, H4’),
3.32-3.55 (m, 2H, H5), 2.02 (m, 2H, H2"), 1.56 (s, 9H, CH;CO). MS (ESI): [M + Na]" caled

m/z 738.3, found 738.1.

Synthesis of 3’-O-[(Cyanoethyl)-(N,N-diisopropylamino)phosphinyl]-5-(1,2-diacetoxyethyl)-
N'-acetyl-5’-O-(4,4’-dimethoxytrityl)-2’-deoxycytidine ~ (2h, Scheme  3-2). (23)
Cyanoethyldiisopropylchlorophosphoramidite was added to a solution of 2g (116 mg, 0.16 mmol)
followed by N,N-diisopropylethylamine in CH,Cl, at 0 °C and stirred at room temperature for 0.5

h. The mixture was taken in CHCIl; and washed with H,O, and brine, dried with Na,SO, and
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evaporated under reduced pressure. The residue was quickly passed through a silica column to
eliminate inorganic salts. *'P NMR & 150.0 ppm. MS (ESI): [M + Na]" calcd m/z 938.4, found

938.1.
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CHAPTER 4 Dual Incorporation of 8-0x0-7,8-dihydro-2’-deoxyguanosine and 7-

Nitroindole into Oligodeoxynucleotides

4.1 Introduction

8-0x0-7,8-dihydro-2’-deoxyguanosine (8-0xo-dG) is well known and studied oxidatively
induced DNA lesion found in genomic DNA. It can be produced from both exogenous and
endogenous sources of reactive oxygen species (1,2). It is even used as a marker for genomic
DNA damage as it can easily be detected in urine of rodents and man. 8-0xo-dG in template
DNA promotes mutagenic insertions, such as dAMP or dCMP, directly opposite the lesion (4,6).
It also promotes mutations in vivo (2,3,7).

2-Deoxyribonolactone (dL) can be derived from the precursor 7-nitroindole d(7-Ni) via
irradiation (11). Usually, an in vitro study first incorporates d(7-Ni) into a synthetic
oligodeoxyribonucleotide (ODN) strand, which is then irradiated to form the oxidized lesion dL
within the synthetic strand. 2-Deoxyribonolactone can undergo both 3 and & eliminations to form
strand breaks in DNA (11, 14). Like 8-0x0-dG, dL is also mutagenic; and repair studies of the
lesion by itself and as part of a tandem lesion have also been conducted (11, 12, 14). We report
here the syntheses of 8-0x0-dG and 7-nitroindole nucleoside and their contiguous incorporation

into an ODN.
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HO HO

8-0x0-dG d(7-Ni) dL

Figure 4-1 Structures of lesions 8-oxo-dG and 2’-deoxyribonolactone (dL), and 7-nitroindole
nucleoside
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4.2. Mutagenicity of 8-0x0-dG in in vitro

One of the first in vitro studies for 8-0xo-dG showed that incorporation of dCTP is
slightly favored over dATP opposite the lesion. Extension beyond the mutagenic pairs was seen
with both pol a and the Klenow fragment (1). Using human DNA polymerase, pol f,
incorporation of dAMP directly opposite 8-0x0-dG was slightly favored over dCMP, depending
on the downstream sequence context beyond 8-oxo-dG. In addition, mismatch incorporations
were seen upstream and downstream adjacent to the 8-oxo-dG lesion. However, when pol «
replaced pol S no upstream errors were detected. Error rates at sites adjacent to 8-oxo-dG were
roughly 1% of the values opposite 8-0x0-dG, indicating the potential of 8-0x0-dG to induce
tandem mutations when pol £ is involved (4). A different study showed that 8-0xo-dGTP was
incorporated opposite dC with a specificity constant of 0.005 uM™'s™ and was extended 96% of
the time. The specificity constant for incorporation of 8-oxo-dGTP opposite dA was 0.2 uM™'s™,

13-fold higher than incorporation opposite dC, with extension 70% of the time (6).

4.2.1. Mutagenicity of 8-0x0-dG in in vivo

An in vivo study reported that 8-0xodG could induce a G-to-T transversion at frequencies
of 0.7% and 0.6% depending on the type of assay used (2). Thus, even though the oxidized lesion
induces nucleotide misincorporation in vitro, it is not potently mutagenic in vivo. A different in
vivo study also yielded predominant G-to-T mutations (>78%) but with mutation frequencies
varying from 2.5 to 4.8% in COS cells and 1.8% in E. coli cells (3). An in vitro study using in
vivo lesion levels found in rodents, discovered that as little as 0.06% of the oxidized lesion

relative to dGTP is enough to cause A-to-C mutations (7). Pol y was used in this last study.
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4.3 7-Nitroindole is a precursor for 2’-deoxyribonolactone

2’-Deoxyribonolactone (dL) is an oxidized lesion that has never been detected in DNA.
Successful incorporation into ODNs has been achieved by incorporating its precursor 7-
nitroindole d(7-Ni) followed by irradiation and purification. dL is quite alkali-labile so
conditions must be appropriate for its generation and purification. It can form a tandem lesion
with thymidine glycol (Tg) and repair mechanisms have been studied for this tandem lesion (14).
When d(7-Ni) is irradiated it forms a radical at the NO, group. Molecular studies indicate that
H1’ is 2.27 A away from the nitro group. X-ray structure gave a distance of 2.29 A. Thus, a
radical is formed that abstracts the H1’ proton yielding a C1’ radical on the sugar moiety.

Through several intermediates the radical yields an oxidized lesion, 2’-deoxyribonolactone (dL)

(11).

4.3.1. Mutation spectrum and mutation frequencies for 7-nitroindole and 2’-

deoxyribonolactone

Incorporation of dATP opposite 7-Ni, using an exonuclease-deficient Klenow fragment,
gave a specificity constant of 0.077 uM 'min™, 9-fold higher than for incorporation of dATP
opposite T. An in vivo study gave mutation spectra induced by d(7-Ni) and dL. For dL, TMP
was the most frequently incorporated nucleotide (55%) followed by dAMP (18%) and dGMP
(12%). For dNi, TMP (42%) was the most frequent nucleotide mismatched followed by dAMP
(40%). However, the mutation frequency for the site-specifically incorporated dL nucleoside in

WT E. coli, were (5.5-5.7) x 10”. d(7-Ni) had a mutation frequency of (14.0-2.2) x 10” in WT E.

73



coli. Thus, these two lesions are not mutagenic as indicated by their respective mutation

frequencies (12).

4.4 The intent behind the formation of 8-0x0-dG —dL tandem lesion in ODNs

The main focus of this project was to successfully synthesize 8-0x0-dG and 7-nitroindole
d(7-Ni) using published methods and to incorporate both lesions side-by-side in a docecameric
ODN. Exposure to UV light converts d(7-Ni) to dL, rendering the tandem dL-8-oxo0-dG-
containing ODN substrate. With the use of this tandem lesion as standard, we can then identify

and quantify its formation in calf thymus DNA treated with Fenton reagents.

4.5 Results and Discussion

Several published methods were used to synthesize 8-oxo0-dG (15-17) and Scheme 3-1
shows the overall synthetic scheme for 8-oxo-dG-phosphoramidite. All structures were
confirmed with '"H NMR and ESI-MS, see experimental procedures and appendix C. 7-
Nitroindole nucleoside was synthesized according to published procedures (11, 18, 19). Scheme
4-2 shows the overall synthetic procedure used for the syntheses of 7-nitroindole nucleoside and
its phosphoramidite derivative. All structures were confirmed with '"H NMR and ESI-MS, see
experimental procedures and appendix C. Both lesions were successfully incorporated into an

ODN.

74



N N
< )N\H Br— || j'\H PhCHZO—(’ I J\

HO N“ N" NH,  nBs HO N““N"NH;  BhoH HO NH,
KOJ ACN KOJ Na, DMSO KOJ
OH OH OH
1a 1b
lHCI
¥ o H

o]
N
o fNH o< T " o T
NJJ\< (Me,CHCO0),0 HO

DMTO JJ\<D|\/|Tr0| HO N" NH
(0] -~ (0]
Pyrldme Pyridine

OH OH OH
1e 1d 1c
EtsN [ NCCH,CH,OP(CI)N(PR),
H O

H
o I i 9
N
DMTO N HJJ\(
P
NC/\O-S-N/L

1f

Scheme 4-1 Synthetic scheme for 7,8-Dihydro-5’-0-(4,4’-dimethoxytrityl)-N*-
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Lesion dL was incorporated into a 12mer, d(ATGGCLGCGTAT), and characterized by
ESI-MS and ESI-MS/MS (Figures 4-2 and 4-3). The deconvuled mass of the ODN was 3565 Da,
which was 119 Da lower than the calculated mass of the unmodified d(ATGGCAGCGTAT) (A
replaced L), which clearly indicates the presence of the oxidized abasic site. The product-ion
spectrum of the [M — 3H]> ion (m/z 1187.7, Figure 4-3) of the ODN showed the formation of w3,
Wi, Ws, We, W72', wo>” and W113', and [a,-Base] ions, that is [a3-G], [a4-G], [as-C], [a(,—L]z" [a7—G]2"
[ag—G]z' and [ag—G]z' ions. The measured masses of the ws, wa, ws, and wg ions are the same as the
calculated masses for the corrsponding ions of the unmodified ODN, whereas the w7-, wo, and
wy,~ ions exhibited 119 Da lower in mass than the corresponding ions formed from the
unmodified d(ATGGCAGCGTAT). In addition, the masses for ions [as-L]*, [a,-G]*, [as-C]*
and [a5-G]* ion are 119 Da lower than the calculated masses of the corresponding fragments from
the unmodified d(ATGGCAGCGTAT). These results establish the presence of dL at the seventh

position, from the 3’ end, in the ODN. Data for the tandem lesion dL-8-0x0-dG in not available.
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The tamdem lesion, 5’-dL-(8-0x0-dG)-3’ and lesion, 5°-dL-dG-3’, where the 2’-
deoxyribose lactone is located on the 5’ side of an unmodified guanine, can be induced in calf-
thymus DNA when treated with Fenton reagent (Figures 4-4 and 4-5). Quantification of the
results revealed a significant increase in the formation of both lesions with exposure to elevating
concentrations of Fenton reagent (Figure 4-6). We observed that the yield of the tandem lesion,
5’-dL-(8-0x0dG)-3’, was merely a few folds (2~5 folds) lower than what was found for the dL
that is situated on the 5’ side of an unmodified dG at the high dose of treatment range (Figure 6).
Our previous results had revealed that Fenton type reagents can dramatically induce the formation
of another type of tandem lesion: 5°-Tg-(8-0x0dG)-3’. In that study, we also observed that copper
ions, especially Cu(l), can stimulate the y ray-induced formation of the 5’-Tg-(8-0xo0dG)-3’
tandem lesion. The amount of the 5’-dL-(8-0x0dG)-3’ formed in the presence of 200 uM of
Cu(Il) and 16 mM of ascorbate is approximately 5 times more than 5’-Tg-(8-0x0dG)-3 induced

under the same conditions (21).
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Figure 4-4 LC-MS/MS identification of 5’-dinucleotide formation in calf thymus DNA
treated with Cu(ll)/H,O./ascorbate. Extracted-ion chromatograms (EICs) for monitoring
the m/z 540 — 346 transition for pdL-pdG in Fenton reagent-treated calf thymus DNA (a)
and calf thymus DNA doped with authentic lesion-containing ODN (b). Shown in (c) and
(d) are the MS/MS averaged from the 21.4 min peak in (a) and the 21.3 min peak in (b)
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Figure 4-5 LC-MS/MS identification of 5’-dL-(8-oxodG)-3’ tandem lesion formation in
calf thymus DNA treated with Cu(ll)/H,O./ascorbate. Extracted-ion chromatograms
(EICs) for monitoring the m/z > 362 transitions for pdL-p(8-oxodG) in Fenton reagent-
treated calf thymus DNA (under reaction conditions described in Table 4-1, a) and calf
thymus DNA doped with authentic tandem lesion-containing ODN (b). Shown in (c) and
(d) are the MS/MS averaged from the 20.7-min peak in (a) and the 20.8-min peak in (b)
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Figure 4-6 Quantification of the formation of the 5’-dL-3’ and 5’-dL-(8-0x0-dG)-3’
lesions in calf thymus DNA exposed with Cu(ll) and ascorbate along with H,O, or y-
rays. (a) induction of the 5’-dL-dG-3’ and 5’-dL-(8-0x0-dG)-3’ lesions in calf thymus DNA
by Cu(ll)/H,O./ascorbate. The data represent the means + S.D. of results from three
independent treatments and LC-MS/MS quantification experiments
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4.6 Experimental Procedures

Materials. All chemicals, unless otherwise specified, were obtained from Sigma-Aldrich
(St. Louis, MO). All anhydrous solvents, unless otherwise specified, were purchased from Acros
Organics. 1-chloro-2’-deoxy-3’,5’-di-O-toluoyl-D-ribofuranose was purchased from Carbosynth.
Common reagents for DNA synthesis were obtained from Glen Research. Copper (II) chloride, L-
methionine, L-ascorbic acid and calf thymus DNA were from Sigma-Aldrich (St. Louis, MO).
Hydrogen peroxide (30%) and nuclease P1 were purchased from Fisher Scientific (Fair Lawn,
NJ) and MP Biomedicals (Aurora, OH), respectively. Unmodified ODNs used in this study were
purchased from Integrated DNA Technologies (Coralville, I1A). 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) was purchased from TCI America (Portland, OR). Shrimp alkaline phosphatase was
obtained from USB Corporation (Cleveland, OH); all other enzymes were from New England

Biolabs (Ipswich, MA).

ODN Synthesis and Purification. ODN (12mer) was synthesized on a Beckman Oligo
1000S DNA synthesizer (Fullerton, CA) at 1-umol scale. The synthesized phosphoramidite
building block was dissolved in anhydrous acetonitrile at a concentration of 0.07 M. Standard
phosphoramidite building blocks (Glen Research Inc., Sterling, VA) of dA, dC, dG, and dT were
employed and standard ODN assembly protocol was used without any modification. The ODN
linked to the solid support was treated with concentrated NH,OH at RT for 3 days. The
purification of the ODN was performed on a Beckman HPLC System (32 Karat software version
3.0, pump module 125) with a UV detector (module 126) monitoring at 260 nm. A C-18 column
was used and a linear gradient of ACN from 0 to 35% in 0.1 M TEAA buffer, pH 7.0, was used

for the mobile phase.
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HPLC. A 4.6 mm X 250 mm Apollo C18 column (5 um in particle size, 300 A in pore
size, Alltech Associate Inc., Deerfield, IL) was used for the separation of synthetic ODNs. A
solution of 50 mM triethylammonium acetate (TEAA, solution A) and a mixture of 50 mM
TEAA and acetonitrile (70/30, v/v, solution B) were used as mobile phases. The flow rate was 0.8
mL/min, and a gradient of 5 min 0-20% B, 45 min 20-50% B, and 5 min 50-100% B was

employed.

Mass Spectrometry (MS). Electrospray ionization-mass spectrometry (ESI-MS) and
tandem MS (MS/MS) experiments were carried out on an LCQ Deca XP ion-trap mass
spectrometer (Thermo Fishcher Scientific, San Jose, CA). A mixture of acetonitrile and water
(50:50, v/v) was used as solvent for electrospray. The spray voltage was 3.0 kV, and the
temperature of the heated capillary was maintained at 275 °C. LC-MS/MS quantification was
performed by using an Agilent 1100 capillary HPLC pump (Agilent Technologies, Santa Clara,
CA) interfaced with an LTQ linear ion-trap mass spectrometer (Thermo Fisher Scientific, San
Jose, CA). A 0.5%250 mm Zorbax SB-C18 column (5 pum in particle size, Agilent Technologies)
was used for the separation of the DNA hydrolysates, and the flow rate was 7.0 pL/min. A 10-
min gradient of 0-20% methanol in 400 mM HFIP (pH was adjusted to 7.0 by addition of
triethylamine), followed by a 30-min gradient of 20-50% methanol in 400 mM HFIP, was used
for the separation. The mass spectrometer was set up for monitoring the fragmentation of the [M-
HJ ions of 2’-deoxyadenosine-5’-phosphate (pdA) and dinucleotides pdL-p(8-0xodG) and pdL-
pdG. The capillary temperature for the electrospray source of the mass spectrometer was

maintained at 300 °C to minimize the formation of the HFIP adducts of nucleotides.
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Treatment of calf thymus DNA. Calf thymus DNA was desalted by ethanol
precipitation. The DNA pellet was redissolved in a solution containing 100 mM NaCl, 1 mM
EDTA and 10 mM Tris-HCI (pH 7.5), and the DNA was annealed by heating the solution to 90
°C and cooling slowly to room temperature. Aliquots of DNA (150 pg) were incubated with
CuCl, (25-400 uM), H,0; (0.2-3.2 mM), and ascorbate (2-32 mM) in a 0.5-mL solution at room
temperature for 50 min (The concentrations of individual Fenton reagents are shown in Table 4-
1). In this respect, chemicals used in Fenton-type reaction were freshly dissolved in doubly
distilled water and the reactions were carried out under aerobic conditions. The reactions were
terminated by adding an excess amount of L-methionine, and the resulting DNA samples were

desalted by ethanol precipitation and quantified by measuring the UV absorbance at 260 nm.

Table 4-1. Concentrations of Fenton-type reagents employed for the treatment of calf thymus
DNA*

Control #1 #2 #3 #4 #5
CuCl, (uM) 0 25.0 50.0 100 200 400
H,0, (uM) 0 200 400 800 1600 3200
Ascorbate (mM) 0 2.0 4.0 8.0 16 32

a, All reactions were carried out in a 500 uL solution containing 150 ug of calf thymus DNA.
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Enzymatic digestion of calf thymus DNA. To the above treated DNA (20 pg) were
added 2 units of nuclease P1 and a 30-uL buffer solution containing 300 mM sodium acetate (pH
5.0) and 10 mM zinc acetate. The digestion was continued at 37 °C for 4 h, and the enzyme in
the resulting digestion mixtures was removed by chloroform extraction. The amount of
nucleosides in the mixture was quantified by UV absorbance measurements, and aliquots of the

nucleoside mixture were subjected directly to C-MS/MS analysis.

NMR. 'H NMR spectra were recorded at 300 Mhz on a Varian Inova 300 NMR
spectrometer (Varian Inc., Palo Alto, CA). Two dimensional NMR spectra were recorded in D,O

using a Variant Unity (Varian, Inc., Palo Alto, CA) spectrometer operating at 500 MHz at 25 °C.

8-Bromo-2’-deoxyguanosine (1a, Scheme 4-1). (20) To a suspension of 2’-deoxyguanosine (2.0
g, 7.5 mmol) in a mixture of acetonitrile (80 ml) and water (20 ml) was added N-
bromosuccinimide (2.0 g, 11.2 mmol) in three portions. The reaction mixture was stirred for 30
min at room temperature. The solvents were removed and the precipitate suspended in acetone
(40 ml) stirred for 2 h at room temperature and cooled overnight at -20 °C. The precipitate was
collected by filtration, extensively washed with cold acetone and dried under vacuum to give 1.35
g (73.4%) of a slightly yellow powder. '"H NMR (DMSO-ds) & 10.78 (s, 1H, N1-H), 6.47 (s, 2H,
N2-H2), 6.16 (dd, J=17.3, 7.3, 1H, C1-H), 4.40 (ddd, /= 3.0, 3.1, 6.0, 1H, 3’H), 3.80 (ddd, /= 3.1,
5.4,5.5, 1H, H4’), 3.63 (dd, /= 5.3, 11.6, 1H, H5"), 3.16 (ddd, J = 6.6, 7.6, 13.7, 1H, H2"), 2.10

(ddd, J=3.0, 6.5, 13.3, 1H, H2"). MS (ESI): [M+ Na]" caled m/z 368.0, found 367.9.

Synthesis of 8-benzyloxy-2’-deoxyguanosine (1b, Scheme 4-1). (16) BnOH (5.2 ml) was
reacted with 1.8 g of Na metal and stirred at room temperature for 5 h under an argon atmosphere.
To this solution was added 500 mg of 8-bromo-2’-deoxyguanosine and 3.4 ml of DMSO. The
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reaction was stirred at 60 °C overnight. After the reaction was complete, the solution was poured
into ether to precipitate the desired compound. The precipitate was filtered and purified by silica
gel column chromatography with 15-20% MeOH in CHCl; to yield 312 mg of 1b (57.9%). 'H
NMR (DMSO-dg) 6 7.31-7.95 (m, 5H, Ar-H), 6.35 (s, 2H, NH2), 6.06-6.10 (t, 1H, H1"), 5.40 (s,
2H, -CH2-Ph), 5.12 (m, 1H, 3°OH), 4.72-4.83 (m, 1H, 5’0OH), 4.20-4.26 (m, 1H, H3"), 3.68-3.74
(m, 1H, H4’), 3.33-3.35 (m, 2H, 5H’), 2.78-2.90 (m, 1H, H2’), 1.96-2.06 (m, 1H, 2H’’). MS

(ESI): [M + H]" caled m/z 374.1, found 374.1.

Synthesis of 8-0x0-2’-deoxyguanosine (1¢, Scheme 4-1). (16) 8-Benzyloxy-2’-deoxyguanosine
(412 mg) was dissolved in 52 ml of MeOH to which was added 5.5 ml of 1.0 M HCIl. The
reaction was stirred at room temperature overnight. The crude was triturated with 50/50
MeOH/Ether to eliminate most impurities. This gave 302 mg of 8-0x0-dG (96.6%). 'H NMR
(DMSO-ds) & 6.44 (s, 2H, NH2), 6.00-6.05 (t, 1H, H1’), 5.10-5.12 (d, 1H, 3°’OH), 4.78-4.81 (m,
1H, 5°OH), 4.29-4.35 (bs, 1H, 8-OH), 4.07 (m, 1H, H3"), 3.71 (m, 1H, H4"), 3.38-3.54 (m, 2H,

H5), 3.16-3.18 (m, 1H, H2"), 1.87-1.99 (m, 1H, H2").

Synthesis of 7,8-Dihydro-N-isobutyryl-8-o0xo-2’-deoxyguanosine (1d, Scheme 4-1). 8-oxo-
dG (45 mg, 0.159 mmol) was co-evaporated in anhydrous pyridine and then suspended in 1.6 ml
of anhydrous pyridine. Trimethylchlorosilane (86.3 mg, 0.794 mmol) was added slowly to the
suspension cooled in an ice-bath. After 30 min, isobutyric anhydride (0.13 ml, 0.794 mmol) was
added dropwise and the reaction mixture was stirred for 2.5 h at room temperature. The reaction
was then chilled in an ice-bath, 0.30 ml of cold water was added and the solution was stirred for
15 min. Concentrated aqueous NH4,OH was added, and the solution was stirred for another 30

min and evaporated to give an oil with salts. Crude was purified to with silica gel column
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chromatography to yield 33 mg of 1d (58.8%). 'H NMR (DMSO-dy) & 6.04 (t, 1H, H1"), 4.34-
4.40 (m, 1H, H3"), 3.77 (m, 1H, H4’), 3.53-3.61 (m, 1H, H5"), 3.37-3.34 (m, H5”), 3.00 (m, 1H,
H2%),2.73-2.84 (m, 1H —CH(CH3;),), 1.90-2.01 (m, 1H, H2’"), 1.09-1.11 (d, 6H, -CH(CH3),). MS

(ESI): [M + H]" m/z caled 354.1, found 354.0.

Synthesis of 7,8-Dihydro-5’-0-(4,4’-dimethoxytrityl)-N*-isobutyryl-8-oxo-2’-deoxyguanosine
(1e, Scheme 4-1). (15) To a solution of 1d (33 mg) in dry pyridine cooled in ice-water was
added 4,4’-dimethoxytrityl chloride. The cooling bath was then removed, and stirring was
continued at room temperature for 15 min. The reaction mixture was cooled in ice water and
quenched with water. The solution was extracted with CH,Cl, and the combined organic layers
were washed with water and dried with MgSO,. The solvent was evaporated under reduced
pressure, and the crude residue was purified by column chromatography over silica gel using
EtOAc-hexane containing 2% of triethylamine as the eluting solvent. The yield of 1e was 60 mg

(98.0%).

Synthesis of 1-(2°-Deoxy-3’,5’-di-O-p-toluoyl-8-D-erythro-pentafuranosyl)-7-nitroindole (2a,
Scheme 4-2). (18) To a solution of 7-nitroindole (395 mg, 2.4 mmol) in ACN (6 ml) was added
NaH (60% dispersion in oil, 0.111 g, 2.78 mmol) and the solution was stirred at room temperature
for 30 min. Chloro-3,5-di-O-toluoyl-2’-deoxy-a-D-ribofuranose (1.00 g, 2.59 mmol) was
dissolved in about 20 ml of ACN. The 7-nitroindole solution was added to the deoxyribosyl
chloride solution and the resulting solution was stirred overnight at room temperature. The
solution was filtered through celite and the solvent removed in vacuo. The oily residue was
purified by column chromatography (CH,Cl,) affording compound 2a (233 mg, 16.5%) '"H NMR

(CDCls) 8 2.39 (s, 3H CHj), 2.42 (s, 3H, CH3), 2.73 and 2.90 (2m, 2H, H2’ and H2”), 4.50 (m,
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3H, H4°, H5* and H5°*), 5.59 (m, 1H, H3"), 6.55 (t, J= 6.4 Hz, 1H, H1"), 6.64 (d, J= 3.4 Hz, 1H,
H2), 7.08-7.28 (m, 5H, 4H-Tol and H5), 7.57 (d, J = 3.4 Hz, 1H, H3), 7.77-7.97 (m, 6H, 4H-Tol

and H4, H6).

Synthesis of 1-(2’-deoxy-B-D-erythro-pentafuranosyl)-7-nitroindole (2b, Scheme 4-2).
Diester 2a (233 mg, 0.397 mmol) was dissolved in 1% NaOH-methanolic solution and stirred for
90 min at room temperature. The solvent was then evaporated and the free nucleoside 2b was
purified by column chromatography (CH,Cl/MeOH: 90/10, v/v) to give 44 mg (39.8%). 'H
NMR (DMSO-dq) 8 2.40 (m, 2H, H2’ and H2"), 3.37 (m, 2H, H5* and H5""), 3.76 (m, 1H, H4’),
4.28 (m, 1H, H3"), 4.87 (t, J=4 Hz, 1H, 5°0OH), 5.29 (d, /=4 Hz, 1H, 3°’OH), 6.19 (t, J= 6 Hz,

1H, HI"), 6.77 (d, J = 3.4 Hz, 1H, H2), 7.20 (t, J = 8 Hz, 1H, H6).

Synthesis of 5’-Dimethoxytrityl-7-nitroindolenucleoside (2¢, Scheme 4-2). (11, 19)
Compound 2b (99 mg, 0.356 mmol) was dissolved in 4 ml of pyridine to which 0.094 ml (0.676
mmol) of TEA was added followed by 0.169 g (0.498 mmol) of DMTrCI and 2 mg (0.0178
mmol) of DMAP. The reaction was kept at room temperature for 1.5 h. After the reaction was
complete, as monitored by TLC, the solvent was evaporated under vacuum and the crude was
purified by silica gel column chromatography to yield 206.6 mg (80.3 %). 'H NMR (CDCl3) &
2.57-2.62 (m, 2H, H2’), 3.27-3.28 (d, = 4Hz, 2H, H5’, H5"*), 3.78 (s, 6H, OCHj3), 4.08 (m, 1H,
H4), 4.48-4.55 (m, 1H, H3), 6.44-6.59 (t, 1H, H1"), 6.74 (d, 1H, H3), 6.75-6.78 (m, 4H, Ar-H),
7.14 (m, 1H, HS), 7.15-7.34 (m, 9H, Ar-H), 7.61-7.62 (d, 1H, H2), 7.78 and 7.84 (d, J = 7 Hz,

2H, H4, H6).

Synthesis of 5’-Dimethoxytrityl-7-nitroindole phosphoramidite (2d, Scheme 4-2). (11, 19)
Compound 2¢ (130 g, 0.224 mmol) was dissolved in 3 ml of anhydrous CH,Cl,. DIEA (98 ul,
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0.593 mmol) was added followed by 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (75 ul,
0.336 mmol). The reaction was stirred at room temperature under Argon for 0.5 h. The crude
was purified by silica gel flash column chromatography that had been treated with a small amount
of TEA. The yield of purified product was 131 mg (74.9%). *'P NMR gave peaks at 147.236 and

147.530 ppm. MS (ESI): [M + Na]" m/z calcd 803.3, found 803.3.
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APPENDIX A Supporting Information for Chapter 2

L J A.AMIMUL

11.0 9.5 8.5 7.5 6.5 5.5 45 3.5 25 15 0.5
Chemical Shift

Figure S2-1 'H NMR spectrum of 3’,5’-O-diisobutyrylthymidine in DMSO-ds (300 MHz,
25°C)

J_J_IJxJJJL_LJ L

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10
Chemical Shift

Figure S2-2 'H NMR spectrum of N3-[3-{2-(3-Pyridyl)-1,3-dithian-2-yl}propyl]-3’,5’-O-
[isobutyrylllthymidine in DMSO-ds (300 MHz, 25 °C)
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Figure S2-3 "*C NMR spectrum for N3-[3-{2-(3-Pyridyl)-1,3-dithian-2-yl}propy]-3’,5'-O-
[isobutyrylllthymidine in DMSO-ds (300 MHz, 25 °C)
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Figure S2-4 'H-"C HMBC spectrum for N3-[3-{2-(3-Pyridyl)-1,3-dithian-2-yl]-3’,5’-O-
diisobutyryllithymidine in DMSO-ds (500 MHz, 25 °C)
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Figure S2-5 'H NMR spectrum of 3’,5’-O-[1,1,3,3-tretrakis(isopropyl)-1,3-diisiloxane]-
thymidine in DMSO-ds (300 MHz, 25 °C)
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Figure $S2-6 'H NMR spectrum of N3-[3-{2-(3-pyridyl)-1,3-dithiane-2-yl}propyl]-3’,5'-O-
[1,1,3,3-tetrakis(isopropyl)-1,3-disiloxanediyl]thymidine in DMSO-ds (300 MHz, 25 °C)
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Figure S2-7 'H NMR spectrum of N3-[3-{2-(3-pyridyl)-1,3-dithiane-2-yl}propyl]-3’,5'-O-
[4,4’-dimethoxytrityl]thymidine in DMSO-ds (300 MHz, 25 °C)
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Figure S2-8 'H NMR spectrum of 2-(3-pyridyl)-1,3-dithiane in CDCl; (300 MHz, 25 °C)
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Figure $S2-9 'H NMR spectrum of 2-[2-(3-pyridyl)-1,3-dithiane]ethyl-1,3-dioxolane in
CDCI; (300 MHz, 25 °C)
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Figure $S2-10 'H NMR spectrum of 4-(1,3-dithiane-2-yl)-4-(3-pyridyl)butanal in CDCl,
(300 MHz, 25 °C)

98



AHN X g

10.5 9.5 8.5 7.5 6.5 55 45 3.5 25 15 0.5 -0.5
Chemical Shift

Figure $S2-11 'H NMR spectrum of 4-(1,3-dithiane-2-yl)-4-(3-pyridyl)butan-1-ol in CDCl;
(300 MHz, 25 °C)

99



APPENDIX B Supporting Information for Chapter 3
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Figure S3-1 'H NMR of 5-hydroxymethyl-2’-deoxyuridine in DMSO-ds (300 MHz, 25
OC)
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Figure $3-2 'H NMR spectrum of 5-(2-cyanomethoxy)methyl-2’-deoxyuridine in DMSO-
ds (300 MHz, 25 °C)
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Figure $3-3 'H NMR spectrum of 3’,5-bis-O-Acetyl-5-(2-cyanoethoxy)methyl-N*-triazol-
2’-deoxycytidine in DMSO-ds (300 MHz, 25 °C)
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Figure $3-4 'H NMR spectrum of 5-(2-cyanoethoxy)methyl-2’-deoxycytidine in DMSO-
ds (300 MHz, 25 °C)
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Figure $3-5 'H spectrum of N*-benzoyl-5-(2-cyanoethoxy)methyl-2’-deoxycytidine in
DMSO-ds (300 MHz, 25 °C)
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Figure $3-6 'H NMR spectrum of N*-benzoyl-5-(2-cyanoethoxy)methyl-5"-(4,4'-
dimethoxytrityl)-2’-deoxycytidine in DMSO-ds (300 MHz, 25 °C)
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Figure $3-7 *'P NMR spectrum of N*-benzoyl-5-(2-cyanoethoxy)-methyl-5’-O-(4,4 -
dimethoxytrityl)-2’-deoxycytidine-3’-O-(2-cyanoethyl)-N,N-diisopropylphosphoramidite in
non-deuterated solvent (300 MHz, 25 °C)
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Figure S3-8 Positive-ion MS (ESI) for hmdC-phosphoramidite
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Figure $3-9 'H NMR spectrum of 5’-O-(4,4’-Dimethoxytrityl)-5-iodo-2’-deoxyuridine in
DMSO-ds (300 MHz, 25 °C)
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Figure $3-10 'H NMR spectrum of 3’-O-(t-butyldimethylsilyl)-5’-O-(4,4’-dimethoxytrityl)-
5-iodo-2’-deoxyuridine in CDCl; (300 MHz, 25 °C)
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Figure $3-11 'H NMR spectrum of 3’-O-(t-butyldimethylsilyl)-5’-O-(4,4’-dimethoxytrityl)-
5-vinyl-2’-deoxyuridine in CDClI; (300 MHz, 25 °C)
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Figure $3-12 'H NMR for 3’-O-(t-butyldimethylsilyl)-5’-O-(4,4’-dimethoxytrityl)-5-vinyl-2’-
deoxycytosine in CDCI; (300 MHz, 25 °C)
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Figure $3-13 'H NMR spectrum of 3’-O-(t-butyldimethylsilyl)-5-(1,2-dihydroxyethyl)-5'-
0O-(4,4’-dimethoxytrityl)-2’-deoxycytidine in CDCI; (300 MHz, 25° C)
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Figure S3-14 *'P NMR spectrum of dheC-phosphoramidite in non- deuterated solvent
(300 MHz, 25 °C)
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920

938.3

1000

10181

088 yogg 10577 q073s

[y sl Lt o Dbl s
1020 1040 1060 1080
mz

107

1198.2

1200



APPENDIX C Supporting Information for Chapter 4
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Figure S4-1 'H NMR spectrum of 8-bromo-2’-deoxyguanosine in DMSO-ds (300 MHz,
25°C)
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Figure S4-2 'H NMR spectrum of 8-Benzyloxy-2’-deoxyguanine in DMSO-ds (300MHz,
25°C)
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Figure S4-3 'H NMR spectrum of 8-oxo-7,8-dihydro-2’-deoxyguanosine in DMSO-ds
(300 MHz, 25 °C)
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Figure S4-4 'H NMR spectrum of 7,8-dihydro-N?-isobutyryl-8-oxo-2’-deoxyguanosine in
DMSO-ds (300 MHz, 25 °C)
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Figure S4-5 *'P for 7,8-dihydro-5’-O-(4,4’-dimethoxytrityl)-N?-isobutyryl-8-oxo-2'-
deoxyguanosine phosphoramidite
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Figure S4-6 Positive-ion MS (ESI) of 8-oxo-dG phosphoramidite
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Figure S4-7 'H NMR spectrum of 1-(2’-Deoxy-3’,5"-di-O-p-toluoyl- g-D-erythro-
pentafuranosyl)-7-nitroindole in CDCI; (300 MHz, 25 °C)
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Figure S4-8 'H NMR spectrum of 1-(2’-deoxy-S-D-erythro-pentafuranosyl)-7-nitroindole
in DMSO-ds (300 MHz, 25°C)

111



_,_LIJ‘_JJ.LJ_LL__A__L

8.5 7.5 6.5 55 45 3.5 25 1.5 0.5 -0.5
Chemical Shift

Figure S4-9 'H NMR spectrum of 5’-dimethoxytrityl-7-nitroindole-2’-deoxynucleoside in
CDClI; (300 MHz, 25 °C)
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