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Abstract

A 2’ -deoxycytidin-A4-yl radical (dC-), a strong oxidant that also abstracts hydrogen atoms from
carbon-hydrogen bonds, is produced in a variety of DNA damaging processes. We describe here
the independent generation of dC- from oxime esters under UV-irradiation or single electron
transfer conditions. Support for this o-type iminyl radical generation is provided by product

Corresponding Authors: Michael D. Sevilla — Department of Chemistry, Oakland University, Rochester, Michigan 48309, United
States; Phone: 248-370-2328; sevilla@oakland.edu; Fax: 248-370-2321, Amitava Adhikary — Department of Chemistry, Oakland
University, Rochester, Michigan 48309, United States; Phone: 248-370-2094; adhikary@oakland.edu; Fax: 248-370-2321, Marc M.
Greenberg — Department of Chemistry, Johns Hopkins University, Baltimore, Maryland 21218, United States; Phone: 410-516-8095;
mgreenberg@jhu.edu; Fax: 410-516-8420.

| Author Contributions

H.P. and S.V. contributed equally to this manuscript.

The authors declare no competing financial interest.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acs.joc.3c00646.
NMR spectra of 2a—e, 3, and 5, DFT calculations, and complete citation for ref 68 (PDF)


https://pubs.acs.org/doi/10.1021/acs.joc.3c00646
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.3c00646/suppl_file/jo3c00646_si_001.pdf

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peng et al. Page 2

studies carried out under aerobic and anaerobic conditions, as well as electron spin resonance
(ESR) characterization of dC- in a homogeneous glassy solution at low temperature. Density
functional theory (DFT) calculations also support fragmentation of the corresponding radical
anions of oxime esters 2d and 2e to dC- and subsequent hydrogen atom abstraction from organic
solvents. The corresponding 2 -deoxynucleotide triphosphate (ANTP) of isopropyl oxime ester 2¢
(5) is incorporated opposite 2’ -deoxyadenosine and 2”-deoxyguanosine by a DNA polymerase
with approximately equal efficiency. Photolysis experiments of DNA containing 2¢ support dC-
generation and indicate that the radical produces tandem lesions when flanked on the 5’-side by
5’-d(GGT). These experiments suggest that oxime esters are reliable sources of nitrogen radicals
in nucleic acids that will be useful mechanistic tools and possibly radiosensitizing agents when
incorporated in DNA.
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INTRODUCTION

Nucleobase radicals play important roles in nucleic acid damage mediated by ionizing
radiation and other oxidizing agents. lonizing radiation generates nucleobase radicals from
native nucleotides by direct oxidation and indirectly through the oxidation of water that
yields highly reactive hydroxyl radicals.> Hydroxyl radicals are also generated by Fe-EDTA,
a highly useful reagent for probing nucleic acid structure and noncovalent interactions

by producing direct strand breaks and alkali-labile lesions in DNA.2-8 Due to the poor
chemoselectivity of ionizing radiation and hydroxyl radicals, the development of photolabile
precursors has proven very useful for examining the reactivity of individual radicals in

DNA and RNA oxidative damage.® Experiments using nucleosides or synthetic biopolymers
containing radical precursors at specific sites have provided insight into a broad range of
questions concerning nucleic acids.® For instance, independent generation of C4’-nucleotide
radicals was foundational in Giese’s seminal studies on charge transfer in DNA.10-13 |n
another example, this experimental approach revealed pathways to direct strand scission

in RNA that are not viable in DNA.14 Ketone photochemistry, specifically the Norrish

type | photoreaction, has most frequently been used to generate carbon r-radicals in these
studies. This strategy has been expanded to nitrogen nucleobase radical generation via
B-fragmentation of a photochemically generated carbon radical.1>=17 More often, aminyl
and carbon o-radicals are generated directly via one-electron reduction of alkyl azides and
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vinyl halides, respectively, as well as UV-photolysis of the latter.18-27 Such precursors

are also of interest as radiosensitizing agents for hypoxic cells.2”:28 Reduced O, levels in
hypoxic cells enable the precursors to capture solvated electrons produced from ionizing
radiation. In contrast to carbon r-type radicals, nitrogen and carbon o-type radicals directly
abstract hydrogen atoms from the 2”-deoxyribose backbone and/or add to nucleobase 7-
bonds to generate DNA-strand breaks and interstrand cross-links, respectively.118:27.29 A
2’-deoxycytidin-M4-yl radical (dC-) is a nitrogen-centered o-type iminyl radical produced
as a result of oxidative stress in DNA.30-33 Herein, we describe the use of oxime esters to
generate dC- photochemically and via single electron transfer.

Oxime ethers and esters are useful precursors for o-type iminyl radicals (Scheme 1).

The weak N-O bond (BDE ~ 35 kcal/mol) enables one to generate iminyl radicals via
thermolysis although the temperatures required are typically significantly greater than

100 °C.34:35 Direct UV-irradiation (Pyrex filtered light) also yields iminyl radicals.36:37
There are also numerous examples of iminyl radical generation via single electron

transfer, particularly for utilization in organic synthesis.38:3% Organometallic catalysts and
increasingly photoredox systems have been employed to generate the iminyl radicals from
oxime esters via single electron transfer.4041 We recently generated dC- via direct UV-
irradiation from oxime ether 1.42 Although experiments with 1 provided insight regarding
the reactivity of dC-, they were complicated in the presence of O,, a necessary component
when studying DNA reactivity under biologically relevant conditions. The desire to generate
dC- via direct photolysis and/or single electron transfer in water under aerobic conditions led
us to investigate the use of oxime esters (2).

RESULTS AND DISCUSSION

Synthesis of Oxime Esters (2) and Photochemical Generation dC: from Them.

The oxime esters were prepared from 3, as was 2a, which was previously reported (Scheme
2).43 With the exception of 2b (R = Et), acylation was affected using the corresponding
acyl chloride. For 2b, acylation was achieved by coupling the carboxylic acid with the
water soluble carbodiimide (EDCI). Although the bis-silylated oxime esters (4a—e) could
be purified, it was more convenient to deprotect the crude acylated material after aqueous
work-up and purify 2a—e. The oxime esters exist as a mixture of aminyl and iminyl (shown)
tautomers. The isomers are distinguishable by 1H NMR due to a downfield shift of the
vinyl protons of the aminyl tautomer (aromatic) relative to the iminyl form. Consistent
with related molecules, the iminyl tautomer is the major isomer in 2a—d (See Supporting
Information).16:44 We are unable to determine the tautomeric ratio in 2e, partly due to
overlapping signals with the phenyl protons.

Oxime ester product studies were carried out in phosphate buffered saline (PBS, 10 mM
phosphate (pH 7.2), 100 mM NaCl). Despite its use in DNA experiments, in our hands, the
methyl oxime ester (2a) was unstable in PBS.43 Aerobic photolysis (350 nm) of the #butyl
oxime ester (2d) provided dC in 52% on 61% conversion of 2d after 4 h irradiation (Figure
1). dC was the only product identified, and >90% mass balance was maintained throughout
the irradiation time. The hydroxylamine (deprotected form of 3) was not detected. No
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other peaks were evident in the chromatogram. The mass balance was within experimental
error when 2d was photolyzed under anaerobic conditions. However, the conversion and

dC yield (73% after 4 h irradiation) were consistently higher than when O, was present
during photolysis. Although quenching studies were not carried out, this is consistent

with contribution of the triplet excited state to dC- formation, which is quenched by O,.

In addition, O is not expected to react with the nitrogen-centered radical (dC-), which
would affect the yield of dC and the mass balance but not the conversion rate of 2d.16:45
B-Mercaptoethanol (BME, 10 mM) has no effect on dC yield or mass balance under either
aerobic or anaerobic conditions (Figure 1). Substituting perdeuterated methanol (MeOH-dy)
for methanol resulted in a slight decrease in dC yield due to lower photochemical conversion
of 2d and not reduced mass balance. Similarly, using 10% acetonitrile (ACN) as cosolvent
also had little effect on the photochemical formation and trapping of dC-. Although isotopic
labeling cannot be used, we employed density functional theory (DFT) and high-level
Gaussian 4 (G4) calculations to evaluate the ability of hydrogen atom abstraction by dC-.46
Consistent with previous work, the DFT calculations predict that the N-H bond dissociation
enthalpy of the parent (1-MeCyt) to r-type aminyl radical (1 — MeCyt-Nz*) is 107 kcal/mol,
and the G4 level calculations agree with a value of 106 kcal/mol (Scheme 3 and Figure
88).48'49

When the exothermic tautomerization of 1-MeCyt-Nz- to the iminyl radical (1-MeCyt-No") is
taken into account, the N-H bond dissociation enthalpy decreases to ~104 kcal/mol (DFT)
and 103 kcal/mol (G4) kcal/mol (Figure S8) which are in agreement with previous results.6
Bond strengths of the C—H bonds in ACN and methanol are less than this.#8-51 Thus,
hydrogen atom abstraction from these organic cosolvents by dC- is exothermic, and these
could be the sources of the hydrogen atom required for dC formation. Furthermore, dC-
should be able to abstract hydrogen atoms from the 2”-deoxyribose backbone and thymine
methyl group in DNA even more readily.#7:52

The phenyl oxime ester (2e) photochemistry showed a greater dependence on O, (Figure
2A). dC was formed in negligible yields under aerobic conditions whether or not BME

(10 mM) was present. Although the photochemical conversion of 2e was lower than that

of the £butyl oxime ester (2d) when O, was present, this was not the sole reason for low
dC yields. The mass balance under aerobic conditions was only slightly greater than 50%
after 2e was photolyzed for 4 h. The yields of dC increased considerably as did the mass
balances when 2e was photolyzed under anaerobic conditions. However, the dC yield (39%)
was considerably lower than that obtained from 2d and did not increase when BME (10
mM) was present. The mass balances with and without BME were higher when 2e was
photolyzed under anaerobic conditions but were still generally lower than when the #butyl
oxime ester (2d) was used as dC- precursor. Using MeOH-aj as cosolvent also had no
effect on reactivity as expected based upon studies with 2d. We attribute the less productive
and efficient photochemistry of the phenyl oxime ester (2e), particularly under aerobic
conditions, to differences in excited state chemistry.

Isopropyl oxime ester (2c) behaved more like 2d than the phenyl derivative when photolyzed
under aerobic conditions in methanol cosolvent (10%) (Figure 2B). The photochemical
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conversion of 2c was lower after 4 h photolysis (42%) than the #butyl oxime ester (61%).
However, dC was produced in good yield (26%) and the mass balance was ~84%.

dC. Generation from Oxime Esters by Single Electron Transfer.

Polymerase

The potential use of oxime esters as radiosensitizing agents would be enhanced if they serve
as radical precursors under single electron transfer conditions. This would enable them to
selectively generate radicals by reacting with solvated electrons that are more available in
hypoxic cancer cells (Scheme 4). As proof of principle, we reacted #butyl (2d) and phenyl
(2e) oxime esters with ferrous ammonium sulfate (10 mM). Both esters (0.1 mM; 5% MeOH
in PBS) were completely consumed in 1 h. dC was the sole product detected from 2d (75 +
1%) or 2e (86 = 2%). We propose that reaction occurs through the radical anion (Scheme 4).

Support for generating dC- via dissociative electron attachment (DEA) was obtained by
y-irradiation (absorbed dose = 600 Gy at 77 K) of a homogeneous supercooled (glassy)
solution (7.5 LiCl/D,0) of either 2d or 2e (2 mg/mL), followed by the use of electron spin
resonance (ESR) spectroscopy at 77 K (Figure 3).53 Subjecting oxime ether 1 to either the
ferrous ion or y-radiolysis does not yield any evidence for dC- formation (data not shown),
highlighting an advantage of the oxime esters as radical precursors via DEA under single
electron transfer conditions (Scheme 4).

ESR spectra were recorded of radicals formed by radiation-produced prehydrated electron
attachment to 2d (blue spectrum, Figure 3A) and 2e (black spectrum, Figure 3B) in
homogeneous glassy (7.5 M LiCl/D,0, pD ca. 5) solutions at 77 K. The total spectral
width, hyperfine splittings, line intensities, and g-values at the center of these two spectra
establish that each of these spectra is due to two nitrogen hyperfine coupling constant
(HFCC) value—one anisotropic N-atom HFCC and one nearly isotropic N-atom HFCC.
These spectra match well with the reported ESR spectrum (red spectrum, Figure 3A) of
1-MeCyt-No' (Scheme 3) that was formed in glassy samples (2 mg/mL) of 1-methylcytosine
(1-MeCyt) in 7.5 M LiCl/D,0 after one-electron oxidation of the cytosine base by CI;. %3

The 77 K ESR spectra obtained after one-electron reduction of oxime esters 2d and 2e

agree well with the benchmark ESR spectrum (red) of 1-MeCyt-No* obtained via one-electron
oxidation of 1-MeCyt. These data confirm that (a) one-electron reduction of 2d and 2e

leads to the facile formation of dC- via DEA (Scheme 4) even at 77 K and (b) the electron
affinity of the oxime ester group is higher than those of the pyrimidine bases (e.g., cytosine,
this work). DFT calculations employing U wh97xd-IEF-PCM/6-31++G** method and the
optimized geometries obtained using the same method show that formation of dC-: via

DEA (Scheme 4) is the favorable pathway (Figure S9). Moreover, these results explain the
formation of dC in high yield (Figure 2) and support the involvement of dC- in the 350 nm
photolysis of 2d and 2e in aqueous solution (Scheme 4).

Incorporation of Oxime Ester 2c in DNA.

Oxime esters are unstable to the alkaline conditions typically used to deprotect chemically
synthesized oligonucleotides. Strategies for nucleobase and phosphate protection exist that
avoid such conditions.>*%> However, these require the synthesis of specialized solid-phase
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synthesis supports and phosphoramidites. This approach also does not provide any insight
concerning whether the radical precursors could be incorporated into cellular DNA. For

this to be achieved, the corresponding 2”-deoxynucleotide triphosphate (dNTP) must be
accepted by DNA polymerase(s). We chose to prepare a duplex containing a dC- oxime ester
precursor using the large fragment of DNA polymerase | from £. coli that lacks exonuclease
activity (Klenow exo™). Although MV4-acylated 2’ -deoxycytidine derivatives are incorporated
in DNA by polymerases, we sought to identify the oxime ester that provides a compromise
between being a good DNA polymerase substrate and sufficient stability in water.>6:57 The
latter was a concern due to the aforementioned instability of the methyl oxime ester (2a) in
our hands, and we assumed that larger alkyl groups would hinder hydrolysis to the hydroxyl
amine (the desilylated form of 3). However, we anticipated that oxime esters containing
smaller alkyl groups would be superior DNA-polymerase substrates. The phenyl oxime ester
(2e) also was not a dNTP candidate because photolysis of this molecule did not produce
high yields of dC- as evidenced by the above product studies (Figure 2). Consequently, we
examined the stability of the ethyl (2b), isopropyl (2c), and #butyl (2d) oxime esters in PBS
at 25 °C (Table 1). Of these three molecules, the half-lives of the isopropyl and £butyl oxime
esters were between 1 and 4 weeks; only 2b was deemed to hydrolyze to the hydroxylamine
too quickly to be viable in this regard.

0 9 o LA
‘0-P-0-P-0—-P—-0— o N
O O O

Me
5 R= OH

]
6 R=H O

The corresponding nucleotide triphosphate of 2c (5) was chemically synthesized via
standard methods.>8 Following anion exchange purification, 5 was separated from the
hydroxylamine hydrolysis product (6) by Cqg-reverse phase HPLC. In recognition that 5
readily tautomerizes such that it could present a cytosine (aminyl tautomer)- or thymine
(iminyl tautomer)-like Watson-Crick face (Scheme 2), with the latter favored, incorporation
of 5 opposite dG and dA by Klenow exo™ was quantified under Michaelis—Menten
conditions using primer-template complexes 7 and 8 (Table 2).5° The Ky for 5 was only
~two-fold higher when the opposing nucleotide is dG (7) than when it is dA (8). The Viax
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measurements also indicated that the polymerase modestly preferred 5 as a substrate when
dA was the opposing nucleotide. Overall, Klenow exo™ accepted 5 as a substrate ~three-fold
more efficiently when dA was the opposing nucleotide in the template than when dG was.
For comparison, the incorporation kinetics for corresponding cognate native dNTPs were
also measured. Although the average Viax for incorporation of dCTP opposite dG was only
slightly greater than for 5 (albeit statistically within experimental error), the Ky, was almost
1000-times lower. Hence, the specificity constant for dCTP incorporation opposite dG was
at least 1000-fold higher than that of 5. In contrast, incorporation kinetics of 5 and TTP
opposite dA were much more competitive. TTP was only incorporated opposite dA ~21-fold
more efficiently than 5. This was largely due to a smaller difference in Kj,’s, which was
<29-fold higher for 5 incorporation opposite dA than for TTP.

5-d(GCT CGATGC ATG GT
3-d(CGA GCT ACG TAC CAG CCAACC TGT CTC TCC)
7 4

5-d(GCT CGATGC ATG GTC GGT
3-d(CGA GCT ACG TAC CAG CCAACC TGT CTC TCC)
8

5-d(GCT CGATGC ATGy5 G13TX G16G17Y YGg0G2oy AXA GAG AGG)
3-d(CGAGCTACGTAC CAGC CAAC C TGTCTCTCC)
9 X=C,2c;Y=T,2¢c

Tandem Lesion Formation via dC: Generation from 2c in DNA.

Tandem lesions are defined as two contiguously damaged nucleotides and are a biologically
significant hallmark of ionizing radiation.59:61 dC. produces tandem lesions when produced
in 5"-d(GGTX) (X = dC) sequences (Scheme 5), albeit inefficiently.42 Primer template
complex 7 was designed such that 5 could be introduced into two such sequences; one
resulting from incorporation opposite dG (5”-d(G12G13TX)) and the other opposite dA
(5"-d(G16G17YY), Y =T, dC-). A third sequence lacking a thymidine between dG and

dC- (5'-d(G»9G21AX)) was engineered into the sequence as a negative control for tandem
lesion formation. Two contiguous dG’s are present at each site to promote dG oxidation by
reducing the ionization potential as a result of rz-stacking.62 The primer strand of 7 was
32p_|abeled, and 5"—-32P-9 was prepared using Klenow exo™, 5, and native dNTPs. Radical
precursor 5 (100 M) is present at saturating concentration to maximize its competition with
native dNTPs. Under these conditions, 5'=32P-9 is produced containing indeterminate levels
of 2c at up to four positions (please note that for ease of identification, the numbering is

the same as the nucleoside) distributed at the positions marked by X (opposite dG) and

Y (opposite dA). Enzymatic synthesis of 5'—32P-9 is evident via 20% denaturing PAGE
analysis of unphotolyzed, crude product (Figure 4, lane 1) in which full-length and 7— 1 mer
are detected.

Following aerobic photolysis (350 nm, 3 h), alkali-labile strand damage was not detected at
dG,1, which is part of the 5"-d(GGAX) control sequence (Figure 4). This is consistent with
the expectation that dC- does not react directly with an intrastrand 5"-dG and that damage is
not relayed in the absence of a 5’ -nucleotide containing a methyl group in the major groove
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(e.g., thymidine). Piperidine labile cleavage was detected at dG47, consistent with previous
studies in which a nucleobase nitrogen radical generated in the major groove abstracts a
hydrogen atom from the 5’-thymine (Scheme 5).1742:63 Based on previous studies, we posit
that O, trapping of T- produces a peroxyl radical that adds to the 5 -adjacent guanine to
produce a tandem lesion containing 8-OxodGuo and possibly Fapy-dG.17:64

H o
O

HN NH
w01 o \ /)\NHz
N N
H

A0 Fapy-dG

Interestingly, strand damage was not detected in the region where tandem lesions would
emanate from incorporation of 5 opposite dG despite the presence of 5"-adjacent nucleotides
in 5”—32P-9 that are conducive to tandem lesion formation. Two explanations, both of which
may contribute to the absence of strand damage at dG;3, are envisioned. One possibility

is that 5 is incorporated in much lower quantities opposite dG than opposite dA due to

the greater difference in Ky,’s for dCTP and 7 (Table 2) opposite dG. In addition, tandem
lesion formation when dC- is generated opposite dG could be much less efficient than

when dA is the opposing nucleotide due to competing electron transfer to the opposing
nucleotide (Scheme 6). Oxidation of an opposing dG is more thermodynamically favorable
than dA.6566 In addition, rapid intra-base pair proton transfer precludes any possibility

of back electron transfer and has been shown to decrease the efficiency of DNA damage
chemistry associated with dC-.31:42

SUMMARY

Oxime esters, particularly alkyl derivatives, provide high chemical yields of dC- independent
of O, under photolysis conditions (350 nm, <4 h) that do not damage DNA. dC.- is also
cleanly generated from oxime esters under single electron transfer conditions via DEA. The
value of at least one of the alkyl oxime esters is increased further by the demonstration that
the corresponding nucleotide triphosphate is accepted as a substrate by a DNA polymerase.
The oxime is incorporated in DNA and produces tandem lesions when part of an appropriate
sequence. Tandem lesions are a form of DNA damage associated with ionizing radiation
that are often more difficult to repair than the isolated lesions they are comprised.6%:61 The
chemical and biochemical properties of the oxime esters indicate that they will be useful
mechanistic tools for studying nucleic acid oxidation and potentially as radiosensitizing
agents.
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EXPERIMENTAL SECTION

General Methods.

THF was distilled over Na/benzophenone. MeCN, DCM, Et3N, and pyridine were distilled
over CaHy. The other reagents were obtained from commercial sources and were directly
used without further purification unless noted otherwise. All reactions were performed
under a positive pressure of argon atmosphere. Klenow exo™ and T4 polynucleotide kinase
were purchased from New England Biolabs (NEB). »—32P-ATP was purchased from Perkin
Elmer. C18-Sep-Pak cartridges were obtained from Waters, and Poly-Prep columns from
Bio-Rad. Nuclear magnetic resonance spectra were acquired on Bruker 400 MHz for 1H,
101 MHz for 13C, and 162 MHz for 31P. High-resolution ESI mass spectra for HRMS of
synthesized molecules were recorded on a Waters Acquity/Xevo-G2 UPLC-MS system in
positive mode. Photolyses were carried out in Pyrex tubes using a Rayonet photochemical
reactor (Southern New England Ultraviolet) equipped with a merrygo-round apparatus and
16 lamps having a maximum output at 350 nm at 25 °C. The flux within the photoreactor
was measured using a UVX radiometer and determined to be 1.91 mW/cm? at 360 nm and
60 £M/cm? at 310 nm. Temperature was maintained using the fan at the bottom of the unit
provided by the manufacturer and a Dayton 239 CFM AC axial fan at the top facing such
that air flowing through the unit is drawn out through the top.

Preparation of 3’,5’-O-Di(tert-butyldimethylsilyl)-2’-deoxyuridine 4-Oxime (3).
—1,2,4-Triazole (1.52 g, 22.0 mmol) was suspended in MeCN at 0 °C for 5 min.43
Phosphoryl chloride (0.73 g, 4.75 mmaol) was added dropwise into the reaction flask via
syringe. The mixture was stirred at 0 °C for 10 min. Triethylamine (2.23 g, 22.0 mmol) was
slowly added to the reaction flask at 0 °C (it is important to add the triethylamine slowly).
The mixture was stirred for another 20 min at 0 °C. 3”,5”-O-Di(fert-butyldimethylsilyl)-2"-
deoxyuridine (0.55 g, 1.21 mmol) was dissolved in MeCN (1 mL) and added to the reaction
flask. After stirring for 3 h at room temperature, the reaction mixture was diluted with
TEAA (pH 7, 50 mL). The resulting solution was partitioned in EtOAc (40 mL). The
organic layer was washed with NaHCO3, NaCl, and dried over Na,SOy4. After filtering,

the solution was evaporated to dryness under vacuum. The crude residue was dissolved in
pyridine (3 mL). NH,OH-HCI (0.13 g, 1.92 mmol) was added. The reaction was stirred

at 25 °C overnight. The resulting solution was partitioned in EtOAc. The organic layer

was washed with NaHCO3, NaCl, and dried over Na,SO,. The solvent was removed to
yield 3 (0.36 g, 56%, 2 steps) as a white foam. TLC (EtOAc/hex: 1/2) R = 0.2. TH NMR
(DMSO-dg, 400 MHz) 610.00 (s, 1H), 9.53 (s, 1H), 6.92 (d, /= 8.3 Hz, 1H), 6.16-6.09 (m,
1H), 5.55-5.47 (m, 1H), 4.34 (dd, /=5.9, 3.0 Hz, 1H), 3.16 (d, /= 5.3 Hz, 3H), 2.16-2.08
(m, 1H), 0.87 (d, /= 4.6 Hz, 18H), 0.13-0.01 (m, 12H).

Preparation of Methyl Oxime Ester (2a).—Hydroxylamine 3 (70.7 mg, 0.15 mmol),
Et3N (20.3 mg, 0.2 mmol), and acetyl chloride (16.5 mg, 0.2 mmol) were added to DCM

(1 mL).43 The reaction mixture was stirred at room temperature overnight. After the starting
material disappeared, the reaction was passed through a short silica gel column (EtOAc in
hexane, 1:2; 30 mL). The solvents were removed under reduced pressure. The residue was
dissolved in THF (0.5 mL). EtsN- 3HF (75 mg, 0.45 mmol) was slowly added. The reaction
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mixture was stirred at room temperature overnight. The solvent was removed under vacuum.
The residue was purified by flash chromatography on a silica column (MeOH in DCM,
3-10%) to yield 2a as a colorless oil (5.5 mg, 13%). 1H NMR (MeOH-dj, 400 MHz) &
7.51(d, J=8.2 Hz, 1H), 6.29 (t, /= 6.9 Hz, 1H), 5.72 (d, J= 8.2 Hz, 1H), 4.39 (m, 1 H),
3.91 (m, 1H), 3.74 (m, 2H), 2.23-2.20 (m, 2H), 2.20 (s, 3H).

Preparation of Ethyl Oxime Ester (2b).—Hydroxylamine 3 (472 mg, 1 mmol),
propanoic acid (109 mg, 1.47 mmol), EDCI (223.8 mg, 1.5 mmol), and DMAP (12.2

mg, 0.1 mmol) were added to DCM (3 mL). The reaction mixture was stirred at room
temperature overnight. After the starting material disappeared, the reaction mixture was
washed with water (3 x 5 mL), dried over anhydrous Na,SOy, and concentrated under
reduced pressure. The residue was dissolved in THF (3 mL). EtgN-3HF (484 mg, 3 mmol)
was slowly added. The reaction mixture was stirred at room temperature overnight. The
solvent was removed under vacuum. The residue was purified by flash chromatography on a
silica column (MeOH in DCM, 3-10%) to yield 2b as a white solid (140 mg, 50% yield two
steps). IH NMR (DMSO-ag, 400 MHz). Major tautomer: §10.83 (bd s, 1H), 7.40 (d, /= 8.2
Hz, 1H), 6.15 (t, /=7 Hz, 1H), 5.72 (d, J= 8.2 Hz, 1H), 5.22 (d, J= 4.2 Hz, 1H), 4.97 (s,
1H), 4.21 (m, 1 H), 3.74 (m, 1H), 3.53 (m, 2H), 2.43 (m, 2H), 2.04 (m, 2H), 1.05 (t, /= 7.6
Hz, 3H). Minor tautomer: §11.13 (bd s, 1H), 7.47 (d, /= 8.2 Hz, 1H), 6.15 (t, /=7 Hz, 1H),
6.02 (d, /=8.2 Hz), 5.22 (d, /= 4.2 Hz, 1H), 4.97 (s, 1H), 4.21 (m, 1 H), 3.74 (m, 1H), 3.53
(m, 2H), 2.43 (m, 2H), 2.04 (m, 2H), 1.05 (t, J= 7.6 Hz, 3H). 13C{'H} NMR (DMSO-a,
101 MHz) §171.6, 155.6, 150.1, 149.3, 136.8, 134.5, 99.8, 92.1, 87.7, 87.6, 84.2, 84.1, 71.1,
71.0, 61.91, 61.86, 39.5, 26.0, 25.8, 9.5. HRMS (ESI TOF) m/z Calcd for (C1oH;17N30gNa)*
(M + Na)* = 322.1014, found /m/z= 322.1010.

Preparation of Isopropyl Oxime Ester (2c).—Hydroxylamine 3 (473 mg, 1 mmol),
EtsN (174 mg, 1.7 mmol), and isobutyryl chloride (163 mg, 1.5 mmol) were added to DCM
(1.5 mL) and reacted as described for the preparation of 2a. The residue was dissolved in
THF (3 mL). EtgN-3HF (484 mg, 3 mmol) was slowly added. The reaction was carried out
as described for the preparation of 2a. The residue was purified by flash chromatography on
a silica column (MeOH in DCM, 3-10%) to yield 2c as a white solid (163 mg, 53% vyield
two steps). UV-VIS (H20) Amax = 274 nm, £=1.03 x 10* M1 cm™1. IH NMR (MeOH-dj,
400 MHz). Major tautomer: §7.50 (d, J= 8.3 Hz, 1H), 6.29 (t, /= 6.9 Hz, 1H), 5.72 (d,
J=8.3 Hz, 1H), 4.38 (m, 1 H), 3.90 (m, 1 H), 3.74 (m, 2H), 2.84 (hept, /= 6.9 Hz, 1H),
2.20 (m, 2H), 1.23 (d, /= 6.9 Hz, 6H). Minor tautomer: §7.57 (d, J= 8.3 Hz, 1H), 7.24 (d,
J=8.3 Hz, 1H), 6.29 (t, /= 6.9 Hz, 1H), 4.38 (m, 1 H), 3.90 (m, 1 H), 3.74 (m, 2H), 2.84
(hept, J= 6.9 Hz, 1H), 2.20 (m, 2H), 1.23 (d, J= 6.9 Hz, 6H). 13C{1H} NMR (MeOH-dj,
101 MHz) §174.8, 149.8, 149.1, 134.4, 117.1, 96.1, 87.2, 84.6, 71.0, 61.7, 39.3, 32.3, 18.2,
18.0. UV (H20:MeOH, 9:1) Amax = 274 nm, e=1.03 x 10* M~1 cm~1. HRMS (ESI TOF)
my/z Calcd for (C14H21N3OgNa)* (M + Na)*™ = 350.1328, found /m/z= 350.1314.

Preparation of t-Butyl Oxime Ester (2d).—Hydroxylamine 3 (70 mg, 0.15 mmol),
Et3N (20.3 mg, 0.2 mmol), and trimethyl acetyl chloride (24.5 mg, 0.2 mmol) were added
to DCM (1 mL). The reaction was carried out as described for the preparation of 2a. The
crude bis-silylated oxime ester was dissolved in THF (0.5 mL), and EtgN-3HF (75 mg, 0.45

J Org Chem. Author manuscript; available in PMC 2024 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peng et al.

Page 11

mmol) was slowly added. The reaction was carried out as described for the preparation of
2a. The residue was purified by flash chromatography on a silica column (MeOH in DCM,
3-10%) to yield 2d as a white solid (28.3 mg, 58% yield two steps). 1H NMR (MeOH-dj,
400 MHz). Major tautomer: §7.52 (d, J=8.3 Hz, 1H), 6.32-6.23 (m, 1H), 5.75 (d, J=

8.3 Hz, 1H), 4.39 (m, 1H), 3.91 (m, 1H), 3.75 (m, 2H), 2.28-2.17 (m, 2H), 1.34 (s, 9H).
Minor tautomer: §7.59 (d, J= 8.3 Hz, 1H), 6.32-6.23 (m, 1H), 6.09 (d, J= 8.3 Hz, 1H),
4.39 (m, 1H), 3.91 (m, 1H), 3.75 (m, 2H), 2.28-2.17 (m, 2H), 1.30 (s, 9H). 13C{1H} NMR
(acetone-ag, 101 MHz) §174.8, 149.9, 149.4, 134.9, 97.4, 88.6, 85.5, 72.4, 63.0, 40.7, 39.4,
27.6. UV (Hy0:MeOH, 9:1) Amax = 274 nm, e = 1.17 x 10* M~1 cm~1. HRMS (ESI TOF)
my/z Calcd for (C14H21N3OgNa)* (M + Na)* = 350.1328, found /m/z= 350.1314.

Preparation of Phenyl Oxime Ester (2e).—Hydroxylamine 3 (141 mg, 0.3 mmol),
Et3N (44 mg, 0.43 mmol), benzoyl chloride (60.5 mg, 0.43 mmol), and DMAP (5 mg,
0.03 mmol) were added to DCM (1 mL). The reaction was carried out as described for the
preparation of 2a. The residue was dissolved in THF (0.7 mL), and EtgN-3HF (215 mg, 1.35
mmol) was slowly added. The reaction was carried out as described for the preparation of
2a. The residue was purified by flash chromatography on a silica column (MeOH in DCM,
3-10%) to yield 2e as a colorless solid (72.9 mg, 71% two steps). 1H NMR (MeOH-dj,
400 MHz). Major tautomer: 68.23-8.20 (m, 2H), 7.70-7.63 (m, 1H), 7.58-7.53 (m, 3H),
6.31 (t, /=7.0 Hz, 1H), 5.82 (d, /= 8.2 Hz, 1H), 4.41 (m, 1H), 3.92 (m, 1H), 3.80-3.71
(m, 2H), 2.26-2.22 (m, 2H). Minor tautomer: §8.10-8.08 (m, 2H), 7.70-7.63 (m, 1H),
7.58-7.53 (m, 3H), 6.31 (t, /= 7.0 Hz, 1H), 5.82 (d, /= 8.2 Hz, 1H), 4.41 (m, 1H), 3.92
(m, 1H), 3.80-3.71 (m, 2H), 2.26-2.22 (m, 2H). 13C{H} NMR (acetone-ag, 101 MHz) &
164.3, 151.1, 149.5, 135.3, 134.0, 130.6, 130.3, 129.3, 97.2, 88.53, 85.51, 72.3, 63.0, 40.7.
UV (H,0:MeOH, 9:1) Anax = 282 nm, e = 1.72 x 10* M~1 cm~1. HRMS (ESI-TOF) m/z
Calcd for (C16H17N3OgNa)* (M + Na)* = 370.1015, found m/z= 370.1013.

Preparation of Oxime Ester Nucleotide Triphosphate (5).—Trimethyl phosphate (1
mL) was added to a mixture of 2c (37.6 mg, 0.12 mmol) and proton sponge (41 mg, 0.2
mmol). The resulting solution was stirred on ice for 10 min. Phosphoryl chloride (27 mg,
0.2 mmol) was added to the reaction flask, and stirring was continued at 0 °C for 1 h. A
prechilled cocktail containing tributylammonium pyrophosphate 0.2 M in DMF (3.6 mL,
0.72 mmol) and tributylamine (132 mg, 0.72 mmol) was added to the reaction mixture, and
stirring was continued for 30 min at 0 °C. The reaction was quenched by slow addition of
TEAB (pH 8, 12 drops) and water (5 mL). The aqueous layer was extracted with EtOAc

(6 x 5 mL) and concentrated under reduced pressure. The resulting crude product was
redissolved in water (3 mL) and purified by Mono Q 5/50 GC column (5 x 50 mm) at 5 °C
using a gradient of 0.1 to 1.0 M TEAB (pH 8; flow rate, 1 mL/min). The desired fractions
(based on retention time of dCTP, & = 15 min) were collected and lyophilized overnight.
The residue was further purified by reversed-phase HPLC while being monitored at 260 nm
and 284 nm. HPLC was performed on a Phenomenex Luna C-18 column (A, 10 mM TEAA;
B, ACN; 3% B from =0 to =2 min; 3-40% B linearly over 38 min; 40-3% B linearly
over 2 min; 3% B from = 42 to ¢= 45 min; flow rate, 1 mL/min). After the solvent was
removed under vacuum, 5 was obtained as a white foam (1.6 mg, 3%). UV-VIS (H20) Amax
= 274 nm. Due to the low mass of 5, the extinction coefficient was assumed to be the same
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as 2¢. 31P NMR (162 MHz, D,0) 6-6.55 (d, /= 15.7 Hz), -11.27 (d, J= 20.6 Hz), —-22.56
(t, J=20.6 Hz). ESI-MS m/z Calcd for (C13H21N3015P3)™ (M-H)~ = 552.02, found m/z =
552.00.

Nucleoside Photolysis Experiments.—Reaction mixtures (50 (L) containing
precursor (100 M), internal standard (thymidine, 100 £M), and additives (e.g., reducing
agents and organic solvent) in buffer (10 mM phosphate, 100 mM NaCl, pH 7.2) were
photolyzed at room temperature under aerobic or anaerobic conditions. Samples for
anaerobic reactions were degassed by three freeze-pump-thaw cycles at 2 mTorr and

flame sealed under vacuum. The reaction mixtures (including unphotolyzed controls) were
analyzed by Cg-reverse phase HPLC while being monitored at 260 and 284 nm. HPLC was
performed on a Phenomenex Luna C-18 column (4.6 x 250 mm) (A, 10 mM ammonium
formate; B, ACN; 3% B from ¢=0 to =1 min; 3-28% B linearly over 9 min; 28-97%

B linearly over 5 min; 97% B from #= 25 to ¢= 20 min; 97-3% B linearly over 2

min; 3% B from ¢= 22 to £= 40 min; flow rate, 1 mL/min). Response factors (/) for
compound 2c—e and dC (“X”) versus thymidine was calculated using the following formula:
(XYTdT]) = RF(ACX)/A(T)), where [X] is the concentration of compound X and [dT]

is the concentration of dT. A(X) and A(dT) are the areas under the peaks corresponding

to X versus dT. The peaks were integrated and quantified against the internal standard
(thymidine). The measured response factors are: dC: 1.56, 2c: 1.24, 2d: 1.67, and 2e: 1.08.

Oxime Ester Hydrolysis in PBS.—Reaction mixtures (50 zL) containing precursor 2b-
d (100 M) and internal standard (thymidine, 100 ¢M) in buffer (10 mM phosphate, 100
mM NaCl, pH 7.2) were incubated at room temperature. Aliquots were removed at various
times and analyzed by C4g-reverse phase HPLC as described above. The disappearance of
2b—d was fit to first-order Kinetics.

ESR Spectroscopy.

Glassy Sample Preparation, y-lrradiation, and Storage. Preparation of Homogeneous
Solutions: Homogeneous solution was prepared by dissolving ca. 2-2.5 mg/mL of either 2d
or 2e in 7.5 M LiCl in D,0. The native pH of 7.5 M LiCl in D50 is ca. 5, and pH of these
solutions was not adjusted,18:27.47.53

Preparation of Glassy Samples: Following previous reports,18:2747.53 the oxime ester
solutions were thoroughly sparged with nitrogen. The sparged solutions were immediately
drawn into Suprasil quartz tubes (4 mm diameter, catalog no. 734-PQ-8, WILMAD Glass
Co., Inc., Buena, NJ, USA) and immersed in liquid nitrogen (77 K). Owing to rapid
cooling at 77 K, the homogeneous liquid solutions formed transparent homogeneous glassy
solutions.

y-lIrradiation and Storage of These Samples: Following previous reports,18:27.47.53 the
transparent glassy solutions were y-irradiated (absorbed dose = 600 Gy) at 77 K to generate
samples for ESR spectral studies. All glassy samples were stored in the dark at 77 K in
Teflon containers prior to and after y-irradiation.
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ESR Spectroscopic Studies.—Following previous studies,18:27:47:53 3 \arian Century
Series X-band (9.3 GHz) ESR spectrometer with an E-4531 dual cavity, 9-inch magnet,

and a 200 mW Kilystron was used to carry out the ESR spectroscopic studies. For field
calibration, Fremy’s salt (geenter = 2.0056, A(N) = 13.09 G) was employed. All ESR spectra
were recorded at 77 K and at 45 dB (6.3 /AWV). We note here that recording of ESR spectra at
77 K maximizes the signal height and allows for comparison of signal intensities.8:27:47.53

Theoretical Calculations.—Calculations were performed using DFT and employing
Uwh97xd functional, 6-31++G** basis set in the aqueous phase employing the integral
equation formalism of the polarized continuum model (IEF-PCM)®7 Gaussian 16 suite of
programs® and using the optimized geometries of the compound and the radicals applying
the same method.

32p_Radiolabeling and Single Nucleotide Incorporation Kinetics.—The primer
strand (50 pmol) was labeled at the 5”-terminus with y~32P-ATP using T4 PNK (30 units)
in T4 PNK buffer (70 mM Tris—HCI, pH 7.6, 10 mM MgCl,, 5 mM DTT, 2 h, 37 °C).

The labeled primer was hybridized to the template (1.5 equiv) in PBS by heating at 90 °C
for 5 min and slowly cooling to room temperature in a thermal cycler to provide 5" -32pP-7
or 5'-32p-8. The primer-template was diluted into a 2 X cocktail containing Klenow exo-,
Klenow exoreaction buffer (20 mM Tris—HCI, pH 7.9, 20 mM MgCl,, 2 mM DTT, 100
mM NacCl), and bovine serum albumin (BSA, 0.2 mg/mL). A reaction mixture (10 /L)
was prepared by mixing 2X cocktail (5 yL) and 2X substrate (INTP) solutions at different
concentrations (5 L) for various reaction times. After incubation at 37 °C, the reaction
mixture was quenched with 5 mM EDTA in 95% formamide (10 (L), heated at 90 °C for 1
min, incubated on ice for 1 min, and loaded on a 20% denaturing PAGE gel. \elocities were
determined as previously described and fit using the Michaelis—Menten equation.>® Note:
enzymes were diluted and stored as aliquots (1 M, 2 z.) in 30% glycerol and reaction
buffer (1x) to ensure consistent concentration in various experiments.

Preparation and Photolysis of 5’-32P-9.—A solution (20 /L) containing DNA
primer-template 5"—-32P-7 (200 nM), Klenow exo™ (20 nM), Klenow exo-reaction buffer
(10 mM Tris—HCI, pH 7.9, 10 mM MgCl,, 1 mM DTT, 100 mM NaCl), BSA (0.1 mg/mL),
5 (100 gM), and d(A, 7,G) TP (25 1M each) was incubated at 37 °C for 2 h. The solution
was diluted to 50 nM 5”-32P-9 in PBS buffer (100 mM NaCl, 10 mM sodium phosphate,
pH 7.2) before photolysis. All photolyses were carried out in Pyrex tubes for 3 h. Aliquots
(10 1) from photolyzed solutions or unphotolyzed controls were treated with piperidine
(2 M, 10 L) for 30 min at 90 °C. Piperidine treated samples were evaporated to dryness
under vacuum and washed with water (2 x 10 z1), which was also removed under vacuum.
Samples were analyzed by dissolving/resuspending in formamide loading buffer prior to
analyzing by 20% denaturing PAGE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Consumption of £butyl oxime ester (2d, 0.1 mM) and dC yield as a function of photolysis

time and conditions. Yields are the ave. + std. dev. of three replicates.
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Figure 2.

Consumption of oxime esters and dC yield as a function of photolysis time and conditions.
(A) Phenyl oxime ester (2e, 0.1 mM). (B) Isopropyl oxime ester (2¢, 0.1 mM). Yields are the
ave. = std. dev. of three replicates.
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7.5 M LiCI /D,0 (pD ca. 5)

2d (2.0 mg/mL

A

1-MeCyt-Noe

ca. 160 K, 15 min anneal
(pD ca. 11, K,S,05)

2e (2.0 mg/mL)

Figure 3.
First derivative ESR spectra after one-electron addition (single electron transfer) to (A) 2d

(2.0 mg/mL, blue) and to (B) 2e (2.0 mg/mL, black) at 77 K in homogeneous glassy (7.5

M LiCl/D,0, pD ca. 5) solution. Electrons were generated by y-irradiation (absorbed dose
=600 Gy at 77 K) of the glassy solution. The ESR spectrum (red) (reproduced from ref 53,
Copyright [2015] American Chemical Society) shown in panel (A) is that of 1-MeCyt-No
(Scheme 3) formed by one-electron oxidation of 1-MeCyt by CI; (see ref 53 for details). The
three reference markers (indicated by triangles at the bottom of the figure) in this figure are
Fremy’s salt resonances. The central marker is at g= 2.0056, and the markers are separated
from one another by 13.09 G.18:27.47,53
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Figure 4.
Alkali-labile lesion formation from photolysis of 5'—32P-9. The gel shows three independent

replicates of photolyzed 5'—32P-9 treated with piperidine.
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Scheme 1.
Independent Generation of o-Type 2’-Deoxycytidin-A4-yl Radical (dC-)

J Org Chem. Author manuscript; available in PMC 2024 June 02.

Page 22



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Peng et al.

h TN h@Y T ONH
| fo) | fo) |
GO O
RO o N"~o . RO o N0 p HO o N"~o HO o N0
. S L. —_—
an kj%-e 2 Steps: viminyl _Kjaminyl
OR' OR' a13% OH 2ae OH

 b50% d58%
(R'=TBDMS R:aMe;bEt c Pr;d Bu;ePh) csso o719

aKey: a) RC(=0)Cl, EtzN, DCM or E{CO,H, EDCI, DMAP, DCM b) Et;N-3HF, THF.

Scheme 2.
Preparation of Oxime Esters
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Scheme 3.
Nitrogen Radical Formation from 1-Methylcytosine
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Scheme 4.
Single Electron Transfer Generation of dC- via Dissociative Electron Attachment
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Scheme 6.
Intra-Base Pair Electron Transfer
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Table 1.
Hydrolysis Kinetics of Oxime Esters (2b—d) in PBS at 25 °C

substrate (R)  k(sY)  tyz(h)
2b(Ef)  68x10° 29
2¢ (/Pr) 1.1x10% 175
2d(Bu)  28x107 688

J Org Chem. Author manuscript; available in PMC 2024 June 02.

Page 28



Page 29

Peng et al.

Author Manuscript

"sa1eol|dal 831y) JO "ASD "PIS F "9AR B} a8 mm:_m>q

"pappe S1 dLNP YoIYM Woly ssotoe axejdwal NG 3y} Ul 3proajonu sy} si N,

8¢y 99F¥'TC T0¥90 vp dLl 8
X4 €CFL0E E0FEYVT vp S 8
0€8 LY F6'7C T00¥€00 9P d1op L
L0 TC+961 6T¥8/L¢ op S L

qUAM) Ui 96) WHiPUA - g(uiw 96) YA qIAM) WS N i Np  apejdwi swiad

118Ul UOITeI0dIodU] _0X3 MOUS|H

‘¢ slqeL

Author Manuscript Author Manuscript Author Manuscript

J Org Chem. Author manuscript; available in PMC 2024 June 02.



	Abstract
	Graphical Abstract
	INTRODUCTION
	RESULTS AND DISCUSSION
	Synthesis of Oxime Esters (2) and Photochemical Generation dC· from Them.
	dC· Generation from Oxime Esters by Single Electron Transfer.
	Polymerase Incorporation of Oxime Ester 2c in DNA.
	Tandem Lesion Formation via dC· Generation from 2c in DNA.

	SUMMARY
	EXPERIMENTAL SECTION
	General Methods.
	Preparation of 3′,5′-O-Di(tert-butyldimethylsilyl)-2′-deoxyuridine 4-Oxime (3).
	Preparation of Methyl Oxime Ester (2a).
	Preparation of Ethyl Oxime Ester (2b).
	Preparation of Isopropyl Oxime Ester (2c).
	Preparation of t-Butyl Oxime Ester (2d).
	Preparation of Phenyl Oxime Ester (2e).
	Preparation of Oxime Ester Nucleotide Triphosphate (5).
	Nucleoside Photolysis Experiments.
	Oxime Ester Hydrolysis in PBS.
	ESR Spectroscopy.
	Glassy Sample Preparation, γ-Irradiation, and Storage. Preparation of Homogeneous Solutions:
	Preparation of Glassy Samples:
	γ-Irradiation and Storage of These Samples:

	ESR Spectroscopic Studies.
	Theoretical Calculations.
	32P-Radiolabeling and Single Nucleotide Incorporation Kinetics.
	Preparation and Photolysis of 5′−32P-9.


	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Scheme 1.
	Scheme 2.
	Scheme 3.
	Scheme 4.
	Scheme 5.
	Scheme 6.
	Table 1.
	Table 2.

