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ABSTRACT: A new type of interstrand cross-link resulting
from the reaction of a DNA abasic site with a guanine residue on
the opposing strand of the double helix was recently identified,
but the chemical connectivity of the cross-link was not rigorously
established. The work described here was designed to character-
ize the chemical structure and properties of dG−AP cross-links
generated in duplex DNA. The approach involved characteriza-
tion of the nucleoside cross-link “remnant” released by enzymatic
digestion of DNA duplexes containing the dG−AP cross-link.
We first carried out a chemical synthesis and complete spec-
troscopic structure determination of the putative cross-link remnant 9b composed of a 2-deoxyribose adduct attached to
the exocyclic N2-amino group of dG. A reduced analogue of the cross-link remnant was also prepared (11b). Liquid
chromatography−tandem mass spectrometric (LC-MS/MS) analysis revealed that the retention times and mass spectral
properties of synthetic standards 9b and 11b matched those of the authentic cross-link remnants released by enzymatic digestion
of duplexes containing the native and reduced dG−AP cross-link, respectively. These results establish the chemical connectivity
of the dG−AP cross-link released from duplex DNA and provide a foundation for detection of this lesion in biological samples.
The dG−AP cross-link in duplex DNA was remarkably stable, decomposing with a half-life of 22 days at pH 7 and 23 °C.
The intrinsic chemical stability of the dG−AP cross-link suggests that this lesion in duplex DNA may have the power to block
DNA-processing enzymes involved in transcription and replication.

■ INTRODUCTION

Many molecules that contain an aldehyde functional group
display mutagenic or cytotoxic properties that stem from their
ability to covalently modify DNA.1−17 Reversible attack of
DNA nucleophiles on the electrophilic aldehyde carbon
typically yields an equilibrating mixture of hemiaminal and
imine adducts (1 and 2, Scheme 1).1,4−14 In some cases,
aldehyde−DNA adducts have been stabilized for analysis via
irreversible reduction of iminium ion 3 to amine 4 by use of
reagents such as NaCNBH3 under mildly acidic conditions
(Scheme 1).4,18−20

We recently identified a special class of aldehyde−DNA
adducts derived from the reaction of DNA abasic (AP) sites
with nucleobases on the opposing strand of the double
helix.21−23 AP sites are prevalent lesions in genomic DNA
that are generated by a wide variety of endogenous cellular
processes,24−28 drugs,25 bioactive natural products,29−34 and
environmental carcinogens.25,26 AP sites exist as an equilibrium
mixture of the ring-closed hemiacetal 5 and the ring-opened
aldehyde 6 (Scheme 2).35 We showed that the AP-aldehyde can
react reversibly with guanine or adenine residues on the
opposing strand of the double helix to generate DNA−DNA

interstrand cross-links (Scheme 3).21−23 In the case of the
dG−AP cross-link, treatment with NaCNBH3 generated a reduced,
chemically stable analogue of the cross-link.21 Interstrand cross-
links are extremely deleterious because they block replication
and transcription and present serious challenges to cellular
DNA repair systems.36−39 Accordingly, AP-derived cross-links
have the potential to contribute to aging, sporadic cancers, and
biological effects of the various xenobiotics that induce AP sites
in cellular DNA.36−40

In earlier work, we proposed that dG−AP cross-linking
involves attachment of the exocyclic N2-amino group of dG to the
anomeric carbon of the AP residue (Scheme 3), but the chemical
connectivity of the cross-link was not rigorously determined.21,22

For example, we recognized that the biochemical and mass spec-
trometric data could not rule out cross-link structures involving
attachment of the AP-aldehyde at an endocyclic nitrogen of dG or
conversion of an initial imine adduct to the enamine 10a.
Complete understanding of the molecular events underlying

the biological consequences of any given DNA lesion requires
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precise knowledge of chemical structure. Chemical structure
determination of a DNA lesion, in turn, requires full spec-
troscopic characterizations of the lesion.41 The results described
here were designed to shed light on the chemical structure and
properties of dG−AP cross-links generated in duplex DNA.

Toward this end, we characterized the nucleoside cross-link
“remnant” released by enzymatic digestion of a DNA duplex
containing the dG−AP cross-link.21 We first carried out a
chemical synthesis and complete spectroscopic structure
determination of the putative nucleoside cross-link remnant
9b. Liquid chromatography−tandem mass spectrometry
(LC-MS/MS) analysis was then used to demonstrate that the
properties of the authentic cross-link remnant released by
enzymatic digestion of a DNA duplex containing the dG−AP
cross-link matched those of the synthetic material 9b. The
reduced cross-link 11 (Scheme 3) was similarly characterized.
The results establish the chemical connectivity of the dG−AP
cross-link released from duplex DNA and provide a foundation
for detection of this lesion in biological samples. The cross-link
remnant 9b was quite stable, decomposing to release dG with a
half-life of approximately 17 days at pH 7 and 23 °C. NMR
spectroscopic data suggests that the stability of this material
is due to the fact that the 2-deoxyribose adduct connected at
the N2-position of dG exists as a mixture of the ring-closed
α-pyranose, β-pyranose, α-furanose, and β-furanose isomers,
with no detectable amounts of the hydrolytically labile imine
present (9b, Scheme 5). The intrinsic stability of the cross-link
attachment observed in the nucleoside remnant was mirrored
in the stability of the actual cross-link in duplex DNA, which
dissociated with a half-life of 22 days at pH 7 and 23 °C. This
suggests that the dG−AP cross-link may have the power to
block critical DNA-processing enzymes.

■ EXPERIMENTAL PROCEDURES
Materials and Methods. Oligonucleotides were purchased from

Integrated DNA Technologies (Coralville, IA). Uracil-DNA glyco-
sylase (UDG, 5000 units/mL) and UDG buffer were purchased from
New England Biolabs (Ipswich, MA). 2′-Deoxyguanosine (dG)
monohydrate was purchased from Tokyo Chemical Industry Co.,
Ltd. (Tokyo, Japan). 2-Deoxy-D-ribose (99%), N,N-diisopropylethyl-
amine (redistilled, 99.5%), and tetrabutylammonium fluoride (1 M
in tetrahydrofuran, THF) were purchased from Sigma−Aldrich
(St. Louis, MO). Iodotrimethylsilane (97%) was purchased from Acros
Organics (Thermo Fisher) in a 5 g vial and stored at −15 °C in a
desiccator; a small amount of metallic copper was added to the vial as a
stabilizer. All other reagents used were purchased from Acros Organics
in reagent grade and used without further purification unless other-
wise noted. Bulk solvents (hexanes, ethyl acetate, and CH2Cl2) were
obtained from Sigma−Aldrich. Methanol, THF, and H2O were
purchased from Fisher in HPLC grade. When used as reaction
solvents, CH2Cl2 and methanol were dried over 4 and 3 Å molecular
sieves, respectively. THF was distilled prior to use. Anhydrous N,N-
dimethylformamide (DMF) and dioxane were purchased in AcroSeal
bottles from Acros Organics. Column chromatography was performed
on silica gel 60 (Sigma−Aldrich) under positive pressure. Glass-backed
thin-layer chromatography (TLC) plates with a 254 nm fluorescent
indicator were purchased from Sigma−Aldrich and stored in a
desiccator. Compounds on developed TLC plates were visualized by
use of a 254 nm UV lamp or by dipping in a solution of 10%
phosphomolybdic acid hydrate (PMA) in ethanol solution, followed
by charring with a heat gun. Unless otherwise specified, reactions were
conducted under an atmosphere of dry N2 gas. 1H and 13C NMR
spectra were recorded on a Bruker DRX500 at 298 K in CDCl3,
deuterated dimethyl sulfoxide (DMSO-d6), or D2O (Cambridge
Isotope Laboratories, Inc.).

Syntheses. O6-(Trimethylsilylethyl)-3′,5′-bis[O-(tert-butyldime-
thylsilyl)]-2′-deoxyguanosine (12). To a solution containing
triphenylphosphine (1.91 g, 7.28 mmol) and 2-(trimethylsilyl)ethanol
(1.04 mL, 7.28 mmol) in dry dioxane (12 mL) was added 3′,5′-bis-O-
(tert-butyldimethylsilyl)-2′-deoxyguanosine (1.44 g, 2.91 mmol),
which was prepared as described previously.42 Diisopropylazodicar-
boxylate (1.43 mL, 7.28 mmol) was added slowly by syringe, causing
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the white slurry to turn translucent yellow upon complete addition.
After stirring for 2 h at 23 °C, the solvent was evaporated and the
crude oil was redissolved in diethyl ether (12 mL). Triphenylphos-
phine oxide was crystallized from the mixture by submersion of the
flask in liquid N2 and then removed by vacuum filtration. The filtrate
was concentrated to a yellow oil and column chromatography on
silica gel, eluted with 5:1 hexane/ethyl acetate, gave 12 (1.18 g, 68%,
Rf = 0.21 5:1 hexane/ethyl acetate) as a sticky yellow solid: 1H NMR
(500 MHz, CDCl3) δ 7.86 (1H, s, H8), 6.30 (1H, t, J = 6.5 Hz, H1′),
4.92 (2H, br s, NH2), 4.59−4.56 (1H, m, H3′), 4.56−4.52 (2H, m,
ROCH2CH2TMS), 3.96 (1H, q, J = 3.5 Hz, H4′), 3.79 (1H, dd, J =
4.5, 11 Hz, H5a′), 3.73 (1H, dd, J = 3.3, 11.3 Hz, H5b′), 2.55 (1H, dt,
J = 6.5, 13.3 Hz, H2a′), 2.33 (1H, ddd, J = 3.5, 6, 13 Hz, H2b′), 1.24−
1.19 (2H, m, ROCH2CH2TMS), 1.00−0.77 [18H, m, SiC(CH3)3],
0.08 [6H, s, Si(CH3)2], 0.06 [6H, s, ROEtSi(CH3)3], 0.06 [3H, s,
ROEtSi(CH3)3], 0.05 [6H, s, Si(CH3)2];

13C NMR (126 MHz,
CDCl3) δ 161.3 (C6), 159.2 (C2), 153.3 (C4), 137.3 (C8), 115.9
(C5), 87.6 (C4′), 83.5 (C1′), 71.9 (C3′), 64.8 (ROCH2CH2TMS),
62.8 (C5′), 40.8 (C2′), 25.9, 25.7 [SiC(CH3)3], 18.4, 18.0 [SiC(CH3)3],
17.5 (ROCH2CH2TMS), −1.5 [ROEtSi(CH3)3], −4.7, −4.8, −5.4,
−5.6 [Si(CH3)2].
1,3,5-Tris[O-(tert-butyldimethylsilyl)]-2-deoxy-D-ribofuranose

(13). 2-Deoxy-D-ribose (1.50 g, 11.18 mmol), tert-butyldimethylsilyl
chloride (5.60 g, 37.16 mmol), and imidazole (3.00 g, 44.07 mmol)
were dissolved in anhydrous DMF (15 mL) and stirred at 23 °C. After
19 h, the reaction mixture was diluted with hexane (100 mL), washed
with water (3 × 50 mL) and brine (1 × 50 mL), and dried over
Na2SO4, and the solvent was evaporated under reduced pressure to
give a light yellow oil. Column chromatography on silica gel, eluted
with 3% ethyl acetate in hexane, gave 13 (3.83 g, 72%) as a colorless
gel (Rf = 0.37 in 3% ethyl acetate−hexane): 1H NMR (500 MHz,
CDCl3, α and β = anomeric isomers, p and f = pyranose and furanose
isomers) δ 5.60 (0.40H, t, J = 4.3 Hz, H1 β-f), 5.46 (0.37H, dd, J = 2.5,
5 Hz, H1 α-f), 5.20 (0.21H, dd, J = 2.3, 5 Hz, H1 β-p), 4.75 (0.02H,
dd, J = 2.5, 7.5 Hz, H1 α-p), 4.36 (0.40H, dt, J = 3.2, 5.1 Hz, H3 β-f),
4.18 (0.37H, dt, J = 4.8, 7.8 Hz, H3 α-f), 4.14−4.10 (0.02H, m, H3
α-p), 4.09−4.05 (0.21H, m, H3 β-p), 3.97 (0.37H, q, J = 4.3 Hz, H4
α-f), 3.89−3.86 (0.02H, m, H4 α-p), 3.84 (0.40H, ddd, J = 3, 5,

7.5 Hz, H4 β-f), 3.75−3.69 (0.42H, m, H4 and H5a β-p), 3.67−3.59
(1.37H, m, H5a β-f, H5 α-f, H5b β-p, and H5a α-p), 3.57 (0.40H, dd,
J = 7.5, 10.5 Hz, H5b β-f), 3.31 (0.02H, dd, J = 1.5, 12 Hz, H5b α-p),
2.22 (0.37H, ddd, J = 5.4, 7.6, 13.1 Hz, H2a α-f), 2.05−1.97 (1H, m,
H2 β-f and H2a β-p), 1.97−1.92 (0.02H, m, H2a α-p), 1.82 (0.37H,
ddd, J = 2.4, 4.4, 13.1 Hz, H2b α-f), 1.72−1.68 (0.02H, m, H2b α-p),
1.58 (0.21H, ddd, J = 3.5, 5, 12.5 Hz, H2b β-p), 0.93−0.85 [27H, m,
SiC(CH3)3], 0.11−0.03 [18H, m, Si(CH3)2];

13C NMR (126 MHz,
CDCl3) δ 99.1 (C1 β-f), 98.5 (C1 α-f), 94.7 (C1 α-p), 93.0 (C1 β-p),
87.0 (C4 β-f), 85.4 (C4 α-f), 73.3 (C3 β-f), 71.9 (C3 α-f), 70.0 (C4
β-p), 69.9 (C4 α-p), 69.4 (C3 α-p), 68.1 (C3 β-p), 65.8 (C5 α-p), 64.8
(C5 β-f), 64.7 (C5 α-f), 63.0 (C5 β-p), 44.6 (C2 β-f), 44.4 (C2 α-f),
38.7 (C2 β-p), 38.5 (C2 α-p), 26.0, 25.9, 25.8, 25.8, 25.7, 25.7
[SiC(CH3)3], 18.4, 18.3, 18.1, 18.0, 18.0, 18.0, 17.9, 17.9 [SiC(CH3)3],
−4.1, −4.2, −4.2, −4.4, −4.5, −4.6, −4.7, −4.7, −4.7, −4.8, −4.8
[Si(CH3)2].

N2-{3,5-Bis[O-(tert-butyldimethylsilyl)]-2-deoxy-D-ribofuranos-1-yl}-
O6-benzyl-3′,5′-bis[O-(tert-butyldimethylsilyl)]-2′-deoxyguanosine
(14). Compound 13 (248 mg, 0.520 mmol) was dissolved in dry
CH2Cl2 (2 mL) in an oven-dried round-bottom flask. The flask was
purged with dry N2 and cooled in a −78 °C dry ice−acetone bath.
Trimethylsilyl iodide (TMS-I; 71 μL, 0.499 mmol) was added via
syringe to generate the glycosyl iodide, and the resulting light yellow
liquid was stirred for 10 min. A solution of 12 (50 mg, 0.084 mmol)
and diisopropylethylamine (DIPEA, 120 μL, 0.689 mmol) in dry
CH2Cl2 (250 μL) was added by syringe, and the mixture was stirred
for 15 min at −78 °C and then for an additional 15 min while warming
to room temperature. Unreacted glycosyl iodide was quenched by the
addition of dry MeOH (4 mL). The mixture was evaporated to
dryness under reduced pressure, redissolved in 7:1 hexane−ethyl
acetate, and washed with H2O to remove the diisopropylethylammo-
nium hydroiodide salt. The organic layer was dried over Na2SO4 and
evaporated under reduced pressure to yield a yellow oil. Column
chromatography on silica gel, eluted with 7:1 hexane−ethyl acetate
(v/v), gave 14 (43 mg, 54%, Rf = 0.25) as a white foam: TOF-MS/ES+

940.5687 M+; 1H NMR (500 MHz, CDCl3) δ 7.86 (0.2H, s, H8 β-f),
7.84 (0.8H, s, H8 α-f), 6.49 (0.8H, d, J = 10.5 Hz, NH α-f), 6.37
(0.2H, m, H1′), 6.31 (0.8H, t, J = 6.5 Hz, H1′), 6.29−6.26 (0.2H, m,
H1″ β-f), 6.21 (0.8H, dd, J = 6.5, 10.5 Hz, H1″ α-f), 5.39 (0.2H, d, J =
10 Hz, NH β-f), 4.60−4.55 (1H, m, H3′), 4.55−4.47 (2H, m,
OCH2CH2TMS), 4.45 (0.8H, d, J = 4.5 Hz, H3″ α-f), 4.44−4.43
(0.2H, m, H3″ β-f), 4.11 (0.8H, dd, J = 3.8, 7.3 Hz, H4″ α-f), 3.98−
3.91 (1H, m, H4′), 3.89 (0.2H, ddd, J = 2.4, 2.4, 4.6 Hz, H4″ β-f), 3.79
(1H, dd, J = 5, 11 Hz, H5a′), 3.75 (1H, dd, J = 3.8, 11 Hz, H5b′),
3.72−3.67 (0.2H, m, H5a″ β-f), 3.67 (0.8H, dd, J = 3.8, 10.8 Hz, H5a″
α-f), 3.58 (0.2H, dd, J = 5, 10.5 Hz, H5b″ β-f), 3.36 (0.8H, dd, J = 7.5,
10.5 Hz, H5b″ α-f), 2.65−2.49 (1H, m, H2a′), 2.39−2.35 (0.2H, m,
H2b′ β-f), 2.33 (0.8H, ddd, J = 3.9, 6.1, 13.1 Hz, H2b′ α-f), 2.27−2.20
(0.8H, m, H2a″ α-f), 2.20−2.16 (0.2H, m, H2a″ β-f), 1.99−1.95
(0.2H, m, H2b″ β-f), 1.93 (0.8H, d, J = 13 Hz, H2b″ α-f), 1.28−1.18
(2H, m, OCH2CH2TMS), 0.98−0.88 [36H, m, SiC(CH3)3], 0.15−
0.04 [33H, m, Si(CH3)2 and OEtSi(CH3)3];

13C NMR (126 MHz,
CDCl3) δ 161.1 (C6), 157.9, 157.6 (C2), 153.3, 153.0 (C4), 137.5,
137.3 (C8), 116.3, 116.2 (C5), 87.7, 87.5 (C4′), 87.0 (C4″α-f), 86.7
(C4″ β-f), 84.1 (C1′), 83.6 (C1″), 83.4 (C1′), 74.5 (C3″ α-f), 73.1
(C3″ β-f), 72.1 (C3′), 64.4 (OCH2CH2TMS), 63.9 (C5″ β-f),
63.7 (C5″ α-f), 63.0 (C5′), 26.0, 26.0, 25.9, 25.8, 25.8 [SiC(CH3)3],
18.4, 18.4, 18.3, 18.2, 18.0, 18.0, 18.0, 17.8, 17.5 [SiC(CH3)3], 17.5
(OCH2CH2TMS), −1.4 [OEtSi(CH3)3], −4.7, −4.7, −4.7, −4.8, −4.9,
−5.3, −5.4, −5.5, −5.5, −5.5 [Si(CH3)2]. NMR analysis indicated the
presence of a small amount (<5%) of an inseparable isomer whose
spectral data are consistent with the N9-α form of 14. Under some
conditions, native N9-β-2′-deoxyguanosine can isomerize to N9-α
and N7-α/β forms of dG that are not separable by silica gel
chromatography.43 We suspected that the electrophilic TMS-I reagent
used here may induce small amounts of such isomerization. This was
tested by treating 12 with TMS-I and DIPEA, in the absence of 13.
After 48 h, 1H NMR of the crude mixture revealed a new singlet
downfield of the H8 signal for 12. Similarly, small singlet peaks
downfield of H8 were observed in the 1H NMR spectra for 14 and 9b
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(Figures S5, S10, and S11, Supporting Information). Additionally, the
1H NMR spectrum for 11b contained weak signals whose chemical
shifts matched those reported for H8, H3′ and H4′ of the N9-α isomer
of dG.44

N2-[(3S,4R)-3,4,5-Trihydroxypentyl]-2′-deoxyguanosine (11b).
Compound 14 (48 mg, 0.05 mmol) and NaCNBH3 (32 mg,
0.51 mmol) were dissolved in a mixture of methanol (2 mL) and
acetic acid (6 μL, 0.11 mmol). The solution was stirred at room
temperature for 4 h, after which the solvent was removed by rotary
evaporation under reduced pressure and the resulting residue
redissolved in 10 mL of 7:1 hexane−ethyl acetate (v/v). The organic
layer was washed with NaHCO3 (2 × 10 mL), H2O (2 × 10 mL), and
brine (1 × 10 mL), dried over Na2SO4, and evaporated to give 44 mg
of a colorless, sticky oil. This material was dissolved in distilled THF
(3 mL) and treated with tetrabutylammonium fluoride (TBAF; 240 μL
of a 1 M solution in THF). After 3 h, the mixture was evaporated to
give a yellow oil that was redissolved in H2O (5 mL). Addition of
NH4PF6 (50 mg, 0.31 mmol) caused precipitation of tetrabutylammo-
nium·PF6 as a white solid that was removed by extraction with
CH2Cl2 (4 × 1.5 mL). This step facilitated purification of 11b because
tetrabutylammonium salts could not otherwise be removed effectively
by column chromatography on silica gel. The aqueous layer was evap-
orated to a white residue that was subjected to column chroma-
tography on silica gel eluted with 15:5:1 CH2Cl2/MeOH/H2O (Rf =
0.21) to give 11b (9 mg, 46%) as a white solid: LC-LTQ-Orbitrap
386.1678 [M + H]+; 1H NMR (500 MHz, D2O) δ 7.88 (1H, s, H8),
6.25 (1H, t, J = 6.8 Hz, H1′), 4.61 (1H, dt, J = 6.5, 4 Hz, H3′),
4.06 (1H, dt, J = 5.5, 4 Hz, H4′), 3.79 (1H, dd, J = 12.5, 4 Hz,

H5a′), 3.74 (1H, dd, J = 12.5, 6.5 Hz, H5b′), 3.73 (1H, dd, J = 18.8,
8.8 Hz, H5a″), 3.71−3.67 (1H, m, H3″), 3.64-.3.61 (1H, m, H4″),
3.59 (1H, dd, J = 19.3, 6.8 Hz, H5b″), 3.49−3.44 (2H, m, H1″), 2.86
(1H, dt, J = 13.9, 6.9 Hz, H2a′), 2.47 (1H, ddd, J = 14, 6.5,
4 Hz, H2b′), 2.00−1.91 (1H, m, H2a″), 1.71−1.61 (1H, m, H2b″); 13C
NMR (126 MHz, D2O) δ 159.6 (C6), 153.3 (C2), 152.1 (C4), 116.6
(C5), 138.4 (C8), 87.4 (C4′), 84.5 (C1′), 75.2 (C4″), 71.7 (C3′), 70.1
(C3″), 63.1 (C5″), 62.2 (C5′), 38.7 (C2′), 38.5 (C1″), 32.0 (C2″).

N2-(2-Deoxy-D-ribos-1-yl)-2′-deoxyguanosine (9b). Compound 14
(88 mg, 0.09 mmol) was dissolved in dry THF (6 mL) and
tetrabutylammonium fluoride (562 μL of a 1 M solution in THF) was
added by syringe. After the mixture was stirred for 2 h, the solvent was
evaporated to a give a yellow oil, which was redissolved in H2O (15 mL).
Addition of NH4PF6 (120 mg, 0.74 mmol) gave a white precipitate
that was removed by extraction with CH2Cl2 (4 × 5 mL). The aqueous

Figure 1. Selected regions of 1H−1H COSY and 1H−13C HMBC
spectra of 14 in CDCl3 acquired at 500 (1H) and 126 (13C) MHz.
Attachment of the 3,5-bis[O-(tert-butyldimethylsilyl)]-2-deoxyribofur-
anose moiety to N2 of the protected dG was established by (a)
homonuclear (COSY) coupling of H1″ to N2-H as well as three-bond
HMBC coupling of (b) N2-H to C2″ and (c) H1″ to C2.

Figure 2. 1H−1H NOESY spectrum of 14 in CDCl3 acquired at
500 MHz with a mixing time of 800 ms; negative peaks are denoted by
red curves. The expanded frame shows the strong through-space
correlation between H4″ and N2-H of the major α-furanose isomer.
Also shown is a cross-peak between H4″ and H1″ of the minor
β-furanose isomer; no correlation between H4″ and N2-H of the minor
isomer is evident.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b00669
J. Am. Chem. Soc. 2015, 137, 3933−3945

3936

http://dx.doi.org/10.1021/jacs.5b00669


layer was evaporated and the resulting white residue was subjected
to column chromatography on silica gel, eluted with 15:5:1 MeOH/
CH2Cl2/H2O (Rf = 0.19), to give 9b (21 mg, 59%) as an off-white
solid: LC-LTQ-Orbitrap 384.1521 [M + H]+; 1H NMR (500 MHz,
D2O) δ 7.94 (1H, br s, H8), 6.35−6.26 (1H, m, H1′), 6.02−6.00
(0.1H, m, H1″ β-f), 6.00−5.98 (0.1H, m, H1″ α-f), 5.54 (0.3H, dd, J =
8, 2.5 Hz, H1″ β-p), 5.26 (0.6H, dd, J = 9.5, 2.5 Hz, H1″ α-p), 4.67−
4.62 (1H, m, H3′), 4.43−4.40 (0.1H, m, H3″ β-f), 4.40−4.37 (0.1H,
m, H3″ α-f), 4.22−4.18 (0.3H, m, H3″ β-p), 4.12−4.09 (0.1H, m, H4″
α-f), 4.06 (1H, dd, J = 9, 4 Hz, H4′), 4.05−4.01 (0.6H, m, H3″ α-p),
3.99−3.96 (0.1H, m, H4″ β-f), 3.94 (0.6H, dd, J = 12.5, 3 Hz, H5a″
α-p), 3.87 (0.6H, br s, H4″ α-p), 3.85−3.82 (0.3H, m, H4″ β-p),
3.82−3.76 (2H, m, H5′), 3.76−3.73 (0.6H, m, H5″ β-p), 3.70 (0.6H,
d, J = 12.5 Hz, H5b″ α-p), 3.63−3.59 (0.1H, m, H5b″ α-f), 2.93 (0.3H,
ddd, J = 13.9, 6.9, 6.9 Hz, H2a′), 2.85 (0.7H, ddd, J = 13.8, 6.8, 6.8 Hz,
H2a′), 2.57−2.53 (0.1H, m, H2a″ α-f), 2.53−2.46 (1H, m, H2b′),

2.32 (0.1H, ddd, J = 13.8, 6, 2.3 Hz, H2a″ β-f), 2.22−2.19 (0.1H, m,
H2b″ β-f), 2.16 (0.3H, ddd, J = 14, 6.3, 2.8 Hz, H2a″ β-p), 2.09−2.02
(0.6H, m, H2a″ α-p), 2.02−1.99 (0.1H, m, H2b″ α-f), 1.98−1.93
(0.3H, m, H2b″ β-p), 1.93−1.88 (0.6H, m, H2b″ α-p); 13C NMR
(126 MHz, D2O) δ 159.2 (C6), 151.8, 151.7 (C2), 151.3 (C4),
139.4, 139.2 (C8), 117.9 (C5), 87.6, 87.5, 87.4 (C4′), 86.5 (C4″
α-f), 86.3 (C4″ β-f), 84.8, 84.7, 84.6, 84.4 (C1′), 82.9 (C1″ β-f),
82.8 (C1″ α-f), 78.7 (C1″ α-p), 76.5 (C1″ β-p), 72.2 (C3″ α-f),
72.1 (C3″ β-f), 71.8, 71.8, 71.5, 71.5 (C3′), 68.2 (C3″ α-p), 67.2
(C4″ β-p), 67.2 (C5″ α-p), 67.1 (C4″ α-p), 66.4 (C3″ β-p), 64.2
(C5″ β-p), 62.6 (C5″ β-f), 62.4 (C5′), 62.3 (C5″ α-f), 62.1 (C5′),
39.5 (C2″ α-f), 39.4 (C2″ β-f), 38.9, 38.8, 38.7 (C2′), 34.9 (C5″
β-p), 33.3 (C5″ α-p).

Analysis of Stability of 9b in Aqueous Buffer. Compound
9b (0.4 mg, 1 mM final) was dissolved in 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer (1 mL, 50 mM, pH 7)

Table 1. Chemical Shifts and 2D Correlations for 14 in CDCl3

position / isomer δC Ha/b δH (J in Hz) COSY TOCSY HMBCa NOESY

2 157.9, 157.6b

4 153.3, 153.0
5 116.3, 116.2
6 161.1
8 α 137.5 7.84, s 4, 5 1′, 2a′, 3, 5a′, 5b′
8 β 137.3 7.86, s 4, 5 1′, 2a′, 3′, 5a′, 5b′
1′ α 84.1 6.31, t (6.5) 2b′ 2a′, 2b′, 3′ 4, 8 2a′, 2b′, 3′, 4′, 8
1′ β 83.4 6.40−6.34, m 2a′, 2b′ 2a′, 2b′, 3′ 8 2b′, 3′, 4′, 8
2′ α 41.0 a 2.67−2.57, m 2b′ 1′, 2b′, 3′ 1′, 2b′, 3′, 5a′, 5b′, 8

b 2.33, ddd (13.1, 6.1, 3.9) 1′, 2a′, 3′ 1′, 2a′, 3′, 4′ 3′, 4′ 1′, 2a′, 3′, 4′
2′ β (41.0)c a 2.53, ddd (13.4, 6.6, 6.6) 1′, 2b′, 3′ 1′, 2b′, 3′ 1′

b 2.39−2.33, m 1′, 2a′, 3′ 1′, 2a′, 3′ 3′, 4′
3′ 72.1, 72.1 4.60−4.55, m 2b′, 4′ 1′, 2a′, 2b′, 4′, 5′ 1′, 2a′, 2b′, 4′, 5a′, 5b′, 8
4′ 87.5 3.98−3.91, m 3′, 5′ 3′, 5′ 1′, 2b′, 3′, 5a′, 5b′
5′ 63.0 a 3.79, dd (11.5) 4′ 3′, 4′ 3′ 2a′, 3′, 4′, 8

b 3.75, dd (11.3, 3.8) 4′ 3′, 4′ 3′ 2a′, 3′, 4′, 8
1″ α 83.6 6.21, dd (10.5, 6.5) 2a″, N2−H 2a″, 2b″, 3″, N2−H 2, 3″, 4″ 2a″, 2b″, 3″, 4″
1″ β (83.6) 6.29−6.26, m 2a″, 2b″, N2−H 3″ 2a″, 4″
2″ α 39.2 a 2.27−2.20, m 1′, 2b″, 3″ 1″, 2b″, 3″, N2−H 2, 1″ 1″, 2b″, 3″, 5b″

b 1.93, d (13) 2a″ 1″, 2a″, 3″, N2−H 3″, 4″ 1″, 2a″, 3″, N2−H
2″ β 41.6 a 2.20−2.16, m 1″, 2b″ 2b″, 3″, N2−H 3″, 4″ 1″, 2b″, 3″

b 1.99−1.95, m 1″, 2a″ 2a″, N2−H 1″ 2a″, 3″, N2−H
3″ α 74.5 4.45, d (4.5) 2a″ 1″, 2a″, 2b″, N2−H 1″, 4″, 5″ 1″, 2a″, 2b″, 4″, 5a″, 5b″
3″ β 73.1 4.43, m 2b″ 1″, 2a″, 4″, N2−H
4″ α 87.0 4.11, dd (7.3, 3.8) 5a″, 5b″ 5a″, 5b″ 3″ 3″, 5a″, 5b″, N2−H
4″ β 86.7 3.89, ddd (4.6, 2.4, 2.4) 5b″ 3″, 5a″, 5b″
5″ α 63.7 a 3.67, dd (10.8, 3.8) 4″, 5b″ 4″, 5b″ 3″, 4″ 3″, 4″, 5b″

b 3.36, dd (10.5, 7.5) 4″, 5a″ 4″, 5a″ 3″, 4″ 3″, 4″, 5a″
5″ β 63.9 a 3.72−3.67, m 5b″ 4″, 5b″ 5b″

b 3.58, dd (10.5, 5) 5a″ 4″, 5a″ 5a″
N2−H α 6.49, d (10.5) 1″ 1″, 2a″, 2b″, 3″ 2″ 2b″, 3″, 4″
N2−H β 5.39, d (10) 1″ 1″, 2a″, 2b″ 2″ 1″, 2b″
9 64.7, 64.4 4.55−4.47, m 10 10 6 10
10 17.5, 17.5 1.28−1.18, m 9 9 9 9

aHMBC correlations are from protons in the δH column to the listed carbon(s). bMultiple 13C peaks represent the two stereoisomers of 14;
resonances were assigned to individual isomers where possible. cParentheses denote 13C signal of the β-isomer is indistinguishable from that of the
α-isomer.
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containing 100 mM NaCl. Decomposition of 9b to release free dG was
monitored by HPLC on an Agilent 1100 series HPLC equipped with
autosampler. The reaction was monitored over the course of 34 days at
23 °C, during which time 20 μL aliquots were injected on a Varian
Microsorb-MV 100-5 250 × 4.6 mm C18 column that was eluted with
100% H2O from 0 to 5 min, 0−10% acetonitrile in H2O from 5 to 60 min,
and 10−0% acetonitrile from 60 to 65 min. Products were monitored
by their absorbance at 254 nm. Peak areas were corrected for the
relative molar absorptivities of 9b and dG at 254 nm, which were
found to be 13 090 and 12 905 M−1·cm−1, respectively. To obtain the
apparent first-order rate constant, data for the disappearance of 9b and
the appearance of dG were fit to the appropriate equations for a first-
order process.45

Gel Electrophoretic Analysis of Stability of 9a and 11a in
Duplex DNA. Cross-links were generated as previously described.21

Single-stranded 2′-deoxyoligonucleotides were 5′-32P-labeled by stand-
ard procedures. Labeled DNA was annealed with its complementary
strand and treated with the enzyme UDG (50 units/mL, final con-
centration) to generate AP sites. The enzyme was removed by
phenol−chloroform extraction. The AP-containing double-stranded

DNA was ethanol-precipitated, resuspended in HEPES buffer (50 mM,
pH 7) containing NaCl (100 mM), and incubated at 37 °C for 72 h to
generate the dG−AP interstrand cross-link. The reaction mixture was
ethanol-precipitated, resuspended in formamide loading buffer, and
loaded onto a 20% denaturing polyacrylamide gel. The gel was
electrophoresed for 8 h at 200 V to separate cross-linked from un-
cross-linked DNA. The slower-migrating cross-link band was located
by autoradiography and excised from the gel, the gel slice was crushed,
and the DNA in the gel was eluted into HEPES buffer (50 mM, pH 7)
containing NaCl (100 mM) and incubated at either 37 or 23 °C.
Stability of the dG−AP cross-link in duplex DNA was examined
by removing aliquots from the assay mixtures at specified time points
and freezing them at −20 °C until all the aliquots were collected.
The samples were then dissolved in formamide loading buffer and
loaded onto a 20% denaturing polyacrylamide gel, and the gel was
electrophoresed for 4 h at 1000 V. The amount of radiolabeled
DNA in each band on the gel was quantitatively measured by phos-
phorimager analysis.

Enzymatic Digestion and Mass Spectrometric Analysis.
Cross-linked duplex A was prepared as described previously.21

Figure 3. Selected regions of 1H−13C HMBC and 1H−1H COSY spectra of 9b obtained at 500 (1H) and 126 (13C) MHz, respectively. Correlations
between (a) H1″ and C2 in D2O as well as (b) H1″ and N2-H in DMSO-d6 indicate that the 2-deoxyribose moiety remained attached to N2 of dG
following deprotection.
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To 500 pmol of the duplex DNA sample was added a cocktail
of enzymes including nuclease P1 (1 unit), phosphodiesterase I
(0.005 unit), phosphodiesterase II (0.005 unit), and alkaline
phosphatase (1 unit), as described previously.46 To inhibit contaminat-
ing adenosine deaminase activity during digestion, erythro-9-(2-
hydroxy-3-nonyl)adenine was also added to the digestion mixture at
a final concentration of 2.5 mM. Enzymes in the digestion mixture
were removed by chloroform extraction, the aqueous layer was dried in
a Speed-vac, and the residue was reconstituted in water and subjected
to mass spectrometric analyses.
The LC-MS/MS and -MS/MS/MS experiments were conducted on

an LTQ linear ion trap mass spectrometer (Thermo Fisher Scientific).
Samples were loaded and separated on a 0.5 × 250 mm Zorbax
SB-C18 column (5 μm beads, 80 Å pore size; Agilent Technologies,

Santa Clara, CA) at a flow rate of 8.0 μL/min. A solution of 0.1%
(v/v) formic acid in water (A) and a solution of 0.1% (v/v) formic
acid in methanol (B) were used as mobile phases, and the gradient
included 5 min, 0−20% B; 35 min, 20−50% B 10 min, 50% B; and
1 min, 50−0% B.

■ RESULTS AND DISCUSSION
Synthesis and Spectroscopic Characterizations of

Unreduced Cross-Link Remnant 9b. Our initial attempts
to prepare 9b involved simply mixing 2-deoxyribose (dR) with
2′-deoxyguanosine (dG). This approach held some promise
because, in a number of other cases, the reaction of an
aldehyde-containing molecule with unprotected dG yields the

Table 2. Chemical Shifts and 2D Correlations for 9b in D2O

position / isomer δc Ha/b δH (J in Hz) COSY TOCSY HMBCa NOESY

2 152.0, 151.9, 151.8,
151.7b

4 151.3
5 117.9
6 159.2 4, 5, 6, 1′ 1′, 2a′, 3′, 5′
8 139.4, 139.2 7.94, br s
1′ 84.8, 84.7, 84.6, 84.4 6.35−6.25, m 2a′, 2b′ 2a′, 2b′, 3′, 4′ 4, 8, 3′, 4′ 8, 2b′, 4′
2′ 38.9, 38.8, 38.7 a 2.93, ddd (13.9, 6.9, 6.9); 2.85, ddd (13.8,

6.8, 6.8)
1′, 2b′, 3′ 1′, 2b′, 3′, 4′, 5′ 1′, 3′, 4′ 8, 2b′, 3′

b 2.53−2.46, m 1′, 2a′, 3′ 1′, 2a′, 3′, 4′, 5′ 3′, 4′ 1′, 2a′, 3′, 4′
3′ 71.8, 71.7, 71.5, 71.5 4.67−4.62, m 2a′, 2b′, 4′ 1′, 2a′, 2b′, 4′, 5′ 1′ 8, 2a′, 2b′, 4′,

5′
4′ 87.6, 87.5, 87.4 4.06, dd (9, 4) 3′, 5′ 1′, 2a′, 2b′, 3′, 5′ 3′ 3′, 5′
5′ 62.1 3.82−3.76, m 4′ 2a′, 2b′, 3′, 4′ 3″, 4″ 8, 3′, 4′
1″ α-p 78.7 5.26, dd (9.5, 2.5) 2a″, 2b″ 2a″, 2b″, 3″, 4″ 2, 3″ 2a″, 3″, 5b″
1″ β-p 76.5 5.54, dd (8, 2.5) 2a″, 2b″ 2a″, 2b″, 3″ 2, 3″ 2a″, 5″
1″ α-f 82.8 6.00−5.98, m 2a″, 2b″ 2a″, 2b″, 3″ 3″, 4″ 2a″
1″ β-f 82.9 6.02−6.00, m 2a″, 2b″ 2a″, 2b″, 3″ 3″, 4″ 2a″
2″ α-p 33.3 a 2.09−2.02, m 1″, 2b″, 3″ 1″, 2b″, 3″, 4″ 1″, 5″ 1″, 2b″, 3″

b 1.93−1.88,m 1″, 2a″, 3″ 1″, 2a″, 3″, 4″ 1″, 5″ 2a″
2″ β-p 34.9 a 2.16, ddd (14, 6.3,2.8) 1″, 2b″, 3″ 1″, 2b″, 3″ 5″ 1″, 2b″, 3″

b 1.98−1.93, m 1″, 2a″, 3″ 1″, 2a″, 3″ 2a″, 3″
2″ α-f 39.5 a 2.57−2.53, m 1″, 2b″, 3″ 1″, 2b″, 3″ 1″, 2b″

b 2.02−1.99, m 1″, 2a″, 3″ 1″, 2a″, 3″ 2a″
2″ β-f 39.4 a 2.32, ddd (13.8, 6, 2.3) 1″, 2b″ 1″, 2b″, 3″ 1″, 2b″

b 2.22−2.19, m 1″, 2a″, 3″ 1″, 2a″, 3″ 1″ 2a″
3″ α-p 68.2 4.05−4.01, m 2a″, 2b″,

4″
1″, 2a″, 2b″, 4″ 1″, 2a″, 4″

3″ β-p 66.4 4.22−4.18, m 2a″, 2b″ 1″, 2a″, 2b″, 5″ 2a″, 2b″, 4″
3″ α-f 72.2 4.40−4.37, m 2a″, 2b″ 1″, 2a″, 2b″, 4″, 5b″ 2a″, 5″
3″ β-f 72.1 4.43−4.40, m 2b″ 1″, 2a″, 2b″, 4″ 2b″
4″ α-p 67.1 3.87, br s 3″ 1′, 2a″, 2b″, 3″, 5a″,

5b′
2′, 3″ 3″

4″ β-p 67.2 3.85−3.82, m 3″, 5″ 3″
4″ α-f 86.5 4.12−4.09, m 5b″ 3″, 5b″ 1″ 5″
4″ β-f 86.3 3.99−3.96 3″
5″ α-p 67.2 a 3.94, dd (12.5, 3) 5b″ 4″, 5b″ 1″, 3″ 5b″

b 3.70, d (12.5) 5a″ 4″, 5a″ 1″ 1″, 5a″
5″ β-p 64.2 3.76−3.73, m 3″ 1″ 1″
5″ α-f 62.3 b 3.63−3.59, m 4″ 4″ 3″
5″ β-f 62.6

aHMBC correlations are from protons in the δH column to the listed carbon(s). bMultiple 13C peaks arise from the four isomers of 9b.
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corresponding N2-adduct.4,6,14,47,48 Accordingly, we examined
the reaction of dG (40 mM) with dR (120 mM) in sodium
acetate buffer (200 mM, pH 4) or a mixture of methanol/
water/acetic acid (8:1:4).49 Unfortunately, no detectable
amounts of product were observed under these conditions as
judged by thin-layer chromatographic analysis.
We undertook an alternative approach to the synthesis of 9b

involving reaction of an activated 2-deoxyribosyl donor with
a protected dG derivative. Our approach was based on the
route used by Takamura-Enya et al.50 for the synthesis of
N2-(D-ribos-1-yl)-2′-deoxyguanosine. We prepared the protected
2′-deoxyguanosine analogue 12 by reaction of dG with
t-butyldimethylsilyl chloride,42 followed by a Mitsunobu reaction
with 2-(trimethylsilyl)ethanol to install the (2-trimethylsilyl)-
ethyl group at O6 of the guanine residue (Scheme 4).51 The
2-deoxyribosyl donor, 3,5-bis(t-butyldimethylsilyl)-2-deoxyribosyl-
1-iodide was generated in situ via reaction of 1,3,5-tris(t-
butyldimethylsilyl)-2-deoxyribose 13 with trimethylsilyl iodide
(TMS-I) in CH2Cl2 at −78 °C, and to this mixture was added a
solution of 12 and diisopropylethylamine (DIEA) in CH2Cl2
(Scheme 5). Our use of a 2-deoxyribosyl iodide rather than the
previously reported ribosyl iodide necessitated some modifica-
tions of the literature method,50 including lower reaction tem-
peratures, a larger excess of the iodide, and greater equivalents
of DIEA. The reaction generated a major product 14 that
eluted faster than 12 on silica gel and was isolated in 54% yield
by column chromatography.
Product 14 was fully characterized by NMR spectroscopy.

One-dimensional (1D) 1H NMR and 1H−1H COSY spectra
revealed resonances associated with the dG nucleoside52

alongside resonances from the 3,5-bis(tert-butyldimethylsilyl)-
2-deoxyribose unit. The 13C resonances associated with each
carbon were assigned by use of heteronuclear multiple-quantum

correlation (HMQC) and heteronuclear multiple-bond correla-
tion (HMBC) spectra. Two-dimensional (2D) NMR spectra
further provided evidence that the 3,5-(tert-butyldimethylsilyl)-
2-deoxyribose adduct was attached to the exocyclic N2-position
of the guanine residue as expected. Specifically, the 1H−1H
correlation spectroscopy (COSY) experiment showed a
correlation between N2-H of the guanine residue and H1″ of
the 3,5-bis(tert-butyldimethylsilyl)-2-deoxyribose adduct
(Figure 1). In addition, the HMBC experiment showed correla-
tions between C2 of the guanine residue and H1″, along with a
correlation between N2-H and C2″.
A doubling of resonances associated with the 3,5-bis(tert-

butyldimethylsilyl)-2-deoxyribose adduct in 14 indicated that
this moiety was present as a mixture of isomers. Careful inspec-
tion of the NMR spectra suggested that the mixture consisted
of a 4:1 diastereomeric mixture of α- and β-anomers of the
furanose form of the sugar (Scheme 5). This assessment was
based upon the chemical shifts of C4″ in the two isomers of 14
at 86.7 and 87.0 parts per million (ppm), values consistent with
a furanose sugar.53 The major isomer showed a strong nuclear
Overhauser effect (NOE) cross-peak between guanine N2-H
and H4″, consistent with the α-isomer, while the minor isomer
showed a stronger NOE cross-peak between H1″ and H4″,
consistent with the β-isomer (Figure 2).44 The high-resolution
mass spectrum was consistent with the molecular formula expected
for 14.
Overall, the spectral data provided evidence that coupling of

12 with 2-deoxyribosyl iodide generated the desired product
14. While this product has the potential to exist as either a
ring-opened imine or a cyclic hydroxyalkylhemiaminal, the C1″
chemical shift at 83.6 ppm for this product was consistent
with the cyclic structure of 14.53 The corresponding imine
13C-chemical shift would be expected at approximately 160 ppm.20

Table 3. Chemical Shifts and 2D Correlations for 11b in D2O

position δC Ha/b δH (J in Hz) COSY TOCSY HMBCa NOESY

2 153.3
4 152.1
5 116.6
6 159.6
8 138.4 7.88, s 4, 5, 6, 1′ 1′, 2a′, 3′, 5a′, 5b′
1′ 84.5 6.25, t (6.8) 2a′, 2b′ 2a′, 2b′, 3′, 4′ 4, 8, 2′, 3′, 4′ 8, 2a′, 2b′, 4′
2′ 38.7 a 2.86, ddd (13.9, 6.9, 6.9) 1′, 2b′, 3′ 1′, 2b′, 3′, 4′ 1′, 3′, 4′ 1′, 2b′, 3′

b 2.47, ddd (14.0, 6.5, 4) 1′, 2a′, 3′ 1′, 2a′, 3′, 4′ 3′, 4′ 1′, 2a′, 3′, 4′
3′ 71.7 4.61, dt (6.5, 4) 2a′, 2b′, 4′ 1′, 2a′, 2b′, 4′, 5a′, 5b′ 1′, 5′ 8, 2a′, 2b′, 5a′, 5b′
4′ 87.4 4.06, dt (5.5, 4) 3′, 5a′, 5b′ 1′, 2a′, 2b′, 3′, 5a′, 5b′ 1′, 3′ 1′, 2b′
5′ 62.2 a 3.79, dd (12.5,4) 5b′ 3′, 4′, 5b′ 3′, 4′ 8, 3′

b 3.74, dd (12.5, 6.5) 5a′ 3′, 4′, 5a′ 3′, 4′ 8, 3′
1″ 38.5 3.49−3.44, m 2a″, 2b″ 2a″, 2b″, 3″, 4″ 2, 2″, 3″ 2a″, 2b″, 3″
2″ 32.0 a 2.00−1.91, m 1″, 2b″, 3 1″, 2b″, 3″, 4″ 1″, 3″, 4″ 1″, 2b″, 3″, 5b″

b 1.71−1.61, m 1″, 2a″, 3″ 1″, 2a″, 3″, 4″ 1″, 3″, 4″ 1″, 2a″, 3″, 5a″
3″ 70.1 3.71−3.67, m 2a″, 2b″ 1″, 2a″, 2b″, 4″, 5a″, 5b″ 1″, 2″, 4″ 1″, 4″
4″ 75.2 3.64−3.61, m 1″, 2a″, 2b″, 3″, 5a″, 5b″ 2″ 3″
5″ 63.1 a 3.73, dd (18.8, 8.8) 5a″ 3″, 4″, 5b″ 2b″

b 3.59, dd (19.3, 6.8) 5b″ 3″, 4″, 5a″ 3″, 4″ 2a″
aHMBC correlations are from protons in the δH column to the listed carbon(s).
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The observed HMBC correlation between H1″ and C4″ also
was consistent with the ring-closed isomer of 14. Table 1
provides a complete list of the chemical shifts and 2D NMR
correlations for 14.
The silyl protecting groups were removed from 14 by

treatment with tetrabutylammonium fluoride (TBAF) in THF
to generate a new product in 59% yield. As expected, the NMR
spectrum of the deprotected material 9b was more complex
than that of the starting material 14 because removal of the
protecting groups from the 2-deoxyribose adduct enables
interconversion between pyranose and furanose forms, each
of which can exist as a mixture of α- and β-isomers
(Scheme 5).53−56 Two-dimensional NMR experiments pro-
vided evidence that the 2-deoxyribose adduct in 9b remained
connected at the exocyclic N2-amino group of the guanine
residue. As described above in the context of 14, the 1H−1H
COSY spectrum of 9b in DMSO-d6 showed a correlation
between N2-H and H1″ of the 2-deoxyribose adduct (Figure 3).
Again, the HMBC spectrum showed a correlation between C2
of the guanine residue and H1″. Observation of the N1-imino
proton at 10.9 ppm in the 1H NMR spectrum in DMSO-d6
further provided evidence against attachment of the adduct
at N1. Overall, the NMR spectral data provided evidence that
the 2-deoxyribose adduct remained attached at the exocyclic
N2-amino group of the guanine residue as shown in 9b.
All four of the anticipated isomers arising from equilibration

of the 2-deoxyribose adduct were observed in the NMR spectra
of 9b. Similar to 14, the positions of the 13C shifts of C4″ in the
isomers of 9b, along with the results of NOE experiments,
allowed us to assign key resonances to each of the four isomers
and determine that the 2-deoxyribose adduct connected to N2

of the guanine residue exists as a 6:2:1:1 mixture of α-pyranose,
β-pyranose, α-furanose, and β-furanose isomers. This is
consistent with the observation that pyranose isomers of
unprotected 2-deoxyribose and its arylamino-2-deoxyriboside
analogues typically predominate in solution.53−56 The chemical
shifts of C1″ in the isomers of 9b at 76.5−82.9 ppm, along with
HMBC correlations observed between H1″ and C4″ in the
furanose isomers and between H5″ and C1″ in the pyranose
isomers, were again consistent with the cyclic hydroxyalkylhe-
miaminal form. No evidence for a ring-opened imine isomer
was seen in the NMR spectra. Predominance of the cyclic iso-
mer is consistent with literature reports for structurally related
compounds.14,48,57 The 1H NMR chemical shifts of key posi-
tions such as H1″, N2−H, H8, and N1−H in 9b were similar
to those observed for related DNA adducts.14,48,57 Table 2
provides a complete list of the chemical shifts and 2D NMR
correlations for 9b. High-resolution mass spectrometric analysis
was consistent with the molecular formula expected for 9b.
When the compound was dissolved in D2O and subjected to
ESI-MS analysis with the use of an equivolume mixture of D2O
and acetonitrile as the spray solvent, a mass increase of 6 amu
was observed, consistent with the presence of six exchangeable
hydrogens in 9b (Figure S25, Supporting Information).
Synthesis and Spectroscopic Characterization of

Reduced Cross-Link Remnant 11b. In our previous
characterization of the dG−AP cross-link in duplex DNA, we
employed conditions of reductive amination18 to generate good
yields of a chemically stable cross-linked species, whose struc-
ture was tentatively assigned as 11a (Scheme 3).21,22 Reduction
of imine and cyclic hydroxyalkylhemiaminal adducts attached at
the N2-amino group of guanine residues has been used by others
to facilitate the detection and analysis of aldehyde-derived DNA

adducts.4,14,19,20,48 To elucidate the structure of the reduced
dG−AP cross-link in DNA, we wished to prepare a synthetic
standard for the proposed structure of the reduced dG−AP
cross-link remnant 11b. Toward this end, we treated the
protected dG-dR derivative 14 with NaCNBH3 in methanol−
acetic acid. The silyl groups were then removed from the crude
product by treatment with TBAF in THF, and the resulting
material was purified by column chromatography on silica gel
eluted with 15:5:1 CH2Cl2/CH3OH/H2O. As anticipated, the
NMR spectra of the product 11b were greatly simplified
compared to those of either 14 or 9b, consistent with loss of the
potential for pyranose−furanose and anomeric isomerism
(Scheme 5). Significant changes were especially evident at
the C1″ position of the reduced adduct. The splitting patterns
and integrations associated with the H1″ and H2″ protons
were diagnostic for the presence of a CH2 group at C1″. The
resonances for the H1″ protons appeared at 3.44−3.49 ppm,
a range consistent with the published data for an analogous
structure.58 The 13C shift of C1″ changed dramatically from
76.5 to 82.9 ppm in 9b to 38.5 ppm in 11b, consistent with the
acyclic alkyl adduct in 11b. As described above in the context
of 14 and 9b, 1H−1H COSY and HMBC spectra of 11b pro-
vided evidence for attachment of the 2-deoxyribose unit at the

Figure 4. Stability of dG−AP cross-linkage. (A) Synthetic cross-link
remnant 9b was incubated at 23 °C in HEPES buffer (pH 7, 50 mM)
containing NaCl (100 mM). Disappearance of 9b and concomitant
appearance of dG were monitored by HPLC. (B) Gel electrophoretic
analysis of purified, unreduced cross-link in duplex A, incubated at
37 °C in HEPES buffer (50 mM, pH 7) containing NaCl (100 mM).
The fast-moving fragment at the bottom of the gel corresponds to the
3′-4-hydroxy-2-pentenal-5-phosphate cleavage product resulting from
β-elimination at the AP site.
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N2-position of the guanine residue. Observation of the
N1-imino proton at 10.6 ppm in the 1H NMR spectrum in
DMSO-d6 provided evidence against attachment of the adduct
at N1. The 13C chemical shifts of the guanine residue in 14 were
similar (±3.5 ppm or less) to those in the native nucleoside dG
and in other known N2-alkyl-dG adducts.59,60 Table 3 provides a
complete list of the chemical shifts and 2D-NMR correlations
for 11b. Plots of NMR and UV−vis spectra for 14, 9b, and 11b
are provided in Supporting Information. In addition, ESI-MS
analysis of 11b in H2O and D2O revealed the presence of seven
exchangeable protons in the [M + Na]+ ion of the compound,
which is consistent with the proposed structure (Figure S25,
Supporting Information).
Stability of Unreduced Cross-Link Remnant 9b and

Native Interstrand DNA−DNA Cross-Link. The formation
of N-aryl aminoglycosides is reversible.61,62 Consequently, we
recognized that the cross-link remnant 9b had the potential to
revert to dG and 2-deoxyribose. Therefore, before employing
9b as an analytical standard, we examined the stability of this
material. We used HPLC to monitor the stability of 9b (1 mM)
at 23 °C in HEPES buffer (50 mM, pH 7) containing NaCl
(100 mM). Our results indicated that 9b was quite stable
under these conditions, disappearing with a half-life of approxi-
mately 17 days (corresponding to a first-order rate constant of

4 × 10−2 day−1). As expected, decomposition of 9b was
accompanied by release of the native nucleoside dG (Figure 4).
The stability of 9b was also monitored by thin-layer chromatog-
raphy (Figure S19, Supporting Information).
We compared the stability of cross-link remnant 9b to that of

the dG−AP cross-link in duplex DNA. Accordingly, we generated
the dG−AP cross-link in a 32P-labeled version of the 21 base
pair duplex A (5′-32P-labeled on the top strand) and isolated the
cross-linked DNA by gel electrophoresis. Dissociation of the
cross-linked DNA into the single strand 6a in HEPES buffer
(50 mM, pH 7) containing NaCl (100 mM) at 23 °C was
monitored by gel electrophoresis. The cross-linked DNA
decomposed with apparent first-order kinetics and a half-life of
approximately 22 days (k = 3.1 × 10−2 day−1; Figure 4B and Figure
S20 in Supporting Information). Overall, the stability of dG−AP
cross-link in duplex DNA mirrors that of cross-link remnant 9b.
At pH 5.6 and 37 °C, cross-link remnant 9b decomposed

with a half-life of 7.7 days (30 mM sodium acetate, pH 5.6,
containing 1 mM ZnCl2; Figure S17, Supporting Information).
These solvent conditions resemble those employed during en-
zymatic digestion of DNA prior to mass spectrometric analysis.

Evidence for Release of Cross-Link Remnants 9b and
11b from DNA Duplexes Containing Native and
Reduced dG−AP Cross-Link. With a synthetic standard of

Figure 5. LC-MS/MS and MS/MS/MS for characterization of the dG−AP cross-link remnant that was obtained synthetically (a and c) or released
from purified AP-derived cross-link-containing duplex DNA sequence A (b and d). (a, b) Selected-ion chromatograms for monitoring the loss of
2-deoxyribose (i.e., m/z 384 → 268 transition) from [M + H]+ ion of the unreduced dG−AP cross-link remnant that was (a) obtained synthetically
or (b) liberated from the four-enzyme digestion of purified cross-link-containing duplex DNA. (c, d) Corresponding selected-ion chromatograms for
monitoring the formation of [M + H]+ ion of guanine (i.e., m/z 384 → 268 → 152 transition) from the ion of m/z 268 observed in MS/MS.
Depicted in the insets are the corresponding MS/MS and MS/MS/MS averaged from the retention times of (a, c) 23.7 min and (b, d) 23.0 min.
The MS/MS/MS averaged from the two other peaks are displayed in Figure S26. The ion of m/z 250 observed in panel d is attributed to isobaric
interference.
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the cross-link remnant 9b in hand, we set out to determine
whether this was, in fact, the structure of the authentic cross-
link remnant released by enzymatic digestion of a DNA duplex
containing the dG−AP cross-link. Duplex A, containing the
dG−AP cross-link, was prepared as previously described.21

Briefly, an abasic site was site-selectively introduced into the
duplex by treatment of the corresponding 2′-deoxyuridine-
containing duplex with uracil-DNA glycosylase (UDG). The
AP-derived cross-link was generated in duplex DNA by
incubation in HEPES buffer (50 mM, pH 7) containing NaCl
(100 mM) at 37 °C. The dG−AP cross-link was generated in
approximately 2−3% yield in this sequence under these
conditions.21 The resulting native (unreduced) cross-link was
digested with a four-enzyme cocktail that included nuclease P1,
alkaline phosphatase, and phosphodiesterases I and II. This
treatment led to the liberation of the fully digested dG−AP
cross-link (Figure 5). The digestion mixture was subjected to
LC-MS/MS and MS/MS/MS analysis on an LTQ linear ion
trap mass spectrometer, under previously reported experimen-
tal conditions.63−65 We also analyzed the synthetic dG−AP
cross-link remnant (9b) by LC-MS/MS and MS/MS/MS
under the same experimental conditions.
The LC-MS/MS results revealed that collisional activation

of the [M + H]+ ions of 9b led to formation of a dominant
fragment ion of m/z 268. The selected-ion chromatogram
(SIC) for the m/z 384 → 268 transition showed three major

peaks at 22.3, 23.7, and 25.1 min. The presence of multiple
peaks in the SIC is in agreement with the fact that 9b exists
as an isomeric mixture of α- and β-anomers of both pyranose
and furanose forms (vide supra). Further collisional activa-
tion of the ion of m/z 268 resulted in facile formation of the
protonated ion of guanine at m/z 152. Similar LC-MS/MS
analysis of the aforementioned enzymatic digestion mixture of
purified cross-link-containing duplex A also revealed three
major peaks at 22.0, 23.0, and 24.8 min in the SIC for the m/z
384 → 268 transition (Figure 5b). Further collisional activation
of the ion at m/z 268 again gave rise to formation of the ion at
m/z 152 as the major fragment ion in MS/MS/MS (Figure 5
and Figure S26 in Supporting Information). The similar HPLC
elution time, as well as the similar fragmentation behaviors
observed in MS/MS and MS/MS/MS, suggested strongly that
the cross-link remnant released from duplex DNA shares the
same structure as synthetic cross-link 9b.
We next generated the reduced dG−AP cross-link in duplex

A by incubation of the AP-containing duplexes in sodium
acetate buffer (750 mM, pH 5.2) containing NaCNBH3
(250 mM) at 37 °C for 24 h, as previously described.21

Digestion of the duplex containing the reduced cross-link,
followed by LC-MS/MS analysis, revealed a major peak eluting
at 20.8 min in the SIC for the m/z 386 → 270 transition
(Figure 6). The synthetic reduced cross-link remnant 11b
displayed very similar retention time and nearly identical

Figure 6. LC-MS/MS and MS/MS/MS for characterization of reduced dG−AP cross-link remnant that was obtained synthetically or released from
NaCNBH3-treated cross-linked duplex DNA. Shown are selected-ion chromatograms for monitoring the loss of a 2-deoxyribose (i.e., m/z
386 → 270 transition) from the [M + H]+ ion of reduced dG−AP cross-link remnant that was (a) obtained synthetically or (b) released from the
4-enzyme digestion of reduced product of the purified cross-linked duplex A. (c, d) Corresponding selected-ion chromatograms for monitoring the
further loss of H2O from the ion at m/z 270 observed in MS/MS (i.e., m/z 386 → 270 → 252 transition). (Insets) Corresponding MS/MS and
MS/MS/MS averaged from retention times of (a, c) 20.5 and (b, d) 20.8 min.
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fragmentation patterns in MS/MS and MS/MS/MS as that re-
leased from duplex DNA (Figure 6). In this regard, the sequential
losses of multiple H2O molecules in MS/MS/MS of the reduced
dG−AP remnant, which differ from the predominant loss of
the 2-deoxyribose remnant observed for the corresponding
MS/MS/MS of the unreduced dG−AP remnant, are also con-
sistent with the ring-opened structure of the reduced derivative.
Together, these results provided further evidence regarding the
structural nature of the dG−AP cross-link in duplex DNA.

■ CONCLUSIONS
The goals of this work were to characterize the chemical
structure and properties of dG−AP cross-links generated in
duplex DNA. Our approach centered upon characterization of
the nucleoside cross-link “remnant” released by enzymatic
digestion of a DNA duplex containing the dG−AP cross-link.21

Accordingly, our work began with the chemical synthesis of an
analytical standard of the putative cross-link remnant 9b,
composed of a 2-deoxyribose adduct attached to the exocyclic
N2-amino group of dG. NMR spectroscopic analysis revealed
that the 2-deoxyribose adduct in 9b exists as an equilibrating
mixture of the ring-closed α-pyranose, β-pyranose, α-furanose,
and β-furanose isomers (Scheme 5). A synthetic standard for
the reduced cross-link remnant 11b was prepared by treatment
of 14 with NaCNBH3, followed by removal of protecting
groups. Reduction ablates the stereocenter at C1″ of the
2-deoxyribose adduct to give 11b as a single entity lacking the
isomeric complexity of the unreduced remnant 9b.
LC-MS/MS analysis revealed that the retention times and

mass spectral properties of the synthetic cross-link remnants 9b
and 11b matched materials generated by enzymatic digestion of
DNA duplexes containing native and reduced dG−AP cross-
link, respectively. This provided evidence that the dG−AP
cross-link formed at 5′-CAP/AG sequences in duplex DNA21

involves attachment of the exocyclic N2-amino group of dG to
the aldehydic carbon of the AP-site on the opposing strand of
the duplex. The LC-MS/MS methodology reported here provides
a foundation for detection of the dG−AP cross-links 9b and 11b
in cellular DNA. Analogous to some other aldehyde-derived
DNA adducts,20,66 the native (unreduced) dG−AP cross-link in
duplex DNA has the potential to exist in several different forms
(Scheme 3), and the exact distribution of these cross-link isomers
present in duplex DNA remains to be determined.
We also examined the chemical stability of cross-links 9 and

11 in both the synthetic nucleoside remnants and duplex
DNA. As expected, the reduced cross-link 11 was completely
stable in the remnant and in duplex DNA (Figure S24). More
interestingly, we found that the unreduced cross-link remnant
9b was quite stable in aqueous buffered solution, decomposing
with a half-life of 17 days at pH 7 and 23 °C. Cyclization of the
C4″−OH group onto the imine residue in 8 may serve to limit
the amount of hydrolytically labile imine present in solution,
thus stabilizing the cross-link.67−69 Consistent with this notion,
it is known that N-aryl aminoglycosides that exist as cyclic
hydroxyalkylhemiaminals typically undergo hydrolysis with half-
lives in the range of hours to days at pH values near neutral.70−72

In contrast, simple imines that lack this protective “hydroxyl
lock” mechanism are hydrolytically labile. For example, the half-
life for hydrolysis of N-p-chlorobenzylideneaniline in aqueous
buffer at pH 7 and 25 °C is approximately 3.5 min (see Figure 4
in ref 73). Most interestingly, the stability of the cross-link
attachment observed in the nucleoside remnant was reflected
in the properties of the cross-link in duplex DNA. We found

that the cross-link in duplex DNA decomposed with a half-life
of 22 days at pH 7 and 23 °C. The intrinsic chemical stability of
the dG−AP linkage in duplex DNA suggests that this cross-link
may have the power to block cellular DNA-processing enzymes
involved in transcription and replication.
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