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Abstract
Diastereomeric 8,5′-cyclopurine 2′-deoxynucleosides, containing a covalent bond between the
deoxyribose and the purine base, represent an important class of DNA damage induced by
ionizing radiation. The 8,5′-cyclo-2′-deoxyguanosine lesion (cdG) has been recently reported to be
a strong block of replication and highly mutagenic in Escherichia coli. The 8,5′-cyclopurine-2′-
deoxyriboses are suspected to play a role in the etiology of neurodegeneration in xeroderma
pigmentosum patients. These lesions cannot be repaired by base excision repair, but they are
substrates for nucleotide excision repair. The structure of an oligodeoxynucleotide duplex
containing a site-specific S-cdG lesion placed opposite dC in the complementary strand was
obtained by molecular dynamics calculations restrained by distance and dihedral angle restraints
obtained from NMR spectroscopy. The S-cdG deoxyribose exhibited the O4′-exo (west)
pseudorotation. Significant perturbations were observed for the β, γ, and χ torsion angles of the S-
cdG nucleoside. Watson-Crick base pairing was conserved at the S-cdG•dC pair. However, the
O4′-exo pseudorotation of the S-cdG deoxyribose perturbed the helical twist and base pair stacking
at the lesion site and the 5′-neighbor dC•dG base pair. Thermodynamic destabilization of the
duplex measured by UV melting experiments correlated with base stacking and structural
perturbations involving the modified S-cdG•dC and 3′- neighbor dT•dA base pairs. These
perturbations may be responsible for both the genotoxicity of this lesion and its ability to be
recognized by nucleotide excision repair.

Introduction
Hydroxyl radicals cause a variety of damage in DNA, affecting the nucleobases1 or
deoxyribose sugars,2 or both,3 as in the case of tandem 8,5′-cyclopurine 2′-deoxynucleoside
lesions.4 At 2′-deoxyguanosines in DNA, hydrogen abstraction by a hydroxyl radical at the
C5′ position of the deoxyribose followed by attack at the C8 carbon of guanine forms an N7-
centered radical, which may be oxidized to produce diastereomeric 8,5′-cyclo-2′-
deoxyguanosines (cdG).4–10 The corresponding 8,5′-cyclo-2′-deoxyadenosines (cdA) have
also been characterized.3,4,7,9–15 For both cdG and cdA, the diastereomeric ratio at the C5′
position depends on experimental conditions and DNA conformation.5–7,13,16–18
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The 8,5′-cyclopurine-2′-deoxynucleosides are believed to be important contributors to the
genetic toxicology of oxidative stress and inflammation.4 They have been detected at the
nucleotide level,5,11 in DNA,5,19–21 and cells in vitro,6 in human urine,18 and in vivo.21–23

The formation of 8,5′-cyclopurine-2′-deoxynucleosides might contribute to skin cancer risk
in xeroderma pigmentosum complementation group C (XP-C) patients.24 They are also
believed to play roles in Cockayne syndrome,21 breast and ovarian cancer,22 and familial
Mediterranean fever.25

In Escherichia coli, S-cdG is a block to DNA replication, is highly mutagenic, and is
refractory to repair.26 It induced 34% mutation upon induction of the SOS response. Most
mutations were S-cdG → A mutations, though S-cdG → T mutations and deletions of the 5′-
neighbor dC at low level also were observed.26 It has been reported in a preliminary study
that S-cdG does not block primer elongation by Klenow DNA polymerases, and dATP is
preferentially incorporated opposite the lesion.27

Computational studies predicted that the incorporation of the cdA stereoisomers into DNA
would result in helical distortions at the lesion site.28–30 Both the R- and S-diastereomers of
the 8,5′-cA ribonucleoside have been crystallized.31,32 Both exhibited the anti conformation
about the glycosyl bond with χO4′-C1′-N9-C8 = 29.8° or 27.4°, respectively. The fused six-
member ring C8-N9-C1′-O4′-C4′-C5′ adopted the half-chair conformation with the O4′ and
C4′ out of plane. The deoxyribose adopted the O4′-exo (0T1) pseudorotation with P = ~289°
and τm = ~48°. Molecular mechanics calculations predicted that the cdA diasetereomers
maintain the O4′-exo pseudorotation when placed opposite dT in DNA.28 The NMR data
and ab initio calculations suggest that incorporation of the S-cdA into di- or tri-nucleotides
does not change the O4′-exo deoxyribose pseudorotation.33

Herein, we report the structure of the S-cdG•dC pair in 5′-d(GTGCXTGTTTGT)-3′•5′-
d(ACAAACACGCAC)-3′, containing the DNA sequence of p53 codons 272–275, where X
denotes the S-cdG (Scheme 1). The lesion is located in codon 273. The S-cdG remains
stacked into the duplex and participates in Watson-Crick hydrogen bonding with the
complementary dC. However, the S-cdG deoxyribose shifts to the O4′-exo pseudorotation
with P = 280°. This alters the γ and δ backbone torsion angles. Additionally, the β and χ
torsion angles are changed from those in B-DNA. The twist and base pair shift helicoidal
parameters are perturbed at the C4•G21 and X5•C20 base pairs. The purine ring is anti about
the glycosyl bond and the fused six-membered ring adopts the half-chair conformation with
O4′ and C4′ out of plane.

Results
Synthesis and Characterization of the S-cdG-Modfied Oligodeoxynucleotide

The S-cdG -modified oligodeoxynucleotide 5′-GTGCXTGTTTGT-3′, containing the
sequence of p53 codons 272-275 in which the lesion was located in codon 273, was
synthesized by a modification of the method reported by Romieu (Scheme S1 in the
Supporting Information).34 The synthesis of N2-isobutyryl-5′-phenylthio-2′,5′-
dideoxyguanosine gave 70% yield from N2-isobutyryl-2′-deoxyguanosine. The yield was
improved to 91% when the exocyclic N2-dG amino group was protected with DMF.
However, the DMF protection was unstable in the subsequent NaBH4 reduction step.
Therefore, after cyclization and TBDMS protection of the 3′-hydroxyl group, it was replaced
with an isobutyryl group. The modified oligodeoxynucleotide was synthesized using solid
phase phosphoramidite chemistry and characterized by HPLC and MALDI-TOF mass
spectrometry.
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NMR Resonance Assignments
The non-exchangeable protons of the S-cdG-modified duplex were assigned based upon the
sequential connectivity of the base proton H6 or H8 dipolar couplings with H1′ deoxyribose
protons (Figure 1).35,36 For the modified strand, the NOE sequential connectivity was
observed from G1 to C4. Since the S-cdG nucleotide lacked a proton at the C8 carbon, the
sequential connectivity exhibited an interruption at X5. However, the X5 H1′ proton was
identified at 6.14 ppm; it exhibited a weak X5 H1′→T6 H6 NOE, suggesting that the
distance between these two protons was greater than in B-DNA. The sequential NOE
connectivity resumed from T6 to T12. For the modified strand, all of the deoxyibose H1′
protons were observed within a narrow chemical shift window, between 5.8–6.3 ppm. The
complete sequential NOE connectivity was observed for the complementary strand.

The assignments of X5 deoxyribose protons were made by analysis of scalar and dipolar
couplings. Figure 2 displays a tile plot derived from a NOESY spectrum obtained at 60 ms
mixing time. X5 H1′ exhibited strong dipolar couplings with H2′ and H2″; weak scalar
couplings were also observed. H3′ exhibited strong dipolar couplings with H2′, H2″ and H4′,
whereas the scalar couplings were unobservable. H4′ exhibited both scalar and dipolar
couplings with the single H5′ proton. The geminal H2′ and H2″ protons were assigned from
their NOEs to H1′ and H3′. H2′ exhibited a weaker NOE with H1′ than did H2″, whereas it
exhibited a stronger NOE with H3′ than did H2″. In B-DNA, H2″ resonances are usually
more downfield than H2′ resonances. However, the X5 H2′ resonance was observed at 2.55
ppm, whereas the H2″ resonance was observed at 2.27 ppm. For the remainder of the
duplex, the H2′, H2″, H3′, and H4′ deoxyribose resonances were assigned unequivocally.
The resonance assignments of the non-exchangeable DNA protons are tabulated in Table S1
of the Supporting Information.

The resonances of the base imino protons were assigned based on sequential connectivity in
NOESY spectra and the assignments were supported by NOEs to the amino protons of
Watson-Crick base pairs (Figure 3).37 The NOE sequential connectivity was observed from
G1→T2→G3→G21 to X5, and from G7→T8→T9→T10 to G11. At and adjacent to the lesion
site, G21 N1H exhibited NOEs with C4 N4H1 and N4H2, and X5 N1H exhibited NOEs with
the complementary C20 N4H1 and N4H2. At the 3′-neighbor base pair, the T6 N3H
resonance was not observed, but A19 H2 exhibited NOEs to both X5 N1H and G7 N1H,
suggesting A19 was still intercalated. Except for the terminal base pairs, the remaining NOE
cross-peaks arising from Watson-Crick hydrogen bonding were observed.

Deoxyribose Coupling Constants
Figure 4 displays the expansion of an ECOSY spectrum38 in the region of deoxyribose H1′
correlations with H2′ and H2″. The 3JH1′-H2′ and 3JH1′-H2″ coupling constants were
measured from the multiplicities of the cross peaks. The 3JH1′-H2′ and 3JH1′-H2″ values for
X5 were 2.6 and 7.0 Hz, respectively. Consistently, the H1′-H2′ cross peak was weak.
The 3JH4′-H5′ was 5.4 Hz, whereas the 3JH3′-H4′ was not measureable. Except for the terminal
nucleotides, the 3JH1′-H2′ for all other nucleotides were 8–10 Hz and the 3JH1′-H2″ were 5–7
Hz, suggesting that the deoxyriboses adopted C1′-exo or C2′-endo conformations. The 3J
coupling constants for the deoxyribose protons are tabulated in Table S2 of the Supporting
Information.

Phosphodiester Backbone Conformation
The 31P resonances were assigned from a 31P-H3′ HMBC spectrum (Figure S2 in the
Supporting Information). Except for X5, each phosphodiester exhibited a heteronuclear
coupling with H3′ of the 5′-neighbor. Figure 5 displays the 31P NMR of the S-cdG
containing duplex compared with the corresponding unmodified duplex. At the modified
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nucleotide the 31P resonance shifted upfield, indicating a backbone perturbation at the
modified base. The other 31P resonances were clustered within a modest chemical shift
range, centered in the spectral region characteristic of B DNA.

Chemical Shift Perturbations
Chemical shifts of the non-exchangeable protons between the S-cdG containing duplex and
the corresponding unmodified duplex were compared (Figure 6). Significant changes were
observed at X5 and the 5′- and 3′-neighboring nucleotides of the modified strand. C4 H6, H1′
and H2″ shifted downfield by 0.21, 0.38, and 0.99 ppm, respectively; X5 H2″ shifted upfield
by 0.55 ppm; and T6 H6, CH3, and H1′ shifted downfield by 0.36, 0.31, and 0.22 ppm,
respectively. In contrast, the chemical shift perturbations for the complementary strand were
small, with the exception of A19 H2′, which shifted upfield by 0.21 ppm.

Thermal Stability of the S-cdG Modified Duplex
The thermal melting of the modified duplex containing the S-cdG was monitored using UV
spectroscopy in 100 mM NaCl at pH 7.0. It exhibited a melting temperature (Tm) of 46 ± 1
°C, as compared to the unmodified DNA that exhibited a Tm: of 55 °C. (Figure S1 in the
Supporting Information). Thus, the incorporation of S-cdG reduced the Tm by 9 °C. Figure 7
displays 1H NMR of the S-cdG containing duplex and the corresponding unmodified duplex
at different temperatures. In the modified duplex, the X5 imino resonance exhibited
significantly more line broadening at 45 °C than the corresponding G5 imino resonance of
the unmodified duplex. For the modified duplex, the T6 N3H resonance was not observed at
5 °C, suggesting that the S-cdG nucleotide also significantly perturbed the 3′-flanking
T6•A19 base pair.

Structural Refinement
A total of 426 distance restraints, including 274 intra-nucleotide and 152 inter-nucleotide
restraints were calculated from the intensities of NOE cross-peaks using MARDIGRAS
(Table S3 in the Supporting Information).39 A total of 29 NOEs involving the S-cdG protons
were used as restraints. A total of 45 empirical distance restraints arising from Watson-Crick
base pairing interactions were used, as were 165 empirical torsion angle restraints that were
applied to refine the non-terminal nucleotides. These were justified based upon the NMR
data, which suggested that structural perturbations for the duplex were localized at and
adjacent to the lesion site. No base pair distance restraints were used for the T6•A19 base
pair, and no torsion angle restraints were used for the C4•G21, X5•C20 and T6•A19 base pairs.
The restraints used for the structure refinement are summarized in Table 1.

The rMD calculations for the S-cdG containing duplex were performed from initial A- and
B-form starting structures. Ten final structures, five each for A- and B-DNA starting
structures, with lowest energies, were obtained. All structures converged as indicated by
pairwise RMSD comparisons (Table 1). The accuracies of the emergent structures were
evaluated by comparison of theoretical NOE intensities calculated by CORMA40 for the
refined structure to the experimental NOE intensities to yield sixth root residuals (R1

x).41

The overall residuals, as well as the residuals for intra- or inter-nucleotide NOEs, were
consistently less than 0.1 (Table 1). R1

x values for each nucleotide were less than 0.15
(Figure S3 in the Supporting Information). Thus, the refined structures provided accurate
depictions of the NOE data.

Structure of the S-cdG-Containing Duplex
The significant perturbations involved the modified strand. Figure 8 shows an expanded
view at the lesion site. The S-cdG nucleotide was in the O4′-exo, “west” pseudorotation
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(Figure 9B), with P = 280.2° and τm = 47.6°. The heavy atoms N9, O3′, and C5′ were axial
about the deoxyribose ring. With the exception of the terminal nucleotides, all other
deoxyribose pseudorotations were either C1′-exo or C2′-endo. Figure 9A displays the six-
membered ring C8-N9-C1′-O4′-C4′-C5′ conformation. It adopted the envelope (half boat)
conformation. Helicoidal analysis of the backbone torsion angles showed that at the lesion
site, the β (P-O5′-C5′-C4′) angle shifted from the characteristic ~180° to −87°. The γ (O5′-
C5′-C4′-C3′) angle shifted from ~ 50° to −67°. Modest perturbations of the δ (C5′-C4′-C3′-
O3′) and ζ (C3′-O3′-P-O5′) torsion angles were also observed from ~ 120° to +149° and
from ~ −90° to −59°, respectively. There was also a modest change for the glycosyl torsion
angle χ from ~ −120° to −157°. C4 H2″ was proximate to the X5 purine ring. In contrast, X5

H2″ was farther from the X5 purine ring compared to the H2″ protons in B DNA.

Figure 10 shows the base stacking and base pairing at the lesion site. The 5′-neighbor
C4•G21 base pair exhibited a shift of −1.0 Å resulting in the displacement of C4 toward the
major groove. At the C4→X5 step, an increased twist of 49° with respect to the X5•C20 base
pair was evident. In contrast, the helix was underwound at the X5→T6 step. Additionally,
the 3′-neighbor base pair T6•A19 exhibited a greater than normal base pair opening of
−11.3°.

Molecular Dynamics Calculations in Explicit Solvent
A molecular dynamics simulation was carried out in explicit water at constant pressure at
300 K, for 5 ns. The distances of the atoms involving in the Watson-Crick hydrogen bonding
were measured in the trajectories. Figure 11 shows the distances of guanine N1H →
cytosine N3 and the thymine N3H → adenine N1 of some base pairs observed in the
trajectories. During this simulation, no changes in the monitored distances were observed for
the G•C and C•G base pairs including the damaged X5•C20 base pair. In contrast, at the
T6•A19 base pair, an opening occurred at ~0.9 ns, as indicated by the distances of T6 O2 →
A19 H2, T6 N3H → A19 N1, and T6 O4 → A19 N6H1 jumping from ~ 3.5 Å to ~ 5.5 Å, ~
2.0 Å to ~ 3.5 Å, and from ~ 1.8 Å to ~ 2.2 Å, respectively. Other non-terminus T•A base
pairs exhibited no remarkable changes.

Discussion
Interest in the 8,5′-cyclopurine-2′-deoxynucleoside lesions has been piqued by evidence that
in mammalian cells 8,5′-cyclo-2′-deoxyadenosine (cdA) diastereomers3,4,7,9–15 are repaired
by nucleotide excision repair (NER),42,43 an idea that was suggested earlier,5,6 and not by
base excision repair. Also, bacterial DNA N-glycosylases endo III and FpG do not excise S-
cdG from DNA, suggesting that like cdA, it also is a substrate for NER.27 Although the
repair of S-cdG by the human NER system remains to be determined, Jasti et al.26

demonstrated that in DNA the S-cdG lesion was incised by the UvrABC nuclease of E. coli.
The covalent bond between C8 of guanine and C5′ of the deoxyribose in the 8,5′-
cyclopurines locks the modified nucleotide in the anti conformation. This is believed to
hinder the flipping of the purine ring from the duplex, which is consistent with the
observation that the 8,5′-cyclopurine-2′-deoxynucleosides are not repaired by BER.42,43 If
not repaired, the S-cdG lesion is mutagenic. In SOS-induced E. coli, a mutation frequency of
34% was observed. Most mutations were S-cdG→A mutations, though S-cdG→T mutation
and a deletion of the 5′-neighbor C also was observed.26 Hence, it was of interest to
determine the structure of S-cdG in DNA.

Structure of S-cdG in DNA
The present study reveals that S-cdG remains stacked into the duplex and participates in
Watson-Crick hydrogen bonding with the complementary dC. However, the S-cdG
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deoxyribose shifts to the O4′-exo pseudorotation, as opposed to the “south” pseudorotation
(C2′-endo) observed in B-DNA, or the “north” pseudorotation (C3′-endo) in A-DNA.44,45

This corroborates computational studies on 8,5′-cyclopurine-2′-deoxynucleosides.28 Crystal
structures of the cA ribonucleoside also exhibited the O4′-exo pseudorotation,31,32 and an
NMR and DFT study of di- and tri-deoxynucleotides containing S-cdA indicated the O4′-exo
deoxyribose.33 The O4′-exo pseudorotation introduces significant helicoidal perturbation
into the modified strand of DNA. This involves changes in the S-cdG phosphodiester
backbone torsion angles β (P-O5′-C5′-C4′), γ (O5′-C5′-C4′-C3′), δ (C5′-C4′-C3′-O3′), and
ζ (C3′-O3′-P-O5′) from ~ 180° to −87°, from ~ 50° to −67°, from ~ 120° to 149°, and from
~ −90° to −59°, respectively. These changes perturb the helicoidal twist and base pair shift
parameters at the C4•G21 and X5•C20 base pairs from ~ 30° to 49° and from ~ 0 Å to −1.0
Å, respectively. These changes are consistent with the upfield shift of the 31P resonance at
S-cdG. These conclusions also are consistent with computational studies, which predict that
the O4′-exo pseudorotation of the cdA deoxyribose should alter the helical twist parameter
for the modified cdA•dT base pair as compared to the flanking base pairs.28 In addition, the
modified cdA•dT base pair exhibited an altered base pair shift parameter. The altered ζ
backbone torsion angle of S-cdG (−59°) results in the greater than normal base opening of
−11.3° for the 3′-neigbhor T6•A19 base pair. (Figure S7 in the Supporting Information).
Additionally, the glycosyl torsion angle χ (O4′-C1′-N9-C2) torsion angle is modified from ~
−120° to −157°. This places the six-member ring C8-N9-C1′-O4′-C4′-C5′ into the half-boat
conformation. The bond between X5 C8 and C5′ pulls X5 H4′ and H5′ closer to the purine
ring as compared to the H4′, and H5″ protons in B-DNA. This is consistent with the
downfield chemical shifts of both X5 H4′ and H5′. In contrast, X5 H2″ is farther from the X5

purine ring compared to the H2″ protons in B-DNA, consistent with its upfield shift
compared to that in the unmodified duplex.

Thermodynamic Considerations
Energetically, the O4′-exo pseudorotation is disfavored due to the axial orientation of all
substituent heavy atoms.28 The helical perturbation of the modified strand associated with
the unusual O4′-exo deoxyribose at the lesion site is consistent with the 9 °C decrease in the
Tm of the modified duplex as compared to the unmodified control. The destabilization likely
involves structural perturbations observed for the modified X5•C20 and 3′-neighbor T6•A19

base pairs, and accompanying base stacking perturbations. Indeed, the X5 imino resonance
exhibits increased line broadening at 45 °C as compared to the G5 imino resonance of the
unmodified duplex (Figure 7). Exchange-mediated line broadening of DNA imino protons is
normally associated with the formation of an open state of the base pair in which the imino
proton is freed from its hydrogen bond and is accessible to the base that catalyzes the proton
exchange,46–48, 49,50 but S-cdG is locked in the anti conformation about the glycosyl bond
and incapable of flipping out of the duplex. It seems possible that if the complementary
nucleotide C20 nucleotide flips out, this might facilitate proton exchange by allowing water
to enter the duplex to access the X5 imino proton, but more detailed studies of the exchange
kinetics of the X5 and neighboring imino protons are warranted.49,50 For the modified
duplex, the T6 N3H resonance is not observed, suggesting increased exchange with solvent
for the imino proton of the 3′-flanking T6•A19 base pair (Figure 7). This may be a
consequence of altered ζ backbone torsion angle of S-cdG, which results in the opening of
the 3′-neighbor base pair. While the MD simulations occur on a different timescale than the
NMR experiments, in the MD simulations, transient opening of the T6•A19 base pair is
predicted (Figure 11). In contrast, the thermal melting experiments (Figure 7) suggest that
the 5′-neighbor C4•G21 base pair is more stable with respect to imino proton exchange.
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Structure-Activity Relationships
(a) DNA Repair—In human global genome NER, the XPC/HR23B complex51–55 is
believed to be involved in damage recognition. The XPA protein is also essential for NER.
Yang et al.56 reported that it exists as a homodimer either in the free state or as a complex
with RPA. For example, it binds to mismatched bubble substrates, including the C8-dG
adducts of AF, AAF, and 1-nitropyrene, and the T[6,4]T photoproducts.57 XPA is proposed
to be involved in the verification of DNA damage.54,55 It may also recruit repair factors and
stabilize repair intermediates since it binds more efficiently to undamaged ds-ssDNA
junctions with ssDNA branches,57 intermediate structures found in NER.

The destabilization of the S-cdG modified duplex and the perturbation of the X5•C20 and
T6•A19 base pairs is likely relevant with respect to NER. Thermal destabilization of the
duplex is believed to modulate recognition of a diverse group of damages by XPC.54,58–61

From studies of the yeast XPC orthologue Rad4 bound to DNA containing a cyclobutane
pyrimidine dimer, Min and Pavletich62 concluded that Rad4 may exploit the destabilization
of two base pairs. Interestingly, the 5R-thymine glycol lesion, another substrate for NER,
also destabilizes two base pairs in DNA.63 The perturbation of the X5•C20 and T6•A19 base
pairs in the S-cdG modified duplex may facilitate extrusion of both C20 and A19 (but not X5)
out of the helix, enabling XPC/HR23B to recognize S-cdG prior to recruiting XPA.

(b) Error-Prone Replication Bypass—The bond between C8 of guanine and C5′ of 2′-
deoxyribose locks the N-glycosyl torsion angle of S-cdG in the anti domain. Therefore,
during translesion synthesis, an incoming dCTP can form a Watson–Crick base pair,
whereas an incoming dTTP might form a wobble pair. The insertion of both dATP and
dTTP were noted in pol V-dependent TLS by Jasti et al.26 Significantly, they noted the
genotoxicity of the S-cdG lesion, which implied that DNA polymerases have difficulty in
bypassing this locked nucleotide. They speculated that accommodation of the S-cdG lesion
within the active site of the polymerase likely involves rotational adjustments of the
nucleoside around the glycosyl bond. 26 Thus, future structural studies of template•primers
containing the S-cdG lesion complexed with error-prone polymerase will be of interest.

Conclusions
The structure of S-cdG has been determined when placed opposite dC in DNA. The S-
cdG•dC and the flanking base pairs maintain Watson-Crick hydrogen bonding. However, S-
cdG exhibits the O4′-exo deoxyribose pseudorotation in DNA. This introduces significant
helicoidal and base stacking perturbations into the duplex. The imino proton of the 3′-
neighbor T•A base pair undergoes increased exchange with solvent, whereas the 5′-neighbor
C•G base pair is only moderately influenced. Collectively, these structural and
thermodynamic perturbations may be important in modulating the recognition of the S-cdG
lesion during nucleotide excision repair.

Experimental Section
Synthesis

(a) N2-((Dimethylamino) methylene)-2′-deoxyguanosine (1)—To a suspension of
2′-deoxyguanosine (10 g, 35.06 mmol) in dry methanol (100 mL), N,N-dimethylformamide
dimethyl acetal (18.7mL, 140.24 mmol) was added dropwise with vigorous stirring. The
mixture was stirred at room temperature under argon for 72 h. The solid product was
isolated by filtration, washed with cold methanol and dried. The product was isolated as a
white solid in quantitative yield.
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(b) N2-DMF-5′-phenylthio-2′,5′-dideoxyguanosine (2)—N2-DMF-2′-deoxyguanosine
1 (1 g, 3.74 mmol) and diphenyl disulfide (1.63g, 7.48 mmol) were dissolved in 15 mL dry
DMF under argon, and PBu3 (1.85mL, 7.48mmol) was slowly added dropwise and the
mixture was stirred at room temperature for 6 h. The reaction was monitored by thin layer
chromatography (TLC) (90/10 CH2Cl2/MeOH, v/v). The reaction was quenched with 10 mL
water and evaporated to a glassy syrupy residue. It was purified by silica gel column
chromatography with a step gradient of methanol (0–7%) in DCM as the mobile phase. The
product was isolated as white foam (1.42g, yield of 91 %)

(c) N2-DMF-5′,8-cyclo-2′,5′-dideoxyguanosine (3)—Previously crushed N2-DMF-5′,
8-cyclo-2′,5′-dideoxyguanosine 2 (1.4g, 3.38 mmol) and triethyl phosphate were added to
argon-purged 2 L quartz reactor, dissolved in 1 L dry acetonitrile via sonication. This
solution was degassed by bubbling argon for 40 min. The reactor was sealed under argon
atmosphere and irradiated at 254 nm UV light for 20 h. The reaction was monitored using
TLC (85/15 CHCl3/MeOH, v/v). The solution was evaporated to dryness and the resulting
brownish yellow solid was purified by silica gel column chromatography with a step
gradient of methanol (0–10%) in CHCl3. The product was isolated as a light yellowish white
solid (0.53 g, yield of 52%).

(d) N2-DMF-3′-O-(tert-butyldimethylsilyl)-5′,8-cyclo-2′,5′-dideoxyguanosine (4)
—N2-DMF-5′,8-cyclo-2′,5′-dideoxyguanosine 3 (1.4g, 4.6 mmol) and imidazole (1.27g,
18.7 mmol) were dried and dissolved in 20 mL dry DMF. TBDMS-Cl (1.39g, 9.2 mmol)
was added to this solution while stirring under nitrogen atmosphere. The reaction mixture
was stirred at room temperature for 20 h and monitored by TLC (93/7 CHCl3/MeOH, v/v).
The solvent was dried under nitrogen and the resulting semi solid was purified on a silica gel
column chromatography with a step gradient of methanol (0–3%) in chloroform. The
product was isolated as a white solid (1.35g, yield of 70 %).

(e). N2-Isobutyryl-3′-O-(tert-butyldimethylsilyl)-5′,8-cyclo-2′,5′-
dideoxyguanosine (5)—N2-DMF-3′-O-(tert-butyldimethylsilyl)-5′,8-cyclo-2′,5′-
dideoxyguanosine 4 (1.1g, 2.63 mmol) was dissolved in a mixture of 50 mL methanol and
10 mL 29% aq. ammonia, and stirred overnight at room temperature. The solvents were
removed under reduced pressure. The resulting white powder was co-evaporated with 5 mL
dry pyridine 3 times. This white solid was dissolved in 12 mL dry pyridine, a few crystals of
DMAP was added to it and isobutyryl chloride (0.56mL, 5.26 mmol) was added to it
dropwise under nitrogen atmosphere. This reaction mixture was stirred at room temperature
for 8 h and monitored by TLC (93/7 CHCl3/MeOH, v/v). The solvent was dried under
reduced pressure and the resulting yellow solid was purified by silica gel column
chromatography with a step gradient of methanol (0–2%) in DCM. The product was isolated
as a white solid (1.0 gm, yield of 88 %).

(f). (5′S)-N2-Isobutyryl-3′-O-(tert-butyldimethylsilyl)-5′,8-cyclo-2′-
deoxyguanosine (7)—N2-Isobutyryl-3′-O-(tert-butyldimethylsilyl)-5′,8-cyclo-2′,5′-
dideoxyguanosine 5 (1.0 g, 2.3 mmol) was dissolved in 250 mL dry 1,4 dioxane, SeO2 (1.28
g, 11.5 mmol) and the mixture was refluxed for 24 h. The reaction was monitored by TLC
(93/7 CHCl3/MeOH, v/v). The hot solution was passed through a celite pad and washed with
20 mL 10% methanol in chloroform. The filtrate was dried under reduced pressure to
produce brownish white powder of N2-isobutyryl-3′-O-(tert-butyldimethylsilyl)-5′-oxo-5′,8-
cyclo-2′-deoxyguanosine. This product was added to 50 mL methanol and NaBH4 (0.174g,
4.6 mmol) was added to it in 3 portions. This reaction mixture was stirred at room
temperature for 1 hr and the reaction was monitored by TLC (93/7 CHCl3/MeOH, v/v). The
excess borohydride was neutralized by addition of 1N HCl dropwise to the solution. The
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solution was passed through a celite pad and evaporated to dryness. The resulting yellow
solid was purified by silica gel column chromatography with a step gradient of methanol (0–
5%) in chloroform. The product was isolated as a white solid (0.37 g, yield of 36%).

(g). (5′S)-N2-Isobutyryl-3′-O-(tert-butyldimethylsilyl)-5′-O-(4,4′-
dimethoxytrityl)-5′,8-cyclo-2′-deoxyguanosine (8)—(5′S)-N2-Isobutyryl-3′-O-(tert-
butyldimethylsilyl)-5′,8-cyclo-2′-deoxyguanosine 6 (0.4 g, 0.89 mmol) was dissolved in 3
mL dry pyridine and evaporated to dryness. This process was repeated twice. The residual
white solid was dissolved in 10 mL dry pyridine and DMT-Cl (0.92 g, 2.7 mmol) and a few
crystals of DMAP were added to it. The mixture was heated at 80°C and stirred under
nitrogen atmosphere for 8 h. It was monitored by TLC (94/5/1 CHCl3/MeOH/NEt3, v/v).
The solution was cooled to ~5°C on an ice bath and quenched with methanol. The solvents
were removed under reduced pressure and the resulting yellow solid was purified by silica
gel column chromatography with a step gradient of methanol (0–1%) in chloroform
containing 1% TEA. The product was isolated as a white solid (0.39 g, yield of 58 %).

(h). (5′S)-N2-Isobutyryl-5′-O-(4,4′-dimethoxytrityl)-5′,8-cyclo-2′-deoxyguanosine
—(5′S)-N2-Isobutyryl-3′-O-(tert-butyldimethylsilyl)-5′-O-(4,4′-dimethoxytrityl)-5′,8-
cyclo-2′-deoxyguanosine 7 (0.3 g, 0.40 mmol) was dissolved in 15 mL of dry THF and a
solution of 1M TBAF in THF (.8 mL, 0.8 mmol) was added. The reaction was stirred under
nitrogen atmosphere for 5 h and monitored by TLC (92/7/1 CHCl3/MeOH/NEt3, v/v). The
solvents were removed under reduced pressure and the resulting yellow solid was purified
by silica gel column chromatography with a step gradient of methanol (0–2%) in chloroform
containing 1% TEA. The product was isolated as a white solid (0.24 g, yield of 95%).

(i). (5′S)-5′,8-Cyclo-2′-deoxyguanosine Phosphoramidite Derivative—(5′S)-N2-
Isobutyryl-5′-O-(4,4′-dimethoxytrityl)-5′,8-cyclo-2′-deoxyguanosine (from the previous
reaction) (0.092 mg, 0.14 mmol) was dissolved in dry dichloromethane and evaporated to
dryness. This process was repeated twice. The solid was dissolved in 5 mL of dry
dichloromethane and kept under argon. Diisopropylethylamine (51 μl, 0.29 mmol) was
added to it, then 2-Cyanoethyl N,N-diisopropylchlorophosphoramidite (34 μl, 0.15 mmol)
was added to the stirring solution dropwise. The reaction was checked by TLC (95/4/1
CHCl3/MeOH/NEt3, v/v). After 1 hr the solution was cooled to ~5°C with an ice bath, 51 μl
of DIEA and 0.2 mL of methanol was added to it. The solvents were removed under reduced
pressure and the resulting light yellow semi solid was purified twice on a silica gel column
chromatography with a step gradient of methanol (0–1%) in chloroform containing 1%
TEA. The product was isolated as a white solid (0.084 g, yield of 70%).

Oligodeoxynucleotides
The 5′-d(GTGCGTGTTTGT)-3′ and 5′-d(ACAAACACGCAC)-3′ were synthesized and
purified by anion-exchange chromatography by the Midland Certified Reagent Co.
(Midland, TX). The dodecamer containing the S-cdG 5′-d(GTGCXTGTTTGT)-3′, where X
represents the S-cdG, was synthesized, purified, and characterized using a slightly amended
procedure of the synthesis reported by Romieu et al.34 The purity of the modified
oligodeoxynucleotide was assessed by HPLC and mass spectrometry.
Oligodeoxynucleotides were desalted by chromatography on Sephadex G-25. The 5′-
d(GTGCGTGTTTGT)-3′ or 5′-d(GTGCXTGTTTGT)-3′ were annealed with the
complementary strand 5′-d(ACAAACACGCAC)-3′ in buffer containing 10 mM NaH2PO4,
100 mM NaCl, and 50μM Na2EDTA (pH 7.0), respectively. The resulting duplexes were
heated to 95 °C for 10 min, and cooled to room temperature. They were purified by DNA
Grade hydroxylapatite chromatography using a gradient from 10 to 200 mM NaH2PO4 in
100 mM NaCl, 50 μM Na2EDTA (pH 7.0), and desalted using Sephadex G-25.
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Melting Temperature
Melting temperatures of the DNA duplexes were measured in 10 mM NaH2PO4, 100 mM
NaCl, 50 μM EDTA (pH 7.0) by UV/vis spectroscopy at 260 nm. The strand concentration
was 10 μM. The thermal scan proceeded from 10 to 80 °C with an interval of 1 °C. The
melting temperatures were calculated by differentiating the absorbance profiles.

NMR
Samples were at 1.0 mM strand concentration. Samples for the non-exchangeable protons
were dissolved in 500 μL in 10 mM NaH2PO4, 100 mM NaCl, 50 μM Na2EDTA (pH 7.0).
They were exchanged with D2O and suspended in 280 μL 99.996% D2O. The pH was
adjusted with dilute DCl or NaOD. Experiments were performed at 800 MHz. COSY and
NOESY spectra were recorded with 512 real data in the t1 dimension and 2048 real data in
the t2 dimension. NOESY spectra were zero-filled during processing to create a matrix of
1024 × 1024 real points. NOESY experiments used TPPI quadrature detection64 and mixing
times of 60, 150, 200 and 250 ms. The relaxation delay was 1.5 s. The TOCSY mixing time
was 80 ms. The temperature was 25 °C. Chemical shifts were referenced to water. Data were
processed using TOPSPIN65 and analyzed with the program SPARKY.66 The ECOSY data
were recorded with 1024 real data in the t1 dimension and 4096 real data in the t2
dimension.38 The spectrum was zero-filled during process to create a matrix of 2048 ×
16384 to increase digital resolution. The temperature was 30 °C. Samples for the
observation of exchangeable protons were dissolved in 500 μL of 10 mM NaH2PO4, 100
mM NaCl, 50 μM EDTA, (pH 7.0) containing 9:1 H2O:D2O (v/v) (pH 7.0). Experiments
were performed at 500 MHz. The temperature was 5 °C. The Watergate sequence was used
for water suppression.67 The mixing time was 250 ms. The 31P-H1 experiments were carried
out at the 1H frequency of 600 MHz. 31P -H3′ 3J couplings were applied to determine the
phosphodiester backbone conformation.31P chemical shifts were referenced using indirect
shift ratios.69

Distance and Dihedral Angle Restraints
Footprints were drawn around NOE crosspeaks obtained at a mixing time of 250 ms. Their
intensities were determined by volume integrations. These were combined as necessary with
intensities generated from complete relaxation matrix analysis of a starting structure to
generate a hybrid NOE intensity matrix.41,70 The program MARDIGRAS39,40,71 iteratively
refined the hybrid intensity matrix and optimized agreement between calculated and
experimental NOE intensities. The RANDMARDI algorithm39 carried out iterations,
randomizing peak volumes within limits specified by the input noise level.71 Calculations
were initiated using isotropic correlation times of 2, 3, and 4 ns. Analysis of these data
yielded experimental distance restraints used in rMD calculations (Table S3 in the
Supporting Information), and the corresponding standard deviations for the distance
restraints.

The deoxyribose pseudorotational angles (P) were estimated by examining the 3JHH of sugar
protons.72 The data were fit to curves relating the coupling constants to the pseudorotation
(P), sugar pucker amplitude (φ), and the percentage S-type conformation. The
pseudorotation and amplitude ranges were converted to the five dihedral angles ν0 to ν4.
Coupling constants measured from 1H-31P HMBC spectra were applied73,74 to the Karplus
relationship75 to determine the backbone dihedral angle ε (C4′-C3′-O3′-P), related to the
H3′-C3′-O3′-P angle by a 120° shift. The ζ (C3′-O3′-P-O5′) backbone angles were
calculated from the correlation between ε and ζ in B-DNA.68 Empirical restraints preserved
Watson-Crick hydrogen bonding and prevented propeller twisting between base pairs,
except for A6•T19 base pair. Except for the modified, the flanking, and the terminal base
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pairs, other backbone torsion angle restraints were using empirical data derived from B-
DNA.44

Molecular Dynamics Calculations
Restrained molecular dynamics (rMD) calculations for the modified oligodeoxynucleotide
duplexes utilized a simulated annealing approach.76 The partial charges on the cdG
nucleotide (Figure S5 in the Supporting Information) were obtained from density function
theory (DFT) calculations using a neutral total charge, utilizing the B3LYP/6-31G* basis set
and the program GAUSSIAN.77 To obtain the starting structures used for rMD calculations,
the cdG-modified duplex was energy minimized using 200 iterations with the conjugate
gradients algorithm. The rMD calculations were conducted with AMBER78 and the parm99
force field. The generalized Born (GB) model79 with parameters developed by Tsui and
Case80 was used for implicit water simulation. The program CORMA was utilized to
calculate the NOE intensities from the structures emergent from rMD calculations.

Molecular dynamics simulations in explicit water were performed using the AMBER force
field. The average structure converged from the simulated annealing rMD calculations was
used as the starting structure. This was placed in an 8.0 Å cubic TIP3P water box in each
direction.81 The necessary Na+ ions were added to neutralize the duplex. The system was
subjected to 1000 iterations of potential energy minimization using steepest descents. The
solvent was brought to thermal equilibrium by a MD simulation at constant volume for
10,000 iterations with an integrator time of 1 fs, at 300 K. After equilibration of the system
at 300 K, MD calculations were performed at constant pressure for 5 ns with an integrator
time of 1 fs. Bond lengths involving hydrogens were fixed with the SHAKE algorithm.82

The particle mesh Ewald (PME) method was used to approximate non-bonded
interactions.83,84 The cutoff radius for non-bonded interactions was 8.0 Å. The PTRAJ
program from the AMBER package was used to analyze the MD trajectories. Helicoidal
analyses were carried out with the programs CURVES85 and 3DNA.86

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
NOE connectivity of base H8/H6 protons with deoxyribose H1′ protons of the S-cdG
containing duplex. A. Modified strand. B. Complementary strand.
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Figure 2.
Tile plot derived from a NOESY spectrum obtained at a mixing time of 60 ms showing the
assignment of S-cdG non-exchangeable protons.
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Figure 3.
Assignment of the base imino and amino protons based on the NOE connectivity. NOE
interactions of the imino protons with the opposite base arising from Watson-Crick base
pairing are labeled as: (a) X5 N1H → C20 N4H2, (b) X5 N1H → A19 H2, (c) X5 N1H → C20

N4H1, (d) G7 N1H → C18 N4H2, (e) G7 N1H → A19 H2, (f) G7 N1H → A17 H2, (g) G7

N1H → C18 N4H1, (h) G11 N1H → C14 N4H2, (i) G11 N1H → C14 N4H1, (j) G3 N1H →
C22 N4H2, (k) G3 N1H → C22 N4H1, (l) G21 N1H → C4 N4H2, (m) G21 N1H → C4 N4H1,
(n) T2 N3H → A23 H2, (o) T10 N3H → A15 H2, (p) T9 N3H → A16 H2, and (q) T8 N3H →
A17 H2.
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Figure 4.
An expansion of the ECOSY spectrum used for the measurement of 3JH1′-H2′ and 3JH1′-H2″
coupling constants. Except for X5, G11, and T12, all H2″ protons exhibited greater chemical
shifts than H2′ protons. The geminal H2′ and H2″ protons of G11 and T12 were not resolved,
and X5 H2″ was upfield from H2′.
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Figure 5.
31P NMR of the S-cdG containing duplex compared with the corresponding unmodified
duplex. A. Unmodified duplex. B. S-cdG containing duplex.
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Figure 6.
Proton chemical shift perturbations of the S-cdG containing duplex compared with the
unmodified duplex. A. Base protons of the S-cdG-modified strand. B. Deoxyribose protons
of the S-cdG-modified strand. C. Base protons of the complementary strand. D. Deoxyribose
protons of the complementary strand.
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Figure 7.
1H NMR of the S-cdG containing duplex compared with the corresponding unmodified
duplex at different temperatures. A. Unmodified duplex. B. S-cdG containing duplex.
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Figure 8.
Expanded views of the refined structure of the S-cdG containing duplex at the lesion site. A.
View from the major groove. B. View from minor groove.
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Figure 9.
Ring conformations of the S-cdG in the refined structure. A. Six-member ring C8-N9-C1′-
O4′-C4′-C5′. B. 2′-deoxyribose.
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Figure 10.
Base pairing and base stacking of the refined structure of the S-cdG containing duplex at the
lesion site. The pink arrows indicate anticipated hydrogen bonding interactions. A. the
C4•G21 and X5•C20 base pairs. B. The X5•C20 and T6•A19 base pairs.
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Figure 11.
Distances of guanine N1H → cytosine N3 and the thymine N3H → adenine N1 of some
base pairs in the trajectories of the molecular dynamics simulations conducted in explicit
solvent at 300 K. A. T2•A23 base pair. B. C4•G21 base pair. C. X5•C20 base pair. D. T6•A19

base pair. E. T8•A17 base pair. F. T9•A16 base pair.
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Scheme 1.
Numbering scheme of the oligodeoxynucleotide duplex containing the (5′S)-8,5′-cyclo-2′-
deoxyguanosine (S-cdG) 5′-nucleotide.
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Table 1

rMD Restraints and Statistical Analysis of rMD Converged Structures of the S-cdG Containing Duplex.

Total restraints for rMD calculation 636

Experimental NOE distance restraints 426

Intranucleotide NOE restraints 274

Internucleotide NOE restraints 152

NOEs of S-cdG 29

Empirical basepairing restraints 45

Empirical torsion angle restraints 165

Backbone torsion angles restraints 95

Deoxyribose torsion angles restraints 70

Structure Statisticsa

NMR R-factor (R1
x) (×10−2) 5.75

Intranucleotide NOEs 4.66

Internucleotide NOEs 7.97

RMSD deviation of refined structures 0.55

a
Mixing time used to calculate R1x was 250ms. , where (a0) and (ac) are the intensities of observed

(non-zero) and calculated NOE cross peaks, respectively.
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