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Abstract
The structure of the 1,N2-εdG adduct, arising from the reaction of vinyl chloride with dG, was
determined in the oligonucleotide duplex 5′-d(CGCATXGAATCC)-3′•5′-d(GGATTCCATGCG)-3′
(X=1,N2-εdG) at pH 8.6 using high resolution NMR spectroscopy. The exocyclic lesion prevented
Watson-Crick base-pairing capability at the adduct site and resulted in an ~17 °C of the C decrease
in Tm oligodeoxynucleotide duplex. At neutral pH, conformational exchange resulted in spectral line
broadening near the adducted site, and it was not possible to determine the structure. However, at
pH 8.6, it was possible to obtain well-resolved 1H NMR spectra. This enabled a total of 385 NOE
based distance restraints to be obtained, consisting of 245 intra- and 140 inter-nucleotide distances.
The 31P NMR spectra exhibited two downfield-shifted resonances, suggesting a localized
perturbation of the DNA backbone. The two downfield 31P resonances were assigned to G7 and
C19. The solution structure was refined by molecular dynamics calculations restrained by NMR
derived distance and dihedral angle restraints, using a simulated annealing protocol. The generalized
Born approximation was used to simulate solvent. The emergent structures indicated that the 1,N2-
εdG-induced structural perturbation was localized at the X6•C19 base pair, and its 5′-neighbor
T5•A20. Both 1,N2-εdG and the complementary dC adopted the anti conformation about the glycosyl
bonds. The 1,N2-εdG adduct was inserted into the duplex but was shifted towards the minor groove
as compared to dG in a normal Watson-Crick C•G base pair. The complementary cytosine was
displaced toward the major groove. The 5′-neighbor T5•A20 base pair was destabilized with respect
to Watson-Crick base pairing. The refined structure predicted a bend in the helical axis associated
with the adduct site.

Introduction
Etheno DNA adducts (1) arise from the reactions of electrophilic epoxides derived from vinyl
halides and other vinyl monomers with dC, dA, and dG nucleotides in DNA (2–9). They also
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arise as a consequence of endogenous exposure to lipid peroxidation products (9–11). The
1,N2-etheno-dG (1,N2-εdG) adduct, first reported by Sattsangi et al. (12), and later examined
by Kusmierek and Singer (13), and Guengerich and coworkers (14), is one of two possible
εdG lesions, the other being the N2,3-εdG adduct. The mechanism for formation of 1,N2-εdG
was worked out by Guengerich and coworkers (14,15). It has been detected in DNA treated
with vinyl chloride metabolites (16). Among the four etheno DNA adducts, 1,N2-εdG is
anticipated to be present at the lowest concentrations in cellular DNA, and it has thus far eluded
detection in vivo.

The 1,N2-εdG adduct is mutagenic, both in Escherichia coli (17) and in mammalian (18) cells.
When bypassed by E. coli polymerases I exo- and II exo-, T7 polymerase exo-, HIV-1 reverse
transcriptase, and rat polymerase β, it produces misincorporation errors (19). The bypass of
the 1,N2-εdG adduct by the Y-family Sulfolobus solfataricus P2 DNA polymerase IV (Dpo4)
was dependent upon DNA sequence. When the template was 3′-(1,N2-εdG)TACT-5′, dATP
was preferentially incorporated, whereas with the template 3′-(1,N2-εdG)CACT-5′, both dGTP
and dATP were incorporated (20). The replicative human polymerase pol δ was blocked by
the 1,N2-εdG adduct (21). Human polymerase ηconducts error-prone replication past 1,N2-
εdG, preferentially incorporating dGTP opposite the adduct, irrespective of the identity of the
base 5′ of 1,N2-εdG in the template (21). The human polymerases ℓ and κ showed similar rates
of incorporation of dTTP and dCTP (21).

Presently, we have completed a detailed structural examination of the 1,N2-εdG adduct in
duplex DNA, although it was reported that 1,N2-εdG is readily accommodated, causing
localized structural perturbations when placed opposite dC in a DNA duplex (22). In the present
work, the 1,N2-εdG adduct was inserted site-specifically into the oligodeoxynucleotide duplex
5′-d(CGCATXGAATCC)-3′•5′-d(GGATTCCATGCG)-3′ (X=1,N2-εdG), and its structure
was determined using high-resolution 1H NMR spectroscopy. Since the 1,N2-εdG-containing
duplex showed a mixture of conformations at neutral pH, the NMR measurements were carried
out at pH 8.6, where the duplex showed single conformation. Under these conditions in duplex
DNA, the 1,N2-εdG-induced structural perturbation was localized at the X6•C19 base pair, and
its 5′-neighbor T5•A20. Both 1,N2-εdG and the complementary dC adopted the anti
conformation about the glycosyl bonds. The 1,N2-εdG adduct was inserted into the duplex but
was shifted towards the minor groove as compared to dG in a normal Watson-Crick C•G base
pair. The complementary cytosine was displaced toward the major groove. The 5′-neighbor
T5•A20 base pair was destabilized with respect to Watson-Crick base pairing. The refined
structure predicted a bend in the helical axis associated with the adduct site.

Materials and Methods
Oligodeoxynucleotide Synthesis and Characterization

The oligodeoxynucleotides 5′-d(CGCATGGAATCC)-3′ and 5′-d(GGATTCCATGCG)-3′
were synthesized and purified by anion-exchange chromatography by the Midland Certified
Reagent Company (Midland, TX). The phosphoramidite of 1,N2-εdG (23) was incorporated
into 5′-d(CGCATXGAATCC)-3′ (X=1,N2-εdG) oligodeoxynucleotide on an Expedite 8909
DNA synthesizer (PerSeptive Biosystems) with tert-butylphenoxyacetyl-protected cyanoethyl
phosphoramidites on a 1-μmol scale using the manufacturer’s standard synthetic protocols.
The modified oligodeoxynucleotide was cleaved from the solid support and the exocyclic
amino groups deprotected in a single step using 0.1 M aq NaOH at room temperature overnight.
The deprotection reaction was neutralized and the oligodeoxynucleotide purified by HPLC
using gradient 2 (vide infra). The oligdeoxyonucleotide was salted and desalted with a
Sephadex G-25 column using a BioRad FPLC system and analyzed by CGE (99.5%), MALDI-
TOF MS, and enzymatic digestion. 5′-d(CGC ATX GAA TCC)-3′, MALDI-TOFMS: calcd
for [M - H]- m/z 3652.6, found m/z 3653.0.
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HPLC
The oligodeoxynucleotide purification and enzymatic digestion analysis were performed on a
Beckman HPLC system (32 Karat software version 5.0, pump module 125) with a diode array
UV detector (module 168) monitoring at 260 nm using Waters YMC ODS-AQ columns (250
mm × 4.6 mm i.d., 1.5 mL/min for enzymatic digestion gradient 1 and 250 mm × 10 mm i.d.,
5 mL/min for purification of oligonucleotides gradient 2) 0.1 M aqueous ammonium formate
(A) and acetonitrile (B). HPLC Gradient 1: Initially 1% acetonitrile; then a 15 min linear
gradient to 10% acetonitrile; a 5 min linear gradient to 20% acetonitrile; 5 min isocratic at 20%
acetonitrile; 3 min linear gradient to 80% acetonitrile; 2 min isocratic at 80% B; then a 3 min
linear gradient to initial conditions. Gradient 2: initially 1% acetonitrile; then a 5 min linear
gradient to 8% acetonitrile; 15 min linear gradient to 11% acetonitrile; 2 min linear gradient
to 80% acetonitrile; 1 min isocratic at 80% acetonitrile; then a 2 min linear gradient to initial
conditions.

Capillary Gel Electrophoresis
Electrophoretic analyses were carried out using a Beckman P/ACE MDQ instrument system
(32 Karat software, version 7.0) monitored at 260 nm on a 31.2 cm × 100 μm eCAP capillary
with samples applied at 10 kV and run at 9 kV. The capillary was packed with the
manufacturer’s 100-R gel (for ss-DNA) using a Tris-borate buffer system containing 7 M urea.

Enzymatic Digestion
Enzymatic hydrolysis was carried out in one step. Oligodeoxynucleotide (0.5 A260 units) was
dissolved in 30 μL buffer (pH 7.0, 10 mM Tris-HCl, 10 mM MgCl2) and incubated with DNase
I (8 units, Promega), snake venom phosphodiesterase I (0.02 units, Sigma), and alkaline
phosphatase (1.7 units, E. coli; Sigma) at 37 °C for 24 h. The mixture was analyzed by reverse
phase HPLC gradient 1. Adducted nucleosides were identified by comparison with authentic
samples based on retention times, co-injection, and UV spectrum.

Mass Spectrometry
MALDI-TOF mass spectra (negative ion) of modified oligodeoxynucleotides were obtained
on a Voyager Elite DE instrument (Perseptive Biosystems) at the Vanderbilt Mass
Spectrometry Facility using a 3-hydroxypicolinic acid matrix containing ammonium hydrogen
citrate (7 mg/mL) to suppress multiple sodium and potassium adducts.

Thermal Denaturation Studies
Experiments were carried out on a Cary 4E spectrophotometer (Varian Associates, Palo Alto,
CA). The samples contained 0.24 A260 unit of duplex oligodeoxynucleotide dissolved in 1 mL
of buffer containing 10 mM Na2HPO4/NaH2PO4, 1.0 M NaCl, and 5 μM Na2EDTA (pH 7.0).
The UV absorbance at 260 nm was monitored at 1 min intervals with a 2.5 °C/min temperature
gradient. The temperature was cycled between 20 and 85 °C. The first derivative of the melting
curve was used to establish the Tm values.

NMR Sample Preparation
Oligodeoxynucleotide concentrations were determined from UV spectrophotometer using
calculated extinction coefficients at 260 nm (24). The modified oligodeoxynucleotide and its
complimentary strand were annealed in a 1:1 molar ratio, in aqueous solution, and the resulting
DNA duplex was eluted from DNA Grade Biogel hydroxyapatite (Bio-Rad Laboratories,
Richmond, CA) buffer at pH 7.0. It was then desalted using a gradient from 10 to 100 mM
NaH2PO4 using Sephadex G-25. The sample was lyophilized and re-dissolved in 500 μL of
aqueous buffer containing 10 mM NaH2PO4 at pH 7.
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Nuclear Magnetic Resonance
One- and two-dimensional NMR spectra were recorded on Bruker (AMX) spectrometers
operating at 600 and 800 MHz, at 7 ºC. Samples were dissolved to a duplex concentration of
1 mM in 500 μL of 10 mM NaH2PO4, 100 mM NaCl, and 5 μM Na2EDTA (pH 7.0). Samples
for the observation of non-exchangeable protons were exchanged with D2O and suspended in
500 μL of 99.99% D2O. Samples for the observation of exchangeable protons were dissolved
to a concentration of 1 mM in 500 μL of 1 mM NaH2PO4, 100 mM NaCl, and 5 μM Na2EDTA
containing 9:1 H2O:D2O. The pH of the NMR samples was adjusted to 8.6 by titration with
NaOD. Chemical shifts of the proton resonances were referenced to water. 1H NOESY
experiments in D2O were conducted at 7 ºC. For each t1 increment, 32 scans were averaged
with pre-saturation of the HDO resonance. To derive distance restraints, spectra were recorded
consecutively using States-TPPI phase cycling with mixing times of 70, 150, 200 and 250 ms.
These were recorded with 2048 complex points in the acquisition dimension and 1024 real data
points in the indirect dimension covering 9615.385 Hz. The relaxation delay was 1.5 s. The
data in the d2 dimension were zero-filled to give a matrix of 2K × 2K real points. NOESY
spectra for observation of exchangeable protons were recorded at 7 °C, in 9:1 H2O:D2O, using
a field gradient Watergate pulse sequence (25) for water suppression. The spectra, consisting
of 128 transients, were obtained with a cryogenic probe using States-TPPI phase cycling with
mixing time 250 ms. A squared sine-bell with 72º shift apodization was applied in d1 dimension
while cosine-squared bell apodization was applied in d2 dimension. A total of 1536 real data
points in the d1dimension and 512 points in d2 dimension were acquired. Double quantum-
filtered 1H correlation (DQF-COSY) spectra (26,27) were collected at 25 °C with 2048
complex points in the acquisition dimension and 512 points in the d2 dimension covering
6009.615 Hz and zero-filled to 1024 points to give a matrix of 1024 × 2048 real points. For
each d1 increment, 64 or 84 transients were averaged with pre-saturation of the HDO resonance.
A squared sine-bell apodization function was applied in both dimensions. Chemical shifts of
proton resonances were referenced to water. NMR data were processed on Silicon Graphics
Octane workstations and assigned using FELIX2000 (Accelrys, Inc., San Diego, CA).

Distance Restraints
The volumes of NOE cross-peaks (drawn as square boxes) for the NOESY spectrum recorded
at a mixing time of 250 ms were obtained using the program FELIX2000. Similarly, the
volumes were measured from the NOESY spectra recorded at other mixing time of 200 and
150 ms. The NOE-derived distances were obtained from the NOE volumes using the program
MARDIGRAS v5.2 (28). The RANDMARDI algorithm (29) carried out 50 iterations for each
set of data, randomizing peak volumes within limits specified by the input noise level. The
molecular motion was assumed to be isotropic. The volume error was one-half the volume of
the weakest cross peak. Calculations were performed using DNA starting structures generated
using the program INSIGHT II (Accelyris), and NOE intensities derived from experiments at
three mixing time, and with three isotropic correlation times (2, 3 and 4 ns), yielding 18 sets
of distances. Analysis of these data yielded the experimental distance restraints and standard
deviations for the distance restraints used in subsequent restrained molecular dynamics
calculations. For partially overlapped crosspeaks, the upper bounds on the distances were
increased.

Restrained Molecular Dynamics
The rMD calculations were carried out with the program AMBER 8.0 (30) using a simulated
annealing protocol (vide infra). Classical B-DNA and A-DNA (31) were used as the reference
structures to create starting structures for the refinement. The 1,N2-εdG adduct was constructed
in both B-DNA and A-DNA forms by bonding the etheno group to N1 and N2 at G6 using the
program INSIGHT II. The coordinates, connectivity and parameters for the current models
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were obtained from the program xLEaP. The restrained electrostatic potential (RESP) charges
for the 1,N2-εdG adduct were calculated using the program GAUSSIAN98 (32). The input data
for the GAUSSIAN98 calculations were obtained from the program ANTECHAMBER (33).
The total charge on the 1,N2-εdG nucleotide was maintained at -1. Initially constructed A and
B-DNA starting structures were energy-minimized by the conjugate gradients method for 250
iterations using the AMBER 8.0 force field to relieve poor van der Walls contacts using the
program SANDER (34). Five hundred cycles of potential energy minimization using the
steepest descent algorithm were used. The energy minimization was performed without
experimental restraints to give the starting IniA and IniB structures used for the subsequent
relaxation matrix analysis and molecular dynamics calculations. In subsequent rMD
calculations, the restraint energy function included terms describing distance restraints as
square-well potentials. The generalized Born solvent model was used for rMD simulated
annealing calculations with 0.1 M salt concentration, and the SHAKE algorithm was used
(35,36). The van der Waals energy term used the Lennard-Jones potential energy function. The
electrostatic term used the Coulomb function, based on a full set of partial charges (-1 per
residue) and a distance-dependent dielectric constant of 4r. The nonbonded pair list was
updated if any atom moved more than 0.5 Å, and the cutoff radius for nonbonded interactions
was 18 Å. The effective energy function included terms describing distance restraints, in the
form of square-well potentials. The partial charges assigned to the 1,N2-εdG adduct by RESP
protocol are shown in Figure S2 of the Supporting Information. Calculations were initiated by
coupling to a heating bath, with a target temperature of 600 K. The force constants were 20
kcal mol−1 Å−2 for empirical hydrogen bonding and 32 kcal mol−1 Å−2 for class 1, class 2,
class 3, class 4, and class 5 NOE restraints. Those force constants were increased up 1.5 times
during first 3 ps of heating, and reduced back to original values during the rest of calculations.
The target temperature was reached and maintained for 5 ps. The molecules were cooled to
100 K over 12 ps for equilibrium dynamics. During the final 8 ps the temperature was reduced
to 0 K. Coordinate sets were archived every 0.2 ps, and 10 structures from the last 5 ps were
averaged in total. An average structure was subjected to 500 iterations of conjugate gradient
energy minimization to obtain the final structure.

Complete Relaxation Matrix Calculations
The NOE intensities obtained from the structures emergent from rMD simulations were
compared with the experimental intensities using CORMA v. 5.3 (37). Input volumes
(intensities) were normalized for the intensities of protons with fixed internuclear distances
(cytosine H5-H6 protons). An isotropic correlation time (τc) of 3 ns was used. The rotation of
thymidine CH3 groups was modeled using a 3-jump site model. The sixth root residual (R1 x)
factor was calculated for the averaged structure. Helicoidal parameters were examined using
the program CURVES (38,39).

Results
Characterization of the Modified Duplex

At neutral pH, the melting point (Tm) of the modified duplex was 39 °C in 10 mM
NaH2PO4, 100 mM NaCl, 5 μM Na2EDTA. The corresponding Tm for the unmodified duplex
under the same conditions was 53 °C. Thus, at neutral pH, the 1,N2-εdG induced a 14 °C drop
in Tm. It was not possible to examine the1,N2-εdG adduct positioned opposite dC in the 5′-
TXG-3′ sequence at neutral pH by NMR due to the existence of broad peaks in the modified
region of the duplex. This was attributed to the presence of multiple conformations of the
1,N2-εdG adduct at neutral pH. However, it was found that increasing the pH of the sample to
pH 8.6 yielded a well-resolved NMR spectrum. Therefore, the work described focuses on the
conformation of the 1,N2-εdG adduct at pH 8.6.
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The stability of the 1,N2-ε values of dG adduct was monitored at pH 8.6. The pKa values of
the 1,N2-εdG nucleoside were reported to be at pH 9.2 and 2.2 and its fluorescence spectrum
was reported at pH 12, and the adducted nucleoside was reported to be stable as the exocyclic
adduct (13). The deglycosylation rate in 0.1 N HCl was slower than dG (13). These observations
were consistent with the reported formation of the 1,N2-εdG adduct from dibromoethanol at
pH 9.2 (14). However, when the 1,N2-εdG adduct was incubated for 7 days at pH 9.2 and
monitored by NMR, the H7 proton slowly exchanged, suggesting that there was etheno ring
opening and closing, though the opened form did not accumulate (14). This would be
anticipated to occur slowly at basic pH. At the higher pH, the adducted oligodeoxynucleotide
duplex was further destabilized with respect to DNA melting, as compared to neutral pH. Thus,
the Tm decreased to 35 °C in buffer containing 10 mM NaH2PO4, 100 mM NaCl, 5 μM and
Na2EDTA. At pH 8.6, the NMR data indicated that the 1,N 2-εdG adduct contained within the
oligodeoxynucleotide duplex existed as the exocyclic adduct.

Resonance Assignments
a) Non-exchangeable DNA Protons—The sequential assignment for the 1,N2-εdG duplex
was accomplished using standard protocols (40,41). An expanded plot of 1H NOE sequential
connectivities between the base protons (7.0– 8.6 ppm) and the sugar H1′ and dC H5 protons
(5.0–6.4 ppm) is plotted in Figure 1. It exhibited well-resolved cross peaks. Seven strong NOE
peaks accounted for all cytosine residues of the duplex. These assignments were confirmed by
a COSY spectrum recorded under identical conditions. Each base proton exhibited NOE peaks
to its own and 5′-flanking H1′ deoxyribose protons (Figure 1A and 1B). The NOESY
connectivities were continuous from C1→C12 in the 1,N2-εdG containing strand and from
G13→G24 in the complimentary strand. For T5, X6, and G7, the NOE cross peak intensities
between the base protons and the sugar H1′ protons of the attached deoxyribose moieties were
of the same relative magnitudes as those between other bases and the sugar H1′ protons of the
attached deoxyribose moieties (Figure S1 in the Supporting Information). The T5 H1′→X6 H2
and the C19 H1′→A20 H8 sequential NOE cross peaks were weak (Figure 1A and 1B).
Sequential NOE peaks were observed for the A4 H2→T5 H1′, A8 H2→A9 H1′, A9 H2→T10

H1′, A15 H2→T16 H1′, and A20 H2→T21 H1′ protons (peaks A, B, and C Figure 1A, and G
and H, Figure 1B, respectively) and G2 H8→C3 H5, T10 H6→C11 H5, C11 H6→C12 H5,
T17 H6→C18 H5, and G22 H8→C23 H5 protons (peaks D, E, and F, Figure 1A and I and J,
Figure 1B, respectively). The NOE cross peak for C18 H6→C19 H5 overlapped with that of
C18 H6→C18 H5. All the NOE cross peaks between A4 H2→A4 H1′, A8 H2→A8 H1′, A9

H2→A9 H1′, A15 H2→A15 H1′, and A20 H2→A20 H1′ were observed (Figure 1). The normally
observed NOE sequential connectivities between H2′ and H2″ protons and the 3′-neighbor
nucleotide H6 or H8 protons were observed from C1→C12 and G13→G24. The chemical shifts
of all of the H2′ and H2″ protons were in the anticipated 1.6–2.8 ppm range. These H2′ and
H2″ proton resonances were identified by comparing their NOE intensities at a mixing time of
150 ms. The stronger peaks were attributed to H1′→H2′ correlations and the weaker peaks to
H1′→H2″ NOEs. The H2″ proton was consistently found to resonate downfield of the H2′
proton. The H3′ resonance assignments were obtained from NOEs to the nucleobase H6 or H8
(in the case of X6, H2; Scheme 1) protons. Sequential NOE connectivities were observed from
aromatic protons to their 3′-neighboring aromatic protons for nucleotides C1→C12 in the
modified strand and for nucleotides G13→G24 in the complimentary strand. In the
complimentary strand, the C19 H6→A20 H8 NOE was weak. In the 70 ms mixing time NOESY
spectrum, weak intra-nucleotide connectivities were detected between the base and H1′
protons. The assignments of the nonexchangeable protons are listed in Table S1 of the
Supporting Information.

(b) Exchangeable DNA Protons—The one-dimensional spectrum of the 5.8–15 ppm
imino and amino proton resonance region of the 1,N2-εdG modified duplex recorded in H2O
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buffer, pH 8.6 at 7 °C, is shown in Figure 2A. Eight well-resolved peaks between 11.8 and 14
ppm and one broad peak at 13.4 ppm accounted for all of the imino protons of the 1,N2-εdG
duplex, except the two terminal imino protons that were not observable, presumably due to
fast exchange with the solvent. A contour plot of an expanded region of the NOESY spectrum
showing connectivities between imino and amino protons is shown in Figure 2B. The spectrum
was recorded at 7 °C. The imino protons of the 1,N2-εdG-modified duplex were assigned from
NOEs between adjacent base pairs and between their corresponding base-paired amino protons
(42). The assignment of all dA H2 protons, from NOESY spectra recorded in D2O buffer,
allowed identification of the A•T base pairs in the duplex (Figure 2B). Similarly, the assignment
of all dC amino protons, observed from their intra-residue connectivity to the H5 protons,
detected in a 250 ms mixing time NOESY spectrum, allowed identification of the G•C base
pairs (Figure 2B). From Figure 2C, the expected pattern of NOE cross-peaks was observed for
base pairs G2•C23, C3•G22, and A4•T21, which are located in the 5′ direction from the 1,N2-
εdG adduct. Likewise, NOE connectivities were observed between base pairs G7•C18,
A8•T17, A9•T16, T10•A15, and C11•G14, which are located in the 3′ direction from the 1,N2-
εdG adduct. A weak NOE cross peak was observed between the A4•T21 and T5•A20 base pairs
when the threshold of the counter plot of NOESY spectrum was decreased. NOE cross peaks
were observed between dA H2 protons and flanking base pairs at the C3•G22→A4•T21,
A4•T21→T5•A20, G7•C18→A8•T17, A8•T17→A9•T16, A9•T16→T10•A15, and T10•A15→
C11•G14 steps of the duplex (Figure 2B). The T5 N3H imino resonance was broadened,
presumably due to solvent exchange. The amino proton of the modified 1,N2-εdG nucleotide
(Scheme 1) was not observed, suggesting rapid exchange with solvent. The resonances for the
C19 amino protons were not observed, suggesting fast exchange with solvent. The amino
protons of the remaining cytosines in the duplex were observed in the anticipated 6.5–8.5 ppm
region. The resonance assignments for the imino and amino protons are found in Table S2 of
the Supporting Information.

(c) Assignments of 1,N2-εdG Protons and NOEs to DNA Protons—Figure 3 shows
the assignment of the excyclic H6 and H7 1,N2-εdG protons and also shows the NOEs between
these protons and DNA. The etheno protons were identified by their strong interaction observed
in all NOESY spectra, irrespective of mixing time (Figure 3). The etheno protons did not show
a cross peak in COSY experiments, presumably because of their small J-coupling constant
(43,44). The unequivocal assignment of H6 and H7 was made based upon the observation that
the H7 proton slowly exchanges in deuteriated solvent, as a consequence of transient opening
of the etheno ring (14). This assignment could, in theory, also be made by observation of the
NOE between the H6 proton and the amino proton of the 1,N2-εdG adduct. Unfortunately, it
was not possible to assign the amino proton in the NMR spectra, presumably due to rapid
exchange with solvent. The assignment of the H6 and H7 1,N2-εdG protons in the
oligodeoxynucleotide duplex at δ 6.2 ppm and δ 6.5 ppm (with respect to the water resonance),
respectively, for H6 and H7, was in agreement with their assignments at the base and nucleoside
levels using 15N-labeled samples and NOE measurements (14). This suggested an absence of
ring current effects in the modified duplex sufficiently strong so as to reverse the relative
assignments of these two protons, which differed in chemical shift by 0.3 ppm.

Phosphorus Spectra
The proton decoupled phosphorus one and two -dimensional spectra of the 1,N2-εdG duplex
in D2O buffer, pH 8.6, at 25 °C, are shown in Figure 4. The 1D spectrum showed two
phosphorous resonances shifted downfield when compared to the unmodified duplex. The two
downfield 31P resonances were assigned to G7 and C19, from proton-decoupled 2D spectra in
D2O buffer, pH 8.6 at 25 °C.
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Chemical Shift Comparisons
Figure 5 shows chemical shift differences between the 1,N2-εdG duplex and the corresponding
unmodified duplex at pH 8.6. Major chemical shift changes were observed for the X6 H1′,
X6 H2′, X6 H2″, and C19 H1′ resonances, as compared to their corresponding resonances in
the unmodified duplex. The maximum change among these protons was observed for C19 H1′,
which shifted downfield by 0.6 ppm.

Experimental and Empirical Restraints
A total of 678 restraints, which included distance, dihedral angle, sugar pucker, and Watson-
Crick hydrogen bonding restraints, were used in the rMD calculations. A total of 385 NOE
based distance restraints were obtained, consisting of 245 intra- and 140 inter-nucleotide
distances. There was an average of approximately 15 distance restraints per nucleotide. The
distribution of NOE restraints used in the rMD calculations is shown in Table S3 of the
Supporting Information. Watson-Crick hydrogen bonding restraints were used for all the base
pairs except for the X6•C19 base pair. The rationale for their inclusion was based on the NOESY
experiments in H2O buffer in which the observation of imino and amino proton resonances
was consistent with a right handed Watson-Crick paired duplex (Figure 3). Empirical sugar
puckering restraints were not used for the X6•C19 base pair as the pattern of chemical shift
perturbations (Figure 5) suggested a structural disturbance at the X6 and C19 nucleotides.
Similarly, no empirical backbone torsion angles restraints were used for the X6•C19 base pair.
Elsewhere, the backbone angles α, β, γ, δ, ε, and ζ were restrained to −60 ± 30°, 180 ± 30°, 60
± 30°, 120 ± 30°, 180 ± 30°, and −90 ± 30°, respectively, to allow both A- and B-form DNA
structures. A total of 23 distance restraints, including 11 intranucleotide, 6 internucleotide, and
6 internucleotide cross-strand distance restraints, respectively, were employed at nucleotide
X6, which allowed the position of X6 in the duplex to be determined with confidence. Similarly,
for the C19 nucleotide, 20 intranucleotide, internucleotide, and internucleotide cross-strand
distance restraints were utilized, which allowed the C19 nucleotide to be positioned with
confidence.

Structural Refinement
Randomly seeded rMD calculations were initiated from both A-form and B-form DNA starting
structures, which had been energy minmized. The complementary base C19 was located in the
center of the helix prior to energy minimization, but shifted toward the major groove as a
consequence of the potential energy minimization calculations, which were carried out using
the conjugate gradients algorithm. Subsequent restrained molecular dynamics calculations
initiated from either starting structure (IniA and IniB) converged toward B-type DNA helices.
A total of ten structures were calculated from each starting structure.

The precision of the rMD calculations was determined by pairwise rmsd calculations (Table
1). The rmsd between the set of structures emergent from the A-form vs. those emergent from
the B-form calculations was 1.34 Å. Comparison of the individual sets of structures derived
from A-form and B-form DNA between themselves resulted in rmsd values of 0.52 and 0.76
Å for A-form and B-form DNA, respectively. Comparison of starting structures with the
average structures, which emerged from the rMD calculations starting from either, revealed
that the rMD protocol resulted in a greater conformational change for the A-form starting
structure than for B-form starting structure. Hence, the final structures were closer to B-form
DNA geometry than A-form geometry. However, the B-form starting structure differed from
the structures emergent from the rMD calculations, evidenced by an rmsd of 3.12 Å. This was
attributed to the distortion of the duplex induced by the 1,N2-εdG adduct, and the observation
of a bend near the adducted site.
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Figure 6 shows an ensemble of six structures of 1,N2-εdG duplex obtained from randomly
seeded rMD calculations. The maximum pairwise rmsd of 0.91 Å was obtained, suggesting
convergence. The final rMD structure was obtained by averaging the coordinates from 10 rMD
structures using the program SUPPOSE, followed by 250 iterations of potential energy
minimization using the conjugate gradient algorithm. The accuracies of these structures were
verified using the program CORMA (37). This calculation was based on the comparison of the
experimental NOE intensities with the NOE intensities calculated from CORMA. A plot of
distribution of the sixth-root R factor, R1 x, measured from the CORMA calculation is shown
in Figure 7. The overall intra- and inter-residue sixth root residual R1

xvalues for 1,N2-εdG
duplex structures were 9.63 × 10−2 and 1.14 × 10−2, respectively.

A view normal to the helix axis and looking into the major groove of the central base pair
segment (5′-T5X6G7-3′•-5′-C18C19A20-3′) is shown in Figure 8. The 1,N2-εdG adduct adopted
the anti conformation about the glycosyl bond. The 1,N2-εdG ring was partially intercalated
between T5 and G7. The 1,N2-εdG H6 etheno proton faced away from the center of the helix,
whereas, the 1,N2-εdG H7 etheno proton faced towards center of the helix. The 1,N2-εdG
adduct shifted in position toward the minor groove, whereas the complementary C19 shifted
toward the major groove. Consequently, the X6 amino proton was oriented toward the minor
groove, whereas the C19 amino protons were oriented toward the major groove. The helical
rise between base pairs T5•A20 and X6•C19 was increased. The calculated 1,N2-εdG duplex
structure exhibited a bend at the adduct site.

Discussion
The structure of the 1,N2-εdG adduct is of interest due to the fact that etheno DNA adducts
(1) arise both from exogenous exposures to vinyl halides and other vinyl monomers (2–9), and
also as a consequence of endogenous exposure to lipid peroxidation products (9–11). The
exocyclic etheno ring in the 1,N2-εdG adduct disrupts Watson-Crick base pairing, and, as
anticipated, the 1,N2-εdG adduct is observed to be mutagenic, both in Escherichia coli (17)
and in mammalian (18) cells. Presently, we have determined the solution structure of 1,N2-
εdG adduct placed in the 5′-TXG-3′ sequence.

Structure of the 1,N2-εdG Duplex at pH 8.6
The refined structures calculated from rMD calculations indicate that nucleotides X6 and
C19 both adopt the anti conformation about the glycosyl bond at the adduct site. This is
corroborated by the similar intensities of the intranucleotide NOE peaks between all of the base
and H1′ sugar protons (Figure 2S, in the Supporting Information). The X6 nucleotide is inserted
into the helix but shifts toward the minor groove, while the complementary nucleotide C19

shifts towards the major groove. The pattern of NOEs between the εdG H6 and H7 protons
and the DNA are consistent with the displacement or extrusion of C19 toward the major groove.
The positioning of the 1,N2-εdG adduct is consistent with the pattern of NOEs arising from the
H6 and H7 etheno protons, which showed few NOE cross peaks with DNA protons. The etheno
protons are located toward the center of the helix and show internucleotide cross-strand NOEs
to the C18 and C19 nucleotides (Figure 8). The observation that the H7 proton showed more
cross peaks than did the H6 proton was consistent with the conclusion that the H7 proton was
closer to the center of the helix than was H6. This supports the conclusion that that the 1,N2-
εdG ring is inserted into the helix. As discussed, the assignment of the εdG H6 and H7
resonances was based upon extrapolation from unequivocal NMR assignments at the base and
nucleoside levels (14). The relative chemical shifts of H6 and H7, which differ by 0.3 ppm,
could be perturbed by the presence of strong ring-current shielding effects present in the
oligodeoxynucleotide. However, the adducted base X6 does not show strong stacking with
either of the flanking base pairs, X6•C19 and T5•A20, which can be observed in Figures 8 and
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9. Additionally, the refined structures suggest that the X6•C19 and T5•A20 base pairs are ~5.0
Å apart, greater than the expectation distance of 3.4 Å in B- form DNA. Consequently, ring-
current effects arising from G6 and A20 at the insertion site are anticipated to be small, and this
is corroborated by the observation that the relative chemical shifts of the εdG H6 and H7
protons, which differ in value by only 0.3 ppm, remain the same as is observed at the nucleoside
level (14).

Watson-Crick base alignment is maintained for the base pairs at either side of the lesion, as
indicated by the NOEs between dG N1H imino protons and hydrogen-bonded and non-
hydrogen-bonded dC amino protons, and the dT imino (N3H) and dA H2 protons (Figure 2).
The T5 N3H chemical shift, its NOE contacts, and the refined structure all indicate that it
remains (on average on the NMR time scale) Watson-Crick hydrogen bonded. Nevertheless,
the data indicate that the T5•A20 base pair is somewhat disrupted by the presence of the
neighboring X6•C19 base pair, and consequently, on the NMR time scale, the T5 imino proton
undergoes more rapid exchange with solvent. This is supported by the somewhat upfield shift
of and broadening of the T5 imino resonance in Figure 2, and the observation of a broad cross-
peak between T5 N3H and A20 H2 in the complementary strand. The greater-than-normal
calculated distances between T5 H1′ and X6 H2 (the X6 imidazole proton), between C18 H1′
and C19 H6, and between C19 H1′ and A20 H8 are consistent with the weaker T5 H1′→X6 H2,
C18 H1′→C19 H6, and C19 H1′→A20 H8 NOEs, while normal NOE intensity is observed for
the X6 H1′→G7 H8 and C18 H1′→C19 H6 correlation (Figure 3).

The uninterrupted sequential NOESY connectivities between the aromatic base protons and
the anomeric H1′ protons for nucleotides C1→C12 of the modified strand, and for nucleotides
G13→G24 of the complementary strand support the conclusion that the oligodeoxynucleotide
duplex containing the 1,N2-εdG adduct inserted into the 5′-TXG-3′ sequence adopts a right-
handed helical DNA structure at pH 8.6. This is confirmed from the uninterrupted sequential
NOESY connectivities between aromatic base protons and the sugar H2′ and H2″ protons, and
between the aromatic base protons for both the modified and the complimentary strand. Thus,
the structural perturbation induced by the insertion of 1,N2-εdG lesion is localized at base pair
X6•C19. This conclusion is supported by the chemical shift differences (Figure 5), which show
significant changes only for the X6 H1′, H2′, H2″, and C19 H1′ protons.

Comparisons to 1,N2-εdG-Modified Primer-Template Complexes in the Presence of the S.
solfataricus DNA Polymerase Dpo4

The exocyclic ring masks the Watson-Crick base pair coding face of dG. Moreover, it presents
a sterically bulky lesion. Thus, it is not surprising that the replicative human polymerase pol
δ was blocked by the 1,N2-εdG adduct (21). When primer extension was done by the S.
solfataricus Y-family DNA polymerase Dpo4 in the presence of a mixture of all four dNTPs,
HPLC-mass spectrometry analysis of the products led to the conclusion that this lesion bypass
enzyme uses several mechanisms, including A incorporation opposite 1,N2-εdG and also a
variation of dNTP-stabilized misalignment, to generate both base-pair and frameshift
mutations (20). On the other hand, the Dpo4 polymerase successfully inserts C opposite the
1,N2-εdG adduct approximately 18% of the time (20). While the similarities and differences
between adduct conformations in duplex DNA and in complexes with specific DNA
polymerases are not well understood, significantly, in each of these complexes with the Dpo4
enzyme, the 1,N2-εdG adduct also adopted the anti conformation about the glycosyl bond
(20). Although at neutral pH when placed opposite dC in duplex DNA, multiple conformations
are observed for the 1,N2-εdG adduct, it seems plausible that the Dpo4 enzyme selects for the
anti conformation about the glycosyl bond during trans-lesion synthesis. The human Y-family
polymerase ηconducted error-prone replication past 1,N2-εdG, preferentially incorporating
dGTP opposite the adduct, irrespective of the identity of the base 5′ of 1,N2-εdG in the template
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(21). Obtaining structures of the 1,N2-εdG adduct in complex with human bypass polymerases
will be of considerable future interest in delineating specific mechanisms by which this adduct
induces mutations in human DNA.

Implications for Recognition of the 1,N2-εdG Adduct by DNA Repair Complexes
The presence of multiple conformations of the 1,N2-εdG adduct when placed opposite dC in
duplex DNA at neutral pH and the prediction of an apparent bend in the duplex by the present
rMD calculations on the pH 8.6 conformation of the adduct represent observations likely to be
relevant with regard to the recognition of this lesion by damage-specific DNA glycosylases.
The E. coli mismatch-specific uracil-DNA glycosylase and the human alkylpurine-DNA-N-
glycosylase both release 1,N2-εdG adducts from DNA (45). Likewise, in mammalian cells, the
alkylpurine-DNA-N-glycosylase repairs the 1,N6-εdA (46), whereas mismatch-specific
thymine DNA glycosylase repairs 3,N4-εdC lesions (47). The “flipping” of damaged
nucleotides out of the DNA, and into active site binding pockets, provides a common
mechanism by which different DNA glycosylases interact with damaged DNA [for a review,
see (48)]. It is thought that destabilization of the DNA duplex at lesion sites may play a role
in damage recognition. It seems plausible that the 14 ºC decrease in Tm of the 1,N2-εdG-
modified duplex, in combination with the conformational exchange in duplex DNA at neutral
pH, may facilitate damage recognition, e.g., by human alkylpurine-DNA-N-glycosylase (45).

Structural Comparison to the 1,N2-Propano-2′-deoxyguanosine (PdG) Adduct
The PdG adduct provides a structural model for the six-member exocyclic 1,N2-propano lesions
of dG (29), and thus provides a comparison to the five-member exocyclic 1,N2-εdG adduct.
NMR studies reveal that PdG disrupts duplex DNA (39,40,43,44). At neutral pH, and similar
to the present observations for the 1,N2-εdG adduct, it has not been possible to obtain a refined
structure for PdG positioned opposite cytosine in duplex DNA. However, the spectrum of PdG
opposite dC in duplex DNA sharpens considerably as pH is lowered (44). Likewise, when PdG
is mismatched with dA in duplex DNA an ordered structure is stabilized at pH 5.8 (40,41). On
the other hand, when PdG is mismatched with dG, an ordered structure is formed which is
independent of pH (40). The pH dependent equilibrium observed when PdG is placed opposite
from dC or dA in duplex DNA arises from the ability of the PdG base to rotate about the
glycosyl bond into the syn conformation. In the syn conformation, PdG forms protonated
hydrogen bonding interactions with dC and dA. When placed opposite dC, this allows
formation of a protonated Hoogsteen pairing interaction (44). Preliminary data for the 1,N2-
εdG adduct at pH 5.2 suggest similar behavior. Thus, the conformational interconversion at
neutral pH observed in duplex DNA for the 1,N2-εdG adduct may arise from the presence of
multiple rotamers about the glycosyl bond.

Comparisons to the Structures of εdC and εdA Adducts in Duplex DNA
Previous studies of etheno DNA adducts focused upon 3,N4-εdC and 1,N6-εdA. Structures of
3,N4-εdC paired with dG and in various mismatch combinations have been reported from
crystallographic (49) and NMR data (43,44,50–52). As for the 1,N2-εdG adduct, Watson-Crick
base pairing is blocked by the 3,N4-εdC adduct when paired with dG. The crystallographic data
indicated the presence of a hydrogen bond involving O2 of 3,N4-εdC and N1 of dG (49). The
NMR data for the 3,N4-εdC adduct yielded similar conclusions (52). The structure of the
3,N4-εdC•G pair was similar to a T•G wobble pair (49). When the εdC•G base pair was
examined by NMR (43), both nucleotides were in the anti conformation about the glycosyl
bond. On the other hand, in the εdC•T base pair, εdC existed in the syn orientation about the
glycosyl bond, whereas the mismatched T remained in the anti conformation (43).

A structure of 1,N6-εdA opposite T in the complementary strand has been reported (53). Both
nucleotides adopted glycosyl torsion angles in the anti range, and showed base stacking with
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flanking Watson-Crick pairs. The NMR data were consistent with a non-planar alignment of
1,N6-εdA and T (53). Additional studies of involving the 1,N6-εdA adduct mispaired with dG
have been reported from crystallographic (54) and NMR (55) data. Both the crystallographic
and NMR data indicated that the mispaired dG adopted the anti conformation, whereas 1,N6-
εdA adopted the syn conformation about the glycosyl bond. The present structural data for the
1,N2-εdG adduct now extends our knowledge regarding the conformations of etheno adducts
in duplex DNA.

Conclusions
At pH 8.6 the 1,N2-εdG adduct positioned opposite dC is inserted between the 5′-neighbor T
and 3′-neighbor G in the 5′-TXG-3′ DNA sequence. Structural perturbations are localized at
the X6•C19 base pair, and its 5′-neighbor T5•A20. Both 1,N2-εdG and the complementary dC
adopt the anti conformation about the glycosyl bonds. The 1,N2-εdG adduct inserts into the
duplex but shifts towards the minor groove as compared to dG in a normal Watson-Crick C•G
base pair. The complementary cytosine is displaced toward the major groove. The 5′-neighbor
T5•A20 base pair is destabilized, and the refined structure predicts a bend in the helical axis
associated with the adduct site.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
1H NOESY spectra showing sequential NOE connectivity from anomeric H1′ to 3′-neighbor
aromatic protons for the modified and complimentary strands of the 1,N2-εdG oligonucleotide
duplex. The spectra were recorded at 7 °C, at 250 ms mixing time (pH 8.6). A. The 1,N2-εdG
modified strand. Labeled peaks are A, A4 H2→T5 H1′; B, A8 H2→A9 H1′; C, A9 H2→T10

H1′; D, G2 H8→C3 H5; E, T10 H6→C11 H5; and F, C11 H6→C12 H5. B. The complimentary
strand. Labeled peaks are G, A15 H2→T16 H1′ H, A20 H2→T21 H1′, I, T17 H6→C18 H5 and
J, G22 H8→C23 H5. Asterisks indicate the cytosine H5-H6 cross peaks.
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Figure 2.
A. Downfield region of the 1H NMR spectrum. B. 1H NOESY spectrum showing the NOE
connectivity between the imino protons and the amino and base protons. Labeled peaks are
A,A′, G2 N1H→C23 N4H, h/n; B,B′, G22 N1H→C3 N4H, h/n; C,C′, G7 N1H→C18 N4H, h/n;
D,D′, G14 N1H→C11 N4H, h/n; E, T21 N3H→A4 H2; F, T5 N3H→A20 H2; G, T17

N3H→A8 H2; H, T16 N3H→A9 H2; I, T10 N3H→A15 H2; J, G22 N1H→A4 H2; K, T5

N3H→A4 H2; L, T21 N3H→A20 H2; M, G7 N1H→A8 H2; N, T16 N3H→A8 H2; O, T17

N3H→A9 H2; P, T10 N3H→A9 H2; Q, T16 N3H→A15 H2; R, G14 N1H→A15 H2. The
symbols h and n stand for hydrogen-bonded and non-hydrogen-bonded amino protons of
cytosine. C. 1H NOESY spectrum showing resonances for the thymine and guanine imino
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protons and sequential NOE connectivity for the imino protons of the base pairs
G2•C23→G14•C11 for the 1,N2-εdG oligodeoxynucleotide duplex. The labels designate the
imino proton of the indicated nucleotide. The spectra were recorded in buffer solution
containing 9:1 H2O:D2O at 7 °C (pH 8.6).
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Figure 3.
1H NOESY spectrum showing the assignment of the exocyclic 1,N2-εdG protons H6 and H7,
and NOEs between the etheno and DNA protons. The assignments are A, X6 H7→X6 H6; B,
X6 H7→C18 H1′; C, X6 H7→C19 H5; D, X6 H7→C18 H2″; E, X6 H7→C19 H6; F, X6

H6→C19 H6; and G, X6 H6→C19 H2″. The spectrum was recorded in 10 mM NaH2PO4, 100
mM NaCl, 5 μM Na2EDTA, at 7 °C (pH 8.6).
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Figure 4.
A. Proton-decoupled 31P NMR of the 1,N2-εdG-modified oligodeoxynucleotide duplex.
Labeled peaks, G7 and C19, were identified from their two dimensional H3′-31P spectrum where
it showed cross peak for X6 H3′→G7 31P, and C18 H3′→C19 31P. The spectrum was recorded
at 25 °C in 10 mM NaH2PO4, 100 mM NaCl, and 5 μM Na2EDTA (pH 8.6).
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Figure 5.
Chemical shift differences observed for 1,N2-εdG-modified duplex when compared to the
corresponding unmodified duplex at pH 8.6. Δδ=[δunmodified oligonucleotide −
δmodified oligonucleotide] (ppm).
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Figure 6.
Superpositions of structures emergent from rMD calculations for the 1,N2-εdG-modified
duplex at pH 8.6. A. Using a B-form DNA starting structure. B. Using an A-form DNA starting
structure.
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Figure 7.
Intra- (black) and inter-nucleotide (gray) sixth root R1

x factors as a function of nucleotide
position in the 1,N2-εdG duplex. A. The modified strand. B. The complementary strand.

Shanmugam et al. Page 23

Chem Res Toxicol. Author manuscript; available in PMC 2008 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
Stereoview of the central segment 5′-TXG-3′ of the 1,N2-εdG-modified 37 duplex as seen from
the major groove.
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Figure 9.
Stereoview from the top of the helix showing stacking interactions on the central segment of
the duplex. A. The interaction between the T5•A20 and X6•C19 base pairs. B. The interaction
between the X6•C19 and G7•C18 base pairs.
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Scheme 1.
A. 1,N2-εdG-Modified Oligodeoxynucleotide Numbering Scheme. B. Structure and
Numbering Scheme for 1,N2-εdG Adduct.
1, N2-etheno-2′-deoxyguanosine (1,N 2-εdG)
*The imidazole proton of the 1,N2-εdG nucleotide is designated as H2, corresponding to the
H8 proton in guanine.
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Table 1
Analysis of the rMD-Generated Structuresa of the 1,N2-εdG Adduct in the 5′-
TXG-3′ Sequence at pH 8.6.

NMR Restraints
 total number of distance restraints 385
  Interresidue distance restraints 140
  Intraresidue distance restraints 245
 empirical restraints
  hydrogen bonding restraints 45
  sugar pucker restraints 100
  backbone torsion angle restraints 148
Initial structures Atomic rmsd (Å)
 IniA vs IniB 5.77
Rms shifts
 IniA vs <rMDA>b 4.18
 IniB vs <rMDB>b 3.12
Rms distributions
 <rMDA> vs <rMDA> 0.52
 <rMDB> vs <rMDB> 0.76
 <rMDA> vs <rMDB> 1.34
 <rMDA> vs rMDc 0.26
 <rMDB> vs rMDc 0.38

a
Root Mean Square Deviations (rmsd), Excluding the End Base Pairs, Between Various Initial Structures and Averaged Structures Emergent from rMD.

b
<rMDA> and <rMDB> represents the set of 5 structures that emergent from rMD calculations starting with IniA and IniB, respectively.

c
rMD represents the average minimized structure from all 10 rMD calculations
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