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Structure of the 1,N>-Ethenodeoxyguanosine Adduct Opposite
Cytosine in Duplex DNA: Hoogsteen Base Pairing at pH 5.2°
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The exocyclic 1,N*-ethenodeoxyguanosine (1,N*-edG) adduct, arising from the reaction of vinyl halides
and other vinyl monomers, including chloroacetaldehyde, and lipid peroxidation products with dG, was
examined at pH 5.2 in the oligodeoxynucleotide duplex 5-d(CGCATXGAATCC)-3"5-d(GGATTC-
CATGCG)-3’ (X = 1,N*-edG). Previously, X(anti)-C(anti) pairing was established in this duplex, containing
the 5"-TXG-3’ sequence context, at pH 8.6 [Shanmugam, G., Goodenough, A. K., Kozekov, I. D., Harris,
T. M., Guengerich, F. P., Rizzo, C. J., and Stone, M. P. (2007) Chem. Res. Toxicol. 20, 1601—1611]. At
pH 5.2, the 1,N*-edG adduct decreased the thermal stability of the duplex by ~13 °C. The 1,N*-edG
adduct rotated about the glycosyl bond from the anti to the syn conformation. This resulted in the
observation of a strong nuclear Overhauser effect (NOE) between the imidazole proton of 1,N*-edG and
the anomeric proton of the attached deoxyribose, accompanied by an NOE to the minor groove A%’ H2
proton from the complementary strand. The syn conformation of the glycosyl bond at 1,N*-edG placed
the exocyclic etheno moiety into the major groove. This resulted in the observation of NOEs between
the etheno protons and the major groove protons of the 5’-neighboring thymine. The 1,N*-edG adduct
formed a Hoogsteen pair with the complementary cytosine, characterized by downfield shifts of the amino
protons of the cytosine complementary to the exocyclic adduct. The pattern of chemical shift perturbations
indicated that the lesion introduced a localized structural perturbation involving the modified base pair
and its 3’- and 5’-neighbor base pairs. A second conformational equilibrium was observed, in which both
the modified base pair and its 3’-neighboring G-C base pair formed tandem Hoogsteen pairs. The results
support the conclusion that at neutral pH, in the 5-TXG-3" sequence, the 1,N*-edG adduct exists as a
blend of conformations in duplex DNA. These involve the interconversion of the glycosyl torsion angle
between the anti and the syn conformations, occurring at an intermediate rate on the NMR time scale.
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Introduction

Ethenobases are five-membered exocyclic addition products
to DNA nucleobases. The etheno ring system is found in DNA
adducts (/) arising from the reactions of electrophiles derived
from vinyl halides and other vinyl monomers, including
chloroacetaldehyde, with dC, dA, and dG nucleotides in DNA
(2-9). They also arise as a consequence of endogenous exposure
to lipid peroxidation products (10), particularly 4,5-epoxy-2(E)-
decanal and 4-ox0-2(E)-nonenal (11-14), and 9,12-dioxo-10(E)-
dodecanoic acid (15, 16). The 1,Nz—ethenodeoxyguanosine (l,Nz—
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Scheme 1. (A) 1,N*-edG-Modified Oligodeoxynucleotide
Numbering Scheme and (B) Structure and Numbering
Scheme for 1,N*-edG Adduct®
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“1,N>-edG. The imidazole proton of the 1,N*>-edG nucleotide is
designated as H2, corresponding to the H8 proton in guanine.
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€dG)" adduct (Scheme 1) (I7) is one of two possible €dG
lesions, the other being the N2,3—ethen0deoxyguanosine (N2,3—
€dG) adduct. The Guengerich laboratory elucidated the mech-
anism for the formation of 1,N?-edG (I8, 19). It has been
detected in DNA treated with vinyl chloride metabolites (20)
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and f-carotene oxidation products (2/) and has been isolated
using immunohistochemistry (22) and high-sensitivity mass
spectrometric techniques from liver DNA in rodents (23-25).

The 1,N*-edG adduct is mutagenic, both in Escherichia coli
(26) and in mammalian (27) cells. When bypassed by E. coli
polymerases I exo- and II exo-, T7 polymerase exo-, HIV-1
reverse transcriptase, and rat polymerase f3, it produces misin-
corporation errors (28). The bypass of the 1,N*-edG adduct by
the Y-family Sulfolobus solfataricus P2 DNA polymerase IV
(Dpo4) was dependent upon the DNA sequence. When the
template was 3’-(1,N*-edG)TACT-5’, dATP was preferentially
incorporated, whereas with the template 3’—(1,N2—edG)CACT—
5, both dGTP and dATP were incorporated (29). The replicative
human polymerase pol & was blocked by the 1,N*-edG adduct
(30). Human polymerase 7 conducts error-prone replication past
1,N?-edG, preferentially incorporating dGTP opposite the adduct,
irrespective of the identity of the base 5” of 1,N?-edG in the
template (30). The human polymerases ¢ and « showed similar
rates of incorporation of dTTP and dCTP (30).

The insertion of the 1,N*-edG lesion into a template contain-
ing the 5-TXG-3’ sequence and the formation of either binary
or ternary complexes with the S. solfataricus DNA polymerase
Dpo4 were reported by Zang et al. (29). To compare the
structure of 1,N*-edG in duplex DNA with that in the binary
and ternary polymerase complexes, 1,N>-edG was inserted into
the duplex 5’-d(CGCATXGAATCC)-3"+5"-d(GGATTCCAT-
GCG)-3’ (X = 1,N*-edG) (Scheme 1) containing the 5’-TXG-
3’ sequence context. A refined structure of the 1,N?-edG adduct
has been reported at neutral pH in the 5’-CXC-3’ sequence (31),
but in the 5-TXG-3" sequence, at neutral pH, spectral line
broadening arising from conformational exchange precluded
structural refinement (32). However, at pH 8.6 in the 5-TXG-
3’ sequence context, it was possible to obtain well-resolved 'H
NMR spectra (32). The 1,N*-edG-induced structural perturbation
was localized at the X*C'® base pair and its 5’-neighbor T>A%.
Both the 1,N*-edG and the complementary dC adopted the anti
conformation about the glycosyl bonds. The 1,N*-edG adduct
was inserted into the duplex; however, the etheno moiety
oriented toward the minor groove. The complementary cytosine
was displaced toward the major groove. The 5’-neighboring
T>-A%° base pair exhibited a disruption in Watson—Crick base
pairing (32).

The present work examines the 1,N?-edG-adducted oligode-
oxynucleotide duplex, containing the 5’-TXG-3" sequence
context, at pH 5.2. At the lower pH, the 1,N?-edG adduct
introduces a localized perturbation at the modified base pair
X%C' and its 3’-neighboring base pair G™*C'®. The 1,N*-edG
adduct rotates about the glycosyl bond into the syn conformation,
placing the exocyclic adduct into the major groove. The 1,N>-
€dG adduct forms a Hoogsteen pair with the complementary
nucleotide C'°, as was suggested by Zaliznyak et al. (3/). A
second conformational equilibrium is observed, in which the
3’-neighboring G-C base pair also transitions to a Hoogsteen
pair.

Materials and Methods

The oligodeoxynucleotides 5-d(CGCATGGAATCC)-3" and 5’-
d(GGATTCCATGCG)-3" were synthesized and purified by anion-
exchange chromatography by the Midland Certified Reagent Co.
(Midland, TX). The 1,N*-edG phosphoramidite (33) was incorpo-
rated into 5-d(CGCATXGAATCC)-3" (X = 1,N*-edG) oligode-
oxynucleotide using an Expedite 8909 DNA synthesizer (PerSeptive
Biosystems) on a 1 umol scale using the manufacturer’s standard
protocols. Following cleavage of the modified oligodeoxynucleotide
from the solid support, the exocyclic amino groups were deprotected
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using 0.1 M aqueous NaOH at room temperature overnight. The
deprotection reaction was neutralized, and the oligodeoxynucleotide
was purified by HPLC, using a Beckman HPLC system with UV
detection at 260 nm with Waters YMC ODS-AQ columns (250
mm x 10 mm id., 5 mL/min). The gradient was initially 1%
CH;CN; 5 min linear gradient to 8% CH;CN; 15 min linear gradient
to 11% CH;CN; 2 min linear gradient to 80% CH;CN; 1 min
isocratic at 80% CH;CN; and 2 min linear gradient to initial
conditions. The oligodeoxynucleotide was desalted over Sephadex
G-25 using a BioRad FPLC system and analyzed by capillary gel
electrophoresis (CGE) (99.5%) using a Beckman P/ACE MDQ
instrument system with a 31.2 cm x 100 um eCAP capillary;
samples were applied at 10 kV and run at 9 kV and detected at
260 nm. The capillary was packed with the manufacturer’s 100-R
gel (for ss-DNA) using a tris-borate buffer system containing 7 M
urea. MALDI-TOF mass spectra (negative ion) of modified
oligodeoxynucleotides were obtained on a Voyager Elite DE
instrument (Perseptive Biosystems) at the Vanderbilt Mass Spec-
trometry Facility using a 3-hydroxypicolinic acid matrix containing
ammonium hydrogen citrate (7 mg/mL) to suppress multiple Na™
and K™ adducts. 5’-d(CGCATXGAATCC)-3’, MALDI-TOFMS:
caled for [M — H] ™, m/z 3652.6; found, m/z 3653.0.

Enzymatic Digestion. The oligodeoxynucleotide (0.5 A, units)
was dissolved in 30 uL of buffer (pH 7.0, 10 mM Tris-HCI and 10
mM MgCl,) and incubated with DNase I (8 units, Promega), snake
venom phosphodiesterase I (0.02 units, Sigma), and E. coli alkaline
phosphatase (1.7 units, Sigma) at 37 °C for 24 h. The mixture was
analyzed by HPLC with UV detection at 260 nm and a Waters
YMC ODS-AQ column (250 mm x 4.6 mm i.d., 1.5 mL/min).
The gradient was initially 1% CH;CN; 15 min linear gradient to
10% CH4CN; 5 min linear gradient to 20% CH;CN; 5 min isocratic
at 20% CH5CN; 3 min linear gradient to 80% CH;CN; 2 min
isocratic at 80% B; and 3 min linear gradient to initial conditions.
The adducted nucleoside was identified by comparison with an
authentic sample based on retention times, coinjection, and its UV
spectrum.

Thermal Denaturation Studies. Experiments were conducted
on a Cary 4E spectrophotometer (Varian Associates, Palo Alto, CA).
The samples contained 0.33 A, unit of duplex oligodeoxynucle-
otide dissolved in 1 mL of buffer containing 10 mM Na,HPO,/
NaH,PO,, 1.0 M NaCl, and 5 uM Na,EDTA (pH 5.2). The
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 7, values.

NMR. Samples were dissolved to a duplex concentration of 1
mM in 500 uL of buffer containing 10 mM NaH,PO,, 100 mM
NaCl, and 5 uM Na,EDTA (pH 5.2; uncorrected for deuterium
isotope effects). Samples for the observation of nonexchangeable
protons were exchanged with D,O and suspended in 500 uL of
99.99% D,0. Samples for the observation of exchangeable protons
were dissolved to a concentration of 1 mM in 500 uL of buffer
containing 10 mM NaH,PO,, 100 mM NaCl, and 5 uM Na,EDTA
(pH 5.2) 9:1 H,0:D,0 (v/v). The pH was adjusted by titration with
either DCI or NaOD. Chemical shifts of the proton resonances were
referenced to water. For experiments in which the 1,N*-edG H7
etheno proton was exchanged with deuterium, the 1,N*-edG-
modified oligodeoxynucleotide duplex was suspended in 500 uL
of D,O, containing 10 mM NaH,PO,, 100 mM NaCl, and 5 uM
Na,EDTA (pH 8.6). To achieve complete exchange of H7 proton,
the sample was kept at 50 °C for ~96 h. The pH was adjusted to
pH 5.2 (uncorrected for deuterium isotope effects) using a dilute
solution of DCIL.

NMR spectra were recorded on Bruker Avance spectrometers
operating at 600 and 800 MHz and at 7 °C. For each ¢, increment
of 'H two-dimensional (2D) NOE spectroscopy (NOESY) experi-
ments in D,0, 32 scans were averaged with presaturation of the
HDO resonance. Spectra were recorded consecutively using time
proportional phase increment (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
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points in the indirect dimension covering 9615.385 Hz. The
relaxation delay was 1.5 s. The data in the d, dimension were zero-
filled to give a matrix of 2K x 2K real points. NOESY spectra for
observation of exchangeable protons were recorded in 9:1 H,O:
D,O (v/v), using the Watergate pulse sequence (34) for water
suppression. The spectra, consisting of 128 transients, were obtained
with a cryogenic probe using States-TPPI phase cycling with a
mixing time of 250 ms. A squared sine-bell with 72° shift
apodization was applied in d; dimension while cosine-squared bell
apodization was applied in the d, dimension. A total of 1536 real
data points in the d; dimension and 512 points in d, dimension
were acquired. 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).

Molecular Modeling. Potential energy minimization calculations
were conducted with the program X-PLOR (35). Classical B-DNA
(36) was used as the reference structure to create starting structures
for the calculations. The program INSIGHT II (Accelrys Technolo-
gies, Inc., San Diego, CA) was used to build the initial structures
and for visualization of minimized structures. The 1,N*-edG adduct
was constructed by bonding the etheno group to N1 and N? at G°
using INSIGHT II. The restrained electrostatic potential (RESP)
charges for the 1,N?-edG adduct and the protonated cytosine were
calculated using the program GAUSSIAN9S (37) on the free bases
(excluding the sugar—phosphate portion) using a total charge of
+1 for protonated cytosine and a neutral charge on 1,N*-edG adduct.
The input data for the GAUSSIANOS calculations were obtained
from the program ANTECHAMBER (38).

Results

Characterization of the Modified Duplex. At neutral pH,
1,N?-€dG induced a 14 °C decrease in T,,. It was not possible
to examine the 1,N*-edG adduct positioned opposite dC 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,N?-edG adduct at
neutral pH (32). However, decreasing the pH of the sample to
pH 5.2 yielded a reasonably well-resolved NMR spectrum.
Therefore, the work described here focuses on the 1,N*-edG
adduct at pH 5.2. The T,, of the modified duplex was 40 °C in
10 mM NaH,PO,, 100 mM NaCl, and 5 uM Na,EDTA (pH
5.2). The corresponding 7, for the unmodified duplex under
the same conditions was 53 °C. Thus, 1,N*-edG induced a ~13
°C decrease in T,,.

Resonance Assignments. 1. Nonexchangeable Protons. For
the modified strand, the anticipated pattern of sequential base
aromatic—deoxyribose anomeric nuclear Overhauser enhance-
ment (NOE) was identified from C'—T3 (Figure 1A). The A*
HI'—T> H6 and T> H6—T> H1’ NOEs were weak. The T°
H1’—X® H2 NOE (the imidazole proton of 1,N*-edG; note the
modified numbering scheme for this nucleotide) was missing,
interrupting the NOE connectivity. The intensity of the X°
H2—X® H1’ cross-peak was exceptionally large. The X°
H1’'—G’ H8 NOE was weak. The G’ H8—G’ H1’ and the G’
H1’—A® H8 NOEs were not detected. Figure 1B shows the
phase-sensitive NOESY spectrum with a 70 ms mixing time.
The strong cross-peak assigned to the X® H2—X° H1’ NOE
remained present at the shorter mixing time. Proceeding in the
3’-direction from the A® H8—A® H1’ NOE, the NOESY
connectivities continued uninterrupted to the 3” terminus of the
modified strand. In the complimentary strand, the NOE con-
nectivities were continuous (Figure 1C). However, the reso-
nances of C'?, the nucleotide complimentary to X°, were broad.
The C'® H6—C'® H1” and C'® HI'—C' H6 cross-peaks
overlapped with the C'> H6—C'' H1” and C'' H6—C'' H1’
NOE cross-peaks, respectively. Similarly, the C'° H6—C'® H1”
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Figure 1. "H NOESY spectrum collected at 250 ms mixing time at 7
°C (pH 5.2). (A) Sequential NOE connectivity from anomeric H1” to
3’-neighbor aromatic protons of the modified strand. Peaks: a, A®
H2—A® HI’; b, G> H8—C? H5; ¢, T'® H6—C'! H5; d, C'!' H6—C'?
H5; and e, C'> H6—C!! H5. (B) 'H NOESY spectrum collected at a
NOE mixing time of 70 ms showing the X® H2—X® H1’ NOE. (C)
Sequential NOE connectivity from anomeric H1” to 3’-neighbor
aromatic protons for the complimentary strand. Labeled peaks: f, A'®
H2—T'S H1’; g, A*° H2—T?' H1’; h, T'” H6—C'® H5; i, C'® H6—C"®
HS5; and j, G** H8—C?? H5. (D) The 5'-purine H8—3’-pyrimidine H6
NOEs showing an additional NOE that was assigned as A?® H2—X°
H2. Asterisks indicate the cytosine HS—HG6 cross-peaks.

cross-peak overlapped with the C'® H5—C' H6 cross-peak.
The C'” HI’—A? H8 NOE was weak. The pattern of NOEs
between the base aromatic protons and the deoxyribose H2” and
H2” protons was similar to that observed for the NOEs between
the aromatic protons and the deoxyribose H1” protons, in both
the modified and the complementary strands. Sequential NOEs
were disturbed from T° to G’ in the modified strand and from
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C'" to A% in the complimentary stand (Figure S1 of the
Supporting Information).

An expansion of the "H NOESY spectrum showing the 5'—3’
NOEs between purine H8/pyrimidine H6 protons is shown in
Figure 1D. An additional cross-peak was observed at 7.12 parts
per million (ppm), assigned as an NOE between the minor
groove A?° H2 proton and the imidazole proton of 1,N*-edG,
A% H2—X°® H2. The anticipated sequential 5'—3’ NOEs
between purine H8/pyrimidine H5 protons in the G>—C? (peak
b, Figure 1A), T'°—C'! (peak c, Figure 1A), C''—=C'? (peak
d, Figure 1A), T'"—C"® (peak h, Figure 1C), C'*—C" (peak i,
Figure 1C), and G**—C?* (peak j, Figure 1C) steps were
observed. Anticipated NOEs between purine H8 and thymine
CHj; protons were observed for the A*—=T3, A°—T'° AP—T!,
T'*—T', and A**—T?' steps. The sequential A* H2—T> H1’
(not observed at the contour level plotted in Figure 1A), A®
H2—A° H1’ (peak a, Figure 1A), A’ H2—T'° H1" (overlapped),
A'S H2—T'® H1’ (peak f, Figure 1C), and A*® H2—T?' HI’
(peak g, Figure 1C) NOEs were observed. While the H3” and
H4’ resonances could be assigned, the diastereotopic assignments
of the H5" and H5” resonances remained equivocal. The
assignments of the nonexchangeable protons for the unmodified
and modified duplexes at pH 5.2 are summarized in Tables S1
and S2 in the Supporting Information, respectively. For the
unmodified duplex, the sequential NOE connectivity between
aromatic protons and 3’-neighbor deoxyribose H1” protons at
pH 5.2 is presented in Figure S2 in the Supporting Information.

2. Exchangeable Protons. The assignments for the DNA
imino protons are shown in Figure 2A. Five partially overlapped
resonances, located between 13.2 and 13.8 ppm, arose from
thymine N3H protons, as evidenced by NOEs to the corre-
sponding adenine H2 protons (Figure 2B). Similarly, three
resonances between 12.5 and 13.2 ppm arose from guanosine
N1H protons. The resonance at 13.0 ppm was assigned to G*
N1H based on the NOEs to the complementary C** amino
protons (Figure 2B). The anticipated pattern of sequential NOE
connectivities was observed from base pairs G*C*>—T>A*
(Figure 2C). It was interrupted between base pairs T>*A?° and
X%C' and between base pairs X*C'® and G™*C'®. The weak
resonance located at 12.3 ppm was assigned as G’ N1H, by
observation of the sequential NOE to base pair A*T'". The
anticipated NOEs between the G’ N1H and the amino protons
of the complementary nucleotide C'® were not detected.
Sequential NOE connectivities were observed from
G’-C'*—=C".G' base pairs (Figure 2C).

Additional resonances were observed (Figure 2A). Two
resonances were observed at 9.0 and 10.2 ppm and assigned to
the amino protons of protonated C'°, which is complementary
to X°. These were assigned by observation of NOEs to C'* H5
(Figure 3). The downfield resonance was assigned to hydrogen-
bonded amino proton, and the upfield resonance was nonhy-
drogen-bonded amino proton of C'°. These assignments were
confirmed by the observation of weak NOEs between each of
the C'? amino protons and the Watson—Crick hydrogen-bonded
imino proton of the 5’-neighbor T>A?° base pair (Figure S3 in
the Supporting Information). Two additional weak signals were
also observed at 9.6 and 10.6 ppm (Figure 2A). These were
assigned to a second conformational equilibrium of the adducted
duplex, in which the 3’-neighbor base pair also was shifting to
the Hoogsteen conformation (vide infra). Two weak peaks were
observed at 14.8 and 15.4 ppm (Figure 2A). They were assigned
as arising from protonation of C'® and C' at the N3 position.
The resonance assigned as C' N3H" was of greater intensity
than that assigned as C'® N3H™'. The resonance assignments
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Figure 2. (A) Downfield region of the "H NMR spectrum recorded in
buffer solution containing 9:1 H,0:D,0 at 7 °C (pH 5.2). (B) 'H
NOESY spectrum showing the NOE connectivity between the imino
protons and the amino and base protons. Labeled peaks: a,a’, G*
N1H—C?* N*H, h/n; b,b’, G** NIH—C? N*H, W/n; c.c’, G'* NIH—~C""
N*H, b/n; d, T*! N3H—A* H2; e, T° N3H—AZ H2; f, T'" N3H—A®
H2; g, T'® N3H—A® H2; h, T'® N3H—A'"® H2; i, G>* NIH—A* H2;
j» TP N3H—A* H2; k, T'® N3H—AS® H2; I, T'” N3H—A® H2; m, T'®
N3H—A'" H2; and n, G'* NIH—A'® H2. The symbols h and n stand
for hydrogen-bonded and nonhydrogen-bonded amino protons of
cytosine. (C) "H NOESY spectrum showing resonances for the thymine
and guanine imino protons and sequential NOE connectivity for the
imino protons of base pairs G*C>*—~G'*C"!. The labels designate the
imino proton of the indicated nucleotide. The spectra were recorded in
9:1 H,0:D,0 at 7 °C (pH 5.2).

for the imino and amino protons of the 1,N*-edG-adducted and
the corresponding unmodified duplexes are found in Tables S3
and S4, respectively, in the Supporting Information.

3. Assignment of the 1,N>-edG Etheno Protons. The etheno
protons exhibit a small J coupling constant, 2.6 Hz for the
nucleoside (33, 39, 40), which precludes their observation in
correlation spectroscopy (COSY) type experiments at the
oligodeoxynucleotide level. Surprisingly, NOESY spectra also
did not show a strong NOE peak for the etheno protons, despite
their strong dipolar coupling interaction. This was attributed to
spectral overlap of the etheno H6 and H7 protons, which was
confirmed by selective deuteration of the H7 proton (/8). Figure
4 shows an overlay of two NMR spectra, before and after
deuteration of the H7 proton. For the deuterated sample at pH
5.2, the integrated intensity of the resonance assigned to the
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proton resonances of nucleotide C'® (complementary to X°) following
its H5 proton resonance. These resonances are observed at 0 ~ 10.22
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protons are characteristic of Hoogsteen pairing at X%C2°.
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Figure 4. Superposition of 'H NMR spectra of the 1,N*-edG-modified
duplex (curve a) and after selective deuteration of the 1,N*-edG H7
proton (curve b). The experiments were conducted at pH 5.2 and 7 °C.

overlap of the H6 and H7 protons was reduced by one-half. A
similar superposition of the etheno resonances was observed
for the 1,N°-ethenodeoxyadenosine (1,N%-edA) (syn)-dG(anti)
base pair in duplex DNA, in which both of the etheno protons
were superpositioned at 7.48 ppm (47). A strong NOE was
observed between the overlapped X® H6 and H7 resonances
and the T° CH, (Figure S5A, peak a). The X° overlapped X°® H6
and H7 resonances showed a NOE to T° H6 (Figure 5A, peak
¢). A weak cross-strand NOE was observed between the
overlapped X°® H6 and H7 resonances and the T'” CH, (Figure
5A, peak c). Two additional cross-peaks (Figure 5A, peak d
and e) were observed. These were also detected in the 70 ms
mixing time NOESY spectrum (Figure 5B, peaks d and e), at
the same intensity as was observed in the 250 ms mixing time
data. Accordingly, these two cross-peaks were assigned as
arising from conformational exchange. This conformational
exchange was attributed to the syn/anti rotation of the glycosyl
bond on the NMR time scale, since the chemical shifts of the
two exchange peaks were comparable to the chemical shifts
observed for the anti conformation of the 1,N*-edG etheno
protons at pH 8.6 in the 5-TXG-3" sequence context (32).

4. Chemical Shift Perturbations. Comparison of the modi-
fied duplex with the corresponding unmodified duplex suggested
that at pH 5.2 1,N*-edG introduced a localized structural
perturbation into the duplex DNA (Figure 6). Differences were
observed at the adducted base pair X*C'? and extended to its
5’-neighbor base pair T>*A%° and 3’-neighbor base pair G’C'®.
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Figure 5. '"H NOESY spectrum (tile plot) showing the assignment of
the exocyclic etheno protons H7 and H6 and NOEs between the etheno
and the DNA protons. (A and B) The NOESY spectra recorded at 250
and 70 ms mixing times. Cross-peaks: a, X® H6/H7—T> CH;; b, X°
H6/H7—T'" CH,; ¢, X® H7/H6—T°> H6; d, conformational exchange
peak from X° H6; and e, conformation exchange peak from X°® H7.
The spectrum was recorded at 7 °C (pH 5.2).

The major change was observed for X° H2, which shifted upfield
0.6 ppm as compared to G® HS in the unmodified duplex. The
X® H1’ resonance shifted downfield by 0.3 ppm, while the X°
H2’ resonance shifted upfield by 0.5 ppm. The complementary
C'"’ H1” and H2’ resonances shifted upfield 0.3 and 0.6 ppm,
respectively. The T3 H6 resonance shifted upfield by 0.5 ppm,
while the TS H2” resonance shifted downfield by 0.3 ppm. The
C'® H6 and A*° H8 protons showed 0.1 and 0.2 ppm downfield
shifts, respectively.

Observation of a Second Conformational Equilibrium
Involving the 3’-Neighbor G”-C'®, Two additional weak signals
were observed in the 9—11 ppm region of the NOESY spectrum
(Figure 2A). These were attributed to a second conformational
equilibrium allowing the formation of tandem Hoogsteen pairs,
at base pair X*C'? and the 3’-neighbor base C'®. This conclusion
was supported by the observation of a second small peak in
very far downfield region of the spectrum, assigned as the
protonated C'® imine. The broadening of the G’ N1H imino
resonance suggested that base pair G’*C'® equilibrated between
the Watson—Crick and the Hoogsteen pairing arrangements,
with the Watson—Crick pair favored at pH 5.2. The absence of
NOEs between the G’ N1H imino proton and the amino protons
of the complementary C'® (Figure 2B) also suggested that the
two conformations existed in intermediate exchange on the
NMR time scale. This was consistent with the absence of the
G’ H8—G’ H1’ NOE, the broadening of the X® HI'—G’ HS
NOE cross-peak, and the absence of the G’ HI’—A® H8 NOE.

Molecular Modeling. The observation that the 3’-neighbor
G’-C'® base pair was simultaneously equilibrating between the
syn and anti conformations led to the conclusion that at pH
5.2, the 1,N*edG-adducted duplex existed as a mixture of
species, with one species involving formation of a Hoogsteen
pair at X*“C' and the second conformational equilibrium
allowing formation of tandem Hoogsteen pairs at X*C' and
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G’-C'8 (Figure 7). The interconversion of these two conforma-
tional equilibria at an intermediate rate on the NMR time scale,
evidenced by the broadening and loss of key NOEs, precluded
the determination of a refined structure of the 1,N*-edG adduct
at pH 5.2. Instead, potential energy-minimized structures for
the major species present at equilibrium, involving a Hoogsteen
X%C' base pair and a Watson—Crick G’-C'® base pair (Figure
7A), and a minor species, involving tandem X%C'® and G’-C'®
Hoogsteen base pairs (Figure 7B), were calculated. For the major
species, X°® was rotated ~180° about the glycosyl bond into
the syn conformation. For the minor species, both X® and G’
were rotated ~180° about the glycosyl bonds. These starting
structures were potential energy minimized using 100 iterations
of conjugate gradients minimization to relieve poor van der
Waals contacts. Watson—Crick hydrogen-bonding restraints
were applied at all of the base pairs with the exception of X*C"?
in the major species and X*C'® and G’-C'® in the minor species,
for which Hoogsteen base pair restraints were used. The
restraints were justified by data that showed imino and amino
proton resonances consistent with a right-handed Watson—Crick
paired duplex except at base pairs X*C' and G”-C'®, with
formation of Hoogsteen pairs at these two sites. No deoxyribose
pseudorotation or backbone torsion angle restraints were used
for the X®C'® and G’-C'® base pairs. Five hundred cycles of
potential energy minimization using the conjugate gradients
algorithm were applied.

The molecular modeling of these two species indicated that
for the major species (Figure 7A), the Hoogsteen X%C'? and
Watson—Crick G™C'® base pairs, could be accommodated
within the DNA duplex with minimal distortion. The 1,N*-edG
etheno protons faced into the major groove, whereas the
imidazole H2 proton of the modified guanosine faced into the
minor groove. In the minor species (Figure 7B), the formation

of tandem X*C'? and G’-C'® Hoogsteen base pairs was also
accommodated within the DNA duplex with minimal disruption.

Figure 8 details the possible stacking interactions in the two
species, on the basis of the potential energy minimization
calculations. The stacking of T° above the Hoogsteen conforma-
tion of modified base pair X*C'® was consistent with the
observation of NOEs between overlapped X°® H7 and H6
resonances and T°> CH; and T° H6 (Figure 5). The proximity
of the imidazole proton of 1,N?-edG to the A*° H2 proton, due
to the Hoogsteen conformation of base pair X*C'?, resulting
in observation of an NOE cross-peak at 7.12 ppm (Figure 1), is
evident. In the minor species involving the tandem Hoogsteen
pairing arrangement, the two guanosine bases formed a partial
stacking arrangement, and likewise, the two cytosine bases
formed a partial stacking arrangement.

Discussion

The 1,N*-edG adduct is of interest because etheno DNA
adducts (/) 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, 42, 43).
The exocyclic ring masks the Watson—Crick base pair coding
face of dG and presents a sterically bulky lesion. In this duplex
pH 8.6, the 1,N*-edG adduct adopts the anti conformation about
the glycosyl bond (32). In the present study, the solution
structure of 1,N*-edG adduct placed in the same sequence and
opposite to cytosine is reported at pH 5.2.

Structure of 1,N*-edG in the 5-TXG-3' Sequence
Context at pH 5.2. At pH 52, 1,N>-edG adopts the syn
conformation about the glycosyl bond in the 5’-TXG-3" sequence
context. The distinguishing feature is the Hoogsteen pair at the
lesion site X®C'?. The observation of a strong NOE between
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Figure 7. Molecular models of the central segment 5’-TXG-3"5"-CCA-3’ of the 1,N*-edG-modified dulpglex derived from potential energy minimization.

(A) In the first conformation, X® and G” are colored in red and green, respectively. Base pair X%C

is in the Hoogsteen conformation, and the 5’-

and 3’-neighbor base pairs are in the Watson—Crick conformations. (B) In the second conformation, X® and G’ are colored in red and green,
respectively. Base pairs X®C'? and G’-C'® are both in the Hoogsteen conformation. In both conformations, the X® etheno protons face into the
major groove, and the structural perturbation of the DNA helix is localized.

X®H2 and X° HI’, observed in the NOESY spectrum recorded
at a mixing time of 70 ms, indicative of close contact between
these protons, establishes that the glycosyl torsion angle of the
1,N?-edG nucleotide is in the syn conformation (Figure 1B).
This orients the exocyclic etheno protons into the major groove.
Accordingly, a strong NOE is observed between T> CH; and
X® H6 and H7 (Figure 5A, peak a). The X® H6 and H7 protons
exhibit NOEs to T> H6 (Figure 5A, peak c). A weak cross-
strand NOE is observed between X® H6 and H7 and T'7 CH,
(Figure 5A, peak b). The absence of additional NOEs between
the 1,N?-eG H6 and H7 protons and the DNA protons is
attributed to the placement of 1,N*-€G etheno protons in the
major groove. The syn conformation of the glycosyl bond is
also reflected in the chemical shift of the imidazole proton X°
H2, which resonates at a higher field at pH 5.2 (Tables 1) as a

consequence of placement of X°® H2 in the center of the helix
and its stacking between the neighboring base pairs. In the
complementary strand, the A*® H2 resonance provides a marker
for monitoring the conformational change from the
X®(antiyC"°(anti) alignment at basic pH to the X®(syn)-C"*(anti)
alignment at acidic pH. At pH 5.2, a strong NOE is observed
between A?° H2 and X°® H2. This is not observed at pH 8.6
(32) because the distance between these protons is more than 6
A when 1,N*-edG adopts the anti conformation about the
glycosyl bond. The exchange peaks between the superimposed
1,N*-edG H6 and H7 protons, located at 7.3 ppm at pH 5.2,
and the resonances located at 6.1 and 6.6 ppm (Figure SA, peaks
d and e) also provide markers for monitoring the conformational
change from the X®(anti)*C'*(anti) alignment at basic pH to the
XS(syn)-C'"”(anti) alignment at acidic pH. The etheno H6 and
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Fiégure 8. Molecular models of the base stacking of the 1,N*-edG adduct. (A) The first conformation. Stacking of base pairs T>A?° (green) and
XOC' (red). (B) The first conformation. Stacking of base pairs X6C' (red) and G*C'® (blue). (C) The first conformation. Stacking of base pairs
G’-C'® (blue) and A®T'7 (orange). (D) The second conformation. Stacking of base pairs T>-A?° (green) and X%C'® (red). (E) The second conformation.
Stacking of base pairs XOC'? (red) and G’-C'® (blue). (F) The second conformation. Stacking of base pairs G’-C'® (blue) and AST!7 (orange).

H7 protons resonated at 6.5 and 6.2 ppm, respectively, when
1,N?-edG adopted the anti conformation at basic pH (32).
The syn orientation of 1,N>-edG glycosyl bond facilitates
protonation of the complementary cytosine, allowing formation
of a Hoogsteen pair. This is consistent with the downfield shift
of the C'? amino protons, characteristic of a protonated cytosine
(44) involved in a Hoogsteen base pair (45). The farthest
downfield-shifted amino proton, assigned as the hydrogen-
bonded amine proton at C'°, exhibits an NOE to C' HS5, but
no NOE to a guanine imino proton, consistent with the formation
of a Hoogsteen, as opposed to a Watson—Crick pair (Figure

3). The presence of the Hoogsteen pair is corroborated by the
observation of a resonance in the very far downfield region of
the spectrum, attributed to the protonated cytosine imine in the
X5C'” Hoogsteen pair. The latter resonance is weak, attributed
to exchange with solvent, precluding observation of an NOE
to the hydrogen-bonded C'® amino proton. The syn glycosyl
conformation at X° placed the X® H5 amino proton near the
backbone and exposed to solvent exchange, which was consis-
tent with the failure to observe it.

The chemical shift perturbations of the aromatic and anomeric
protons in going from the unmodified oligodeoxynucleotide to
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Table 1. Comparison of Chemical Shift Differences” (ppm)
for the 1,N*-edG-Adducted Duplex at pH 8.6 vs pH 5.2°

proton T X6 G’ c'® c? A%
H8/H6/H2¢ 0.51 0.82 0.04  0.01 0.07 —0.03
H1’ 0.15 —-059 d 0.14 044  0.09
H2' d 0.3 0.1 0.11 0.39 0.01
H2” —-0.33 d 0.13 —0.06 —0.08 0.08
H3’ 0.08 —-0.14 —-0.1 0.11 —0.02 0.06
CH,/H2 0.21 —0.24
NIH/N3H/N*H 0.06 —0.34 —0.28, —=0.17 d

“6 (pH 8.6) — & (pH 5.2). * Positive and negative values correspond
to downfield and upfield chemical shifts, respectively, on proceeding
from pH 5.2 to pH 8.6. ¢ Imidazole proton of X°. ¢ The corresponding
proton resonances were not detected in the 1,N*-edG duplex at 7 °C (pH
8.0).

the X® (syn)C' (anti) Hoogsteen conformation, at pH 5.2,
suggest that the influence of the 1,N?-edG base is localized to
the site of adduction and the neighboring base pairs. These
chemical shift changes are the result of base stacking and
electrostatic changes caused by the rotation of the 1,N*-edG
adduct into the syn conformation and formation of the X%C'
Hoogsteen base pair. The upfield chemical shifts of 0.6 and 0.33
ppm, respectively, for the X® H2 and H1’ resonances of the
X%C' base pair are consistent with formation of a Hoogsteen
pair. Also, the complementary C'® H2’ resonance shifts upfield
by 0.6 ppm and the C'® H1” proton shifts downfield by 0.33
ppm. The upfield of X® H2 proton is characteristic of the syn
conformation at this nucleotide. The upfield shift of the T> H1’
proton resonance is attributed to shielding arising from the
aromatic ring of the 1,N?-edG moiety in the syn conformation
about the glycosyl bond. The broadening of A* HI’—T> H6
and T° H6—T> H1’ NOEs suggests that the 5’-neighboring
T>-A° base pair is also somewhat perturbed in the 5’-TXG-3’
sequence at pH 5.2. The chemical shifts of the proton resonances
for T> H6, C'® H6, C'® H5, A*® H8, A*® H2, T HI, and C'®
H2’ suggest that 1,N*-edG induces a significant structural
perturbation involving its immediate neighboring base pairs.

Second Conformational Equilibrium of the 1,N*-edG
Adduct in the 5’-TXG-3’ Sequence at pH 5.2. Upon lowering
the pH of the 1,N*-edG-adducted duplex to 5.2, the presence
of a second equilibrium involving the 3’-neighbor base pair
G’-C'® becomes apparent. This leads to the spectroscopic
appearance of a second species involving the formation of
tandem Hoogsteen pairs, at base pair X*C'? and the 3’-neighbor
base C'®. This is supported by the observation of a small peak
in the far downfield region of the spectrum, assigned as the
protonated C'® imine. The broadening of the G’ N1H imino
resonance suggests that base pair G’-C'® equilibrates between
Watson—Crick and Hoogsteen pairing. The absence of NOEs
between the G’ N1H imino proton and the amino protons of
the complementary C'® (Figure 3) suggests that the two species
exist in intermediate exchange on the NMR time scale. This is
consistent with the absence of the G’ H8—G’ H1’ NOE, the
broadening of the X® HI’—G’ H8 NOE cross-peak, and the
absence of the G’ HI'—A® H8 NOE.

Comparison with the 1,N*-edG:dC Base Pair in the
5’-CXC-3’ Sequence Context. Zaliznyak et al. (3/) reported
the structure of DNA containing the 1,N*-edG adduct paired to
dC at pH 6.9, in the 5’-CXC-3’ sequence context. In contrast to
the present results obtained at pH 5.2 and previous results
obtained at pH 8.6 in the 5-TXG-3" sequence (32), their data
suggested a minimally perturbed duplex structure at neutral pH
in the 5-CXC-3’ sequence. The 1,N*-edG adduct remained in
the anti conformation about the glycosyl bond and was
embedded inside the helix and stacked between the flanking
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base pairs. One significant difference with respect to the present
and previous (32) results in the 5’-TXG-3" sequence was that
in the 5-CXC-3’ sequence, the lesion partner dC was extrahe-
lical but was located in the minor groove of the duplex,
potentially forming a hydrogen bond with the sugar O4” atom
of a nucleotide two bp away (37). The presently observed NOEs
between the 1,N?-edG-C base pair and the DNA clearly do not
support a minor groove orientation of the opposing cytosine
for the 5-TXG-3" sequence. The minor groove of DNA is
relatively proton-dense. Modeling studies in which the opposing
cytosine was placed in the minor groove, in an orientation
similar to the Zaliznyak et al. (31) structure in the 5-CXC-3’
sequence, predicted that several anticipated NOEs were the
opposing cytosine located in the minor groove. These were not
observed. Likewise, close inspection of previously reported
NMR data for the 1,N?>-edG adduct at pH 8.6 in the 5’-TXG-3’
sequence (32) also does not support a minor groove orientation
of the opposing cytosine. Thus, we conclude that the minor
groove orientation of the opposing cytosine reported by Zal-
iznyak et al. (37) in the 5’-CXC-3’ sequence might be attributed
to a sequence-specific conformational effect warranting further
study. Zaliznyak et al. (37) also reported, similar to the present
observations in the 5-TXG-3" sequence, that acidification
resulted in the appearance of a second conformational equilib-
rium, involving protonation of the lesion partner dC and possible
formation of a Hoogsteen-like base pair.

Comparison with 1,N>-Propano-2’-deoxyguanosine (1,N>-
PdG). The present results are reminiscent of studies with 1,N>-
PdG, containing a six-member exocyclic ring, vs the five-
member exocyclic ring in 1,N?*-edG (45, 46). At acidic pH, 1,N*-
PdG forms a Hoogsteen pair with the complementary cytosine
in the sequences 5’-TXT-3"5"-ACA-3" and 5'-CXC-3"5"-GCG-
3" (X = PdG). In the latter sequence, both the modified base
pair and its 3’-neighbor CG base pair are disturbed. The 3'-
neighbor base pair interconverts between Watson—Crick and
Hoogsteen pairing. For 1,N*-PdG, the conformational equilib-
rium at the 3’-neighbor base pair is sequence-dependent. In the
5-TXT-3" sequence, only the 1,N*-PdG-modified base pair
interconverts between Watson—Crick and Hoogsteen pairing;
the 3’-neighbor base pair remains in the Watson—Crick con-
formation. A similar sequence-dependent effect may occur for
1,N?-edG.

Structure—Activity Relationships. When combined with
previous work at pH 8.6 (32), the present results lead to the
conclusion that when placed into the 5-TXG-3" sequence
context at neutral pH, 1,N?-€dG interconverts on the millisecond
time scale between the anti and syn conformations of the
glycosyl bond. Additionally, small amounts of a species
involving tandem Hoogsteen pairs may be present. These
conformational equilibria involving base pairs X*C'® and G-C'®
may be relevant with regard to the recognition of 1,N*-edG by
DNA glycosylases. The E. coli mismatch-specific uracil-DNA
glycosylase and the human alkylpurine-DNA-N-glycosylase both
release 1,N*-edG from DNA (47). Likewise, in mammalian cells,
the alkylpurine-DNA-N-glycosylase repairs 1,N®-edA (48),
whereas mismatch-specific thymine DNA glycosylase repairs
3,N*-ethenodeoxycytosine (3,N*-edC) (49). The “flipping” of
damaged nucleotides out of the DNA helix and into active site
binding pockets provides a mechanism by which glycosylases
interact with damaged DNA (for a review, see ref 50). The 14
°C decrease in T, of the 1,N?-edG-modified duplex, in
combination with the conformational exchange in DNA at
neutral pH, may facilitate damage recognition, for example, by
human alkylpurine-DNA-N-glycosylase (47).
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1,N?-edG-Modified Primer—Template Complexes with
the Sulfolobus solfataricus DNA Polymerase (Dpo4). The
insertion of the 1,N?-edG lesion into a template containing the
5’-TXG-3’ sequence and the formation of either binary or ternary
complexes with the S. solfataricus DNA polymerase Dpo4 were
reported by Zang et al. (29). In each of these complexes, 1,N°-
€dG adopts the anti conformation about the glycosyl bond (29).
Thus, whereas at neutral pH when placed opposite dC in duplex
DNA, a mixture of Hoogsteen and Watson—Crick pairing
interactions is observed for 1,N*-edG, in these complexes, the
Dpo4 polymerase selects for the anti conformation about the
glycosyl bond. When primer extension was done by the Dpo4
polymerase in the presence of a mixture of all four dNTPs,
product analysis led to the conclusion that this enzyme uses
several mechanisms, including dATP incorporation opposite
1,N?-€dG and also a variation of dNTP-stabilized misalignment,
to generate both base pair substitution and frameshift mutations
(29). The insertion of 1,N°-PdG into a template and the
subsequent formation of ternary complexes with the Dpo4
polymerase has been recently reported (57). Like 1,N*-edG,
1,N?-PdG also adopts the anti conformation about the glycosyl
bond in these complexes, supporting the notion that the Dpo4
polymerase selects for the anti conformation of 1,N*-edG
exocyclic adducts. On the other hand, the Dpo4 polymerase
successfully inserts dCTP opposite 1,N*-edG approximately 20%
of the time (29). The syn conformation of 1,N*-edG potentially
allows Hoogsteen pairing with incoming dCTP, which might
facilitate error-free polymerase bypass. Obtaining structures of
1,N*-edG in complex with different human bypass polymerases
will be of future interest in delineating specific mechanisms by
which 1,N?>-edG induces mutations in DNA.

Summary

At neutral pH, 1,N*-edG exists as a blend of conformations
in the 5-TXG-3" sequence context in duplex DNA. These
involve interconversion of the glycosyl bond between the anti
and the syn conformations. Increasing the pH to 8.6 shifts the
equilibrium predominantly toward the anti conformation (32),
whereas decreasing the pH to 5.2 shifts the equilibrium
predominantly toward the syn conformation and the formation
of a Hoogsteen pair at X®C'®. At the lower pH, a second species
becomes apparent, involving the formation of tandem Hoogsteen
pairs at X®C'? and G”-C'®.
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