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Abstract

The conformations of C8-dG adducts of 2-amino-3-methylimidazo[4,5-flquinoline (1Q) positioned
in the C-X1-G, G-X2-C, and C-X3-C contexts in the C-G1-G2-C-G3-C-C recognition sequence of the
Narl restriction enzyme were compared, using the oligodeoxynucleotides 5'-d
(CTCXGCGCCATC)-3"-5"-d(GATGGCGCCGAG)-3', 5'-d(CTCGXCGCCATC)-3"-5'-d
(GATGGCGCCGAG)-3', and 5’-d(CTCGGCXCCATC)-3"-5"-d(GATGGCGCCGAG)-3' (X is the
C8-dG adduct of 1Q). These were the NarllQ1, Narl1Q2, and Narl1Q3 duplexes, respectively. In
each instance, the glycosyl torsion angle y for the IQ-modified dG was in the syn conformation. The
orientations of the IQ moieties were dependent upon the conformations of torsion angles o’ [N9—-C8-
N(1Q)-C2(1Q)] and g’ [C8-N(1Q)-C2(1Q)-N3(1Q)], which were monitored by the patterns of 1H
NOEs between the 1Q moieties and the DNA in the three sequence contexts. The conformational
states of 1Q torsion angles a’ and " were predicted from the refined structures of the three adducts
obtained from restrained molecular dynamics calculations, utilizing simulated annealing protocols.
For the NarllQ1 and Narl1Q2 duplexes, the o’ torsion angles were predicted to be —176 + 8° and
—160 + 8°, respectively, whereas for the Narl1Q3 duplex, torsion angle o' was predicted to be 159 +
7°. Likewise, for the Narl1Q1 and Narl1Q2 duplexes, the 4’ torsion angles were predicted to be —152
+8°and —164 * 7°, respectively, whereas for the Narl1Q3 duplex, torsion angle 4’ was predicted to
be —23 + 8°. Consequently, the conformations of the 1Q adduct in the Narl1Q1 and Narl1Q2 duplexes
were similar, with the 1Q methyl protons and 1Q H4 and H5 protons facing outward in the minor
groove, whereas in the Narl1Q3 duplex, the 1Q methyl protons and the 1Q H4 and H5 protons faced
into the DNA duplex, facilitating the base-displaced intercalated orientation of the 1Q moiety [Wang,
F., ElImquist, C. E., Stover, J. S., Rizzo, C. J., and Stone, M. P. (2006) J. Am. Chem. Soc. 128, 10085
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—10095]. In contrast, for the NarllQ1 and Narl1Q2 duplexes, the 1Q moiety remained in the minor
groove. These sequence-dependent differences suggest that base-displaced intercalation of the 1Q
adduct is favored when both the 5’- and 3'-flanking nucleotides in the complementary strand are
guanines. These conformational differences may correlate with sequence-dependent differences in
translesion replication.

The browning of protein-rich foods leads to the formation of heterocyclic amines (HCAs)1
such as 2-amino-3-methylimidazo[4,5-f]quinoline (1Q) (1-4). Various HCAs, including 1Q,
have been identified in grilled foods at parts per billion levels (5,6). Human intakes of HCAs,
estimated to be ~60 ng/day (7), are modest; however, exposures to these compounds, which
have been isolated from human urine (8), are of concern. Human exposure to HCAS is
associated with pancreatic (9), colon (10), prostate (11), and breast cancer (12,13). Tumors in
organs of rodents and in the livers of monkeys are induced by 1Q (14-17). In mice, exposures
lead to liver, forestomach, and lung tumors (18). In rats, exposures lead to cancers in the liver,
intestine, zymbal gland, clitoral gland, skin (19), mammary glands, liver, and ear ducts (20).
TDsq values in rats are 0.7 mg kg1 day 1 and in mice are 14.7 mg kg1 day 1 (21). In bacterial
reversion assays (22—25), HCAs are active in point and frameshift tester strains (26).

IQ is one of the strongest chemical mutagens (27). It is less prevalent than 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine (PhIP) (28) but is 200-fold more mutagenic than the latter in
Salmonella reversion assays (3). 1Q is 1 order of magnitude more mutagenic than aflatoxin
B;. In bacteria, mutations occur primarily at G-C base pairs (29,30). It exhibits frameshift
mutations in CG repeats. Similar levels of mutations are seen in mammalian hprt (31) and
ef-2 (32) gene assays. In mammalian cells, point mutations are observed (33-36). Sister
chromatid exchanges are observed in rodent cells (37-39).

IQ is activated primarily by the enzyme CYP P450 1A2 to an N-hydroxyl oxidation product
(40-43). Extrahepatic CYP P450s oxidize HCAs with lower efficiencies (44). The N-hydroxyl
oxidation product is acetylated by cellular N-acetyltransferases (NAT), particularly NAT2
(45-47). The resulting nitrenium ion is the ultimate reactive electrophile (36,44). The NAT2
fast acetylator polymorphism is associated with an increased risk of colorectal cancer in
humans (48,49).

The C8-dG adducts of HCAs are observed in both rodents and primates, as measured by 32P
postlabeling (35). The major adduct formed by 1Q occurs by substitution at C8-dG (Chart 1);
a minor N2-dG adduct is also formed (50). The structures of these adducts are established
(51-53). The formation of the C8-dG adduct probably involves initial alkylation at N7-dG,
followed by rearrangement (54). High-sensitivity liquid chromatography and electrospray
ionization mass spectrometry (LC-ESI-MS) (55) have measured several adducts per 107
nucleotides in animal tissues (11,56). The levels of C8 and N2-dG 1Q adducts measured in
tissues of rats and primates using mass spectrometry (57,58) are in agreement with data
obtained by 32P postlabeling methods.

The Narl sequence contains the 5'-d(CG1G2CG3CC)-3' recognition site of the Narl restriction
enzyme, in which the third guanine represents a hot spot for —2 bp frameshifts (Chart 2) (59-

LAbbreviations: HCA, heterocyclic amine; EDTA, ethylenediaminetetraacetic acid; HPLC, high-pressure liquid chromatography; NMR,
nuclear magnetic resonance; NOE, nuclear Overhauser enhancement; DSS, sodium 4,4-dimethyl-4-silapentanesulfonate; TPPI, time-
proportional phase increment; TOCSY, total homonuclear correlated spectroscopy; 1D, one-dimensional; 2D, two-dimensional. The
oligodeoxynucleotides discussed in this paper do not have terminal phosphate groups; we abbreviate the nomenclature for
oligodeoxynucleotides by leaving out the phosphodiester linkage. A, C, G, T, and X refer to mononucleotide units; X is the C8-dG 1Q
adduct. A right superscript refers to the numerical position in the oligodeoxynucleotide sequence starting from the 5’-terminus of chain
A and proceeding to the 3'-terminus of chain A and then from the 5'-terminus of chain B to the 3'-terminus of chain B. H2, H5, H6, H8,
H1', H2', H2", etc., represent the protons attached to these carbons.
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62). The Narl sequence contains the 5-CG1G-3', 5'-GG2C-3', and 5'-CG3C-3' sequence steps
and offers a unique opportunity to study the effect of nearest-neighbor and next-nearest-
neighbor sequences on the conformation of the C8-dG 1Q adduct positioned opposite dC. A
structural study of this adduct was conducted in 5'-d(C1T2C3G*G5C8-X"C8CoAL0TIIC12) 3
5-d(GRAMTISGI6GLC18G19c20C21G22.A23G24)-3, where X is 8-[(3-methyl-3H-imidazo
[4,5-f]quinolin-2-yl)amino]-2'-deoxyguanosine, named the NarllQ3 sequence. The results
revealed a base-displaced intercalated structure (63). The adducted dG adopted the syn
conformation about the glycosyl bond and was extruded into the major groove; the IQ moiety
intercalated into the DNA, and the complementary dC was extruded from the helix.

A combination of ultraviolet spectroscopy and circular dichroism studies indicated that the
conformation of the C8-dG 1Q adduct positioned opposite dC differed in the 5’
GGCAXIG2TGGTG-3 sequence found in codon 12 of the ras protooncogene, as compared
to the NarllQ3 sequence (64). It was concluded that the C8-dG adduct existed in a groove-
bound conformation in the ras protoooncogene sequence (64). Subsequently, the C8-dG adduct
was incorporated into the G and G2 positions of the Narl sequence (65). Analysis of the UV,
CD, and NMR chemical shift data for the 1Q protons was consistent with the C8-dG 1Q adduct
adopting a minor groove-bound conformation at the G1 and G2 positions of the Nar| sequence,
in contrast to the base-displaced intercalated conformation observed at the G2 position of the
Narl sequence (65).

This NMR study compares the solution structures of C8-dG 1Q adducts paired opposite dC in
the duplexes 5-d(CTCX*GCGCCATC)-3"-5'-d(GATGGCGCCGAG)-3' and 5'-d
(CTCGX®CGCCATC)-3"-5"-d(GATGGCGCCGAG)-3' with the previously determined
solution structure of the C8-dG I1Q adduct in the duplex 5'-d(CTCGGCX'CCATC)-3"- 5'-d
(GATGGCGCCGAG)-3' (63), where X is the C8-dG adduct of 1Q, where the X* adduct is
positioned at G1 of the Narl sequence (the Narl1Q1 duplex), the X° adduct is positioned at
G2 of the Narl sequence (the Narl1Q2 duplex), and the previously examined X7 adduct is
positioned at G3 of the Narl sequence [the NarlIQ3 duplex (63)] (Chart 1). The NMR data
reveal that the solution conformations of the C8-dG 1Q adducts in the NarllQ1 and Narl1Q2
sequences are similar, with the 1Q moiety being oriented in the minor groove, in contrast to
the base-displaced intercalated conformation of the C8-dG 1Q adduct in the Narl1Q3 sequence
(63), confirming the predictions based upon UV and CD spectroscopy (65). The minor groove
versus base-displaced intercalation orientations of the 1Q moieties in the NarllQ1, Narl1Qz2,
and NarllQ3 sequences are modulated by the torsion angles o’ [N9—-C8-N(1Q)-C2(IQ)] and g
"[C8-N(1Q)-C2(1Q)-N3(IQ)]. For the NarllQ1 and NarllQ2 duplexes, the o’ torsion angles
are predicted to be —176 + 8° and —160 + 8°, respectively, whereas for the Narl1Q3 duplex,
torsion angle o’ is predicted to be 159 + 7° (63). Likewise, for the NarllQ1 and Narl1Q2
duplexes, the g’ torsion angles are predicted to be —152 + 8° and —164 + 7°, respectively,
whereas for the Narl1Q3 duplex, torsion angle ' is predicted to be —23 + 8° (63). Consequently,
in the NarllQ1 and NarllQ2 duplexes, the 1Q methyl protons and 1Q H4 and H5 protons face
outward in the minor groove, whereas in the Narl1Q3 duplex, the 1Q methyl protons and the
IQ H4 and H5 protons face into the DNA duplex, facilitating the base-displaced intercalated
orientation of the 1Q moiety (63).

MATERIALS AND METHODS

Sample Preparation

The unmodified oligodeoxynucleotide 5-d(GATGGCGCCGAG)-3’ was obtained from the
Midland Certified Reagent Co. and was purified by anion exchange chromatography. The 1Q-
adducted oligodeoxy-nucleotides 5’-d(CTCXGCGCCATC)-3' and 5'-d
(CTCGXCGCCATC)-3' were synthesized and purified as described previously (64). All
oligodeoxynucleotides were characterized by MALDI-TOF mass spectrometry and enzymatic
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digestion, and their purities were also assessed by capillary zone electrophoresis (CZE). The
NarllQ1 and NarllQ2 oligodeoxynucleotides were greater than 92% pure.

Oligodeoxynucleotide duplexes were annealed at 70 °C. The stoichiometry was established by
monitoring the 1H NMR spectrum. The duplexes were dissolved in 0.250 mL of buffer solution
containing 0.1 M NaCl, 10 mM NaH,-POy, and 50 M NayEDTA (pH 7.0). The
oligodeoxynucleotide concentrations were ~0.7 mM using an extinction coefficient of 1.10 x
10° M1 cm~1 at 260 nm (66).

1H NMR spectra were obtained at 500.13, 600.20, and 800.23 MHz. COSY spectra were
collected at 15, 20, 25, 30, and 35 °C in 99.996% D,0. 1H NOESY experiments in D,O were
conducted at 15 °C. To derive distance restraints, spectra were recorded consecutively at
mixing times of 150, 200, and 250 ms, respectively, at the IH NMR frequency of 800.23 MHz.
The data were recorded with 1024 real data points in the t; dimension and 2048 real points in
the t, dimension. The relaxation delay was 2 s. The data in the t; dimension were zero-filled
to give a matrix of 2K x 2K real points. NOESY spectra for the exchangeable protons were
recorded at 5 °C, ina 90:10 H,O/D,0 mixture, using a field gradient Watergate pulse sequence
(67) for water suppression and a 250 ms mixing time at a *H NMR frequency of 600.20 MHz.
Chemical shifts of proton resonances were referenced to water. Double-quantum-filtered 1H
correlation (DQF-COSY) (68,69) and exclusive COSY (E-COSY) (70) spectra were collected
at 25 °C and 500.13 MHz and zero-filled to give a matrix of 1024 x 2048 real points. A skewed
sine-bell square apodization function with a 90° phase shift and a skew factor of 1.0 was used
in both dimensions. TH-31P HMBC spectra (71) were recorded at 30 °C. The data matrix was
256 (t1) x 2048 (tp) complex points. The data were Fourier-transformed after zero filling in the
ty dimension, resulting in a matrix size of 512 (D) % 2048 (D) real points. Trimethyl phosphate
was used as an external standard. NMR data were processed using FEL1X2000 (Accelrys, Inc.,
San Diego, CA) on Silicon Graphics (Mountain View, CA) Octane workstations.

Experimental Restraints

(a) Distance Restraints—Footprints were drawn around cross-peaks for the NOESY
spectrum measured with a mixing time of 250 ms to define the size and shape of individual
cross-peaks, using FEL1X2000. Identical footprints were transferred and fit to the cross-peaks
obtained at the other two mixing times. Cross-peak intensities were determined by volume
integration of the areas under the footprints. The intensities were combined with intensities
generated from complete relaxation matrix analysis of a starting DNA structure to generate a
hybrid intensity matrix (72). MARDIGRAS (version 5.2) (73,74) was used to refine the hybrid
matrix by iteration to optimize the agreement between the calculated and experimental NOE
intensities. The molecular motion was assumed to be isotropic. The noise level was set at half
the intensity of the weakest cross-peak. Calculations were performed using the DNA starting
models generated using INSIGHT Il (Accelrys) and NOE intensities derived from experiments
at three mixing times, and with three 7 values (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 cross-peaks, the lower and upper bounds on the distances were increased.
The distance restraints were divided into four classes, reflecting the confidence level in the
experimental data.

(b) Torsion Angle Restraints—Pseudorotational angles (P) of the deoxyribose rings were
estimated graphically by monitoring the 3] couplings of sugar protons (75). The Jy1—p2-
and Jy1—pH2~ couplings were measured from the E-COSY experiment (70), while the intensities
of Jyor_n3 and Jy3_pa couplings were determined from the DQF-COSY experiment. The
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data were fit to curves relating the coupling constants to the deoxyribose pseudorotation (P),
sugar pucker amplitude (¢), and the percentage S-type conformation. The pseudorotation and
amplitude ranges were converted to the five dihedral angles, vg—v;.

Restrained Molecular Dynamics

Restrained molecular dynamics calculations using a simulated annealing protocol were
performed in vacuo using X-PLOR (76). The force field was derived from CHARMM (77)
and adapted for restrained molecular dynamics (rMD) calculations of nucleic acids. The
empirical energy function consisted of terms for bonds, bond angles, torsion angles, tetrahedral
and planar geometry, hydrogen bonding, and nonbonded interactions, including van der Waals
and electrostatic forces. It treated hydrogens explicitly. 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 A, and
the cutoff radius for nonbonded interactions was 11 A. The effective energy function included
terms describing distance and dihedral restraints, in the form of square-well potentials. Sets of
rMD calculations for NarllQ1 and NarllQ2 and different starting structures of NarllQ1 and
NarllQ2 with 1Q located in the minor groove (syn), major groove (anti), and intercalated
position (syn) were considered. These were generated using INSIGHT 11 through modification
at G* C8 or G° C8, followed by energy minimization using X-PLOR. Partial charges and atom
types for 1Q used for X-PLOR calculations were those obtained by Wu et al. (78). Restrained
molecular dynamics calculations used the same protocol that we used in the previous study
(63). Final structures were analyzed using X-PLOR to measure the root-mean-square deviation
(rmsd) between an averaged structure and the converged structures. Back-calculation of
theoretical NMR intensities from the emergent structures was performed using CORMA
(version 5.2) (72). Helicoidal parameters were examined using 3DNA (79).

RESULTS

The C8-dG 1Q adduct was site-specifically incorporated into the Narl1Q1
oligodeoxynucleotide 5'-d(C1T2C3X*G°C6-G7C8CoA0TIIC12) 3 5"
(G13A4TI5G16G17C18G19C20C21G22. A23G24)-3" and NarllQ2 oligodeoxynucleotide 5'-d
(C1T2c3_G4x5c6G7c809A10Tllcl2)_3v_5!_d(G13A14T15616617018G19c20_
C21G22A23G24)-3' containing the Narl restriction sequence (G1GZCG3CC) as previously
described (64). The previously studied Narl1Q3 [oligodeoxynucleotide 5-d(C1T2C3G4G>CS-
X7C8C9A10T11C12)-3'-5'-d(Gl3A14T15GleGl7C18G19C20C21G22-A23624)-3'] sequence (63)
is considered a “hot spot” for arylamine modification and is prone to —2 frameshift mutations
(80). Both Narl1Q1 and Narl1Q2 duplexes yielded excellent NMR spectra at temperatures
between 5 and 30 °C.

NMR Spectroscopy

(a2) DNA Nonexchangeable Protons of the Nar 11Q1 Duplex—The NMR spectrum was
well-resolved and yielded resonances with narrow line widths, indicative of a stable and
ordered conformation. Panels A and B of Figure 1 detail the sequential NOE connectivity for
the NarllQ1 duplex (81,82). The sequential NOE connectivity was interrupted. The absence
of an imidazole proton in the C8-dG adduct precluded observation of the C3 H1' — X* H8 and
X4 H8 — G5 H1' sequential NOEs, as well as the intranucleotide X* H8 — X* H1' NOE. The
X4 H1’ — G® H8 NOE was of normal intensity (see the START peak in Figure 1A). In the
complementary strand, the C20 H1' — C2! H6 NOE was missing. The C21 H1' — G22 H8
sequential NOE was weak. C21 is the nucleotide opposite to X4 in the complementary strand
of the duplex. The deoxyribose sugar proton resonances were assigned from DQF-COSY
spectra (Figure S1 of the Supporting Information). A complete 1H assignment was achieved,
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with the exception of several of the H5" and H5” protons. The X* H2' resonance shifted
downfield to 3.59 ppm. The 1H NMR assignments are listed in Table S1 of the Supporting
Information.

(b) DNA Nonexchangeable Protons of the Nar 11Q2 Duplex—The NMR spectrum
was well-resolved and yielded resonances with narrow line widths, indicative of a stable and
ordered conformation (Figure 1C,D). A similar pattern of sequential NOEs was observed. The
absence of a purine imidazole proton in the C8-dG adduct precluded observation of the G* H1'
— X5 H8 and X5 H8 — C® H1’ sequential NOESs, as well as the intranucleotide X> H8 —
X5 H1’ NOE. The X5 H1’ — C® H6 NOE was of normal intensity (see the START peak in
Figure 1C). In the complementary strand, the G1° H1’ — C20 H6 and C20 H1’ — C21 H6
sequential NOEs were weak. C20 is the nucleotide opposite to X in the complementary strand
of the duplex. The deoxyribose sugar proton resonances were assigned from DQF-COSY
spectra (Figure S1 of the Supporting Information). A complete H assignment was achieved,
with the exception of several of the H5' and H5" protons. The X° H2' resonance shifted
downfield to 3.57 ppm. The 1H NMR assignments are listed in Table S1 of the Supporting
Information.

(c) DNA Exchangeable Protons of the Narl IQ1 Duplex—The guanine imino protons
were assigned from sequential NOEs between adjacent base pairs and NOEs to their
corresponding base-paired amino protons (83). The imino proton resonances arising from each
of the three AT base pairs, and from six of the nine G-C base pairs, were identified (Figure
2A). The resonance arising from X* N1H was not observed, presumably due to fast exchange
with water. Consequently, the sequential NOEs between Watson—Crick hydrogen-bonded
amino and imino protons were interrupted between the C3.G%2 and X*-C%! base pairs, and the
X4.C21 and G°.C20 base pairs. The imino resonances from the terminal C1.G24 and C12.G13
base pairs were also not observed, due to rapid exchange with water. Four imino proton
resonances, from the C8.G19,G7.C18,C8.G17, and C%.G16 base pairs, were located at
approximately 13 ppm. Two resonances, arising from the C3.G%2 and G°-C20 base pairs, were
further upfield and observed at 12.6 and 11.6 ppm, respectively. At the 5’ neighbor C3.G22
base pair, G22 N1H exhibited NOES to the C3 NH, protons and to C3 H5. At the 3' neighbor
G°.C20 pase pair, G® N1H exhibited NOES to the C29 NH, protons and to C20 H5. The
anticipated T2 N3H — A23 H2 and T11 N3H — A0 H2 NOEs were detected.

(d) DNA Exchangeable Protons of the NarllQ2 Duplex—The guanine imino protons
were assigned from sequential NOEs between adjacent base pairs and NOEs to their
corresponding base-paired amino protons (83). The imino proton resonances arising from each
of the three A-T base pairs, and from six of the nine G-C base pairs, were identified (Figure
2B). The resonance arising from X® N1H was not observed, presumably due to fast exchange
with water. Consequently, interruptions in the sequential NOEs between Watson-Crick
hydrogen-bonded amino and imino protons occurred between the G*C2! and X°-C20 base
pairs, and the X5-C20 and C8.G19 base pairs. Two additional broad resonances were not
assigned but presumably arose from the terminal C1.G24 and C12.G13 base pairs. Four imino
proton resonances, from the C3.G22,G’.C18,C8.C17, andC®-G16 base pairs, were located at
approximately 13 ppm. Two resonances, arising from the G#.C2! and C8.G19 base pairs, were
further upfield and observed at 12.5 and 12.2 ppm, respectively. At the 5'-adjacent G*-C?1 base
pair, G* N1H exhibited NOEs to the C2 NH, protons and to C?1 H5. At the 3'-adjacent
C6.G19 base pair, G19 N1H exhibited NOEs to the C® NH protons and to C8 H5. The anticipated
T2N3H — AZ H2 and T N3H — A0 H2 NOEs were detected.

(e) 1IQ Protons in the NarllQ1 Duplex—The resonance assignments of the 1Q protons were
achieved using a combination of magnitude COSY and NOESY spectra (Figure 3A,B). The
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IQ H4A proton was assigned to 7.22 ppm on the basis of a cross-peak to the 1Q methyl protons
in the NOESY spectrum (Figure 3B). The 1Q H5A proton resonance was assigned to 7.14 ppm
on the basis of its scalar coupling to H4A. The 1Q H7A, H8A, and H9A proton resonances
were located at 8.60, 7.10, and 8.12 ppm, respectively. The H7A resonance exhibited
broadening attributed to the adjacent pyridinyl nitrogen. It showed a strong NOE to the H8A
proton and a weaker NOE to the H9A proton. The small scalar coupling between the 1Q H7A
and HBA protons was not observed at temperatures below 25 °C, presumably due to spectral
line broadening at the lower temperatures. The COSY cross-peaks between the 1Q protons also
broadened above 35 °C, presumably due to thermal melting of the duplex as the temperature
was increased.

() 1Q Protons in the NarllQ2 Duplex—The resonance assignments of the 1Q protons were
achieved using a combination of magnitude COSY and NOESY spectra (Figure 3C,D). The
1Q H4A proton was assigned to 7.30 ppm on the basis of a cross-peak to the 1Q methyl protons
in the NOESY spectrum. The 1Q H5A proton resonance was assigned to 7.05 ppm on the basis
of its scalar coupling to H4A. The IQ H7A, H8A, and H9A proton resonances were located at
8.32, 6.96, and 8.00 ppm, respectively. The H7A resonance exhibited broadening attributed to
the adjacent pyridinyl nitrogen. It showed a strong NOE to the H8A proton and a weaker NOE
to the H9A proton. The small scalar coupling between the 1Q H8A and H7A protons was not
observed at temperatures below 25 °C, presumably due to spectral line broadening at the lower
temperatures. The COSY cross-peaks between the 1Q protons also broadened above 35 °C,
presumably due to thermal melting of the duplex as the temperature was increased.

(g) IQ-DNA NOEs in the NarllQ1 Duplex—There were 16 NOEs observed between the
IQ moiety and DNA protons. These involved nucleotides X# and G® in the modified strand
and nucleotides C20, C21, and G22 in the complementary strand. The 1Q methyl protons
exhibited NOEs only to the modified strand. Strong NOEs were observed to X* H1’, G® H1’,
and G® H5’ of the modified strand (Figure 4A) and to G22 N1H, the Watson—Crick hydrogen-
bonded imino proton at the 5" neighbor base pair (Figure 4A). A weak NOE was observed to
G® N1H, the Watson—Crick hydrogen-bonded imino proton at the 3’ neighbor base pair (Figure
4A). The 1Q H4A and H5A protons exhibited weak NOEs to G22 H1' of the complementary
strand, located in the 5'-direction in the minor groove (Figure 4A). The H7A and H8A protons
did not exhibit NOEs to the DNA. The 1Q H9A proton exhibited a strong NOE to C20 H2’, and
medium-strength NOEs to C20 H2” and C2! H1'. Weak NOEs were observed between the 1Q
H9A proton and C29 H1’, H3', and H6, C?! H4’, and G%2 H8 and H5' located in the
complementary strand (Figure 4A). The 1Q-DNA distances estimated from the volume
integrals of the NOE cross-peaks in the Narl1Q1-modified dodecamer are listed in Table S3
of the Supporting Information.

(h) IQ—DNA NOEs in the NarllQ2 Duplex—There were 20 NOEs observed between the
IQ moiety and DNA protons. These involved nucleotides G*, X5, and C® in the modified strand
and nucleotides G19, C20, and C2! in the complementary strand. The 1Q methyl protons
exhibited strong NOEs to the modified strand. These were observed between the 1Q methyl
protons and C® H1’, C® H4', and G* N1H, the Watson-Crick hydrogen-bonded imino proton
of the 5’ neighbor base pair. A medium-intensity NOE was observed to X° H1’. Weak NOEs
were observed between the 1Q methyl protons and G1° N1H, the Watson-Crick hydrogen-
bonded imino proton of the 3 neighbor base pair, and C21 H1', in the complementary strand
(Figure 4B). The 1Q H4A proton exhibited a strong NOE to C2! H1' in the complementary
strand (Figure 4B). The IQ H5A proton exhibited medium-strength NOEs to C20 H2’ and H2",
C21 H1', and C21 H4’, in the complementary strand. A weak NOE was observed to C21 H5 in
the complementary strand. No NOEs were observed between the IQ H7A proton and the DNA.
The 1Q H8A proton exhibited a medium-intensity NOE to G19 H8 and a weak NOE to G1°
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H2", located in the complementary strand. A weak NOE between 1Q H8A and G1° H1’ could
be observed only in the spectrum collected with a mixing time of 250 ms. The 1Q H9A proton
exhibited medium-intensity NOEs to G1° H1’, H2", and H8 in the complementary strand and
weak NOEs to G19 H3'", C20 H1’, and C21 H6, located in the complementary strand. The 1Q-

DNA distances estimated from the volume integrals of the NOE cross-peaks in the Narl1Q2-
modified dodecamer are listed in Table S3 of the Supporting Information.

(i) Torsion Angle Analysis in the NarllQ1 Duplex—The intensity of the X4 H8 — X*
H1’ NOE normally would have been utilized to assess the conformation of the glycosyl torsion
angle y. The absence of this proton in the adducted oligodeoxynucleotide necessitated the
evaluation of chemical shift data at the deoxyribose H2’ and H2" protons (84,85). The X* H2’
resonance shifted downfield to 3.59 ppm (Figure 5A; expanded DQF-COSY plots identifying
scalar couplings between deoxyribose H1" and H2" and H2” protons in the NarllQ1 duplex are
shown in Figure S1 of the Supporting Information). This was characteristic of the syn dG
orientation at the modified position (84,85). In the corresponding unmodified duplex, the G*
H8 — G* H1’' NOE was of normal intensity and all scalar cross-peaks between deoxyribose
H1’ and H2’ and H2" protons were located in the anticipated chemical shift range of 1.6—-3.0

ppm (63).

Analysis of DQF-COSY and E-COSY spectra suggested that all of the pyrimidine
pseudorotation values (P) were in the C1’-exo range of 126 + 18°, and all of the purines in the
center 10 bp had pseudorotation values in the C2'-endo range of 162 + 18°. The sugar pucker
of X# was in the C2'-endo range. The C8-dG IQ adduct at X* resulted in a dispersion of

four 31P resonances, with the greatest change occurring at P4, the phosphodiester 3’ to X4 in
the modified strand (~0.8 ppm). The smaller differences, 0.35 and 0.25 ppm observed for 31p
chemical shifts for P20 and P21, respectively, suggested that the phosphodiester linkages
opposite to X in the complementary strand were less perturbed. Figure S1 of the Supporting
Information shows the DQF-COSY and E-COSY spectral data. Figure S2 of the Supporting
Information shows the 31P HMBC correlation spectra and the counterpart spectrum for the
unmodified duplex.

(j) Torsion Angle Analysis in the NarllQ2 Duplex—The intensity of the X°> H8 — X°
H1’ NOE normally would have been utilized to assess the conformation of the glycosyl torsion
angle x. The absence of this proton in the adducted oligodeoxynucleotide necessitated the
evaluation of chemical shift data at the deoxyribose H2’ and H2" protons (84,85). The X H2’
resonance shifted downfield to 3.57 ppm (Figure 5B; expanded DQF-COSY plots identifying
scalar couplings between deoxyribose H1" and H2" and H2” protons in the Narl1Q2 duplex are
shown in Figure S1 of the Supporting Information). This was characteristic of the syn dG
orientation at the modified position (84,85). In the corresponding unmodified duplex, the G®
H8 — G° H1’' NOE was of normal intensity and all scalar cross-peaks between deoxyribose
H1’ and H2’ and H2" protons were located in the anticipated chemical shift range of 1.6—-3.0
ppm (63), except C21 H2".

Analysis of DQF-COSY and E-COSY spectra suggested that all of the pyrimidine
pseudorotation values (P) were in the C1'-exo range of 126 + 18°, except C2! was in the O1'-
endo range, and all of the purines in the center 10 bp had pseudorotation values in the C2'-
endo range of 162 + 18°. The sugar pucker of X® was in the C2’-endo range. The C8-dG IQ
adduct at X® resulted in a dispersion of four 3P resonances, with the most significant change
occurring at P4, the phosphodiester 5 to X° in the modified strand (~ 1.1 ppm). The
downfield 31P chemical shift at P4 presumably reflected conformational perturbations
associated with the P4 phosphodiester (86). The small differences, —0.1 and 0.25 ppm, observed
for 31P chemical shifts for P19 and P20, respectively, suggested that the phosphodiester linkages
opposite to X in the complementary strand in the modified duplex were less perturbed. Figure
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S1 of the Supporting Information shows the DQF-COSY and E-COSY spectral data. Figure
S2 of the Supporting Information shows the 31P HMBC correlation spectrum and its
counterpart for the unmodified duplex.

(k) Chemical Shift Perturbations of the NarllQ1 Duplex—The 1H NMR chemical
shifts of the Narl1Q1 dodecamer were compared with those of the unmodified dodecamer
(Figure 6). The largest chemical shift perturbations were observed for the aromatic and
anomeric protons of C2! in the complementary strand, opposite to the modified position.
Smaller chemical shift perturbations were also observed for the G22 H8 and H1’, C3 H1’ and
H6, and X* H1’ and C20 H6 resonances. Significant downfield shifts were observed for H7A,
H8A, and H9A for NarllQ1, compared to those of NarllQ3 (63) (Table 1).

(I) Chemical Shift Perturbations of the NarllQ2 Duplex—The 1H NMR chemical shifts
of the Narl1Q2 dodecamer were compared with those of the unmodified dodecamer (Figure
6). The largest chemical shift perturbations were observed for the aromatic and anomeric
protons of C20 in the complementary strand, opposite to the modified position. Smaller
chemical shift perturbations were also observed for the G22 H1’, C3 H1', C21 H6, G* H1' and
H8, X® H1’, C8 H1’ and H6, and G1° H8 resonances. The aromatic protons of the flanking bases
around the adduct site were all in some way perturbed in Narl1Q2, similar to what was observed
in NarllQ3 (63). Significant downfield shifts were observed for H7A, H8A, and H9A for
NarllQ2, compared those for Narl1Q3 (63) (Table 1).

Structural Refinement

(a) NarllQ1 Duplex—The DNA starting conformation for structural refinement utilized the
syn glycosyl torsion angle at X*. To determine the starting conformation for the 1Q adduct, a
searching strategy similar to that employed by Mao et al. (87) was guided by the intermolecular
IQ-DNA restraints listed in Table S3 of the Supporting Information. The IQ—DNA orientation
space was searched with 16 potential energy minimization trials in which linkage torsion angles
a’and B’ (Chart 2) were started at 0°, 90°, 180°, and 270° in all combinations, which generated
four low-energy conformations in which the glycosyl bond remained in the syn conformation
and in which 1Q torsion angles o’ and g’ were either approximately 0° or 180°. Of these four
structures, the potential energy-minimized structure starting from an o’ of 180° and a #’ of 180°
exhibited the best fit to the 1H NOE data of the adducted Narl1Q1 dodecamer and was therefore
selected as the starting conformation for subsequent restrained molecular dynamics
calculations.

The restrained molecular dynamics calculation employed a simulated annealing protocol. A
total of 504 NOE-based distance restraints were included, consisting of 139 inter-residue and
365 intra-residue distances. They included 16 DNA-1Q distances. Ten distance restraints were
utilized so that 1Q H8A, H4A, and methyl protons would be required to be more than 5 A from
specific DNA protons to which no NOEs were observed. The pyrimidine pseudorotation values
(P) were constrained in the C1'-exo range of 126 + 18°, and the purines in the center 10 bp
were constrained with pseudorotation values in the C2’-endo range of 162 + 18°. No backbone
torsion angle constraints were used at the lesion site in the modified strand. Elsewhere,
backbone angles a, 4, and & were constrained to —60 + 30°, 180 + 30°, and —90 + 30°,
respectively, to allow both A- and B-like geometry (88). No empirical base pairing restraints
were used at the lesion site. Elsewhere, empirical base pair planarity restraints and Watson—
Crick hydrogen bonding restraints were used. These were consistent with crystal-lographic
data (89). Their inclusion was based on NMR data that showed the modified DNA maintained
Watson—Crick base pairing.
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The structural statistics arising from the calculations are listed in Table 2. An ensemble of 10
convergent structures was obtained from randomly seeded calculations. The precision of the
rMD-calculated structures was determined by pairwise rmsd measurement. Figure 7A shows
a stereoview of 10 superimposed structures emergent from the rMD calculations. These
structures exhibited a maximum pairwise rmsd of 0.83 A, which suggested that excellent
convergence had been achieved.

The accuracy of the rMD-calculated structures was determined by back-calculation of
theoretical NMR intensities from the emergent structures using CORMA (version 5.2) (72).
For the structures shown in Figure 8, the overall value of the sixth-root residual R;* was 8.9 x
102, Both inter-residue and intra-residue R;* values were consistently on the order of 10%
(Figure 8). At the adduct site, the R{X residuals were 6.7, 10.2, 11.7, and 6.8 x 1072 for G°,
C20, 21 and G22, respectively.

(b) NarllQ2 Duplex—The DNA starting conformation for structural refinement utilized the
syn glycosyl torsion angle at X°. To determine the starting conformation for the 1Q adduct, a
searching strategy similar to that employed by Mao et al. (87) was guided by the intermolecular
IQ-DNA restraints listed in Table S3 of the Supporting Information. The IQ—DNA orientation
space was searched with 16 potential energy minimization trials in which linkage torsion angles
o’ and g’ (Chart 2) were started at 0°, 90°, 180°, and 270° in all combinations, which generated
four low-energy conformations in which the glycosyl bond remained in the syn conformation
and in which 1Q torsion angles o’ and g’ were either approximately 0° or 180°. Of these four
structures, the potential energy-minimized structure starting from an o’ of 180° and a ' of 180°
exhibited the best fit to the 1H NOE data of the adducted Narl1Q2 dodecamer and was therefore
selected as the starting conformation for subsequent restrained molecular dynamics
calculations.

The restrained molecular dynamics calculation employed a simulated annealing protocol. A
total of 450 NOE-based distance restraints were included, consisting of 141 inter-residue and
309 intra-residue distances. They included 20 DNA-1Q distances. Thirteen distance restraints
were utilized so that IQ H8A, H9A, H5A and methyl protons would be required to be more
than 5 A from specific DNA protons to which no NOEs were observed. The pyrimidine
pseudorotation values (P) were constrained in the C1’-exo range of 126 + 18°, and the purines
in the center 10 bp were constrained with pseudorotation values in the C2’-endo range of 162
+18°. No backbone torsion angle constraints were used at the lesion site in the modified strand.
Elsewhere, backbone angles a, S, and & were constrained to —60 + 30°, 180 £ 30°, and —90
30°, respectively, to allow both A- and B-like geometry (88). No empirical base pairing
restraints were used at the lesion site. Elsewhere, empirical base pair planarity restraints and
Watson-Crick hydrogen bonding restraints were used. These were consistent with
crystallographic data (89). Their inclusion was based on NMR data that showed the modified
DNA maintained Watson—Crick base pairing.

The structural statistics arising from the calculations are listed in Table 2. An ensemble of 10
convergent structures was obtained from randomly seeded calculations. The precision of the
rMD-calculated structures was determined by pairwise rmsd measurement. Figure 8B shows
a stereoview of 10 superimposed structures emergent from the rMD calculations. These
structures exhibited a maximum pairwise rmsd of 0.87 A, suggesting that excellent
convergence had been achieved.

The accuracy of the rMD-calculated structures was determined by back-calculation of
theoretical NMR intensities from the emergent structures using CORMA (version 5.2) (72).
For the structures shown in Figure 7, the overall value of the sixth-root residual R1* was 9.1 x
1072. Both inter-residue and intra-residue R,* values were consistently on the order of 10%
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(Figure 8). At the adduct site, the R¢* residuals were 12.0, 10.3, 13.1, 10.2, and 11.3 x 1072
for nucleotides G4, C8, G1°, C20, and CZL, respectively.

Solution Conformation

(a) The NarllQ1 Duplex—A view normal to the helix axis and looking into the minor groove
of the 5'-d(C3X4G®)-3"-5'-d(C20C21G22)-3" segment of the representative structure from the
ensemble of 10 refined structures is shown in Figure 9A. At the adduct site, the glycosyl bond
of the modified nucleotide X* was in the syn conformation. The glycosyl torsion angle y was
predicted from the calculations to be ~96°. The IQ moiety was oriented into the minor groove,
with the methyl group and the H4A, H5A, and H7A protons facing out. This oriented the 1Q
H8A and H9A protons toward G21 and C20 in the complementary strand. The X4 methyl group
was oriented close to the modified strand. The orientation of the 1Q ring with respect to the
complementary strand resulted in the buckling of complementary nucleotide C2%. The
complementary nucleotide C2! was slightly displaced toward the major groove but remained
intrahelical. The rMD calculations suggested that the 1Q ring was tilted with respect to the
C3.G22 and G°.C?0 base pairs. This tilt was defined by the 1Q torsion angle 4, which was
measured from the refined structures as 149°. 1Q torsion angle o’ was calculated to be —115°.
The orientation of the 1Q ring in Narl1Q1 was different from that of NarllQ3 (Figure 10).

Views looking down the helix axis of the 5-d(C3X4G®)-3'.5'-d(C20C21G22)-3' segment are
shown in Figures 11 and 12. These views monitor overlap geometry between the 1Q ring and
the flanking Watson—Crick base pairs, as compared to that of the corresponding unmodified
duplexes. The syn conformation of the glycosyl bond at X# allowed the guanine ring of the
modified nucleotide to stack with C3, the 5'-flanking nucleotide (Figure 11). However, it
disrupted the stacking of the modified nucleotide with the 3'-flanking nucleotide G, and the
stacking geometry at the G®.C20 base pair was perturbed (Figure 12). The duplex was
underwound at base pair step C3 — X* as measured by the helicoidal twist angle of —26°. The
rMD calculations predicted an adduct-induced bend in the duplex of 16 + 5°. This was
consistent with 31P chemical shift perturbations at phosphodiester linkages P4, P20, and P21,
The calculated glycosyl torsion angles and sugar pseudorotation P angles are listed in Table
S4 of the Supporting Information.

(b) NarllQ2 Duplex—A view normal to the helix axis and looking into the minor groove of
the 5'-d(G*X5C5)-3".5"-d(G19C20C21)-3" segment of the representative structure from the
ensemble of 10 refined structures is shown in Figure 9B. At the adduct site, the glycosyl bond
of the modified nucleotide X was in the syn conformation. The glycosyl torsion angle y was
predicted from the calculations to be ~118°. The 1Q moiety was oriented into the minor groove,
with the methyl group and the H4A, H5A, and H7A protons facing out. This oriented the 1Q
H8A and H9A protons toward C20 and G19 in the complementary strand. The X° methyl group
was oriented close to the modified strand. The complementary nucleotide C2! remained
intrahelical. The 5' neighbor G* C21 base pair remained planar, but the 3’ neighbor C8.G1° base
pair buckled away from the 1Q moiety. The rMD calculations suggested that the 1Q ring was
tilted with respect to the C*G?2! and C5.G19 base pairs. This tilt was defined by the 1Q torsion
angle £, which was measured from the refined structures to be 168°. 1Q torsion angle o’ was
calculated to be —124°.

Views looking down the helix axis of the 5-d(G*X>C8)-3".5'-d(G19C20C21)-3’ segment are
shown in Figures 11 and 12. These views monitor overlap geometry between the 1Q ring and
the flanking Watson—Crick base pairs, as compared to that of the corresponding unmodified
duplexes. The syn conformation of the glycosyl bond at X° allowed the guanine ring of the
modified nucleotide to stack with G#, the 5'-flanking nucleotide (Figure 11). However, it
disrupted the stacking of the modified nucleotide with the 3'-flanking nucleotide C8, and the

Biochemistry. Author manuscript; available in PMC 2009 November 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al. Page 12
stacking geometry at C5.G1° was perturbed (Figure 12). The rMD calculations predicted an
adduct-induced bend in the duplex of 20 + 5°. This was consistent with 31P chemical shift
perturbations at phosphodiester linkages P4, P20, and P19, The calculated glycosyl torsion
angles and sugar pseudorotation P angles are listed in Table S4 of the Supporting Information.

DISCUSSION

The site-specific synthesis of oligodeoxynucleotides containing the C8-dG IQ adduct (64,90)
has enabled high-resolution structural studies of this food-borne genotoxin in the NarllQ1,
NarllQ2, and NarllQ3 duplexes. Minor groove, major groove, and base-displaced insertion
(64,78) conformations have been proposed for the C8-dG 1Q adduct in duplex DNA. On the
basis of molecular modeling, the energetic differences between these proposed conformations
were predicted to be modest (78). Our study of the C8-dG I1Q adduct in the NarllQ3 duplex
(63) showed that it preferred to adopt a base-displaced intercalated conformation. In contrast,
ultraviolet spectroscopy and circular dichroism studies were consistent with the C8-dG 1Q
adduct adopting a minor groove-bound conformation at the G1 and G2 positions of the Narl
sequence (65). These NMR studies confirm this prediction.

Orientation of the 1Q Moiety in the NarllQ1 and NarllQ2 Duplexes

(a) NarllQ1 Duplex—The C8-dG IQ adduct is located at position G of the 5'-d
(CG1G2CG3CC)-3' recognition site of the Narl restriction enzyme. The X# glycosyl torsion
angle of the modified dG exists in the syn conformation. The key evidence supporting this
conclusion is the downfield chemical shift for the X* H2' resonance, observed at ~3.60 ppm
(Figure 5 and Figure S1 of the Supporting Information). This downfield shift of the H2'
resonance represents a characteristic marker of the syn conformation of dG in modified
duplexes (84,85). This corroborated the results of earlier work at the nucleoside level showing
that the dG-C8 1Q adduct was in the syn conformation (53).

Rotation of the glycosyl bond into the syn conformation at X# places the Watson—Crick
hydrogen bonding edge of the modified dG in the major groove. The X# imino and amino
protons are exposed to solvent. Displacement of the modified dG into the major groove is
consistent with the disappearance of spectral resonances from the X4 imino protons, due to the
rapid exchange rate with solvent. This displacement of the modified dG might cause the local
electrostatic potential at phosphodiester linkage P# to be perturbed. This notion is supported
by the 31P chemical shift perturbation observed at P4 (Figure S2 of the Supporting Information).
A strong X4 H1' — G® H8 NOE for the X* — G° base step (Figure 1A) is consistent with a
separation between these protons of 3.0 + 0.4 A, as measured in the intensity-refined structures
of the two modified duplexes.

The 1Q moiety is located in the minor groove. There is no stacking between the 1Q moiety and
C3, G5 C20, or G?2 (Figures 11 and 12). The NOEs (Table S3 of the Supporting Information)
are consistent with the edge of the ring containing the 1Q H9A proton being directed toward
C20 and C21 in the complementary strand (Figure 9). The 1Q methyl protons are closer to the
G22 N1H imino proton than to the G® N1H imino proton (Figure 9 and Table S3 of the
Supporting Information), and this is also consistent with the NOEs (Figure 2).

The displacement of C2! results in a break in the 1H sequential NOE connectivity at the C2°
— C21 step (Figure 1B). This distance is predicted to be 6.4 + 0.4 A in the refined structures.
The amino proton resonances arising from the complementary dC are not observed. This is
consistent with the disruption of Watson—Crick hydrogen bonding and the buckling of the
complementary cytosine. These proton resonances are presumably broadened due to an
intermediate rate of rotation about the C4-N* bond and exchange with solvent.
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(b) NarllQ2 Duplex—The C8-dG 1Q adduct is located at position G2 of the 5'-d
(CG1G2CG3CC)-3' recognition site of the Narl restriction enzyme. The downfield chemical
shift for the X® H2' resonance, observed at ~3.60 ppm (Figure 5 and Figure S1 of the Supporting
Information), indicates that X° glycosyl torsion angle y of the modified dG exists in the syn
conformation. This places the Watson—Crick hydrogen bonding edge of the modified dG in
the major groove. The X° imino and amino protons are exposed to solvent. This is consistent
with the disappearance of the spectral resonance for the X® imino proton, presumably due to
rapid exchange with solvent. The 31P chemical shift perturbation observed at P# (Figure S2 of
the Supporting Information) suggests that the local electrostatic potential at phosphodiester
linkage P4 is perturbed. A strong X° H1’ — C® H6 NOE for the X> — C® base step (Figure
1C) is consistent with a separation between these protons as measured in the intensity-refined
structures of the two modified duplexes of 2.8 £ 0.4 A.

The minor groove conformation of the 1Q moiety in the Narl1Q2 duplex is similar to that
observed in the NarllQ1 duplex. The IQ moiety is wedged into the duplex somewhat more
than for the NarllQ1 duplex (Figures 11 and 12). The NOEs (Table S3 of the Supporting
Information) are consistent with the edge of the IQ moiety containing the H4A and H5A protons
being directed toward C20 and C21 in the complementary strand, while the edge of the 1Q
moiety containing the H8A and HIA protons is directed toward G19 and C20 in the
complementary strand (Figure 9). The 1Q methyl protons are closer to the G* N1H imino proton
than to the G° N1H imino proton (Figure 9 and Table S3 of the Supporting Information). This
is also consistent with the NOEs (Figure 2). The absence of NOEs between the 1Q amine and
methyl protons is attributed to exchange of the amine proton with solvent.

The exocyclic amino proton resonances of the complementary nucleotide C2° are not observed.
This is consistent with the disruption of Watson—Crick hydrogen bonding at the modified
X3.C20 base pair. These resonances are presumably broadened due to an intermediate rate of
rotation about the C4—N* bond and exchange with solvent. The weak sequential NOE at the
G119 — C20 base step is consistent with the positioning of the 1Q moiety between nucleotides
G192 and C20 in the complementary strand, thus increasing the distance between G19 H8 and
C20H1". Likewise, the weak sequential NOE at the C20 — C21 base step reflects the disruption
of Watson—Crick base pairing at the modified X°.C20 base pair, thus increasing the distance
between C20 H6 and C21 H1'.

Sequence-Dependent Conformation of C8-dG IQ Adducts in the Narl Sequence

The C8-dG IQ adduct adopts a minor groove conformation in the Narl1Q1 and Narl1Q2
duplexes, whereas in the Narl1Q3 duplex, it assumes a base-displaced intercalation
conformation. In the NarllQ1 5-d(CX1G)-3" 5'-d(CCG)-3' sequence context, the C8-dG IQ
adduct is flanked by dC in the 5' direction and by dG in the 3’ direction in the complementary
strand. In the Narl1Q2 5'-d(GX2C)-3"5'-d(GCC)-3' sequence context, the C8-dG 1Q adduct is
flanked by dG in the 5’ direction and by dC in the 3’ direction in the complementary strand. In
contrast, the base-displaced intercalated structure was favored in the Narl1Q3 5'-d(CX3C)-3'
-5’-d(GCG)-3' sequence context, in which the C8-dG 1Q adduct was flanked by dG in both the
5"and 3' directions in the complementary strand. In the Narl1Q3 duplex, it seems possible that
the stacking of both G17 and G1° on the 1Q moiety (Figures 11 and 12) stabilizes the base-
displaced intercalation structure. It seems possible that the 1Q ring might stack more favorably
with flanking dG than flanking dC in the complementary strand, which is the case for the
NarllQ1 and NarllQ2 duplexes, which consequently favor the minor groove conformation of
the 1Q moiety.
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Roles of the a’ and B’ Torsion Angles in Modulating Base-Displaced Intercalation versus
Minor Groove Conformations for the C8-dG IQ Adducts

Significantly, the orientation of the 1Q moiety also differs between the Narl1Q1 and Narl1Q2
duplexes and the Narl1Q3 duplex. The IQ group in the minor groove-bound conformations
(NarllQ1 and Narl1Q?2) is flipped nearly 180° relative to the base-displaced inserted structure
(Narl1Q3). These data lead to the conclusion that the base-displaced intercalation conformation
of the C8-dG 1Q adduct requires that the o’ and g’ torsion angles be approximately 180° and
0°, respectively. This orients the 1Q methyl group into the helix and toward the major groove,
introducing a distortion of the duplex (Figure 10) and the displacement of the complementary
cytosine nucleotide into the major grove (Figures 11 and 12), which presumably causes a
significant energy penalty. The stacking of both G17 and G19 on the IQ moiety in the Narl1Q3
duplex (Figures 11 and 12) appears to stabilize the base-displaced intercalation structure. In
contrast, the 1Q methyl group is oriented toward the minor groove for the NarllQ1 and
NarllQ2 duplexes.

Chemical Shifts of the IQ Protons

The initial conclusions regarding the conformations of the C8-dG I1Q adducts in the Narl1Q1,
NarllQ2, and Narl1Q3 duplexes were based on chemical shift analyses of the IQ protons (Table
1), as well as UV and CD spectroscopy (65). The relative chemical shifts of the 1Q moiety are
indicative of conformation (base-displaced inserted or groove-bound) and consistent with the
full structural analyses. The chemical shifts of the H4A and H5A proton resonances were
similar for the NarllQ1 and NarlQ2 duplexes, which was indicative of a similar chemical
environment. These protons are positioned in the minor groove for the NarllQ1 and NarlQ2
duplexes, whereas they were positioned in the major groove for the NarllQ3 duplex. Greater
chemical shift differences were observed for the H7A, H8A, and H9A protons. The pyridine
ring of the 1Q moiety is stacked between the neighboring dG residues of the complementary
strand in the Narl1Q3 duplex. Consequently, the 1Q H7A, H8A, and H9A protons are the most
shielded in the Narl1Q3 duplex. The same protons are the most exposed in the Narl1Q1 duplex,
which is reflected in greater downfield chemical shifts, between 0.32 and 0.53 ppm versus
NarllQ3. The chemical shifts for the 1Q protons for the Narl1Q2 duplex fell between those of
the Narl1Q1 and NarllQ3 duplexes. We considered the possibility that for the Narl1Q2 duplex
the 1Q adduct underwent conformational exchange between groove-bound and base-displaced
inserted conformations; however, this was ruled out on the basis of the sharp spectral line
shapes that were consistent with a single conformation. Formation of the base-displaced
intercalation conformation from the minor groove conformation requires major shifts of the a
"and f' torsion angles of 1Q and is not simply a matter of moving the 1Q moiety from the minor
groove into the helix. The final structure of the Narl1Q2 duplex shows that the 1Q ring is
partially inserted into the DNA base stack with the H4A, H5A, and N6 positions exposed to
the minor groove. The H7A, H8A, and H9A protons are closer to the base stack, and
consequently, these resonances experience a shielding effect compared to the Narll1Q1 duplex.

Conformational Prediction

We examined the properties of the C8-dG 1Q adduct located in the 5'-d(GGCAXGTGGTG)-3'
‘5’-d(CACCACCTGCC)-3' duplex (named the RaslQ5 sequence). Our NMR data (Table 1),
based on the comparison of the chemical shifts of 1Q aromatic protons of RaslQ5 to those of
NarllQ1 (minor groove bound) and NarllQ3 (63) (base-displaced intercalated), predict that in
the 5’-d(AXG)-3"-5-d(CCT)-3’ sequence the C8-dG 1Q adduct adopts a minor groove-bound
conformation. The modified dG in this sequence context adopts the syn orientation about the
glycosyl bond, as evidenced by a characteristic downfield shift of the X H2’ resonance.
Utilizing a combination of thermal UV melting studies, UV spectroscopy, and circular
dichroism, EImquist et al. (64) concluded that the C8-dG I1Q adduct adopted a minor groove-
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bound conformation in the ras12 sequence, similar to that predicted by Wu et al. (78). Figure
S3 of the Supporting Information shows magnitude COSY contour plots of the RaslQ5 duplex.
Figure S4 of the Supporting Information shows the DQF-COSY data for the C8-dG 1Q adduct
in the RasIQ5 duplex.

(a) Comparison with the C8-dG PhIP Adduct—The solution structure of the C8-dG
PhIP adduct was reported in 5'-d(CCATCXCTACC)-3"-5-d(GGTAGCGATGG)-3' (91). The
PhIP-modified duplex with 5-d(CXC)-3’ sequence adopted a conformation similar to that of
the C8-dG 1Q adduct in the NarllQ3 sequence. The C8-dG PhIP adduct existed with the
modified dG in the syn conformation and displaced into the major groove. The complementary
dC was displaced into the major groove. The imidazo[4,5-b]pyridine (IP) ring system inserted
into the duplex, stacking with the flanking G8 purine and the C® and G16 rings. However, the
out-of-plane geometry of the C6-phenyl group with respect to the IP ring in the PhIP adduct
contributed to a greater unwinding and twisting of the helix as compared to those of the C8-
dG 1Q adduct in the Narl1Q3 sequence. The PhIP phenyl ring was inclined out-of-plane relative
to the IP ring, rotating rapidly, precluding stacking with the flanking bases. Additionally, the
PhIP methyl group was positioned toward the modified strand, directed toward the minor
groove edge of the DNA, whereas in the Narll1Q3 duplex, the 1Q methyl group was stacked
between the flanking bases. Corresponding to the differences described above, the PhIP-dG
linkage site was defined by torsion angles o’ and 4’ of 221.3 + 3.0° and 132.5 + 8.0°,
respectively.

(b) Comparison with Aminofluorene and Acetylaminofluorene C8-dG Adducts
—The AF- and AAF-derived C8-dG adducts have been studied with respect to structure in
various DNA sequences (92) and in complex with the T7 DNA polymerase (93). The C8-dG
AAF adduct exhibited a base-displaced inserted structure when placed opposite dC in the 5'-
d(CXC)-3' context, with the modified dG in the syn conformation about the glycosyl bond
(94). The C8-dG AF adduct consistently yielded NMR data indicating conformational
heterogeneity, in a variety of sequence contexts (87,95-100). Of particular interest with regard
to this work are structural data for the C8-dG AF adduct obtained at each of the three
deoxyguanosines in the Narl sequence (87) and characterized by a mixture of base-displaced
intercalated (87) and major groove external conformations (101) in each instance. The ratio of
base-displaced intercalated to external conformers was 30:70, 10:90, and 50:50, in the Narl1Q1,
NarllQ2, and NarllQ3 sequences, respectively (87). In the base-displaced intercalated
conformation, the C8-dG AF adduct was in the syn conformation about the glycosyl bond,
whereas in the major groove external conformation, it was in the anti conformation about the
glycosyl bond (101). An AF-intercalated conformer with the modified dG in the syn
conformation and displaced with the 5'-flanking dC residue in the major groove was reported
for the C8-dG AF adduct opposite a —2 base deletion in the Narl sequence (102). The C8-dG
AF adduct was also examined in a model primer—template duplex. The C8-dG AF adduct was
in the syn conformation about the glycosyl torsion angle, and the modified dG was displaced
into the major groove. The complementary dC was displaced into the minor groove. This was
accompanied by stacking of the fluorene ring into the duplex (103). Crystallographic analyses
of the C8-dG AAF and C8-dG AAF adducts complexed with the bacteriophage T7 DNA
polymerase are now available. The crystallographic data with the C8-dG- AF adduct in the
templating position of the polymerase showed that the modified dG was in the syn conformation
with the fluorene ring inserted into a hydrophobic pocket on the surface of the fingers
subdomain of the protein, locking the fingers in an open, inactive conformation (93). Two
crystal structures with the C8-dG AF adduct in the templating position of the enzyme were not
well defined by the electron density, consistent with weak binding to the polymerase and, again,
suggesting heterogeneity between the syn and anti conformations of the modified dG (93).
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(c) Comparison with C8-dG Aminobiphenyl and Aminopyrene Adducts—The C8-
dG aminobiphenyl (ABP) adduct is similar to the C8-dG AF adduct but lacks the methylene
bridge between the two phenyl rings. This allows the two phenyl rings of the ABP adduct to
twist relative to each other. A structural study revealed that the major conformation of the ABP
adduct was one in which the ABP moiety was oriented in the major groove (104), similar to
the major groove external conformation of the C8-dG AF adduct (101). The C8-dG
aminopyrene (AP) adduct has also been examined with respect to structure in duplex DNA.
Its structure (105) was similar to that of the base-displaced intercalated C8-dG AF adduct
structure (87) in the same sequence context.

Structure—Activity Relationships

Overall, these data enhance our understanding of the dual roles played by DNA sequence and
adduct structure in determining the conformations of C8-dG arylamine DNA adducts. Early
studies concluded that the model arylamine compound N-acetyl-2-aminofluorene (AAF) was
a frameshift mutagen in Salmonella typhimurium (15,106). The metabolism of 2-
aminofluorene (AF) and AAF and consequent formation of specific DNA adducts have been
characterized (44,107). In Escherichia coli, the C8-dG AAF adduct gave frameshift mutations
(84,108), while the C8-dG AF adduct yielded base pair substitutions (109). Significantly, the
guanine in the third position of the E. coli Narl restriction sequence was identified as a hot spot
for frameshift mutations (84,108,110-112). In human cells, both the C8-dG AAF adduct and
the C8-dG AF adduct yielded primarily base pair substitutions (113,114).

The 5'-d(CG1G2CG3CC)-3' Narl hot spot sequence in E. coli represents the strongest known
hot spot for frameshift mutagenesis (60,110). Within the Narl restriction sequence, the
propensity for frameshift mutagenesis is sequence-dependent. These mutations occur
following adduct formation at the G2 position but not the G1 or G2 position in the sequence
(84,108,110-112). A single C8-dG acetylaminofluorene adduct located at position G2 in this
sequence induced —2 bp frameshifts more than 107-fold over background mutagenesis in E.
coli (115). The —2 bp frameshift mutations induced at position G in the Narl sequence by the
aromatic amine AAF (116,117) presumably arose via AAF-induced stabilization of a transient
strand slippage intermediate during translesion replication (117-119), and it is thought that the
—2 bp frameshifts induced by the C8-dG PhIP adduct arise via the same mechanism (120).
Crystallographic analysis of the bypass polymerase Dpo4 from Sulfolobus solfataricus
involving complexes with damaged DNA templates supports the notion that error-prone lesion
bypass can involve the formation of transient slippage intermediates (121-123). It will now be
of interest to examine the structure of the C8-dG 1Q adducts in primer-template complexes
with various human lesion bypass polymerases. Koffel-Schwartz and Fuchs (1995)
demonstrated that the dinucleotide repeat GCGC was essential for the —2 bp frameshifts in the
Narl sequence, while the flanking nucleotides N;GCGCNj, particularly Ny, modulated the
relative mutagenic strength of the sequence (115). In the case of AAF, it is thought that the 3’
neighboring base Ny, forms favorable stacking interactions with the fluorene ring that stabilize
the transient two-base strand slippage intermediate (124).

The preference in adopting syn conformation of the three 1Q-modified duplexes may play a
role in modulating the repair of the C8-dG 1Q adducts. Turesky et al. (125) proposed that
differences in the accumulation and rates of removal of C8-dG 1Q and N2-dG IQ adducts in
rodents and non-human primates may be attributable to differences in conformation about the
glycosyl bond in the two classes of adducts. Adducts in the syn conformation are proposed to
create greater distortions of the DNA duplex; hence, they may be more easily recognized and
excised. In contrast, adducts in the anti conformation are proposed to be more refractory toward
repair. Turesky et al. (125) observed a preferential removal of the C8-dG 1Q adduct, whereas
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the N2-dG 1Q adduct was more persistent. The latter existed in the anti conformation about the
glycosyl bond at the nucleoside level.
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Refer to Web version on PubMed Central for supplementary material.
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(A) C8-dG 1Q Adducted NarllQ1 Dodecamer, (B) C8-dG 1Q Adducted NarllQ2 Dodecamer,

(C) C8-dG IQ Adducted NarllQ3 Dodecamer, and (D) C8-dG 1Q Adduct?
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Expanded plots from the aromatic proton—-anomeric proton region of the 800.13 MHz NOESY
spectrum for the modified Narl1Q1 and Narl1Q2 duplexes at 15 °C using a mixing time of 250
ms, showing sequential NOE connectivity. (A) Nucleotides C1-C12 of the NarlIQ1 duplex.
(B) Nucleotides G13-G24 of the Narll1Q1 duplex. (C) Nucleotides C1-C12 of the modified
strand in the Narl1Q2 duplex. (D) Nucleotides G13-G24 of the complementary strand in the
Narl1Q2 duplex.
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Figure 2.

Comparison of expanded plots of the imino proton region of the 1H NOESY spectra for (A)
the NarllQ1 and (B) NarllQ2 duplexes. In the bottom panels are expanded plots showing
sequential NOE connectivity for the imino protons of base pairs T2-A23 to T11.A14 at 15 °C.
The labels represent the imino proton of the designated base. In the middle panels are NOE
connectivities between the imino protons and the base amino protons. The NOE cross-peaks
involving the imino protons are labeled in the figure as follows: (A) (a’ and a) G22 N1H —
C3 NHy-4b,e and (b’ and b) G® N1H — C20 NH,-4b,e and (B) (a’ and a) G* N1H — C2!
NH,-4b,e and (b’ and b) G1® N1H — C8 NH,-4b,e. In the top panels are NOE connectivities
between the imino protons and the 1Q methyl protons. The 1Q-DNA cross-peaks are labeled
as follows: (A) 1, G22 N1IH — X# CHs; and 2, G® N1H — X* CH3; and (B) 1, G* N1IH —
X® CHj3; and 2, G19 N1H — X5 CHs.
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Figure 3.

Assignments of the 1Q proton resonances. Expanded plots from (A) the COSY spectrum and
(B) the aromatic—aromatic region of the NOESY spectrum at 15 °C for the 1Q-adducted
NarllQ1 duplex. Expanded plots from (C) the COSY spectrum and (D) the aromatic—aromatic
region of the NOESY spectrum at 15 °C for the 1Q-adducted Narl1Q2 duplex.
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Figure 4.

Tile plots showing NOE cross-peaks between nonexchangeable protons of DNA and 1Q
protons in the NarllQ1 and NarllQ2 duplexes. (A) NOE cross-peaks for the Narl1Q1 duplex:
(@) C20 H2' — 1Q HIA, (b) C20 H2" — IQ HIA, (c) G22 H5' — IQ H9A, (d) C2O H3' — IQ
HIA, (e) C21 H4' — 1Q HIA, (f) C2L H1' — 1Q H9A, (g) C%° H1' — 1Q H9A, (h) C20 H8 —
1Q HIA, (i) G17 H8 — 1Q HIA, (j) GZ2 H1' — 1Q H4A, (k) G22 H1' — 1Q H5A, (1) X4 H1’
— 1Q CHj3, (m) G® H1’ — IQ CH, (n) G® H5' — IQ CH3, (0) G22 N1H — 1Q CHg, and (p)
G® N1H — IQ CHjs. (B) NOE cross-peaks for the Narl1Q2 duplex: (a) G1° H2” — 1Q H9A,
(b) G H3' > 1Q HIA, (c) G19 H1' — IQ HIA, (d) C20 H1’ — IQ HIA, (e) C21 H6 — IQ
HIA, (f) G19 H8 — 1Q HIA, (g) C2L H1' — IQ H4A, (h) C20 H2' — IQ H5A, (i) C20 H2" —
1Q H5A, (j) G19 H2” — 1Q H8A, (k) C21 H4’' — IQ H5A, (I) C2L H5 — I1Q H5A, (m) C2! H1’
— IQ H5A, (n) G H8 — IQ H8A, (0) X® H1' — IQ CH3, (p) C8 H1’ — 1Q CHj3, (q) C?! H1
— 1Q CHj3, (r) C8 H4' — 1Q CHs, (s) G* N1H — 1Q CHs, and (t) G19 N1H — 1Q CHs.
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Figure 5.

Expanded COSY contour plot at 15 °C establishing the connectivity between the H1’ and H2'
and H2" protons. (A) NarlIQ1 duplex. The H2’ and H2" protons of nucleotides C3, X4, G5,
C20, c21, and G22 adjacent to the lesion site are connected by lines and labeled. (B) Narl1Q2
duplex. The H2' and H2" protons of nucleotides G4, X°, C®, G192, C20, and C2 adjacent to the
lesion site are connected by lines and labeled.
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Chemical shift changes of (A) aromatic protons H6 and H8 and (B) anomeric H1' protons of
the NarllQ1 duplex and (C) aromatic protons H6 and H8 and (D) anomeric H1' protons of the
NarllQ2 duplex, relative to the unmodified duplex, where Ad = dmogified oligodeoxynucleotide —

Jdunmodified oligodeoxynucleotide (Parts per million).
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Figure 7.

Stereoviews of 10 randomly seeded superimposed structures of the (A) NarllQ1 and (B)
NarllQ2 duplexes emergent from rMD simulated annealing calculations, looking into the
minor groove at the lesion site.
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M Intra-Nucleotide
B Inter-Nucleotide

Il am
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Nucleotide
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W Intra-Nucleotide
M Inter-Nucleotide

Nucleotide

Distribution of RX; values calculated using CORMA (72). (A) Nucleotides C1-C12 of the
modified Narl1Q1 duplex. (B) Nucleotides G13-G?2# of the modified Narl1Q1 duplex. (C)
Nucleotides C1-C12 of the modified Nar11Q2 duplex. (D) Nucleotides G13-G24 of the modified
NarllQ2 duplex. The black bars represent intranucleotide values and the gray bars
internucleotide values.
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Figure 9.

Comparison of averaged refined structures, looking into the minor groove, and normal to the
helix axis of the central segment: (A) NarllQ1 duplex and (B) Narl1Q2 duplex. The NOEs
defining the 1Q orientation are indicated by the green dashed lines.
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Figure 10.

Average refined structure of the Narl1Q3 duplex, looking into the major groove, and normal
to the helix axis of the central segment (63). The NOEs defining the IQ orientation are indicated
by the green dashed lines.
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Figure 11.

Base stacking orientations of the Narl, Narl1Q1, Narl1Q2, and Narll1Q3 (63) duplexes. (A)
Unmodified duplex detailing base stacking corresponding to the modified duplexes. (B)
NarllQ1, NarllQ2, and NarllQ3 (63) duplexes detailing base stacking between the base pair
at the modified position and its 5’ neighboring base pair, with the 5’ neighboring base pair
aligned as in the unmodified duplex.
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Figure 12.

Base stacking orientations of the Narl, Narl1Q1, Narl1Q2, and Narl1Q3 (63) duplexes. (A)
Unmodified duplex detailing base stacking corresponding to the modified duplexes. (B)
NarllQ1, NarllQ2, and Narl1Q3 (63) duplexes detailing base stacking between the base pair
at the modified position and its 3’ neighboring base pair, with the 3’ neighboring base pair
aligned as in the unmodified duplex.
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Table 2
Analysis of the rMD-Generated Structures of the NarllQ1 and NarllQ2 Duplexes?

NarllQ1l NarllQ2
NMR restraints

total no. of distance restraints 504 450

no. of inter-residue distance restraints 139 141

no. of intra-residue distance restraints 365 309

no. of DNA-IQ distance restraints 16 20

no. of 1Q-Q distance restraints 6 6

no. of H-bonding restraints 30 30

no. of dihedral planarity restraints 22 22

no. of sugar pucker restraints 120 120

no. of backbone torsion angle restraints 78 78

structural statistics

NMR R-factor (R,")°
(rMDRi) 0.0891 + 0.0004 0.0913 + 0.0005
rmsd of NOE violations (A) 0.00778 + 0.00002 0.00783 + 0.00002
no. of NOE violations >0.2 A 0 0

root-mean-square deviations from ideal geometry
bond lengths (A) 0.02824 + 0.00005 0.02875 + 0.00006
bond angles (deg) 2.726 +0.007 2.734 £ 0.006
improper angles (deg) 0.78 £0.02 0.81£0.02

pairwise rmsd (A) over all atoms
(rMDRi) vs {rMDav)® 0.83+0.01 0.87 +0.02

&I'he mixing time was 250 ms.

lex = 2|(a0)i1/ 6_ (ac)ill 6|/2|(a0)i1/ 6|, where ag and ag are the intensities of observed (non-zero) and calculated NOE cross-peaks, respectively.

c . . .
(rMDRi}, 10 converged structures starting from randomly seeded calculations; {rMDav), average of 10 converged structures.
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Torsion Angles (degrees) Defining the 1Q Orientation in the rIMD-Generated Structures of the Narl1Q1, NarllQ2,
and NarllQ3 Duplexes?

duplex z a' p

NarllQ1 96+ 9 -115+38 149+38
NarllQ2 118+8 -124+8 168+ 7
NarllQ3 85+ 10 159+ 7 -23+8

a}( is the glycosyl torsion angle (04'-C1'-N9-C4), «' is the N9-C8-N(1Q)-C2(IQ) angle,
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and A’ is the C8-N(1Q)-C2(1Q)-N3(IQ) angle (see Chart 1).



