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S(12,2)e-(N>-Guanyl) Stereoisomers frodd NMRT

Irene S. Zegar, Feloora R. Setayesh, Bart L. DeCo@enstance M. Harris, Thomas M. Harris, and
Michael P. Stone*

Center for Molecular Toxicology and Department of Chemistry, Vanderbilp&fsity, Nashille, Tennessee 37235
Receied September 1, 1995; Rsed Manuscript Receéd December 20, 1995

ABSTRACT: The structures of the R)- and -a-(N>-guanyl)styrene oxide adducts at®Xn
d(GGCAGXTGGTG)d(CACCACCTGCC), encompassing codon 12 of the humaas protooncogene
(underlined), were refined froftH NMR data. These were the R(12,2) and S(12,2) adducts. For the
R(12,2) adduct, upfield chemical shifts were observed for theld, H1, and N3H resonances. At 30
°C,RSOG® N1H, T7 N3H, and T° N3H disappeared due to exchange with solvent. For the S(12,2) adduct,
S-SQG6 H1' shifted upfield 0.33 ppm, but all imino resonances were observed. The styrene methylene
protons were nonequivalent for both adducts, suggesting hydrogen bonding between the hydroxyl and
C' 02 or O4 in the R(12,2) adduct and*CO2 in the S(12,2) adduct. The styrene aromatic protons
appeared as three signals in the R(12,2) adduct and as two signals in the S(12,2) adduct, suggesting rapid
rotation of the styrene ring on the NMR time scale. NOE data revealed that the phenyl ring was oriented
in the 3-direction relative td*-S9G® for the R(12,2) adduct and in thé-8irection relative to>SAG* for

the S(12,2) adduct. A total of 253 and 221 interproton distances were obtained from relaxation matrix
analyses of the R(12,2) and S(12,2) adducts, respectively. NOE-restrained molecular dynamics calculations
converged with root mean square deviations ofQL& A for the R(12,2) adduct and 0.82.4 A for the

S(12,2) adduct. Complete relaxation matrix analyses of the nine inner base pairs yielded sixth root residual
indices between calculated and experimental NOE intensities ok 8,82 for the R(12,2) adduct and

7.9 x 102 for the S(12,2) adduct. The refined structure for the R(12,2) adduct showed a 0.4 A increase
in the stretch oRSAG8-C7 and T-A6, and a 2 A widening of the minor groove at and adjacent to the

SO lesion, with the styrene ring oriented edgewise in the minor groove. Smaller minor groove disturbances
were observed for the S(12,2) adduct, which had the styrene ring oriented flat in the minor groove. No
DNA bending was predicted by the calculated structures.

Styrene, a mutagen in prokaryotes (de Meester et al., 1977;number of nucleophilic sites in DNA, including tt® and
Wade et al., 1978) and eukaryotes (Bonatti et al., 1978), andS-enantiomers at the exocyclic amino group of guanine
possibly in humans (Ott et al., 1980; Hodgson & Jones, 1985; (Savela & Hemminki, 1986).

Matanoski & Schwarts, 1987; Wong, 1990), induces sister The site-specific adduction of DNA by reactive electro-
chromosome exchange and aberrations in human lympho-philes is commonly postulated to be the initiating step in
cytesin vitro (Norppa et al., 1980, 1981). The genotoxicity chemical carcinogenesis. Ultimately, adducts are believed
is believed to be due to cytochromgsPmediated metabo-  to induce mutations during DNA replication or repair (Miller,
lism to styrene oxide, SHarris et al., 1986; Foureman et 1970, 1978). Both adduction of DNA by electrophilic agents
al., 1989; Elovaara et al., 1991; Guengerich et al., 1991; (Muench et al., 1983; Refolo et al., 1985; Boles & Hogan,
Guengerich, 1992; Nelson et al., 1993; Nakajima et al., 1986; Marien et al., 1987; Benasultti et al., 1988; Kootstra
1994a,b). This oxide reacts vitro to form adducts at a et al., 1989; Moyer et al., 1989; Osborne, 1990; Dittrich &
Krugh, 1991a,b; Margulis et al., 1993) and subsequent

' This research was supported by the NIH: Grant ES-05355 (M.P.S.) pjp|ogical processing of DNA lesions, including repair (Zarbl
and Grant ES-05509 (T.M.H.). Funding for the AMX-500 NMR et al., 1985 TopaI et al., 1986: TopaI, 1988: Voigt et al.,

spectrometer was supplied by the NIH shared instrumentation program, ! . .
Grant RR-05805, and the Vanderbilt Center in Molecular Toxicology, 1989; Voigt & Topal, 1990), and either correct or incorrect

Grant ES-00267. replication resulting in mutations (Koffel-Schwartz et al.,
* Author to whom correspondence should be addressed. 1984: Gentil et al.. 1986: Marien et al.. 1989 Hoffmann &
* Present address: Janssen Research Foundation, Welsh and McKea'g ’ . o ' ’ .

Roads, Spring House, PA 19477. uchs, 1990; Lambert et_al., 1992a,b; Levy et al., 1992;
® Abstract published irAdvance ACS Abstractdfarch 1, 1996. Latham et al., 1993; Rodriguez & Loechler, 1993b; Chary

! Abbreviations: DNA, deoxyribonucleic acid; DSS, sodium 4,4- gt g|., 1995), are modulated by sequence.

dimethyl-4-silapentanesulfonate; EDTA, ethylenediaminetetraacetic - - .

acid; HPLC, high-pressure liquid chromatography; NMR, nuclear | Mutatlo_ns In pz_irtlcula_r DNA_ sequences seem to be
magnetic resonance; NOE, nuclear Overhauser enhancement; NOESYinvolved in tumorigenesis. Active oncogenes have been
two-dimensional NOE spectroscopy; PAH, polycyclic aromatic hydro- found in a number of human tumors (Shih et al., 1981;
carbon; ppm, parts per million; R-Y-R, puriagyrimidine-purine; SO, Krontiris & Cooper, 1981; Perucho et al., 1981; Pulciani et
styrene oxide; TPPI, time-proportional phase increment; TOCSY, total j ’ ’ o '

homonuclear correlated spectroscopy; 1D, one dimensional; 2D, two &l., 1982); often these are members ofteprotooncogene

dimensional. family (Cooper, 1982; Land et al., 1983). Activationras
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is a consequence of mutations within a limited number of Scheme 1: R(12,1) and R(12,2) Oligodeoxynucleotides,
codons of the gene product, including codon 12 [reviewed where R or S= (R)- or (9-a-(N>-Guanyl)styrene Oxide
by Barbacid (1987)]. Therefore, understanding adduct- Adduct (Bottom)

induced perturbations of DNA containing thas codon 12 ras codon
sequence, and in which potential mutations are associated 11 12 13
with tumorigenesis, is crucial. The guanine-rich codon 12 5'-G¢* |&*c’a' | R 17 |G° G¢° TV|GM-3"
sequence may be unusually prone to beajpyfrene adduct 3102 | ce®T? | ¢ VAl | ce At [ c-5 ¢
formation at guanine N2 (Dittrich & Krugh, 1991a). It seems
plausible, although it is not established, that SO generated ras codon
in »ivo might also target the codon 12 sequence. 11 12 13

The structure refinement of thias12oligodeoxynucleotide 5'-¢" |6 c*a’ |&°s° 17 |6’ ¢’ T'|G6M-3"
d(GGCAGGTGGTGY(CACCACCTGCC] (Zegar & Stone, 31-c*|c?e*r™ | c*®cVa | c**cat? | ¢t -5

1996), in which the underlined nucleotides represent the

codon 12 sequence, revealed a B-type conformation, with Scheme 2: Structures of thB)¢ and §-a-Styrene Oxide
local variations (Calladine, 1982) associated with three Adducts at Guanine N2

purine—pyrimidine—purine (R-Y-R) steps in the coding

strand: G—C3—A*% G'—T—G8, and G—T—G'% The . "
G5—T"—G8 step was of particular interest since it involved j\ | \> j\ | \>
the second and third (wobble) nucleotides of codon 12. These Ny Sy i N Sy N
R-Y-R steps were reflected in the calculated roll angles, slide, e @R Ho e @
and rise parameters from the refine$l12structures. The
significance of sequence-dependent structural variations H
within the codon 12 region with regard to adduct-induced Ho Hov
mutagenesis remains to be determined. These could alter
the propensity for adduction at this site, e.g., by inducing The present work focuses on the effect of altering the
sequence-specific changes in the corresponding transitionstereochemistry of the-(N?-guanyl)styrene oxide adduct at
state energy barriers for reaction with specific electrophilic position & in the ras12 oligodeoxynucleotide. Solution
species (Warpehoski & Hurley, 1988) or by inducing conformations of the stereoisomeric R(12,2) and S(12,2)
sequence-specific changes in the binding equilibria for adducts, as obtained frottl NMR spectroscopy (Schemes
electrophiles (Muench et al., 1983; Boles & Hogan, 1984). 1 and 2), are compared. NOESY and TOCSY spectra are
Likewise, in the adducted DNA, perturbations in the R-Y-R  ysed to assigiH resonances. Interproton distance restraints
base-step geometry at codon 12 could influence the propenpptained from NOESY spectra produce refined solution
sity toward mutation or repair, in a site-specific and adduct- structures through restrained MD simulation incorporating
specific manner. simulated annealing, followed by full relaxation matrix back-
Stereochemistry modulates adduct conformation at guaninecg|culation of the spectra (Keepers & James, 1984; Havel
N2, as revealed for diastereomeric bemdpyrene adducts ¢ Wuthrich, 1985: Wuthrich, 1986: Nilsson et al., 1986:
(De Los Santos et al., 1992). Subsequen.t studies of be“ZOBorgias & James, 1990; Madrid et al., 1991). The refined
[a]pyrene (Cosman et al., 1994a,b; Fountain & Krugh, 1995) g,cryres that emerge from the calculations are in the
and 5-methylchrysen¢ (Cosman et al, .1995b) addUCtS. ‘f"tB-famin, with discernible differences at and adjacent to the
guanine N2 substantiated this observation. Stereospecn‘lcSite of modification. The results reveal the influence of

differences in the processing of PAH lesions (Shibutani et adduct stereochemistry in determining the orientation of

al,, 1993; Wei et al., 1994) suggested the existence of ast rene oxide adducts at guanine N2, with Rdiastereomer
relationship between the configurations of particular adductsby. ented in th 'aj‘g " h'I' theS diast
and their biological fate. Stereospecific differences in . €ing oriented In the irection while theé>-diastereomer
structure for PAH (Cosman et al., 1993, 1995a; Schurter et is oriented in the Bdirection from the lesion site. The
al., 1995a,b) and SO (Feng et al. 199;5) addéetsd as  accommodation of theR-diastereomer within the minor
well, for the processing of PAH (Cheh et al., 1994; Christner 9r0OVe requires greater distortion of thes12oligodeoxy-
etal., 1994; Chary et al., 1995) and SO (Latham et al., 1993,nucleotide, which appears to be related to steric crowding
1995) adducts at adenine N6 have been documented. when the phenyl ring is oriented in thé &s opposed to the
5'-direction. The R(12,2) and S(12,2) styrene oxide struc-
2 The oligonucleotides discussed in this paper do not have terminal tures provide a model system for the study of site-directed

phosphate groupswe abbreviate the nomenclature for oligonucleotides mutagenesis and replication studies within the coding
by leaving out the phosphodiester linkage. A, C, G, T, and X refer to sequence of the humamras protooncogene at codon 12.
mononucleotide units; X is theSf- or (R)}a-styrene oxide modified

nucleotide. A right superscript refers to numerical position in the

oligonucleotide sequence starting from theesminus of chain A and MATERIALS AND METHODS

proceeding to the'@erminus of chain A and then from théterminus ] ) .

of chain B to the 3terminus of chain B. C2, C5, C6, C8, CL2, Materials. The oligodeoxynucleotide d(CACCACCT-
etc. represent specific carbon nuclei. H2, HS, H6, H8), HP, H2", GCC) was purchased from the Midland Certified Reagent

etc. represent the protons attached to these carbons. . . P .
g, %eng, M. Vogmen L. Zhou, M. Passarelli, C. M. Harris, T. M. CO. (Midland, TX). The site-specific incoporation of styrene

Harris, and M. P. Stone;Major Groove §)-a-(NS-Adenyl)styrene into theras12 sequence was accomplished by reaction of
Oxide Adducts in an Oligodeoxynucleotide Containing the Human the enantiomeric phenvlalvcinols with thas12 oliaode-
N-rasCodon 61 Sequence: Conformations of the S(61,2) and S(61,3) leotid P . .ygzyﬂ . ine d g id
Sequence Isomers frofi NMR”, manuscript submitted for publica- oxynuc_eotl e contglnlng --liluoroinosine deoxyriboside at
tion. the desired target site. This was conceptually similar to an

Ho
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approach used to prepaf®){ and §-o-(Né-adenyl)styrene
oxide-adducted oligodeoxynucleotides (Harris et al.,
1991,1994) and enabled large-scale productiorRpf &nd
(9-a-(N?-guanyl)styrene oxide adducted oligodeoxynucle-
otides (DeCorte et al., 1996). The modified oligodeoxy-

Zegar et al.

were recorded using a 105 ms MLEV17 (Bax & Davis, 1985)
spin lock at 2 G for mixing (phase cycling was done
according to the TPPI method). These experiments were
carried out at 30C. The data were transferred to Iris 4D
workstations (Silicon Graphics, Inc., Mountain View, CA)

nucleotides were purified by HPLC using a reverse-phase and processed using FELIX (Biosym Technologies, San

semipreparative column (PRP-1; Hamilton Co., Reno, NV)
equilibrated with 10 mM ethylenediamineacetate (pH 7.0).

Diego, CA).
NMR Distance RestraintsClassical B-DNA and A-DNA

The oligodeoxynucleotides were eluted using a gradient (Arnott & Hukins, 1972) were used as the reference

consisting of 6-20% acetonitrile in 20 min. The DNA was

structures. The initial DNA models were constructed by

lyophilized and desalted on Sephadex G-25 (Pharmacia-P.L.bonding C1 of styrene to N2 of guanine using INSIGHTII

Biochemicals, Inc., Piscataway, NJ).

Preparation of NMR SamplesThe concentration of
d(GGCAGGTGGTG) was determined from the calculated
extinction coefficient at 260 nm of 1.0Q 10° M~ cm™?
(Borer, 1975), while concentrations of d(GGCR&GTG-
GTG) and d(GGCAGSGTGGTG) were determined from
the calculated extinction coefficient at 260 nm of 9.24
10* M~ cm™. The complementary oligodeoxynucleotides
were mixed at approximately equal molar ratios in 10 mM
NaHPQ,, 0.1 M NaCl, and 5Q«M Na,EDTA, at pH 6.9.
The mixtures were heated to 8& for 5 min followed by
cooling to room temperature to anneal the strands. DNA
grade Bio-Gel hydroxylapatite (Bio-Rad Laboratories, Rich-
mond, CA) (15 cmx 3.0 cm), eluted with a NajfPO,
gradient from 10 to 200 mM (pH 6.9), was used for the
separation of double-stranded from single-stranded DNA.
The duplexes were lyophilized, resuspended in 1 mL & H
and desalted on Sephadex G-25 (70 gnl.5 cm). The
samples were lyophilized and dissolved in 0.5 mL of NMR
buffer [0.1 M NaCl, 5x 107> M Na,EDTA, 0.01 M NaH-
PO, (pH 6.9)]. The final concentrations of the samples were

(Biosym Technologies, San Diego, CA). Partial charges on
the styrene ring were obtained from those assigned to
phenylalanine from the CHARMM force field. These were
energy minimized for 500 iterations by the conjugate gradient
method to give the starting structures IniA and IniB.
NOESY spectra at mixing times of 100, 150, and 250 ms
[R(12,2) adduct] and 150, 250, and 350 ms [S(12,2) adduct]
were acquired within a single 3-day period without removing
the sample from the spectrometer or changing the experi-
mental conditions. The NOESY pulse program was modified
to eliminate artifacts arising from zero-quantum coherence
andzzterms observed at short mixing times. A systemati-
cally shifted composite 18Qulse was implemented within
the mixing period, and composite 9ulses were used in
place of the second and third 9gulses in the standard pulse
sequence (Bodenhausen et al., 1984). Footprints were drawn
around the NOE cross peaks for the NOESY spectrum
measured at a mixing time of 250 ms [R(12,2) adduct] and
350 ms [S(12,2) adduct] using FELIX. The same set of
footprints was applied to spectra measured at other mixing
times. Cross peak intensities were determined by volume

determined to be 2.5 mM in strand concentration. Strand integration of the areas under the footprints. The intensities

stoichiometries were assayed by HPLC.
Nuclear Magnetic Resonancépectra were recorded at
a H frequency of 500.13 MHz. The samples used for

were combined as necessary with intensities generated from
complete relaxation matrix analysis of a starting DNA
structure to generate a hybrid intensity matrix. MARDI-

examination of nonexchangeable protons were lyophilized GRAS (Borgias & James, 1990) was used to iteratively refine

three times from 99.96% J® and suspended into 0.5 mL
of NMR buffer containing 99.996% f®. The samples used

the hybrid matrix to optimize the agreement with experi-
mental NOE intensities. Calculations using IniA and IniB,

for examination of exchangeable protons were dissolved in three mixing time NOE experiments (100, 150, and 250 ms),

0.5 mL of NMR buffer containing 9:1 ¥D:D,O. The spectra

and four DNA correlation times (2, 3, 4, and 5 ns), yielded

were referenced to the water resonance at 4.72 ppm at 3@®4 sets of distances, which were averaged. For the S(12,2)

°C or 4.97 ppm at 10C. Phase-sensitive NOESY spectra

adduct, only the B-starting model was used. Volumes

used for the resonance assignments were recorded using themeasured from three NOESY experiments at 150, 250, and

TPPI method for phase cycling. A mixing time of 400 ms
was used. In thel; dimension, 1024 real data points were
collected, with 32 acquisitions per FID with a 1.5 s relaxation
delay; 2048 real data points were used in da€limension.

350 ms mixing times and correlation times of 3, 4, and 5 ns
yielded nine sets of internuclear distances. These were
averaged.

Molecular Dynamics and Simulated Annealingy.detailed

The residual water resonance was saturated during thedescription of the molecular dynamics and simulated an-

relaxation delay and the mixing period. Data were zero-
filled in the d; dimension to give a matrix of 2k 2K real
points. A sine-bell apodization function with a 9phase
shift and a skew factor of 0.7 was used in ttheand d,
dimensions.
H,0:D,0 were performed using a jump returs1 sequence

for water suppression as the read pulse (Bax et al., 1987;for restrained MD calculations of nucleic acids.

Sklenar et al., 1987). Convolution difference was used

nealing protocol used in these studies is provided in the
Supporting Information. INSIGHTII was used to build the
starting structures and for molecular visualization. All
potential energy minimization and restrained MD calculations

Phase-sensitive NOESY experiments in 9:1were performed using X-PLOR (Brunger, 1992). This was

derived from CHARMM (Brooks et al., 1983) and adapted
The
empirical energy function (Nilsson et al., 1986) was devel-

during processing to minimize the residual water signal oped especially for nucleic acids and treated all hydrogens
(Marion et al., 1989). The NOE mixing time was 250 ms. explicitly. It consisted of energy terms for bonds, bond

In thed; dimension, 512 data points were collected, with 64 angles, torsion angles, tetrahedral and planar geometry,
scans per FID; the relaxation delay was 1.5 s. Indhe  hydrogen bonding, and nonbonded interactions including van
dimension, 2K data points were utilized. These experiments der Waals and electrostatic forces. The van der Waals energy
were carried out at 10C. Phase-sensitive TOCSY spectra term was approximated using the Lennard-Jones potential
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Ficure 1: Expanded plot of a phase-sensitive NOESY spectrum at 250 ms mixing time showing the sequential NOEs from the aromatic
to H1 protons: (A) the modified strand of the R(12,2) duplex; (B) the unmodified strand of the R(12,2) duplex; (C) the modified strand
of the S(12,2) duplex; (D) the unmodified strand of the S(12,2) duplex. The base positions are indicated at the intranucleotide aromatic to
sugar H1 NOE cross peak.

energy function. The electrostatic term used the Coulomb RESULTS
function, based on full partial charges and a distance-

dependent dlglectnc constant of 4. The nonbonded par list Sequential assignments of the nonexchangeable protons were
was updated if any atom moved more than 0.5 A, and the joiarmined at 30C in the standard manner (Hare et al.,
cutoﬁ_ radius for noannded interactions was 11 A. The 1983; Feigon et al., 1983). The Ha&nd H2' sugar protons
effective energy function was composed of two terms were assigned from NOEs with the Hiugar protons of the
describing distance and dihedral restraints, which were in same residue, on the basis of the assumption that, for a B-like
the form of a square well potential (Clore et al., 1986). All DNA, the HY-H2'"" distances were shorter than the' HH>'

bond lengths involving hydrogen were kept fixed with the distances. Therefore, the stronger cross peaks were assigned
SHAKE algorithm (Ryckaert et al., 1977) during MD to the H2' protons. These assignments were corroborated
calculations. All calculations were performéd vacuo by TOCSY and DQF-COSY data, which were used to assign
without explicit counter ions. The integration time step used the”remamder of the deoxyr'lbose sugar protons. The H5

in the molecular dynamics calculations was 1 fs. Structure 9" resonances were identified for the R(12,2) oligomer but
coordinates were archived every 0.1 ps. Back-calculation hot separately assigned. They were not identified for the

! S(12,2) oligomer. A number of these resonances overlapped,
of NMR data was performed using CORMA (Keepers & which made unambiguous assignments impossible. The

James, 1984). The refined structures were examined using, yanine H2 protons were assigned from weak cross peaks
DIALS AND WINDOWS 1.0 (Ravishankar et al., 1989). g the H1 protons of the adjacent-Bucleotides.

However, locating local energy minima among a largeé  The sequential assignments for both strands of each
(>100) ensemble of MD-emergent structures or the identi- ojigomer were obtained without interruptions (Figure 1). The
fication of conformationally distinct clusters of structures notable feature observed in this region of the spectrum for
which could simultaneously satisfy the NMR restraints the modified strand of the R(12,2) duplex was an upfield
(Gupta et al., 1993) was not attempted. chemical shift for T H6 and T H1', relative to the

Spectral Assignments. (a) Nonexchangeable Protons.



4338 Biochemistry, Vol. 35, No. 14, 1996 Zegar et al.

6.5
>
'S
7.5

8.0

7.0

7.5
85

D2 (ppm)

D2 (ppm)
9]

13.0 125
13.0 125

b
-
3
-
1
A
140 135
>
LI
b
]
=L 8
3
6\‘
~
140 135

14.0 13.‘5 13.0 12.‘5 14.0 13.‘5 13.0 12.5

D1 (ppm) D1 (ppm)
FIGURE 2: (A) The R(12,2) adduct. NOEs for imino protons of base pat€8—T10-A13 at 350 ms mixing time. (B) The R(12,2) adduct.
NOEs between ¥, T10, and T N3H and A, A3, and Al® H2. Labeled cross peaks: &S0G® N1H-C7 NH,y,; 2, G N1H-C'NHyy, 3, G©
N1H-C? NHyp; 4, G N1H-C?L NHyp; 5, G N1H-CH NHap, 6, G N1H-C!® NH,y,, 7, G N1H-CI5 NH,y,; 8, G N1H-CI8 NH,p,; 9, R-SQGS
N1H-styrene Hg; 10, G°N1H-A* H2; 11, G N1H-A* H2; 12,R-S0G8 N1H-A® H2; 13, G N1H-A16 H2 (spin diffusion); 14, @N1H-A®
H2; 15, @ N1H-A3 H2. (C) The S(12,2) adduct. NOEs for imino protons of base par€3&—T10-A13 at 250 ms mixing time. (D) The
S(12,2) adduct. NOEs betweef®TT, and T N3H and A, A3 and A6 H2. Labeled cross peaks: 12@1H-C? NHyy, 2, G N1H- CVY
NHap; 3, G N1H-A18 H2; 4, G N1H-C! NHyp; 5, G0 N1H- C¥ NHyp,; 6, G N1H-CM NHyp; 7, SSAG8 N1H-C7 NH,y,; 8, S-SQG6
N1H-S-SQG6 2-NH. All spectra were obtained at €. The resonances labeled X and Y were unidentified.

unmodified oligomer (Zegar & Stone, 1996). With the were carried out from NOESY spectra measured in 90% H
exception of T H6, the aromatic protons of the purine and (Boelens et al., 1985). Tile plots of the imino and amino
pyrimidine bases resonated within the expected range ofregions of the R(12,2) and S(12,2) adducts are shown in
chemical shifts, ranging from 7.1 to 8.4 ppm. The relative Figure 2. The non-hydrogen-bonded amino protons of
positions of G H8 and®S9G® H8 interchanged with respect  cytosines (NH,) were assigned from their connectivities to
to the unmodified oligomer, witR-S9G® H8 shifted further H5 protons of cytosines. The hydrogen-bonded amino
downfield in the modified oligomer. There was some resonances of cytosine (Nfiwere then assigned from their
spectral overlap, involving EH8 and G H8, and G H8 cross peaks to Nid With the exception of the'8erminal
and R-S0GS H8, which were nearly isonchronous. In the cytosine, two resonances were observed for each set of
complementary strand, the aromatic H6 protons of nucle- cytosine amino protonsR-S9G® 2-NH was assigned from
otides G* and T and of G5 C!8, and C! were nearly = NOEs toRS9G® N1H and T N3H. Similarly, S-5qGf 2-NH
isonchronous. The three sets of sequential cytosine aromatiavas assigned from NOEs to®®I1H, S-59G8 N1H, and T
resonances, €—C', C'"—C!8 and G'—C?, exhibited a N3H. The remainder of the guanine amino protons were
characteristic pattern, with thé-Beighbor cytosine in each  not assigned due to exchange broadening. The chemical
case resonating at higher field than then8ighbor cytosine.  shifts of the exchangeable protons are listed in Tables 3S
With the exception of TH1', the anomeric protons resonated and 4S in the Supporting Information. Compared to the
within the expected range of 54.4 ppm. unmodified duplex, the guanine imino protons were better
For the S(12,2) oligomer, a notable spectral feature was resolved.
the upfield shift for G H1', relative to the same resonance For the R(12,2) oligomer, two well-resolved resonances
in the unmodified oligomer (Zegar & Stone, 1996). This, were observed between 13.4 and 14.0 ppm &CL(Figure
combined with the appearance of H6 and H1 in the 2A). The resonance at 14.0 ppm was assigned{dNBH
normal spectral region and a downfield shift of &8, from a cross peak to AH2. The resonance at 13.4 ppm
created a greater overlap problem with the S(12,2) adductwas assigned to“TN3H from a cross peak to ‘AH2 and
spectral data. As in the case of the R(12,2) oligorfiéRs6 was approximately 0.6 ppm upfield of the other thymine
H8 shifted further downfield than GH8, relative to the imino resonances. In the spectrum shown in Figure 2A, T
unmodified oligomer. Spectral overlap involved B8, G N3H was exchange broadened and was identified on the basis
H8, and G H8, and G H8 andS-SAGf H8, which were nearly  of a cross peak to BH2. The cluster of resonances located
isonchronous. In the complementary strand, the H6 protonsbetween 12.5 and 13.2 ppm was identified as guanine imino
of nucleotides &, C7, and T, and of G5 C and C% protons, with the exception of'‘@Gnd G* N1H, which were
were nearly isonchronous. Similar to what was observed exchange broadened. A notable feature from this region was
for the R(12,2) duplex, the three sets of sequential cytosinethe downfield chemical shift of-S9G® N1H, relative to G
aromatic resonances}€-C, Ct™—C18 and C—C?, had N1H in the unmodified oligomer. The imino protons of,G
the B-neighbor cytosine resonating at higher field than the G°, and G° were nearly isonchronous and were identified
3'-neighbor cytosine. Tables 1S and 2S in the Supporting on the basis of NOEs to amino protons from the comple-
Information list the chemical shifts of the nonexchangeable mentary cytosines, ¥ C'% and C, respectively.
protons. The imino proton region of the spectrum for the S(12,2)
(b) Exchangeable ProtonsAssignments of the iminoand  oligomer at 10°C is shown in Figure 2B. Three well-
amino protons for the R- and S(12,2) oligodeoxynucleotides resolved resonances were observed between 13.5 and 14.0
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Ficure 3: Tile plots from NOESY spectra showing styrene resonances. (A) The R(12,2) addugtHasH b, Hy-Hog; €, d, Hp g-Ho g.
Additional cross peaks e, f, and g%H2-Hnm, -Hog, and -H. (B) The S(12,2) adduct: a,HHog,mm; b, Hp-Hogmm; €, Hp-Hp; d,
Hﬂ”'Hb; e, Ho‘Ho,d,m,m; f1 Hp'Ho,d,m,m-

ppm. These were assigned té, T° and T° N3H from The downfield methylene resonance at 3.60 ppm showed
cross peaks to the H2 protons of the complementary adeninesNOEs to G N1H, RS9Gé N1H, R-S9G8 2-NH, and T H1'
The resonances located between 12.5 and 13.0 ppm werand H4 (peaks a-c, e, f), all of which are located in the
identified as guanine N1H protons. Again &d G N1H modified strand of the DNA. It was likely that the’ H1'
were exchange broadened. The imino protof 8iG8 was and H4 cross peaks reflected spin diffusion. However, these
closer to the resonance frequency observed for the unmodi-cross peaks may also be consistent with the adduct-induced
fied ras12 oligomer than that of the R(12,2) oligomer. out-of-plane distortion of T, predicted by the refinement
Similar to the R(12,2) oligomer, the imino protons of,G  calculations discussed in a following section. The upfield
G®, and G° were nearly isonchronous and were identified methylene resonance at 3.57 ppm showed a strong NOE to
on the basis of NOEs to amino protons of the complementary C*® H1' (peak d), and weaker NOEs td%H5'/H5" and T°
cytosines, &, C'4 and C, respectively. H5'/H5" (peaks g and h), on the complementary strand. The
(c) Styrene Protons and StyrenBNA NOE Connecti- T® H5'/H5" cross peaks were judged to have arisen from
ties. (a) The R(12,2) AdductThe R(12,2) styrene reso- spin diffusion. This identified the 3.6 ppm resonance gs H
nances from a NOESY spectrum obtained at 350 ms mixing and the 3.57 ppm resonance ag.HA strong cross peak
time are shown in Figure 3A. The aromatic resonances of was observed betwedhS%G® 2-NH and the resonance at
the styrene ring were clustered and appeared as three signalg.34 ppm (peak k), which established that the latter must
between 7.29 and 7.36 ppm. In 1D spectra, these resonancearise from an ortho proton on the styrene ring. Cross peaks
were overlapped with £ C and G7. A strong cross peak  were also observed between Hand T H1' (peak n) and
between two resonances at 3.57 and 3.60 ppm and onebetween Hgy and G’ H1' (peak m). In addition, cross peaks
resonance at 4.97 ppm (peak a) identified the methylene andvere observed betweehS0Gé H4' and H, (peak o) and
benzylic protons, respectively. The benzylic protor, H Hogmm (peak p). H and Hy also showed strong cross
showed a strong cross peak(s) to a resonance at 7.34 ppnpeaks to TH4', C*¥ H4' (peaks g and r), &H5'/H5'" (peaks
(peak b), which was assigned to one or both ortho protons, s and t), and P H5'/H5" (peak u). These NOEs established
Hog, of SO. A second-order NOE was observed between the 3-orientation of the SO phenyl ring relative §6°°GE.
this ortho proton and the methylene protons (peaks ¢ and (b) The S(12,2) Adductin Figure 3B, the resonance at
d). Furthermore, A H2 showed weak NOE cross peaks to 4.51 ppm was assigned tg, Hince it showed a strong NOE
three resonances at 7.29, 7.34, and 7.36 ppm. The strongedb the methylene protons of the @BIH group (peaks ¢ and
of these was to the 7.34 ppm resonance that was assigned td) in both TOCSY and NOESY spectra. The methylene
Ho 4, and the weaker connectivities to the resonances at 7.36protons were located at3.73 and 3.77 ppm. The resonance
and 7.29 were attributed to the meta and para protops:(H ato 3.77 ppm was assigned tg;Hince it showed a stronger
and H,) of the styrene ring, respectively. Further support cross peak to £ H2. The resonances of the styrene ring
for the assignment of the phenyl protons is given in the were not resolved. Two resonances of area 1:4 @t22
following discussion. and 7.36 ppm were observed. The resonaneée’a?22 ppm
There were a total of 23 NOE cross peaks between thewas assigned to }since, in all possible orientations, both
styrene protons and the nonexchangeable and exchangeabld, and H,y were expected to exhibit strong NOES®G®
DNA protons for the R(12,2) duplex. Of these NOEs, 21 H1'. Thed 7.22 ppm resonance did not exhibit this NOE,
are shown in Figure 4 A. The individual methylene protons while thed 7.36 ppm resonance did. Since only one strong
of SO exhibited a characteristic set of NOEs to DNA protons. cross peak was observed betweeyaHd the resonance at
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Ficure 4: NOE cross peaks between styrene oxide and DNA protons. (A) The R(12,2) addugtR&GF; b, He-G5 N1H; ¢, Hp-RSAGS
2-NH; d, Hy-C'8H1'; e, Hp-T7 HY' (spin diffusion); f, H-T7 H4' (spin diffusion); g, H--T*® H5'/H5"; h, Hg.-C'8 H5'/H5" (spin diffusion);
i, Ho-T7 H4'; j, Ho g-R-S9G8 N1H; Kk, Hog-R-S9GE 2-NH; I, Ho g,mm-A® H2; m, H-Ct" H1'; n, Ho-T7 H1'; 0, Hy-G® H4'; p, Ho g,m m-G8 H4';
0, HyT" H4'; 1, Hym-T7 H4'; s, H,)-G8 H5'/H5"; t, Hmm-G® H5'/H5'"; U, Hy w-C® H5'/H5". (B) The S(12,2) adduct: a,HT7 N3H; b,
Hg-T7 N3H; ¢, Hp-5-S0G8 N1H; d, Hp-SS9GE N1H; e, Hp-S-SAG8 2-NH; f, Hg-S-S0G8 2-NH; g, Hy-T7 N3H; h, H-G® N1H (spin diffusion);
i, Hp-S5QG8 N1H; j, Hp-SSAG8 2-NH; K, Ho g,m,m-T7 N3H (spin diffusion); |, H g,mm-G® N1H; m, Hy g mm-SS9G® N1H; n, H,-SSAG® 2-NH
(spin diffusion); 0, H g,mm-SS%G® 2-NH. (C) The S(12,2) adduct: a7 CHs (spin diffusion); b, H-T7 H1'; ¢, He-T7 H1'; d, Hé)-T19
H5'; e, Hr T H5"; f, Hog,mm-Hg (Figure 3 B, a); 9, Bgmm-Hg" (Figure 3 B, b); h, Hgmm-T® H5'; i, Ho g,mm-T° H5"; j, Hg-Al6 H2;
K, Hg-A H2; |, Hy-T7 H1'; m, Hy-T” H4'; n, Ho g,m,m-T7 H4'; 0, Ho g.mm-Hp (Figure 3 B, e); p, BA® H2; g, H-T*® H1'; r, H,-C® H1';
S, Hogmm-SSGE H1'; t, Ho g mm-T*® H1'; U, Hogmm-T7 H1'; V, Ho g mm-C'® H1'. NOEs involving exchangeable protons were obtained in
buffer containing 9:1 KO:D,0.

7.36 ppm (peak e), &and Hy were judged to be isochronous. N3H, and>S8G8 N1H, andSS9G® 2-NH (peaks a, ¢, and e),
Hm and Hy were assigned to the resonance of area 4 locatedand between pi and T N3H, S-S8G8 N1H, andSSaG® 2-NH
ato 7.36 ppm. (peaks b, d, and f). kshowed cross peaks td N3H, G
A total of 37 NOE cross peaks were identified between N1H, SSG® N1H, and SS9G® 2-NH (peaks gj). The
styrene oxide and DNA protons in the S(12,2) oligomer. In overlapped Hg,mm resonances showed NOEs té NI3H,
Figure 4B cross peaks were observed betwegrahid T' G® N1H, S-S9G8 N1H, andSS%G8 2-NH (peaks k-m and o),
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while H, showed an NOE t§59G8 2-NH (peak n). In Figure ~ mented with calculated intensities from IniB, were u$éal.
4 C a cross peak was observed betwegarttl T CH; (peak each case, individual distances calculated by MARDIGRAS
a), which was believed to result from spin diffusion. Both were removed if the values were calculated to be greater
Hz and H;- showed NOEs to TH1' (peaks b and c¢), and than 5 A. Poor distances, usually due to errors in intensity
Al®H2 (peaks j and k). Of the aromatic protons, dtiowed measurements arising from spectral overlap or from cross
NOEs to T° H5'/H5" (peaks d and e), TH4' (peak m; peaks close to the water resonance whose intensities were
probably resulting from spin diffusion),'TH1' (peak q), altered by the water presaturation pulse used during acquisi-
and C® H1' (peak r, probably also resulting from spin tion of NOESY spectra, were removed if they were incon-
diffusion). The overlapped &b mm resonances showed sistent with a reasonable structure.
NOEs to T CHs (peak a), which was believed to result from  The final distance set for the R(12,2) adduct consisted of
spin diffusion, T H5'/H5" (peaks h and i), TH4' (peak 251 interproton distances, listed in Table 9S of the Supporting
n), SSQG8 HY', T H1', T’ H1', and C® H1' (peaks sV). Information. Of these, 145 were intraresidue restraints, 91
Finally, H, showed a cross peak to"®H2 (peak p). These were interresidue restraints, and 15 were styreDEA
NOEs established the-brientation of the SO phenyl ring  restraints. The numbers of inter- and intranucleotide re-
relative toSS9GS, straints at each base pair are summarized in Table 5S in the
Chemical Shift Perturbations. (a) The R(12,2) Adduct. Supporting Information. An average of 25 intranucleotide,
The greatest disturbances in chemical shift for the nonex- internucleotide, and empirical distances were obtained for
changeable minor groove protons of the modified strand of each base pair. The final distance set for the S(12,2) adduct
the R(12,2) duplex relative to the unmodifisb12sequence  consisted of 226 interproton distances, listed in Table 10S
were observed for T Several major groove protons and of the Supporting Information. Of these, 121 were intraresi-
imino protons near the adduct site also exhibited chemical due restraints, 97 were interresidue restraints, and 8 were
shift perturbations. Pronounced upfield chemical shifts were styrene-DNA restraints. The inter- and intranucleotide
observed for T H1', H2, and H2, with an increased restraints at each base pair are summarized in Table 6S in
shielding of 0.8 ppm observed fof H1'. A downfield shift the Supporting Information. In addition, 20 styrerleNA
of 0.4 ppm was observed f8F9G® H1'. Smaller shift effects  restraints were estimated from overlapped NOEs using an
(0.1-0.25 ppm) were observed for'CH1', H2, and H2'. IniB structure where the styrene orientation agreed with the
In the major groove, TH6 shifted upfield by 0.25 ppm upon  chemical shift perturbation data. Large upper and lower
SO adduction, and 'TCH; shifted downfield by 0.1 ppm.  boundaries were used for these restraints. Therefore, an

T7 N3H underwent a 0.3 ppm upfield shift, aR§9G® N1H average of 25 intranucleotide, internucleotide, and empirical
shifted ~0.2 ppm downfield relative to the corresponding distances was obtained for each base pair.
imino proton in the unmodified duplex. For both adducted oligodeoxynucleotides, the distribution

(b) The S(12,2) AdductUnlike the R(12,2) duplex, large  of these distances was unequal, with some base pairs being
perturbations were not observed for either major or minor petter characterized than others. For the R(12,2) oligode-
groove protons, relative to the unmodified duplex. The oxynucleotide, nucleotides, 3G, C12, C18 T8, G2, and
observed changes primarily involved minor groove protons C2! were under-parameterized, as measured by total experi-
in the vicinity of the lesion, and the largest effects were mental restraints for each base pairl,G&?*2, C8 G% and
observed in the'&direction from the adduct. These changes 22 had fewer than 5 intranucleotide restraints. Fewer than
included G H1'" which shifted upfield 0.35 ppm and'CH1' 4 internucleotide restraints were available for nucleotides G
and H2" which shifted downfield 0.25 and 0.20 ppm. In 8 G5 17, T G, T G®, and G For the S(12,2) adduct,
the major groove>G°® H8 experienced a downfield shift  nycleotides & G?, C'5, and G® were under-parameterized,
0.2 ppm. Chemical shift perturbations of the imino protons as measured by total restraints2 G2, G, C!2 CI5, CI8
were smaller than those observed for the R(12,2) adduct. G20, and (2 had fewer than 5 intranucleotide restraints.
G° N1H, 5% N1H, and T N3H did not vary from their  Fewer than 4 internucleotide restraints were available for
chemical shifts in the corresponding unmodified oligomer. Gi G2, $-SqQG8, G°, C12, C!8 and G2 Tables 10S and 11S
~ Structural RefinementThe rapid rotation of the styrene in the Supporting Information show the NOE-generated
ring in each of the R- and S(12,2) adducts complicated the distances along with the upper and lower bounds assigned
estimation of interproton distances at and next to the lesionto them by MARDIGRAS.

site, since NOEs observed between the ortho and meta gyperpositions of the final structures obtained by averaging

protons represented time-averaged values oveaagdm,m the six IniA-based and IniB-based structures, followed by
positions. The assumption was made that, in each case, theog)\ (IMDA Cand (EMDBL), are shown in stereo in Figure

ok')servec_j NOE resulted from only one (i.e., 0 érm or 5. Figure S1 in the Supporting Information shows the
m’) position. The assignment of specific NOEs to g,r, superposition of the six MD-generated structures for the R-

or m' was made by inspection of the IniB structure built 54 5(12,2) duplexes based on IniA and IniB. Space-filling
with the SO phenyl ring oriented in thé-8irection from models of thelMDA Cand IMDB Ckstructures of the R- and
R-SQGE [in the case of the R(12,2) adduct] or with the SO S(12,2) duplexes are shown in Figure 6.

phenyl ring oriented in the'&lirection fromS-SQG8 [in the For both the R(12,2) and S(12,2) adducts, the rms
case of the S(12,2) adduct]. Consequently, the Styfene e iation between the initial structures was large [5.2 A for

DNA restraints were less defined, and larger bounds were R(12,2) and 5.9 A for S(12,2)]. However, convergence to
placed on them. ' ' e '

Internuclear Distances. For the R(12,2) adduct, 309 T _ —
experimental intensities, supplemented with calculated in- __An isotropic correlation timer of 5 ns was used for both sugar
;. . - . and base protons in all calculations. This was based on the determination
tensities from IniB, were used in MARDIGRAS C"’_"_CUIat'OHS- of 7. from a fluorescence anisotropy study of an 11-mer oligodeoxy-
For the S(12,2) adduct, 281 experimental intensities, supple-nucleotide adducted to BPDE.
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A

<rMDA> vs. <rMDB>
Ficure 5: Superposition of rMDA and rMDB (bold) structures for the R(12,2) duplex (panel A) and the S(12,2) duplex (panel B).

similar structures was achieved after MD calculations. The 1984). Table 2 shows sixth ro®&* factors calculated for
rms deviations are summarized in Table 1 and shown the starting structures and the MD structures for the R(12,2)
graphically in Figure 2S in the Supporting Information. The and S(12,2) adducts, calculated at three NOE mixing times.
final structures were B-like as revealed by the larger rms Neither IniA nor IniB agreed well with the data, havifRg*
differences relative to IniA and smaller differences relative > 10 x 1072 For the R(12,2) adduct, structures calculated
to IniB. Excluding the terminal bases, the average rms from IniB showed improvedR,* values relative to those
deviations between th@MDA Mand IMDB Ostructures and  calculated from IniA. For the S(12,2) adduct, at each value
the average refined structures were 0.95 and 0.77 A for the®f NOE mixing time, structures calculated from IniA
R(12,2) duplex and 0.92 and 0.72 A for the S(12,2) duplex. exhibited mproved_%f‘ values than did t_he set of structures
IniA- and IniB-based MD calculations performed in the calculated from IniB. However, the final structures from

absence of the NOE restraints did not converge, which IniA and [niB were closer to IniB, witiR;* values of 8.5+

2 i -
indicated that the convergence to the final structures shown.l'5 x 10 For the R(12,2) adduct, both intra- and

R . . interresidue distances refined to approximately the same
in Figure 5 was due to the NOE distance restraints. degree of accuracy, wiR* = 8.5+ 0.5 x 102 In contrast,
Calculation of theoretical NOE intensities from the refined for the S(12,2) adduct, intranucleotide distances were

structures was performed using CORMA (Keepers & James, obtained with greater accurac{ = 7.2 x 102 vs 9.5x
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Ficure 6: CPK representations of the final MD structures: (A) the R(12,2) duplex; (B) the S(12,2) duplex. SO is shown in yellow. These
model structures are based upon averaging the coordinates from 10 MD calculations.

Table 1: Root Mean Square (rms) Deviations, Excluding the
Terminal Base Pairs, between the Initial Structures, the Various
rMD Structures, and the Final Average Structures of the (a) R(12,2)

and (b) S(12,2) Styrene Oxide Addutts

atomic rms difference (A)

(a) R(12,2) Styrene Oxide Adduct

initial structures
IniA vs IniB

rms shifts
IniA vs MDA @
IniB vs MMDB[

rms distributions
MDA [vs MDA
MDB [vs IMDB [
IMDA Cvs BMDBO
MDA Cvs rMD°®
IMDB[vs rMD

5.21

4.45+0.24
1.60+0.11

1.00£0.19
0.994+0.23
1.26+0.09
0.95+ 0.07
0.77£0.13

(b) S(12.2) Styrene Oxide Adduct

initial structures
IniA vs IniB

rms shifts
IniA vs IMDA B
IniB vs MMDB[

rms distributions
MDA [vs MDA
MDB [vs IMDB [
MDA [vs iMDB[J
MDA Cvs rMD°®
IMDB[vs rMD

5.90

4.07+£0.24
1.45+0.16

1.14+0.11
1.02+0.14
1.13+0.22
0.92+0.11
0.72+ 0.04

a MDA Orepresents the set of six structures which emerged from
MD calculations starting with IniA° IMDB Crepresents the set of six
structures which emerged from MD calculations starting from [niB.
¢rMD represents the average minimized structure from all 12 MD

calculations.

107?). Tables 7S and 8S in the Supporting Information list

few bases where the cross peaks overlapped. The calculated
structure became less defined at and one basad 3 to
the site of adduction, especially for the adducted strand.

DISCUSSION

The widespread utilization of styrene as a synthetic unit,
the consequent risk of exposure to workers in chemical
industry, and the reported genotoxicity of styrene provide
impetus for structural studies of styrene oxid@NA adducts.
This work provides the first structural data for diastereomeric
styrene oxide adducts at the exocyclic amino group of
guanine. These structures will provide a basis for compari-
son with biochemical and mutagenesis data in the codon 12
sequence of the humamrasprotooncogene. This will allow
stereospecific structurgfunction evaluations to be made
within a coding sequence critical to oncogene activation.

Overall Structural Features.The calculations suggested
that the presence of SO induced localized perturbations in
the B-type helix and the patterns of base pairing and stacking
at the adduct site, for the R(12,2) or S(12,2) adducts. Of
the two adducts, more structural changes were observed for
the R(12,2) adduct. This was consistent with the lower
thermal stability of this adduct and the greater chemical shift
perturbations it exhibited. At 36C, the?-S9G® N1H and
T7 N3H resonances of the R(12,2) adduct disappeared, which
suggested that these protons were in rapid exchange with
solvent. The refinement data suggested out-of-plane distor-
tions for each of these base pairs, which could be consistent
with the observed weaker hydrogen bonding and increased
solvent exchange.

Figure 7A,B presents a view of the stacking patterns

base pair-specifi®* values for the inner nine bases of each calculated forRS9G8-C'” and its 3-neighbor T-A% as
strand in the R(12,2) and S(12,2) duplexes. There was goodcompared to &CY” and T-A in the unmodifiedras12
agreement between the calculated structure and the data fosequence, while Figure 7C shows an edgewise view from
bases away from the site of lesion, with the exception of a the minor groove. Structural perturbations were present, at
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Table 2: Comparison of Sixth Root Residual Indi¢@% for Starting Models and Resulting MD Structutes
R(12,2) Adduct

intranucleotideR;* internucleotideR;* overallR*
100 ms 200 ms 300 ms 100 ms 200 ms 300 ms 100 ms 200 ms 300 ms
IniA 19 18 17 17 16 16 18 17 16
IniB 11 11 10 11 10 10 11 11 10
rMDA 9.0 8.9 8.7 9.0 8.8 8.7 9.0 8.7 8.7
rMDB 8.8 8.7 8.7 8.5 8.4 8.3 8.6 8.6 8.4
IMDfinal 9.0 8.7 8.7 8.6 8.3 8.3 8.8 8.4 8.6
S(12,2) Adduct
intranucleotideR;* internucleotideR;* overallRy*
150 ms 250 ms 350 ms 150 ms 250 ms 350 ms 150 ms 250 ms 350 ms
IniA 14 14 14 17 17 17 15 15 15
IniB 7.70 75 7.6 11 10 10 8.8 8.7 8.7
rMDA 7.0 6.9 6.8 9.1 10 8.9 7.8 8.1 7.7
rMDB 75 7.3 7.3 9.5 10 9.3 8.3 8.5 8.1
IMDfinal 7.2 7.1 7.1 9.3 10 9.1 8.1 8.3 7.9

aQnly the inner nine base pairs were used in the calculations, to exclude end éffa¢ts. 5 |(a0)i’® — (a)i®|/3 |(a0)i’®| (x1072), where 6)
and @) are the intensities of observed (non-zero) and calculated NOE crosspéeRs starting energy-minimized A-DNA; IniB, starting energy-
minimized B-DNA; rMDA, average of 5 rMD structures starting from IniA; rMDB, average of five MD structures starting from IniBitMD
average of 10 rMD structures starting from IniA and IniB.

FIGURE 7: Stacking patterns of (A) &C17 above T-A®in theras12oligodeoxynucleotide and (BySAG8-C17 above T-Al¢in the R(12,2)
oligodeoxynucleotide. (C) Minor groove view 8fSOG5-C17 above T-A16. Stacking patterns of (D) ©C! above G-C'7 in the ras12
oligodeoxynucleotide and (E)%Z!8 above®>SIG8-C17 in the S(12,2) oligodeoxynucleotide. (F) Minor groove view 6f@8 aboves-SaG8-C17,

and next td¥S9G8. Comparison of Panels A and B of Figure downfield shift of theé?®"S9G?® N1H, and~1.5 ppm downfield

7 reveals the shearing and resulting distortion of hydrogen shift of the?S9G8 N2H resonances were likely due to ring
bonding for T-A6, Additional alterations were predicted current effects of the adjacent SO phenyl ring. The insertion
for the stretch and propeller twist 8f59G8-C7 and T-AS, of SO into the minor groove was calculated to increase minor
suggesting a weakening of these two base pairing interac-groove width at and next to the lesion. This was estimated
tions. The increased twist calculated for th&G5—T7 base to be 2 A from in the R(12,2) adduct from interstrand
step pushed the sugar moiety dftéward the minor groove,  phosphorus-to-phosphorus distances f&iG%, R-SG8-C17,
causing T H1' and H2' to protrude into the minor groove. and T-AlS,

Consequently, TH1' was located directly under the styrene Figure 7D,E presents a view of the stacking patterns
phenyl ring, consistent with the 0.75 ppm upfield chemical calculated forSSQG8-C'7 and its 5-neighbor G-C* as
shift observed for TH1' relative to the unmodified duplex. compared to &C!” and G-C* in the unmodifiedras12
The 0.3 ppm upfield shifts of the “TN3H, ~0.2 ppm sequence, while Figure 7F shows an edgewise view from
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the minor groove. This adduct was more readily accom- (Feng et al., 1995). No evidence was observed for rotation
modated within the minor groove, with less disturbance in of the adduct about the guani>~C, bond that would
chemical shift and helical parameters than the R(12,2) adduct.interchange the orientation of the styrene ring within the
In the calculated structures for the S(12,2) adduct, a 9.6 A major groove among the'-3and B-directions.

increase in the roll of th&S%G8-C"—G®-C!® base steps, a Potential for Formation of a Hydrogen Bond between the
0.4 A decrease in slide of the*A1°—~G®-C!8 base step, a SO Hydroxyl Group and DNAThe nonequivalence of the
0.6 A increase in slide of the &C18—~SS9G8-Cl7 base step, SO methylene protons suggested the potential for hydrogen
and a 2.6 A increase in opening of th€3G8-C!7 base pair ~ bond formation between the hydroxyl group and DNA.
were detected. The 0.35 ppm upfield shift of B1' and Inspection of the R(12,2) refined structures suggested that
0.24 and 0.20 ppm downfield shifts ofGH1’ and H2' were hydrogen bonding could occur betweetf ©2 or O4 and
likely due to slight alterations in the base stacking patterns the hydroxyl. MD calculations confirmed the potential for
around the site of adduction. The 1.9 ppm downfield shift a hydrogen-bonding interaction between the styrene hydroxyl
of S-S8G® N2H was likely due to ring current shielding effects. group and ¢ O4. Likewise, for the S(12,2) adduct, the

A smaller increase of 0-61.3 A in minor groove width was  refinement suggested hydrogen bonding could occur between
noted for the S(12,2) adduct. C'” 02 and the hydroxyl group. However, in both instances,

The refined structures of the R- and S(12,2) adducts no evidence for such interactions was observed, possibly due
suggested that, for the right-handed DNA helix, théa@ing to rapid exchange with solvent.

R(12,2) diastereomer should encounter greater steric hin- Comparison with PAHGuanine Adducts.The R- and
drance than the'Sacing S(12,2) diastereomer. This results S(12,2) SO adducts can be compareditti-trans-benzo-
from the relative orientations of the minor grooReandS [alpyrene (Cosman et al., 1992, 1994a,b; De Los Santos et
stereoisomeric adducts: tRediastereomer clashes with the al., 1992; Fountain & Krugh, 1995) and 5-methylchrysene
modified strand in the'&direction, while theSdiastereomer ~ (Cosman et al., 1995b) adducts at guanine N2. PAH adducts
is roughly parallel to the minor groove in thé-direction. were classified into two fundamentally different conforma-
This notion is consistent with the greater observed perturba-tions: type | adducts were intercalated, while type Il were
tions of the R(12,2) adduct. The structures also suggest thegroove binders (Geacintov et al., 1982). The R- and S(12,2)
potential role of the 3neighbor base pair in modulating SO adducts were of type Il. The B){ and 10§)-anti-trans
adduct properties for th&diastereomer, and conversely, the benzof]pyrene adducts, in which the pyrene moieties were
potential role of the Bneighbor base pair in the properties of equivalent stereochemistries to the R- and S-SO adducts
of the R-diastereomer. Structural studies of the sequencediscussed in the present work, also exhibited type II
isomeric R- and S(12,1¢-styrene oxide adducts designed conformation (Cosman et al., 1992; De Los Santos et al.,
to test this hypothesis are underway. 1992; Fountain & Krugh, 1995). As for the type H-{-

For the unmodifiedas12duplex (Zegar & Stone, 1996), 10(R)-anti-trans-B[a]P adduct, the R(12,2) SO adduct was
structural refinement revealed local variations in roll, slide, Situated edgewise in the minor groove with the aromatic
and rise helical parameters associated with the 3 R-Y-R stepsmoiety oriented toward the'&nd of the modified strand.
as predicted from crystallographic data (Calladine, 1982; Like the corresponding—)-10(S-anti-trans-B[a]P adduct,
Dickerson, 1983). Comparison of the R- and S(12,2) the styrene moiety of the S(12,2) isomer was in the minor
duplexes with the unmodifiedas12 duplex demonstrated groove with the styrene ring toward thédirection.
that each exhibited increased negative roll at base step One difference between the S(12¢2ptyrene oxide adduct
R-SQGS—T7 or SSAGS—T7, as predicted by the Calladine rules. and the 10§)-anti-trans-B[a]P adduct was the orientation
The S(12,2) duplex showed increased negative slide atof the aromatic moiety. The PAH ring system was oriented
S-SQE6—T7 but not the anticipated increased rise predicted. edgewise in the groove, while for the styrene adduct, the
In contrast, the R(12,2) adduct did not exhibit predicted calculations suggested a flat orientation of the styrene ring.
alterations of slide or rise at base ste{Gé—T’. The better This difference could reflect theas codon 12 sequence
agreement between the S(12,2) duplex and the Calladinecontext: for the S(12,2) adduct thereighbor to>SG® was
predictions as compared to the R(12,2) duplex correlates withguanine. Studies of @riented BR]P adducts in a guanine
the improved fit of the S(12,2) adduct within the minor repeat sequence suggested thatéighbor guanine 2-amino
groove. It will be interesting to determine whether ste- groups promoted bending (Mao et al., 1995; Xu et al., 1995).
reospecific differences in minor groove fit of the R- and Structural refinement of the S(12,2) adduct did not predict
S(12,2) adducts are reflected in repair or mutagenesis. bending. This may be a consequence of facile rotation of

Dynamics of the Styrene Ringrhe styrene ring rotated  the styrene moiety, allowing it to assume the flat orientation
rapidly on the NMR time scale at 3TC5 The H,y and in the minor groove, a position which is not feasible for the
Hm,m Styrene ring protons were equivalent, analogous to rapid bulkier PAH adduct.
ring flips of phenylalanine and tyrosine resonances within ~ Biological Implications. The R(12,2) and S(12,2) adducts
proteins (Wuthrich & Wagner, 1978). This contrasted with examined in this work provide model systems for the
two major groove R)-o-(Né-adenyl)styrene oxide adducts, stereochemical consequences of SO adduction at guanine N2,
which displayed slow rotation of the styrene phenyl ring Wwithin a DNA sequence in which mutagenesis is expected

to activate then-ras protooncogene. The hypothesis that

5 The question arose as to whether theyldnd Hna Styrene protons ~ '€@ctive chemical species modify genomic DNA in somatic
were equivalent due to rapid rotation of the aromatic ring or whether cells, leading to adduct-induced mutagenesis (Miller,
they were nonequivalent but not resolvable in the 500 MHz spectrum. 1970, 1978), is prevalent. The significance of the R(12,2)

A 1C—'H correlated spectrum showed that the styrene carbon ; ; ;
resonances were also clustered and revealed three cross peaks betweéarpd S(12,2) SO adducts with regard to human carcinogenesis

the styrene phenyl protons (7:29.36 ppm) and in the normal phenyl remgins to be eStabliSh?d- Concerns regarding _styrene
13C region (127128 ppm). toxicity are due to the wide utilization of styrene in the
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chemical manufacturing industry, and its reported mutage- carbon, with the R(12,2) diastereomer facing in tHe 3
nicity in various cell lines, including those from humans (Ott direction and oriented edgewise in the minor groove, while
et al., 1980; Hodgson & Jones, 1985; Matanoski & Schwarts, the S(12,2) diastereomer faced thedfection from the site
1987; Wong, 1990). SO adducts can be detected andof adduction and was oriented flat in the minor groove. The
examinedin vitro, but the adduct spectrum in human cells R(12,2) adduct created greater structural perturbation, prob-
has not been characterized. ably due to steric clashes with thé&rgighbor base pair.
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