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ABSTRACT. Conformational studies oR- and Sa-(NS-adenyl)styrene oxide adducts mismatched with
deoxycytosine at position%n d(CGGACXAGAAG)-d(CTTCTCGTCCG), incorporating codons 60, 61
(underlined), and 62 of the humai#tras protooncogene, are described. These were the R- and S(61,2)C
adducts. The S(61,2)C adduct afforded a stable solution structure, while the R(61,2)C adduct resulted in
a disordered structure. Distance restraints for the S(61,2)C adduct were calculated from NOE data using
relaxation matrix analysis. These were incorporated as effective potentials into the total energy equation.
The structures were refined using restrained molecular dynamics calculations which incorporated a simulated
annealing protocol. The accuracy of the emergent structures was evaluated by complete relaxation matrix
methods. The structures refined to an average rms difference of 1.07 A, determined by pairwise analysis.
The experimentally determined structure was compared to NOE intensity data using complete relaxation
matrix back-calculations, yielding alR* value of 11.2x 1072. The phenyl ring of the styrene in the
S(61,2)C adduct was in the major groove and remained oriented in-tiee8tion as observed for the
corresponding S(61,2) adduct paired with thymine [Feng, B., Zhou, L., Pasarelli, M., Harris, C. M., Harris,
T. M., and Stone, M. P. (1998iochemistry 3414021-14036]. A shift of the modified adenine toward

the minor groove resulted in the styrenyl ring stacking with nucleotiel®rCthe 3-side of the lesion,

which shifted toward the major groove. Unlike the unmodifiecCAnismatch, neither the S(61,2)C nor

the R(61,2)C adduct formed protonated wobbt€Aydrogen bonds. This suggests that protonated wobble
A-C pairing need not be prerequisite to low levelsseEO0-induced A— G mutations. The shift of the
modified adenine toward the minor groove in the S(61,2)C structure may play a more important role in
the genesis of A~ G mutations. The disordered structure of the R(61,2)C adduct provides a potential
explanation as to why that adduct does not induce-A> mutations.

Styrene, a mutagen in prokaryotds @) and eukaryotes  adducts arise in vitro both from direct reaction at the
(3), is of concern as a potential human mutagén®), as a exocyclic carbon and as a consequence of Dimroth rear-
consequence of chronic occupational exposure to styrenerangement following reaction at N1§) (Scheme 1). The
particularly in the manufacture of reinforced plastics by reaction of styrene oxides with the exocyclic amino groups
lamination. Styrene genotoxicity results from cytochrome of guanosine 19) and adeninel®) exhibited considerable
Psso-mediated metabolism to the ultimate carcinogenic spe- Sy1 character, but favored inversion of stereochemistry.
cies, styrene oxide (SO}8—15). The oxide reacts in vitro Adducts of SO at guanine®@nd guanine Rihave been
to form adducts at a number of nucleophilic sites in DNA, identified in human cells20—23). Increased levels of the
including theR- and S-enantiomers at the exocyclic amino  guanine ® adduct, a biomarker for styrene, were observed
groups of guaninel@) and adenine1(7). The adenyl N in styrene-exposed lamination workegsl. SO was a weak
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oxide modified nucleotide®SCA, Sa-styrene oxide modified nu-
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A and proceeding to the'-3erminus of chain A and then from thé-5
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Scheme 1: R(61,2)C and S(61,2)C Mismatched adducted at the S(61,2) position revealed that the adehyl N
Oligodeoxynucleotidés lesion was weakly mutagenic, giving rise to low levels of A
— G transitions 28). Interestingly, this was the dominant
SO-inducedhprt mutation in human lymphocyteg%). Thus,
while the guanine ®adducts provided a biomarker, the
adenine N lesions might be more mutageni25j. While

the adenyl N a-SO adducts were weakly mutagenic, the
bulkier intercalating adenyl Nadducts of benza]pyrene

(29) and benzjjanthracene 30) also yielded A— G
mutations, but at greater levels. To develop a better
understanding of the relationship between adduct structure
and activity at adenine §\lit was of interest to examine
whether a structural basis could be discerned for the induction
of A — G mutations by SO. Explanations included the
possibilities that SO adduction (1) facilitated formation of
wobble pairing between protonated adenine and cytosine
(31—42), or (2) perturbed the geometry of the adducted
adenine so that the replication complex misinserted cytosine.

The ras61 oligodeoxynucleotide provides a model for
examining the structural consequences of site-specific DNA
dR adduction by SO. The structures of thes61 oligodeoxy-
6 . nucleotide d(CGGACAAGAAGX(CTTCTTGTCCG) 43)
R-o-(N°-adenyl)-styrene oxide adduct and theR- andS-(61,2)-0-styrene oxide lesions in thras61

oligodeoxynucleotide 44—46) revealed the influence of
stereochemistry in determining the major groove orientation
of a-SO adducts at adeniné Nvith the R-diastereomer being
oriented in the 5direction while theS-diastereomer was
oriented in the 3direction from the lesion site. Tumor cell
genomes often, but not always, contain mutationsais
Mutations inras are commonly observed in pancreatic cancer
(47). Potential SO-induced mutationstias are expected to
contribute to cellular transformation. However, the contem-
porary view of carcinogenesis as a multistep procdss (
\ 49) suggests that identifying the precise biological conse-
guences of specific SO-induced mutations will be difficult.
The biology may differ from one cell to the next, depending
upon the overall genetic background of the specific somatic
cells in which the mutations occur. Mutations potentially
dR induced by SO will not necessarily be rate-limiting in
6 : carcinogenesis. It seems likely that both the nature and
S-a-(N°-adenyl)-styrene oxide adduct sequential order of genetic changes modulate tumor mor-
a R = R-o-(NS-adenyl)styrene oxide and=S S-a-(Né-adenyl)styrene phology and the likelihood of tumor progressidso).
oxide adduct. The mismatched SO-adducted oligodeoxynucleotides  Thjs report describes conformational studiesRefand
were compared to the correspondingCAmismatch at position (61,2). Sa-(Ne-adenyl)styrene oxide adducts mismatched with
mutagen at the hypoxanthinguanine phosphoribosyl trans-  deoxycytosine at position %in d(CGGACXAGAAG)-d-
ferase fiprt) gene in peripheral blood lymphocytes. Molec- (CTTCTCGTCCG), incorporating codons 60, 61 (under-
ular analysis of thehprt mutations suggested that they lined), and 62 of the humaN-rasprotooncogene. These are
occurred at both guanine and adenine sites, and weredesignated as the R- and S(61,2)C adducts, indicating their
predominantly base pair substitution®5). However, the stereochemistry and location at the second nucleotide in
levels of guanine ®adducts and the frequencies lobrt codon 61. The unmodified &£ mismatch at position (61,2)
mutations did not show a strong correlatioRd), This served as a reference (Scheme 2). Surprisingly, and unlike
suggested that these SO adducts were weakly mutagenic othe ras61 unmodified (61,2) AC mismatch, neither the R-
perhaps not the source of the mutations. Alternatively, it nor the S(61,2)C SO adducts formed protonate@ Aairs.
could suggest that a simple quantitative relationship did not Furthermore!H NMR spectroscopy and UV melting data
exist between styrene-induced DNA damage and mutagenesisevealed that unlike the R(61,2) adduct which existed as a
(23). SO also induces sister chromosome exchange andsingle conformation in which the styrenyl moiety was
aberrations in human lymphocytes in vitr@6( 27). oriented in the 5direction in the major groove from the
We have focused attention on tReandS-o-SO adducts lesion site 44, 49, the R(61,2)C adduct was disordered. In
located at the exocyclic amino groups of adenines in the contrast, the S(61,2)C adduct now existed as a single species
codon 61 sequence of the humdmrasprotooncogene. Site-  in solution, and yielded a refined solution structure, whereas
specific mutagenesis studies performed by R. S. Lloyd andthe S(61,2) adduct had equilibrated between multiple con-
co-workers on theas61 sequence with the S-SO moiety formations 45, 49. The NOESY data revealed that the

N
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Scheme 2: Structures of thie and S-a-(N®-Adenyl)styrene in the A-C mismatched pair was recorded over a pH range
Oxide Adducts of 4.5—-8.5. One-dimensional spectra were recorded except
ras codons in several instances when the H8 resonance was overlapped
60 61 62 with other signals; in these instances it was identified from
5'-cl |62 63 a4 |5 R6 A7 |G8 A9 Al0|Gll_3 NOESY data. The titration was carried out in the NMR tube,
31-G22 |¢21¢20719 | G18c17T16| cl5714T13 |cl2 5 and the pH of the sample was monitored directly with a 180
x 3 mm micro electrode (Ingold Electrodes, Inc., Wilming-
80 sL 82 ton, MA). The titrants were 0.4% NaOD and 0.5% DCI in
5'-cl |62 @3 a4 [c5 56 a7 |8 a2 al0|cll-3 D,0. For assignment purposes, spectra of the unmodified
3'-G22|c21¢20719|¢18c17116| c15114r13 [cl2-5 (61,2)C mismatched duplex, the S(61,2)C adduct, and the

R(61,2)C adduct were recorded atafrequency of 750.13
MHz. Phase-sensitive NOESY spectra ig) used for the
assignments of the nonexchangeable protons and subse-
quently for distance measurement, were recorded using the
. . _ . standard pulse sequence and the TPPI method for quadrature
phenyl ring of the styrene moiety was located in the major detection with mixing times of 150, 250, and 350 ms. The

groove of th? DNA ar)d oriented in théL_Birection. A shitt residual water resonance was saturated during the relaxation
of the modified adenine toward the minor groove resulted delay and the mixing period. 1D experiments in 90%DH

in the styrenyl ring stacking with nucleotide® ©n the 5 were carried out using a jump return-1 echo pulse

sidg of the Iesjon, which had shifted towar'd'the major groove. sequence for water suppressiéi)( Phase-sensitive NOESY
T_hls adduct-l_nduced chan_ge in base-pairing geometry Pro-experiments in 90% D were carried out using a jump
vides a poszlble eér}lana;]tlog fé)lr t2he (Ijo(;/v Ievel; %f_AG return -1 sequence as the read pulse for water suppression
mbutatlondsfo SErveR 6?; edd( P ) adduct, which were not 5, ‘55 conyolution difference was used during processing
observed for the R(61,2) addu@y. to minimize the residual water signad@). The data were

80 61 62

5'-cl |G2 63 a4 |c5 a6 A7 |G8 a9 alO|gll-3-
31 -g22 |C21c20T19 |G18cl7TlG |clSTl4Tl3 Icl2_5 '

MATERIALS AND METHODS pr_ocessed using .FELIX950. (Molecular' Simulallt'ions, Inc., San
Diego, CA), running on Indigbworkstations (Silicon Graph-
Oligonucleotide PreparationThe unmodified oligode- ics, Inc., Mountain View, CA). Chemical shifts were

oxynucleotide 5d(CGGACAAGAAG)-3 and its mismatch  referenced internally to the residual water resonance. The
complement 5d(CTTCTCGTCCG)-3were purchased from  data were processed with a shifted skewed sinebell squared
the Midland Certified Reagent Co. (Midland, TX). The SO- apodization function using a phase angle of 8ad a skew
adducted oligodeoxynucleotides were prepared and purifiedfactor of 0.7.

as reportedq1). Enzyme digest and circular dichroism (CD) Distance RestraintsFootprints were selected manually
analyses were performed to verify the stereochemistry of the with FELIX950 to fit NOE cross-peaks at the contour level
adducted oligodeoxynucleotides. The concentrations of thechosen which showed the weak NOEs but not the random
single-stranded oligodeoxynucleotides were determined fromnoise. NOE cross-peaks were integrated for the three sets of

the extinction coefficients5@), 9.71x 10~ and 8.73x 10* spectra using the same contour levels. For overlapped cross-
M~ cm™, respectively. Equimolar amounts were mixed and peaks, footprints were estimated, and larger upper and lower
annealed in 10 mM NajPQ;, 0.1 M NaCl, and 5@M Na,- error bounds were assigned to the resulting distances.

EDTA at pH 6.9. The annealed duplex was eluted from a Canonical A- and B-DNA oligodeoxynucleotides were
hydroxylapatite column using sodium phosphate. The samplesgenerated using INSIGHTII (Molecular Simulations, Inc.,
were desalted using gel filtration (BioGel G-25, BioRad, Inc., San Diego, CA) and served as reference structures for
Hercules, CA). establishing an initial intensity matrix. The styrene moiety
UV—Vis SpectroscopyUV melting studies were per-  was incorporated into these initial structures by bonding the
formed on a Cary 4E (Varian Associates, Palo Alto, CA) benzylic carbon of styrene oxide, with appropriate stereo-
spectrophotometer interfaced with a Cary variable temper- chemistry, to the Rof adenine. These structures were energy
ature controller. The data were collected over a range of minimized, using X-PLOR§7), for 100 iterations by the
5—-90 °C at a temperature rise of ®C/min. The samples  conjugate gradient method to give the starting structures IniA
were dissolved in 1.0 M NaCl, 0.01 M NaPQ,, and 0.05 and IniB. For each of the three mixing times, the experi-
mM NaEDTA buffer at pH 5.0, 7.0, and 8.5. Optical mental NOE derived distances were combined with the initial
measurements were recorded at 260 nm. intensity matrix to generate a hybrid intensity matrix using
NMR. Samples were buffered in 0.1 M NaCl, 0.01 M MARDIGRAS (58). Calculations were run using correlation
NaH,PO,, and 0.05 mM NgEDTA, at the indicated pH  times,z., of 2, 3, 4, and 5 ns, at each NOE mixing time.
values. For observation of nonexchangedbleesonances, The 12 resulting distance sets were pooled; average values
the SO-adducted samples were repeatedly lyophilized andof all minimum and maximum distances were used in setting
then dissolved in 0.25 mL of 99.996%,0 to yield a 1.5 error bounds to give the experimental NOE restraints used
mM solution using a Shigemi (Shigemi, Inc., Allison Park, in subsequent molecular dynamics calculatid®.(Overlap
PA) microtube. For observation of exchangeable protons, theof the aromatic resonances prevented complete assignments
samples were dissolved in 0.25 mL of a 9:40/D,0 buffer of the styrene protons for the S(61,2)C adduct and hindered
of the same composition. For pH titration work using NMR, accurate volume integration. Inspection of molecular models
the oligodeoxynucleotides were dissolved in 0.01 M baH predicted the magnitudes of expected NOEs between styrene
PO, buffer containing 0.1 M NaCl and 0.05 mM BEDTA aromatic protons and DNA. Overlapped cross-peaks between
at pH 5.0. The chemical shift of the adenine H8 resonance styrene and DNA protons in the modified strand were not
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included in the NOE i_ntensities used _by MARDIGRAS. They Table 1: T, Values for theras61 Oligodeoxynucleotide, Various
were assumed to include both first- and second-order (61,2)-SO Modifications, and the R- and &{61,2)C Mismatched
contributions from H, Hy, and H. Distances between the  Oligodeoxynucleotides

styrene and DNA protons obtained from model structures oligodeoxynucleotide duplex T (£1°C)
were assigned as strong, medium, and weak restraints in MD (as61 53
calculations, with ranges 1-8.0 A, 3.0-4.0 A, and>4.0 R(61,2) a4
A, respectively. S(61,2) 37
Molecular DynamicsCalculations were carried out using (61,2)C 38
X-PLOR. The total energy was the sum of the empirical g((gig))g gg

energy of the molecule and the effective energy. The
empirical energy was derived from the CHARMM force field ) ] ) ) .
(60) developed for nucleic acids, and treated all hydrogens iterations by the (_:onjugaye gre_1d|ent method to yield the final
explicitly. The empirical energy consisted of the energy terms Structures. The integration time step was 1 fs. Structure
for bonds, bond angles, dihedral angles, chirality or planarity, Coordinates were archived every 0.1 ps. Back-calculation of
hydrogen bonding, and nonbonded interactions. The non-theoretical NOE intensities was carried out using CORMA
bonded interactions included van der Waals and electrostatic(62). The refined structures were analyzed using DIALS &
terms, which used the pure Lennatdbnes and coulomb WINDOWS 1.0 €3).

functions, respectively. The electrostatic term was based ONBESULTS

a reduced charge set of partial charge®.32/residue) and
a dielectric constant of 4.0. The cutoff radius for nonbonded  Thermodynamic StabilityThe T,, values of the (61,2)C
interactions was 11 A, and the nonbonded list was updatedmismatch and the adducted R(61,2)C, and S(61,2)C mis-
if any atom moved more than 0.5 A. The SHAKE algorithm matches were determined by UV analysis (Table 1), and
(61) was used to fix all bond lengths involving hydrogens. compared with the corresponding duplexes not containing
The effective energy was comprised of two terms describing the mismatched cytosine. Both the R- and S(61,2)C mis-
the distance and dihedral restrainE;4 and Egine), Which matches exhibited similaif,, values of 32 and 33C,
utilized square well potentials. Empirical base-pairing dis- respectively. The cytosine mismatch reduced the stability of
tance and planarity restraints were used as follows: & G the R- and S(61,2)C mismatches as compared to the
base pairst(cytosine N—guanosine €) = 2.91+ 0.05 A, corresponding R- or S(61,2) adducted duplexes, which
r(cytosine N3-guanosine N1y 2.954 0.05 A, r(cytosine exhibitedT,, values of 44 and 37C, respectively. The similar
O?—guanosine R) = 2.86 + 0.05 A, r(cytosine N3- Tm values for both the R- and S(61,2)C mismatches
guanosine R) = 3.65+ 0.05 A, r(cytosine G—guanosine contrasted with the corresponding nonmismatcle80O

0% = 5.424 0.05 A; for AT base-pairst(adenosine R~ adducts, for which the R(61,2) adduct was more stable, with
thymidine &) = 2.95+ 0.05 A, r(adenosine N4thymidine a 7 °C greaterTy,. The increased stability of the R(61,2)

N3) = 2.82+ 0.05 A, r(adenosine Ntthymidine &) = adduct as compared to the S(61,2) adduct was correlated with
3.634 0.05 A, r(adenosine M-thymidine &) = 5.40 + the observation that the R(61,2) adduct formed a single
0.05 A. The value of the torsion angle for the Wats@rick structure in which the styrenyl moiety was oriented in the

base pair was (purine Curine NI-pyrimidine N3— 5'-direction in the major groove, while the S(61,2) adduct
pyrimidine C2)= 0 £+ 10°. Empirical base step distances was disordered, with the primary conformation having the
were r(H8—H8) = 5.00 + 0.20 A, r(H6—H6) = 5.00 + styrenyl moiety oriented in the'@lirection in the major
0.20 A, andr(H8—H6) = 4.804+ 0.20 A. groove @6). Thus, formation of the cytosine mismatch
A set of 5 rMD calculations were carried out using both destabilized the S(61,2) adduct to a lesser extent than the
IniA and IniB as starting structures. The system was coupled R(61,2) adduct.
to a temperature bath with a target temperature of 900 K pH Dependencelhe formation of the AC mismatch was
which was reached in 3 ps and maintained for 17 ps. The anticipated to be dependent upon pH, due to the potential
force constants of the experimental and empirical restraintsfor formation of protonated wobble pairing between the
were modulated over the course of the simulated annealingmismatched base81—42). Accordingly,'H NMR spectra
protocol by applying scale factors. Specifically, the four of the (61,2)C mismatch and of the R- and S(61,2)C
classes of NOE restraints were scaled up for 3.5 ps duringmismatches were recorded as a function of pH. THe
the heating period to 150, 120, 90, and 60 kcal/¢/hdl (best spectrum of both the R(61,2)C and S(61,2)C mismatched
to worst class, respectively). These weights were maintainedadducts showed no change with pH in the range of-4.5
for the duration of the heating period and into the first 2 ps 8.5. The NMR results were corroborated by UV studies,
of the equilibrium dynamics period and were subsequently which showed a decrease T, at lower pH values. Thus,
scaled back down to their original values. The dihedral and the conformations of the R(61,2)C and S(61,2)C adducts
base pair restraints were also modulated during the simulatedvere examined at pH 7.0. The unadducted (61,2)C duplex
annealing. When the NOE force constants were scaled up,did exhibit the anticipated pH dependence. Lowering the pH
the dihedral and base pair force constants were scaled up tdo 5.2 resulted in a sharpening of the proton resonances
100 kcal/(moiA2) and then scaled back down to 20 kcal/ associated with the adenine and cytosine of the mismatch
(mol-A2) when the NOE restraints were scaled down. The and the 5 neighboring GG base pair. The unmodified
system was then allowed to cool to 300 K 0@e3 pstime (61,2)C mismatched duplex was therefore examined at pH
period and maintained at 300 K for 25 ps. Coordinate sets5.2. The NMR data associated with the (61,2)C duplex were
were archived every 0.1 ps. The emergent structures fromfully consistent with formation of protonated wobble pairing
the last 5 ps were averaged and energy minimized for 300as has been observed for a number of oth&® fismatches
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Ficure 1: Expanded plot of a phase-sensitive NOESY spectrum,{d Buffer for the S(61,2)C adduct (pH 7.0) at a mixing time of 350

ms showing the sequential NOE connectivities from the aromatic to anomeric protons. (A) Sequential NOE connectivities for nucleotides
C! — G, (B) Sequential NOE connectivities for nucleotide’? € G?2. The base positions are indicated at the intranucleotide cross-peak

of the aromatic proton to its own anomeric proton.

in oligodeoxynucleotide duplexes; consequently, in the oligomer @3). A complete set of sequential connectivities
following sections the NMR results for this duplex will be was obtained (Figure 1). The*Ad1l’ — C°® H6 and C H6
omitted. The interested reader is referred to the Supporting— C® H1' cross-peaks were broadened. All of the other
Information for an accounting of this work. resonances were sharp. The chemical shift of thel&and
Nonexchangeable Proton Assignments. (a) T(&LR)C H6 protons was noteworthy.>@&i5 shifted upfield 0.4 ppm
Mismatch at pH 7 This sample showed moderate levels of and C H6 shifted upfield 1.1 ppm from what was observed
resonance overlap in the anomeric and aromatic regions ofin the spectrum of the unmodified (61,2)C sample. Table
the H spectrum used for analysis of NOE sequential S2 in the Supporting Information lists the chemical shifts of

connectivities §4, 69, similar to theras61 oligomer @3). the nonexchangeable protons of the S(61,2)C adduct.
However, interruptions were observed in the sequential Exchangeable Proton Assignments. (a) The R(61,2)C
assignment scheme front A- R~SOA8 and from G>— G1&, mismatch.The cross-peaks in the imino region showed
The A* Hl' — C® H6, C H6 — C° H1, and C H1' — connectivites between’G> G* — T®— G8and G — T
R-SOA6 H8 connectivities were not observed. ThECAS H8 — T13 No imino resonance was observed for the mismatched
— R=SOA8 H1' cross-peak was weak, and thieCA® H1' — R-SOA6.CY7 base pair. The * imino proton on the 3side

A7 H8 cross-peak was barely detectable. THeH8 — A7 of the mismatch was identified from an exchange peak with

H1 and A’ H1' — G® H8 cross-peaks were also weak. The the water but did not show an NOE td ®1H, suggesting
remaining cross-peaks in the adducted strand were of normakhat it was rapidly exchanging. The imino protons of the
intensity. In the complimentary strand, thé>@{1’ — T16 terminal G-G??2 and G*C*? base pairs, which exhibited fast
H6, T'®* H6 — C"H1', and G"H1' — G*H8 connectivites ~ exchange with the solvent, were not detected. The amino
were not observed. The scalar connectivities betwednsC protons of each of the WatseiCrick base-paired cytosines
and C H6, and G” H5 and G7 H6 were also not observable. were observed, with the exception of the terminal base pairs.
However, the resonance for €5 was identified, shifted  For C, the B-neighboring base to the site of adduction, the
upfield by ~1.7 ppm with respect to the (61,2)C adduct. non-hydrogen-bonded amino proton was broadened. No
Table S1 in the Supporting Information lists the chemical resonances were detected for the amino protons'6ftke
shifts of the nonexchangeable protons of the R(61,2)C mismatched base opposite®°AS. Table S3 in the Supporting
adduct. Information lists the chemical shifts of the exchangeable
(b) The $61,2)C Mismatch.This sample also showed protons of the R(61,2)C adduct.
moderate levels of resonance overlap in the anomeric and (b) The S(61,2)C Mismatcfthe cross-peaks in the imino
aromatic regions of théH spectrum used for analysis of region of the spectrum showed connectivities betweén G
NOE sequential connectivities, again similar to tlas61 — G —T¥—G¥and @ — T*— T (Figure 2). The T°
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Ficure 2: Expanded plot of a phase-sensitive NOESY spectrum for the S(61,2)C adduct (pH 7.0) at a mixing time of 350 ms showing the
NOE connectivities for the imino protons of base paifs@ — A10-T13,

imino resonance, '3to the S"SCA®-Cl7 mismatch, was to each other and also to both aromatic resonances of styrene.
identified from its exchange with water. Thé®Tmino proton The benzylic proton of the styrene oxide moiety,(vas
also showed a weak cross-peak toH2. The imino protons  observed at 4.89 ppm that was close to the residual HDO
of the terminal &G? and G%-C!? base pairs, which  resonance. Cross-peaks were observed between the benzylic
exhibited rapid exchange with water, were not detected. proton and both methylene resonances. The methylene
Table S4 in the Supporting Information lists the chemical protons (3.62 and 3.65 ppm) showed strong cross-peaks to
shifts of the exchangeable protons of the S(61,2)C adduct.the two aromatic resonances of styrene. Strong cross-peaks

Styrene Protons. (a) The R(61,2)C Mismatfthe styrenyl were also observed between the methylene protons &hd T
aromatic protons were observed as two resonances at 7.2£Hs. Both methylene protons displayed weaker cross-peaks
and 7.32 ppm, which integrated in the ratio 3:2, respectively, to A" H1" and C’ H6.
consistent with rapid flipping of the styrenyl moiety on the Chemical Shift Perturbations. (a) The R(61,2)C Mismatch.
NMR time scale. These two resonances showed no cross-The primary differences between the (61,2)C mismatch and
peaks to DNA in the NOESY spectrum. The resonances of the R(61,2)C mismatch were observed at the site of the
the methylene and benzylic protons were not identified.  mismatch and its adjacent base pairs where threelghbor

(b) The S(61,2)C Mismatciihe styrenyl aromatic protons ~Was more perturbed than thé @eighbor. An upfield shift
were observed as two resonances at 7.02 and 7.08 ppm an@f 1.69 ppm was observed for°@15 with respect to the
integrated to 2:3, respectively. The styrene aromatic protons(61,2)C mismatch. Upfield shifts of0.7 ppm were also
showed cross-peaks to major groove protons in the DNA observed for €H2' and H2' as compared to the (61,2)C
toward the 5 direction from the lesion site. The NOE mismatch. AH1' was shifted downfield by-0.2 ppm. Small
connectivities were assigned using a model based upon theupfield shifts were observed féS°A® H2" and H2' and
observation of the 1.1 ppm ring current shielding &6fH5. A7 H2'. In the complementary strand,!CH2' was shifted
This suggested that®dH5 was positioned above the plane upfield by 0.3 ppm. Small downfield shifts were observed
of the styrene phenyl moiety. Based on the NOEs observedfor the aromatic protons of*fand C7” and for T¢ CHs,

between the styrene aromatic protons to protons ‘oarid (b) The S(61,2)C Mismatcihe primary chemical shift
C® (Figure 3), it was determined thatythnd H,y should be differences between the (61,2)C mismatch and the S(61,2)C
assigned to the resonance at 7.02 ppm. AccordinglyHH, mismatch were localized at the site of the mismatch and its

and H, were assigned to the resonance at 7.08 ppm. This5'-neighboring base pair (Figure 4). Upfield shifts of 0.4 and
led to the conclusion that flipping of the styrenyl ring in the 1.1 ppm were observed forP®i5 and H6, respectively. An
S(61,2)C mismatch was slow on the NMR time scale. The upfield shift of ~0.35 ppm was observed for*G2' and
methylene protons (K and H;-) of the CHOH group H2", and a downfield shift 0f-0.3 ppm was seen f&rSCA®
resonated at 3.62 and 3.65 ppm and showed strong couplingd2' and H2' as compared to the (61,2)C mismatch. In the
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Table 2: Comparison of the Sixth Root Residual Indideg, for
Starting Models and Resulting rMD Structures as a Function of
Mixing Time for the S(61,2)C Addugp

R(x 1079 at
structure tn,=150m¢ t,=250m¢ t,=350m$ t,=350m$§

IniA¢ 22.2 21.8 20.4 16.0

IniB® 20.7 20.2 19.0 14.6

rMDAc¢ 19.3 17.4 17.4 12.2

2 rMDB¢ 19.0 16.9 15.4 10.3

:/}./\\W/ q IMDyinal® 14.1 12.2 11.2 11.6
(\\*@Xh d ® — 2.75 aTo exclude end effects, only the 9 inner base pairs were used in

o ‘w £ the calculations? R* = Y |(a0)i’® — (ao)iY®|/y |(a0)i¥®|, where &) and

= A (ac) are the intensities of observed (nonzero) and calculated NOE cross-

peaks.® IniA, starting energy minimized A-DNA structure; IniB, starting
energy minimized B-DNA structure; rMDA, average of 5 rMD
structures starting from IniA; rMDB, average of 5 rMD structures
starting from IniB; rMDina, average of 10 rMD structures starting from
IniA and IniB. ¢ Experiment performed on 500 MHz NMRExperi-
ment performed on 750 MHz NMR.

styrene-DNA restraints (Figure 5). Base step restraints were
4.15 not used.

(b) Restrained Molecular Dynamicshe rMD calculations
were run without hydrogen bonding restraints imposed on
the S"SCA®.C17 mispair. Five sets of randomly seeded
calculations were carried out starting from either the IniA

4.89 or the IniB structures. The sets of five structures calculated
from both IniA and IniB starting structures converged to a
structure more similar to B-DNA, as indicated by rmsd
comparison of the emergent structures to IniA and IniB. The

6.73 average rmsd was 1.07 A, with the maximum rmsd (between
the two most differing structures) measured as 1.77 A. Thus,
the structural refinement procedure defined a family of
closely related structures with reasonably good precision,

of independent of the starting coordinates. The resulting 10 rMD
RIS ) structures were averaged and energy minimized to obtain
553%3%) ) the final rMD structure (Figure 6).
5@ > & (c) Complete Relaxation Matrix Calculation&ccuracy
= S~/ was evaluated by comparing the sixth root residuals between

P /.\/‘v theoretical NOE intensities calculated for the emergent

structures and the NMR data (Table 2). Consistent measure-
ments ofR;* were obtained at each of the three mixing times,

| | | with the best values being observed for the 350 ms data
8.05 708 7.02 obtained at 750 MHz. This probably reflected the improved

Ficure 3: NOEs observed from the aromatic protons of styrene sensitivity of the longer mixing time data. At 350 ms, the

oxide to itself and to DNA in the S(61,2)C duplex: &STH; — Refactor for IniB was 14.6x 10°2 as compared to a value

Hyo b, T16 CHs — Hyyt C, A* H2' — Hy: d, A*H2" — H, e, H, — of 16.0 x 1072 for IniA. The R-factor decreased when the

<=

Hy; f, Ho — Hy'; 9, Hy — Hy; h, Hy — Hye; i, C3 H5 — Hpy; j, C8 starting structures IniA and IniB were compared to the
H5—4’ Hy: K, Ho— Hp; I, Hy = Hy, m, G H6 — Hg; n, Hyy — Hy, structures rMDA and rMDB which emerged from the
p, A" H8 = Hm. calculations. TheR-factor for the final rMD structure was

complementary strand,*CH1’ shifted downfield by 0.4 ppm 11.6 x 102 The rgsults suggested that the refined family
as compared to the (61,2)C mismatch. A downfield shift was of structures were in reasqnable agreement with the NOE-
also observed for € H2' and H2'. based experimental restraints.

Structure R9f|nement fo_r the S(6.1,2)C M|_smatch. (a) DISCUSSION
Internuclear DistancesThe final experimental distance set
consisted of 238 distances calculated by MARDIGRAS. One significant finding is that protonated wobble pairing
Excluding the terminal base pairs, an average of 25 intra- as observed in the unmodified mismatchedCApairing
nucleotide, internucleotide, and empirical distances were interaction 81—33, 35, 37-42) does not occur in the duplex
obtained for each base pair. The styrel@NA cross-peaks  ras6loligodeoxynucleotide when cytosine is placed opposite
included both first- and second-order contributions frogn H  either the R- or the S(61,2)-SO adducts. A second finding
Hm, and H, (7.08 ppm) and & and Hyy (7.02 ppm). A total is that the structure of the mismatcheeCApairing opposite
of 264 distance restraints were used for rMD calculations. these two adducts is modulated by stereochemistry, and
Of these, 10 were base-pairing restraints, and 16 wereparallels differences observed in both the in vivo and in vitro
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Ficure 4: Chemical shift differences of selected protons of the S(61,2)C adduct relative to its unmodified analogue (61 :2)&ed »)c
— Os(61,2d-

processing of these adduct&8( 6. The latter finding Influence of Stereochemistryhe solution structures of
extends work which showed that the orientation ofdh80 the mispaired R- and S(61,2)C adducts exhibited a stereo-
adduct in the fully complementaryas6l1 protooncogene  chemical dependence. However, this differed from the
sequence was dependent upon adduct stereochendidtry ( stereochemical effect observed for the corresponding R- and
46). Thus, stereochemically dependent structural differencesS(61,2) adducts paired opposite the thymidine, the correct
between these adducts both in the fully complementary nucleotide. Unlike the R(61,2) adduct which exhibited a
duplex and when mispaired with cytosine, the putative single conformation 44, 46, the R(61,2)C adduct was
progenitor of the A— G transition, are consistent with the disordered at and adjacent to the adduct site, evidenced by

differential processing of these lesions. discontinuities in both the modified and complementary
The R- or S(61,2)C Mismatch Pair Is Not Protonat€uhe strands of the duplex in the sequential NOE connectivities
striking observation was that placin@SCA® or S-SOA® expected for right-handed DNA helices, the broadening or

opposite cytosine did not result in formation of a protonated disappearance of a number of cross-peaks from the NOE
wobble AC pairing as observed for nonadductedCA  SPectrum, and lowefy, as compared to the S(61,2)C adduct.
mismatches, from crystallographi83, 34, 3¢ and NMR The failure to observe thelTNSH resonance was consistent
(31, 32, 35, 37, 3942) studies. That neither the R(61,2)C With the conclusion that this exchangeable proton was
nor the S(61,2)C mismatches involved protonation of adenine Solvent-exposed. The strong exchange peak betwiSH

was supported by the results of UV melting analy<e8), ( and water provided further evidence of solvent exposure.
NMR, and the emergent rMD structures. Both the R(61,2)C Thus, the 3neighboring base pair (AC") was only weakly
and S(61,2)C mismatches exhibited decreased thermal stabilllydrogen bonded. The large shielding effect experienced by
ity at pH 5.2, which was not consistent with protonation. the S-neighboring cytosine, attributed to the styrenyl phenyl
Examination ofH NMR spectra as a function of pH led to  Moiety, suggested the likelihood that the phenyl moiety
the same conclusion. Neither the R(61,2)C nor the S(61,2)crémained oriented in the’ Slirection in the major groove.
duplexes exhibited spectral changes upon lowering the pH Similarly, while the S(61,2) adduct exhibited multiple
to 5.2. In contrast, the unmodified (61,2)C mismatch conformations45, 46, the S(61,2)C adduct was stabilized
exhibited the anticipated pH dependence of wobble pairing in a single conformation, and had a highg&f than the
involving protonation of adenosine. An increaseTipwas R(61,2)C adduct. That botfrSCA® and C7 were stacked
observed at pH 5.2 as compared to pH 7.0, andthEMR was established by the ability to “walk” the NOE connec-
spectrum was considerably sharper at the lower pH. Thetivities from C to G and from G2 to G* without
apparent g, was~7.2. interruption. T® N3H was solvent-exposed, as suggested by
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50 5 styrenyl moiety. The rMD structures confirmed that the,€H
A OH group remained in the'&lirection for the S(61,2)C
adduct.
40 - The refined structure of the S(61,2)C adduct suggested
i the explanation for the observation of NOEs between the

phenyl ring of the styrenyl moiety and thé&eighbor base

pair C>-G8. Similar to the unadducted-& mismatch in the

(61,2)C duplex,SSCA8 of the mismatch base pair in the

S(61,2)C mismatch shifted toward the minor groove. This

shift of the adducted adenine toward the minor groove had

the effect of pulling the phenyl ring of the styrenyl moiety

toward the 5neighbor base pair. Consequently, theH5

7 and H6 protons were within the shielding cone of the phenyl
ring, and within NOE distance (Figure 7). This was consistent

30 -

NOE Restraints

10 +

: / % with the observation that flipping of the styrenyl ring in the
1 2 3 4 5 6 7 8 9 1011 S(61,2)C mismatch was slow on the NMR time scale,
Nucleotide presumably due to the stacking interaction between the
styrene ring and €
50 Interestingly, the shift o$~SPAS toward the minor groove
in the S(61,2)C adduct may explain its high&, as
compared to the corresponding R(61,2)C adduct. Previous
40 - work suggested that for the correctly paired R(61,2) adduct,
the styrenyl ring located in the major groove was proximate
to the 3-neighbor base paidd, 49. This resulted in potential
steric crowding between the styrenyl ring and th@é&ighbor
base pair. Molecular modeling suggested that the cytosine
mismatch-induced shift df SCA® toward the minor groove
in the R(61,2)C adduct should not be accommodated without
severe distortion of the DNA duplex, consistent with the
observation that the R(61,2)C adduct was disordered. It will
. - %/ be of interest to compare the R(61,2)C adduct with tH&LR(
% % %! /% 3)C adduct, which might better be able to accommodate the
: 72 ? altered geometry of the B{, 3C mismatch due to the fact
2221201918171615141312 that the 5-neighbor is adenine rather than cytosine. Perhaps
Nucleotide the tendency for adenine mismatched with cytosine to shift
FIGURES: Distribution of experimental restraints between nucleo- toward the minor groove may dictate the conformation of
tide units of the S(61,2)C adduct. The diagonally striped bars the SO adduct in the major groove, possibly in a sequence-
represent intranucleotide restraints while the black bars representgependent manner.
internucleotide and styrer®NA restraints. Biological Implications.The revelation that protonated
. . wobble A:C pairing is not observed for the R- and S(61,2)C
the broadening of this resonance and by the exchange pealéldducts suggests that hydrogen bonding between the incom-
between .TG N3H and water._ As for the R(61,2)C adduct, ing dNTP and the DNA template may not be prerequisite to
the 3-neighboring base pair was not hydrogen bonded. the genesis ofa-SO-induced A— G mutations. This
However, the weak cross-peak observed betwe_’ém\IIBH _ conclusion is corroborated by the observation that both the
and A’ H2 suggested that the two bases were intrahelical. R- and S(61,2)C mismatches exhibit lows values than
The 0.4 and 11 ppm upfield sthts observed forls H6 the corresponding R- and S(61,2) adducts correctly paired
were consistent with the conclusion that these protons were, i, thymine, suggesting that cytosine misincorporation
proximate to the shielding cone of the styrene aromatic ring. opposite this lesion is not favored from a thermodynamic
The observation that the S(61,2)C adduct showed NOEsperspective. The-SO-induced shift of adenine toward the
to the B-neighbor base pair G and resulted in large  minor groove observed for the S(61,2)C adduct, relative to
upfield shifts of C H5 and H6 suggested the possibility that its position in an AT Watson-Crick base pair, may play a
formation of the cytosine mismatch resulted in an unexpectedgreater role in generating these mutations. During replication,
reorientation of the S(61,2)-SO adduct about the adenine this might increase the probability of misinsertion of cytosine
C6—N¢€ bond or the adenine ™N-Cy, bond. Such a rotation  if the geometry of the binding pocket became more favorable
would reorient the styrene aromatic ring from thé 3 for an A-C mismatch. Also, shifting adenine toward the
orientation to the Sorientation in the major groove. Inspec- minor groove during replication would have the effect of
tion of the NOE data and the rMD structures for the S(61,2)C pulling the styrenyl moiety out of the major groove (Figure
adduct revealed that this was not the case. If the styrenyl7). It then might be less of a hindrance to subsequent
CH,OH group were reoriented into thé-@irection in the extension catalyzed by the polymerase. Base-shifting has
major groove, it might have been expected to show an NOE previously been proposed as a mechanism for mutagenesis
to T CHs. This was not observed. Instead?® TH; showed induced by sterically bulky adduct6{—69). That hydrogen
NOEs to the H, and Hy protons on the aromatic ring of the  bonding interactions are not critical to the genesis«80-

30 -
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10

N




8644 Biochemistry, Vol. 38, No. 27, 1999 Painter et al.

Ficure 6: Stereoview of the refined solution structure of the S(61,2)C adduct.

polymerase holoenzyme, and human polymerasesd
revealed that replication of the R(61,2) adduct was character-
ized by slow kinetics of bypass synthesi6), For the
R(61,2) adduct, polymerization was generally terminated
either opposite or one baskta the adduct, although primer
extension mediated by HIV-1 reverse transcriptase resulted
in stop sites three bases after translesion synthesis but before
reaching the end of the templaf]. When replication was
restricted to single catalytic cycles, the R(61,2) lesion
presented a block to all polymerases, limiting the accumula-
tion of fully extended primers. Bypass was facilitated in most
cases when excess polymerase was used to drive the reactions
(66).

The styrene oxide adducts provide an important model to
compare and contrast with larger PAH adducts. One differ-
ence between the R- andoSSO adducts examined in this
study and the corresponding adenyladducts of the bulkier
PAH adducts is that the-SO adducts are located in the
_ ) major groove while the PAH adducts intercalat&{79).
FicURe 7: Top down view of the &G'®and> S°A®C'"base pairs  Thjs may occur due to greater stacking affinity of the planar
(vellow, styrene; white, EHS). polycyclic ring in the PAH compounds. While the levels of

induced A— G mutations is suggested by the observation A — G mutations induced by styrene oxide adduction within
that difluorotoluene, a geometrical analogue of thymidine ¢0don 61 ofN-raswere modest, benzajpyrene and benz-
lacking Watsor-Crick hydrogen bonding capabilities, is [@lanthracene adducts at the same positions in codon 61
easily incorporated into DNA opposite adenine. Furthermore, ca@used A— G transitions at higher frequenciezy 30, 80,
adenine is incorporated opposite difluorotoluene in a template81)-
strand {0, 7J).

The disordered structure of the R(61,2)C adduct as CONCLUSIONS
compared to the S(61,2)C adduct provides a potential Placement of a cytosine mismatch opposite the R(61,2)
explanation as to why the R(61,2}SO adduct did notalso  a-SO adduct in theras61 oligodeoxynucleotide duplex
generate low levels of A~ G mutations 28). Due to the causes a significant thermal destabilization of the R(61,2)
fact that the R(61,2)C structure is disordered, the probability adduct, and results in a disordered solution structure. In
of cytosine misincorporation opposite this adduct may be contrast, the corresponding cytosine mismatch opposite the
lower, or polymerase extension beyond the R(61,2) adductS(61,2)a-SO adduct results in an ordered solution structure.
may not be facile. Studies in vitro using HIV-1 reverse Both the R- and S(61,2)C mismatches form without pro-
transcriptase 12), Klenow fragment, Sequenase 2.0, T4 tonation at the mismatch site. Nevertheless, the tendency for
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adenine in an AC mismatch to shift toward the minor groove  20. Horvath, E., Prongracz, K., Rappaport, S., and Bodell, W. J.
is maintained in the S(61,2)C adduct. Structural analysis of _ (1994)Carcinogenesis 151309-1315.

; ; : 21. Vodicka, P., Vodickova, L., and Hemminki, K. (1993)
the S(61,2)C adduct provides a potential explanation as to Carcinogenesis 1420592061,

why the 5(61_'2) lesion gives ris,e t(_) low levels Of__A G 22.Vodicka, P., Vodickova, L., Trejbalova, K., Scram, R. J., and
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