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ABSTRACT. Conformations of R)-3-(Né-adenyl)styrene oxide an®)/-(N6-adenyl)styrene oxide adducts

at position X in d(CGGACXAGAAG)-d(CTTCTTGTCCG), incorporating codons 60, 61 (underlined),
and 62 of the humail-ras protooncogene, were refined frokd NMR data. These were designated as
the 5-R(61,2) and3-S(61,2) adducts. A total of 533 distance restraints and 162 dihedral restraints were
used for the molecular dynamics calculations ofAk®(61,2) adduct, while 518 distances and 163 dihedrals
were used for thg-R(61,2) adduct. The increased tether length ofataglducts results in two significant
changes in adduct structure as compared to the correspomditygenyl adducts [Stone, M. P., and Feng,

B. (1996)Magn. Reson. Chem. 38105-S114]. First, it reduces the distortion introduced into the DNA
duplex. For both thg?-R(61,2) and3-S(61,2) adducts, the styrenyl moiety was positioned in the major
groove of the duplex with little steric hindrance. Second, it mutes the influence of stereochemistry at the
o-carbon such that both th&R(61,2) and3-S(61,2) adducts exhibit similar conformations. The results
were correlated with site-specific mutagenesis experiments that revealgdR(&L,2) ands-S(61,2)
adducts were not mutagenic and did not block polymerase bypass.

Styrene is a mutagen in prokaryotds-@) and eukaryotes ~ mutagenic. Alternatively, they were perhaps not the source
(4). It is of concern as a potential human mutagbn9). of the mutations. Thus, the relationship between styrene-
Styrene genotoxicity results from cytochromgdmediated induced DNA damage and mutagenesis remains to be
metabolism to the ultimate carcinogenic species, styreneestablishedZ3).
oxide (SO} (10—17). SO induces sister chromosome ex-  The reactivity of styrene oxide with DNA is complex. This
change and aberrations in human lymphocytes in vit8 ( electrophile reacts in vitro to form adducts at a number of
19). Adducts of SO at guanine %Gand guanine R were nucleophilic sites for both deoxyguanosine and deoxy-
identified in human cells20—23). Increased levels of the  adenosined6, 27). In principle, reaction may proceed via
guanine O adduct, a potential biomarker for styrene either thea- or 8-carbons of the epoxide. Thradducts at
exposure, were observed in lamination workers chronically adenine N arise solely by a mechanism involving attack on
exposed to styrene in the plastics indusy)( Molecular the oxirane by the N1 position of deoxyadenosine, followed
analysis of mutations at the hypoxanthine-guanine phospho-by Dimroth rearrangemeng8, 29). This contrasts with the
ribosyl transferasehfrt) gene in peripheral blood lympho-  a-adducts at adenine ®Nwhich primarily undergo direct
cytes suggested that they occurred at both guanine andeaction between the exocyclic amino group ancbtizarbon
adenine sites, and were predominantly base pair substitutionsatom of the oxirane7, 29). Alternatively, the imino nitrogen
(25). The occurrence of guaniné@dducts did not strongly  of deoxyadenosine can react with thesarbon, to yield the
correlate with the frequency dfprt mutations 24). This o-N1 adduct, followed by Dimroth rearrangement to the
suggested that the guanin€ SO adducts were weakly correspondingx-N® adduct 28).

Cells containing activated oncogenes often contain muta-
c sT ggi%\évo&( \Fl>vass SLIJ:pp%r_tedfby I\rl]IHNGMraRnts ES-05509 (T.M.H.) and tions inras (30). Mutations within codon 61 cause oncogene
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chromatography; MALDI-TOF, matrix-assisted laser desorption ioniza- adducts of styrene oxide. TheR(61,2) adduct provided a
tion time-of-flight mass spectrometry; NMR, nuclear magnetic reso- replication block to a variety of polymerases. Th&(61,2)

nance; NOE, nuclear Overhauser enhancement; NOESY, two-dimen-|oq; ; il
sional NOE spectroscopy; SO, styrene oxide; TPPI, time-proportional lesion was weakly mutagenic, yielding low levels ofA

phase increment; TOCSY, total homonuclear correlated spectroscopy; G _transitions §3). This was the most frequently observed
1D, one-dimensional; 2D, two-dimensional. SO-inducedprt mutation in human lymphocyte2%), which
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Chart 1: Structures of theRf- and §-5-(N6-Adenyl)styrene
Oxide Adducts
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suggested the potential importance of the aderfylesions

in understanding the toxicology of SO. Thus, while the
guanine O adducts potentially provide a biomarker of
exposure, the less common adenirfddsions might be more
mutagenic 25). The bulkier and intercalating adenyl®N
adducts of benza]pyrene @2) and benzjjanthracene4?3)
also yielded A— G mutations in this site-specific mutagen-
esis assay, but at higher levels.

Structural studies of the-adenine Radducts in theas61
oligodeoxynucleotide were correlated with site-specific mu-
tagenesis studies. The unmodified oligodeoxynucleo8dg (
existed as a right-handed B-DNA-like duplex. The structures
of thea-R(61,2) andx-S(61,2)a-styrene oxide lesion86—

38) revealed the influence of stereochemistry in determining
adduct orientation. Th&-diastereomer was oriented in the
5'-direction, while theS-diastereomer was oriented in the
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Chart 2: -R(61,2) and3-S(61,2) Oligodeoxynucleotides,
Where R Is the R)-3-(N6-Adenyl)styrene Oxide Adduct and
S Is the §-5-(N6-Adenyl)styrene Oxide Adduct

ras codons
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wobble AC hydrogen bonds. This suggested that protonated
wobble A C pairing need not be a prerequisite for low levels
of a-SO-induced A— G mutations. The shift of the modified
adenine toward the minor groove in the S(61,2)C structure
was proposed to contribute to the genesis of-A G
mutations. The disordered structure of thd&(61,2)C adduct
provides a potential explanation for why that adduct does
not induce A— G mutations.

In the work presented here, the synthetic method was
extended to production of th&)f-3-(N6-adenyl)styrene oxide
and ©-S-(Né-adenyl)styrene oxide adducts (Chart 1) at
position X in 5-d(CGGACXAGAAG)-3-5'-d(CTTCT-
TGTCCG)-3, where X is the adducted adenine. These were
named the3-R(61,2) and3-S(61,2) adducts (Chart 2). The
availability of g-adducts allowed the role of linker length
between the exocyclic amino group of adenine and the phenyl
ring of styrene oxide to be examined. The increased tether
length results in two significant changes in structure of the
p-styrenyl adducts as compared to the corresponaisty-
renyl adducts. First, it substantially reduces the distortion
introduced into the DNA duplex. In both theR(61,2) and
B-S(61,2) adducts, the styrenyl moiety was positioned in the
major groove of the duplex with little steric hindrance.
Second, it mutes the influence of stereochemistry at the
a-carbon such that both theR(61,2) ang3-S(61,2) adducts
exhibit similar conformations. The results are correlated with
site-specific mutagenesis experiments that revealed the
B-R(61,2) and3-S(61,2) adducts were nonmutagenic. More-
over, replication studies in vitro showed that these two
adducts did not pose significant replication blocks to a variety
of polymerases44).

MATERIALS AND METHODS
Sample PreparationThe oligodeoxynucleotide d(CTTCT-

3'-direction from the lesion site. Subsequent studies examinedTGTCCG) was purchased from Midland Certified Reagent

the a-R(61,2) anda-S(61,2) adducts placed opposite a
mismatched cytosine4(). These were thea-R- and

Co. (Midland, TX). The concentration of the single-stranded
unmodified oligodeoxynucleotide was determined from the

0-S(61,2)C adducts. These studies suggested that DNAextinction coefficient of 9.08x 10* M~ cm™t at 260 nm
sequence and base pair geometry may play a role in causing45). The g-styrenyl-adducted oligodeoxynucleotide was

A — G mutations at the adduct site. TheS(61,2)C adduct
afforded a stable solution structure, while eR(61,2)C

prepared by reaction of 3.3 mg ofRR or (29-2-amino-1-
phenylethanol 40) with 245 Ay units of chloropurine-

adduct resulted in a disordered structure. The phenyl ring of containing 11-mer41), in 500 uL of anhydrous dimethyl
the styrene in the S(61,2)C adduct was in the major groove sulfoxide containing &L of diisopropylethylamine, for 24

and remained oriented in thé-@irection. A shift of the
modified adenine toward the minor groove resulted in the
styrenyl ring stacking with nucleotide®®n the 5-side of
the lesion, which shifted toward the major groove. Neither

70 h at 50°C. The solvent was removed in vacuo. The
residue was dissolved in 2 mL of,8. It was purified by
HPLC using a YMC-ODS-AQ column (10 mm 250 mm),
at a flow rate of 5.0 mL/min, with a gradient of (a) 0.1 M

the S(61,2)C nor the R(61,2)C adduct formed protonated ammonium formate (pH 6.3) and (b) acetonitrile, from 1 to
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13% B over the course of 22 min. The retention time of the of 200 ms was used with 1024 real points collected intthe
adducted oligodeoxynucleotide was 20.5 min. The duplex dimension, 32 scans per FID with a 2.0 s relaxation delay,
constructs were obtained by mixing the two complementary and 2048 data points collected in thelimension. The water
strains in a 10 mM phosphate buffer (pH 6.9). They were resonance was saturated during the relaxation delay and the
heated to 85°C and cooled to room temperature before mixing period. Data were zero-filled in the dimension to
storage overnight at 4C. The duplex was purified from  give a matrix of 2048x 2048 data points. A sine-bell square
unannealed single strands by chromatography over a DNAapodization function with a SQhase shift and a skew factor
grade Bio-Gel hydroxylapatite (Bio-Rad Laboratories, Rich- of 0.7 were used in thg andt, dimensions. Phase-sensitive
mond, CA) column and eluted with a gradient from 10 to NOESY experiments carried out in a 9:2®G1D,0O mixture
200 mM sodium phosphate buffer (pH 6.9). Trace amounts were performed using the WATERGATE water suppression
of metal were eliminated by washing the sample over Chelex pulse program46). NMR data were transferred to Octane
100 resin (Bio-Rad Laboratories). The resulting solution was workstations (Silicon Graphics, Inc., Mountain View, CA)
evaporated under reduced pressure. A gel filtration column and processed using FELIX 97 software (Molecular Simula-
(G-25 Sephadex, Amersham-Pharmacia, Inc., Piscatawaytions, Inc., San Diego, CA).
NJ) was used to desalt the duplex before exchange with D RestraintsNOESY spectra at mixing times of 100, 150,
for the NMR experiments. Samples were dissolved in 10 and 200 ms were acquired within a single time period. Using
mM sodium phosphate buffer (pH 6.9) containing 100 MM FELIX, footprints were drawn around the cross-peaks for
NaCl and 0.05 mM NZ&DTA for the NMR measurements.  the spectrum measured with a mixing time of 200 ms. Those
Capillary ElectrophoresisThese were performed on a footprints were then transferred to the other spectra. Cross-
PACE 5500 (Beckman Instruments, Inc., Fullerton, CA) peaks intensities were determined by volume integration of
instrument using an eCAP ssDNA 100-R kit applying 12 000 the areas under the footprints. In the case of extreme overlap,
V for 30 min. The electropherogram was monitored using a the volumes were estimated. B-DNA and A-DNA models
UV detector set at 254 nm. The electropherograms of the were constructed and used as reference structures. The
adducted duplex oligodeoxynucleotides exhibited two peaks models were made from B- or A-DNA4{) to which the
in an approximate 1:1 ratio after correction for the respective styrenes-carbon was bonded to the® Nf A® with the correct
absorbance coefficients at the measuring wavelength. In eactstereochemistry. The aromatic ring of the styrene was placed
instance, the retention times were 24.4 and 24.6 min. in the major groove of the DNA in all cases. The models
Mass SpectrometrfMALDI-TOF spectra were measured were then energy-minimized to give the starting structures
on a Voyager-DE (PerSeptive Biosystems, Inc.) instrument for the subsequent calculations.
in negative reflector mode. The sample was mixed with  Distance RestraintdMARDIGRAS (48, 49) was used to
matrix in a 1:1 CHCN/H,O mixture, placed on a target plate, iteratively refine the matrix and optimize the agreement
and allowed to dry. The matrix contained 0.5 M 3-hydroxy- between the calculated and experimental NOE intensities.
picolinic acid and 0.1 M ammonium tartrate. For each The NOE intensities were combined with those generated
oligodeoxynucleotide duplex, mass measurement showed twafrom the complete relaxation matrix analysis of a starting
signals, at 3520.3 and 3274.0 mass units. These corresponde@NA structure to generate a hybrid intensity matrix. Isotropic
to the styrene-adducted d(CGGACAAGAAG) strand (cal- correlation times of 2, 3, and 4 ns for both the sugar and
culated mass of 3519.44 for;£H;141N5:060P10) and the base protons were used in combination with the two DNA
d(CTTCTTGTCCG) strand (calculated mass of 3274.17 for starting structures and the NOE experiments at three mixing
CiroeH138N32069P10), respectively. times to yield 18 sets of distances. Average distances and
UV SpectroscopyThe NaCl concentration was adjusted standard deviations were calculated from these 18 sets of
to 1 M for the melt determinations. The melting temperature data and used as bounds for the NOE restraints used in the
was determined by measuring the absorbance change at 268ubsequent rMD calculations.
nm as a function of temperature. The instrument that was Torsion Angle RestraintdDQF-COSY spectra were re-
used was a Varian Cary 4E UWis spectrophotometer corded using 512 FIDs with 32 scans per spectra. The
(Varian Instruments, Walnut Creek, CA) equipped with a coupling constants of the sugar protons (H12', and H2')
12-position cell changer and a temperature controller. Threemeasured from this spectra using FELIX allowed us to
melting and three annealing curves were averaged. For theseletermine the pseudorotation angle for each sugar and in
experiments, the temperature ranged from 15 t6@%5vith turn calculate the torsion angles of the sugar ring$HA-

a 0.5 °C/min increment. A 3 nm bandwidth dna 5 s 31p COSY experiment was used to observe the chemical
averaging time were used to reduce the level of fluctuations. shifts of the phosphorus nuclei of the DNA backbone. The
Nuclear Magnetic Resonanc8pectra were recorded at constants for coupling between H&1d P were not deter-
500.13 MHz on a Bruker Avance DRX-500 spectrometer mined, but the observation of the coupling was used to give

(Bruker Instruments, Billerica, MA). The sample used for empirical values to the ando angles of the backbon&(@).

the observation of the nonexchangeable protons was ex- Restrained Molecular Dynamic€alculations were per-
changed three times in 99.96%® and suspended in 0.5 formed using X-PLORZJY). The force field was derived from
mL of NMR buffer containing 99.996% f®, while thatused =~ CHARMM (52) and adapted for restrained MD calculations
for the observation of the exchangeable protons was dis-of nucleic acids. The empirical energy function was devel-
solved in 0.5 mL of NMR buffer containing a 9:1,8/D,0 oped for nucleic acids and treated all hydrogens explicitly.
mixture. Spectra were referenced to the water resonance att consisted of energy terms for bonds, bond angles, torsion
4.92 ppm at 10°C or 4.81 ppm at 20C. Phase-sensitive  angles, tetrahedral and planar geometry, hydrogen bonding,
NOESY spectra used for resonance assignments wereand nonbonded interactions, including van der Waals and
recorded using TPPI quadrature detection. A mixing time electrostatic forces. All calculations were performed in vacuo
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Table 1: Melting Temperatures of Styrene Adducts in ithe61 RESULTS
Oligomer - - Sample PropertiesThe duplex melting temperatures were
adduct T (1 °C) ATn (°C) compared to that of the unmodifie@s61 duplex, and to

ras61(unmodified) 53 those of the correspondingR(61,2) andx-S(61,2) styrene
g:g((g%’g ig g oxide-modified duplexes. The significant observation was
a-R(61,2) 42 11 that thes-R(61,2) ang3-S(61,2) adducts caused substantially
a-S(61,2) 36 17 less thermal destabilization than the correspondiagiducts
a-R(61,3) 42 11 of styrene oxide. A decrease of& for thes-S(61,2) adduct
a-S(61,3) 42 11

was observed, while the-R(61,2) adduct had a C lower
melting temperature; thus, the melting temperatures are 48
without explicit counterions. The integration time step was and 46°C, respectively (Table 1). This may be compared
1 fs. The effective function included terms describing with the 11°C decrease ifi, for the a-R(61,2) adduct and
distance and dihedral restraints, which were in the form of the 17°C decrease i, for the a-S(61,2) adduct. Sample
square well potentials5@). The distance restraints were NMR spectra were acquired under various conditions. It was
divided into five classes on the basis of the confidence determined that the temperature range of20°C provided
factors. Watsor Crick hydrogen bonding restraints between the optimal temperature for NMR spectroscopy experiments.

base pairs were used. DNA Resonance Assignment$ie spectral assignments
Sets of rMD calculations were performed using both of the nonexchangeable protons were made using the
starting structures B and A. Random velocities fitting a NOESY (5, 56) and COSY spectra at 1 in the case of
Maxwell—Boltzmann distribution were assigned. During the the-S(61,2) adduct and at 2@ in the case of thg-R(61,2)
calculations, the system was coupled to a heating bath withadduct. The assignment of the 'Hind base protons led to
a target temperature of 2500 K maintained for 30 ps. The the subsequent assignment of the other sugar protons. An
molecule was then cooled to 300 K in 5 ps and kept at that expanded NOESY spectrum shows connectivities between
temperature for 15 ps. The force constants were initially set the base and anomeric Hdrotons (Figure 1). Two notable
to 50, 45, 40, 35, and 30 in the order of the confidence factor features were observed for each adduct. First, the sequential
and kept for 10 ps, before they were scaled up to 200, 180,NOEs were complete and did not exhibit unusual intensities,
160, 140, and 120, respectively, over a 10 ps period. Thesesuggesting minimal perturbation of the DNA duplex by these
levels were maintained for 17 ps, then scaled to 150, 140, adducts. Second, both tjfeR(61,2) and3-S(61,2) styrenyl
130, 120, and 110, respectively, ove 3 psperiod, and adducts caused significant upfield shifts for the aromatic H5
maintained for an additional 10 ps for the final equilibration and H6 protons of € This is the 5-neighbor to the adducted
step. Back calculation of the theoretical NMR intensities from base X. These upfield shifts were attributed to ring current

the final structures was performed using CORNB¥)( shielding by the phenyl ring of the styrenyl adduct. The result
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Ficure 1: Expanded plots of phase-sensitive NOESY spectrad Buffer (pH 7.0) at a mixing time of 250 ms showing sequential NOE
connectivities from the aromatic to anomeric protons. (A) Nucleotides@2! of the 3-R(61,2) adduct. (B) Nucleotides'&-G?2 of the
B-R(61,2) adduct. (C) Nucleotides'€G?* of the 5-S(61,2) adduct. (D) Nucleotides'€-G?2 of the 5-S(61,2) adduct. The base positions
are indicated at the intranucleotide cross-peak of the aromatic proton to its own anomeric proton.
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This suggested that the predominant structure was one in
which the X-T'” base pair remained intact, and stacked
within the helix.

For the$-S(61,2) diastereomer, the imino region signals
were resolved, although*TN3H and T° N3H were partially
overlapped. Nucleotide '@exhibited only the expected cross-
peaks, to 7 N3H and T° N3H. The unusual feature of the
spectrum was the weaker than normal cross-peak between
(box x5, Figure 2B) 1 N3H and G® N1H. This was the
> sequential connectivity on thé-5ide of the modified base
pair X8-T7. This result suggested a greater-than-normal
distance between these two protons. Because of the super-
position of T N3H and T° N3H in the spectrum of the
e 141 138 135 132 12 1ds 123 B-R(61,2) diastereomer, it was not possible to determine the

D1 (ppm) magnitude of the anticipated sequential connectivity’ (T
N3H—G! N1H). This NOE could also be weak or missing
(@o@. in the 8-R(61,2) diastereomer. '
»)4; por Styrenyl Protons For both diastereomers, the styrene
= aromatic protons were not individually resolved. They were
observed as a single resonance at 7.44 ppm integrating to
five protons. This result suggests that the styrene ring
undergoes rapid flipping on the NMR time scale such that
the individual aromatic protons experience a time-averaged
chemical shift. Furthermore, the chemical shift environment
of the ortho, meta, and para protons of the aromatic ring
must be quite similar.

Chemical Shift Perturbationgigure 3 shows the chemical
shift differences observed between the unmodifiad61
144 141 138 135 132 129 126 123 oligodeoxynucleotide and the&-R(61,2) and3-S(61,2) oli-

D1 (ppm) godeoxynuclgotides._ For both diastereomers, significa}nt
Fiure 2: Expanded plots of phase-sensitive NOESY spectra (pH UPfield chemical shifts were observed for the aromatic
7.0) at a mixing time of 200 ms showing NOE connectivities for protons of nucleotide € This is the 5neighboring nucle-
the imino protons of base pairs fron?G?2! to A1%-T*3for (A) the otide to the modified X For the$-R(61,2) adduct, EH5
f-R(61,2) adduct and (B) the-S(61,2) adduct. The peak labeled exhibited a 0.7 ppm upfield shift wherea§ B6 exhibited

“X” represents an unidentified cross-peak that may arise from a - . :
non-Watson-Crick-bonded structure involving 1T, as described a 0.4 ppm upfield shift. For thg-S(61,2) adduct, €H5
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in the text. exhibited a 0.5 ppm upfield shift wherea$ B6 exhibited

a 0.4 ppm upfield shift. These were attributed to ring current
suggested that, irrespective of stereochemistry gfthesi- shielding effects due to the proximity of the styrene phenyl
tion, the styrene ring was positioned near thea@matic ring. This was a localized shift. At other sites in both
protons. oligodeoxynucleotides, only very small chemical shift effects

Exchangeable Proton$pectra of the imino protons from  were noted in the presence of the adduct.
the 5-R(61,2) and$-S(61,2) diastereomers are shown in  Styrene-DNA NOEs Table 2 shows the NOEs observed
Figure 2. For thes-R(61,2) diastereomer, theTN3H and between styrene protons and the DNA for bothgHe(61,2)
T N3H resonances were superimposed at 13.7 pprh. T andf-S(61,2) diastereomers. In neither did the styrenyl H
N3H is the imino proton at the modified base pair. This was proton exhibit a correlation with DNA protons. For the
similar to the unmodifiedas61 oligomer, in which these  S-diastereomer, the styrenyHproton exhibited NOEs with
two imino resonances were separated by only 0.05 @#n ( X® H8, C H5, and C H6. The H;- proton exhibited NOEs
At the B-neighbor base pair 05, an unexpected cross- with C° H5 and &G H6. The unresolved resonances arising
peak was observed betweed®®I1H and an unidentified  from the aromatic protons of the phenyl ring showed a major
resonance at approximately 12.6 ppm (peak x, Figure 2A). groove NOE to T® CHjs, the nucleotide complementary to
The 12.6 ppm resonance exhibited a weak diagonal cross-the adducted X They also exhibited NOEs in the'-5
peak, indicating rapid exchange with solvent. The possibility direction, to G H5 and C H6. For the$-R(61,2) diastere-
that this peak arose from a small percentage of a secondomer, the styrenyl |l proton exhibited NOEs with TH5
conformation for G® was discounted because there was no and C H6. The H;- proton exhibited an NOE to<H6. The
other evidence for a second adduct conformation in the unresolved resonances arising from the aromatic protons of
spectra. A more likely possibility is the presence of a small the phenyl ring exhibited NOEs also in thedirection, to
population containing a non-hydrogen-bonded structure C° H5, T'6 CHs, and G H5.
involving T, the nucleotide complementary to the modified  Torsion Angle MeasurementScalar coupling measure-
base X. This would be consistent with the 12.6 ppm ments showed coupling patterns corresponding to the C2
chemical shift and with the rapid exchange of this resonanceendo conformation of the sugar rings in all instances.
with solvent. In any event, the observation of tH& NI3H— Likewise, measurement éH—3'P scalar couplings andP
T'”N3H cross-peak placed the latter resonance at 13.7 ppm.chemical shifts suggested that there was no major perturba-
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Ficure 3: Chemical shift differences of aromatic protons of {dR(61,2) and3-S(61,2) adducts relative to the unmodified ras61
oligodeoxynucleotide. (A) The modified strand of theR(61,2) adduct. (B) The complementary strand of #A@(61,2) adduct. (C) The
modified strand of thg-S(61,2) adduct. (D) The complementary strand of#(61,2) adduct. Upfield shifts are negative. For the cytosine
residues only, the stippled bars represent the H5 resonance, whereas the cross-hatched bars represent the H6 resonance.

11

Table 2: StyreneDNA Cross-Peaks

S-enantiomer

R-enantiomer

12 13 14 15 16 17 18 19 20 21 22
Nucleotide

Figure 5 shows stereoviews of rMD-generated structures
based on B-form and A-form DNA. The significant result
of the rMD calculations which can be discerned from Figure

aromatic H_Hy Hy aromatic H Hy Hg 5 is the extension of thg-R(61,2) ands-S(61,2) lesions
é: Eg § § X X X into the major groove of the duplex, with a similar orienta-
C5H6 X X X X X tion. The $-S(61,2) adduct was refined with somewhat
E‘; I\H/lg X >)§ greater precision than th®&R(61,2) adduct. This difference

was reflected in the rmsd values listed in Table 3, and was
attributed to the superior spectroscopic data which were
obtained for thgg-S(61,2) adduct. In both cases, the terminal
base pairs remained poorly defined, consistent with disorder
due to end fraying effects.

tion in the backbone of the DNA strain. Empirical values
were assumed for torsion anglesandy.

Structural Refinemenfwo starting structures were used,
which were built from B-DNA and A-DNA using IN- ) ]
SIGHTII (version 97.0) such that the SO moiety was placed ~ For the-R(61,2) diastereomer, the two starting structures
into the major groove at ¥T'”. The calculations were utilized in the rMD calculations differed by an rmsd of 5.9
performed using a simulated annealing procedure. Sets ofA. When compared to the structure that emerged from the
10 rand0m|y seeded calculations were initiated from both rMD CalCUlationS, the IniA Starting structure differed from
A-form and B-form starting structures. A total of 533 EMDAL]with an rmsd of 3.8 A. When comparedf#VDBL[)
distance restraints were used for the molecular dynamicsthe IniB starting structure yielded an rmsd of 2.0 A. Thus,
calculations of the §-styrenyl-adducted DNA, while 518 the emergent structures were more similar to B-DNA
distances were used for th®){styrenyl-adducted oligo- geometry. The rmsd between the averaged refined structures
deoxynucleotide. The distribution of these restraints is shown that emerged from the sets of rMD calculations starting from
in Figure 4. A total of 162 dihedral restraints were obtained IniA and IniB was 1.4 A. This suggested that starting from
for the 5-S(61,2)-adducted DNA, while 163 dihedrals were either IniA or IniB, the rMD calculations converged to
obtained for the5-R(61,2)-adducted DNA. similar emergent structures. The distribution of the individual



9786 Biochemistry, Vol. 40, No. 33, 2001 Hennard et al.

A
Vype—r——————— SOB...,...,.,

25¢ ]

20
15 &
10

NOE Restraints
Number of Restraints

ot -
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Nucleotide Nucleotide

C D

1 2 3 4

NOE Restraints
o
NOE Restraints

ok
123 4567 8 91011 12 13 14 15 16 17 18 19 20 21 22
Nucleotide Nucleotide

Ficure 4: Distribution of NOE restraints between nucleotide units of (A) the modified strand gFB@1,2) adduct, (B) the complementary
strand of thes-R(61,2) adduct, (C) the modified strand of the5(61,2) adduct, and (D) the modified strand of h&(61,2) adduct. The
dark bars represent internucleotide restraints. The light bars represent intranucleotide restraints.

emergent structures about the average yielded an rmsd value Superior R* values were observed for the-S(61,2)

of 1.0 A. This suggested that the experimental restraints diastereomer. ThB* values of starting structures IniA and
applied to the calculations satisfactorily described a single IniB also indicated that the A-DNA starting structure was
ensemble of structures. less consistent with the NMR data than the B-DNA starting

For theB-S(61,2) diastereomer, the two starting structures Structure. Theoretical NOEX intensities from eac? of the
utilized in the rMD calculations differed by an rmsd of 5.9 'efined structures yielde®* values of 9.7x 1072 for
A. When compared to the structures that emerged from theintranucleotide NOEs and 11.9 10" for internucleotide

[EMDA Cwith an rmsd of 4.6 A. When compared @DB[] agreement with the data. The overall valueRaf was 9.3
the IniB starting structure yielded an rmsd of 2.5 A. The X< 1072 At the nucleotide level, th&* values were found

emergent structures were therefore more similar to B-DNA 0 be between & 1072 and 13x 1072 This suggested that
geometry. The rmsd between the averaged refined structured0r the-S(61,2) diastereomer, the quality of the refinement
that emerged from the sets of rMD calculations starting from Was relatively consistent at all positions in the adducted
IniA and IniB was 1.1 A. Thus, the emergent structures were duplex.

relatively independent of the IniA or IniB starting structures. p|SCUSSION

e bl o 1 P sTTSETLSILCLIES AP0 proviousty,we examined h (612 and 1.9 acenne
that the experimental restraints applied to the calculations adducts of styrene oxide in which't € linkage to the DNA
: . . : was at thea-carbon of the styrenyl moiety36—38). The

satisfactorily described a single ensemble of structures. orientation of the R(61,2) and R(61,8)(N°-adenyl)styrene
The accuracy of the emergent structures was assessed byyide adducts in duplex DNA was dependent upon the
complete relaxation matrix calculation®d. These compared  stereochemistry at the-carbon. Thex-R(61,2) adduct was
theoretical NOE intensities generated from the model griented in the Sdirection in the major groovesy), whereas
structures with experimental data. The results are summarizegne ¢-S(61,2) adduct was oriented in thedsrection in the
in Table 4. Figure 6 details thie* values as a function of  yajor groove 86). Thes-R(61,2) angs-S(61,2) adenine N
nucleotide, in the adducted duplexes. adducts examined in this work differ from tbeR(61,2) and
The lower refinement precision observed for thR(61,2) 0-S(61,2) adducts in the position of the linkage between the
adduct was reflected in it values. The overall value of adenine exocyclic amino group and the styrenyl moiety.
Ry* for this adduct was 10.3« 102 The R;* values of Moving the linkage from thex- to the-carbon of styrene
starting structures IniA and IniB indicated that the A-DNA oxide allows for a longer tether between the exocyclic amino
starting structure was less consistent with the NMR data thangroup of adenine and the phenyl ring of the styrenyl moiety.
the B-DNA starting structure. Theoretical NOE intensities This adduct arises solely from rearrangement of an initial
from each of the refined structures yieldegd values of 8.5 N?® adduct by way of a Dimroth rearrangement, in contrast
x 1072 for intranucleotide NOEs and 14.6 102 for to the NP a-adduct which arises by a combination of direct
internucleotide NOEs, which suggest that the refined struc- N6 and N attack followed by rearrangemerg§ 29). The
tures were in better agreement with the data. results of this work show that the increased tether length



B-Styrene Oxide Adducts at Adeniné N

Ficure 5: Stereoviews of (A) six structures that emerged from
randomly seeded rMD calculations for tf§eR(61,2) adduct and
(B) six structures that emerged from randomly seeded rMD
calculations for the-S(61,2) adduct.

results in two significant changes in the structures of
p-adducts as compared toadducts. First, it substantially
reduces the distortion introduced into the DNA duplex by
the 8-R(61,2) andf-S(61,2) adducts, as compared to the
correspondinga-styrenyl adducts. Second, it mutes the
influence of stereochemistry at thecarbon such that both
the 8-R(61,2) and3-S(61,2) adducts exhibit similar confor-
mations.

Minimal Structural Perturbations Induced by the (R)- and
(S)-Styrenyl Oxide Adducts at Adeniné.NPerhaps the
most significant observation of this work is that in contrast
to the a-R(61,2) and a-S(61,2) adducts 36—38), the
p-R(61,2) andp-S(61,2) adducts introduce little or no
perturbation into the DNA duplex at the lesion site. The
structural refinement of the diasteromefiadducts suggests
that this is primarily due to the increased tether length
between adenine Nand the phenyl ring of the styrene

Biochemistry, Vol. 40, No. 33, 2000787

Table 3: Root-Mean-Square (rms) Deviations, Excluding the End
Base Pairs, between Various Initial Structures, Intermediate
Structures, and Final Average Structures of Rieand
S-Diastereomerig-Styrenyl Oxide Adducts

atomic rms difference (A)

initial structures

INiAR vs IniBg 5.90
IniAsvs IniBs 5.92

rms shifts
IniAg vs IMDARB 3.78+ 0.49
IniBg vs IMDBRM 2.01+0.53
IniAsvs MDA s[@ 4584+ 0.15
IniBs vs MDB s 2.53+0.17

rms distributions
MDA r[vs MDA R 0.77+£0.30
MDA s[lvs MDA s 0.64+ 0.25
IMDBRr[vs IMDBRL 1.02+ 0.35
dMDBs[vs IMDB ] 0.47+0.12
MDA r[vs IMDB R 1.37+0.10
MDA s[lvs MDB s[J 1.094+0.17
MDA R[vs rMDg® 1.02+ 0.22
MDA s[vs rMDs 0.81+ 0.07
MDBRrLvs rMDgr 0.104+0.08
IMDBs[vs rMDs 0.58+0.11

a MDA Crepresents the set of five structures which emerged from
MD calculations starting with IniA? BMDB represents the set of five
structures which emerged from MD calculations starting from IniB.
¢rMD represents the average minimized structure from all 10 MD
calculations. R and S represent tR®-6tyrene and9)-styrene adducts,
respectively.

Table 4: Comparison of Sixth-Root Residual Indi¢® for
Starting Models and the Resulting rMD Structdres

structure intraresiduB, interresidueR;* total Ry
INiAR 0.152 0.297 0.193
IniAs 0.106 0.198 0.132
INiBr 0.145 0.209 0.164
IniBs 0.108 0.131 0.115
rMDAR 0.084 0.136 0.099
rMDAs 0.097 0.119 0.104
rMDBg 0.080 0.134 0.095
rMDBs 0.098 0.117 0.104
rMDg 0.085 0.146 0.103
rMDs 0.084 0.123 0.093

aRX = Y|(a)i® — (a)M®3|(a0)i'?|, where a, and a; are the
intensities of observed (non-zero) and calculated NOE cross-peaks,
respectively.

in the adducted DNA remain unperturbed. The primary
spectroscopic feature of the adducted DNA is a large
chemical shift effect observed for thé-eighbor cytosine,
which is shifted substantially upfield. The refined structures
suggest that these upfield chemical shifts can be attributed
to ring current shielding from the phenyl ring of the styrene
moiety.

The inability to resolve styrenyl ring resonances for either
the 5-R(61,2) or 5-S(61,2) styrenyl oxide adducts was
consistent with the conclusion that in both instances, the
phenyl ring was undergoing rapid reorientation in the major
groove. Consequently, all ring protons existed in indistin-

moiety. This increased tether allows the styrene phenyl ring guishable chemical shift environments. It was therefore not
to be easily accommodated within the major groove, without possible to determine the exact orientation of the phenyl ring

sterically clashing with the DNA in either the'-5or
3'-direction. The refined DNA duplex structure remains

in the major groove from NOE data. Potential energy
minimization suggested that for both th##R(61,2) and

substantially as in the unmodified ras61 oligodeoxynucleotide 5-S(61,2) diastereomers, the phenyl ring of the styrene was

(32), as shown in Figure 7. This is consistent with NMR
spectroscopic data, which show that NOE ancbuplings

approximately parallel to the®®ase. This probably accounts
for the large chemical shifts observed foP &5 and H6
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Ficure 6: Distribution of Ry* values between nucleotide units of (A) the modified strand ofy61,2) adduct, (B) the complementary
strand of the3-R(61,2) adduct, (C) the modified strand of {he5(61,2) adduct, and (D) the modified strand of fh&(61,2) adduct. The
dark bars represent intranucleotiBg values. The light bars represent internucleoffevalues.

protons in both. The rapid interconversion of the phenyl rings

Biological Implications Site-specific mutagenesis studies

in the work presented here was in contrast with the slower using an M13 replication vector examined the efficiency of

(NMR time scale) rate of ring flips observed for the

lesion bypass in vivoThe mutation frequencies scheri-

o-R(61,2) adduct. In the latter instance, steric hindrance of chia coliarising from replication of the site-specificR(61,2)

the styrene ring crowding the-Beighbor base pair in the

major groove was believed to reduce the rate of ring flips.
Muted Stereochemical Effect®ne of the characteristic

features of adenine Nstyrenyl 86—40, 57) and PAH 68—

and -S(61,2) adducts as compared to those for the corre-
sponding unadducted DNA were obtained by differential

hybridization. The data indicated that no point mutations

occurred. The detection limit was0.1% frequency. These

74) adducts was the role of adduct stereochemistry in data suggest that theR(61,2) and3-S(61,2) adducts are

determining adduct orientation with respect to the modified
adenine base. For the adenine®AH adducts, those having

not mutagenic. DNA replication studies in vitro revealed that
the -R(61,2) andp-S(61,2) adducts did not block DNA

R-stereochemistry at the benzylic carbon were found to replication. They were readily bypassed by a variety of DNA

intercalate 5to the lesion site. Those havirggstereochem-

istry at the benzylic carbon were found to be disordered or

to prefer intercalation in the' Qlirection. Whether an ordered

polymerases44).
The precise manner in which ti#eR(61,2) and3-S(61,2)
adducts interact with thE. colireplication complex remains

3'-intercalated structure was found depended strongly on theto be determined. Nevertheless, the lack of mutagenicity and

arrangement of aromatic rings in the PAH moiety. Benzo-
[c]phenanthrene6d) and the bay region berganthracene
(66) adducts formed ordered’-Bitercalation structures,
whereas benza]pyrene 65) and non-bay region bergf
anthracene §7) adducts formed disordered structures. A
similar pattern held for the.-styrenyl oxide adducts, which
were oriented in the major groove instead of intercalating.
For thea-styrenyl adducts, those havilystereochemistry
at the a-carbon were oriented in the'-8irection @7),
whereas those havirfgstereochemistry were oriented in the
3'-direction (36).

This stereochemical effect is muted in {hstyrenyl oxide

facile bypass of these adduc#4) seems to be consistent
with the present structural studies showing minimal DNA
perturbation and unhindered accommodation of the styrene
phenyl ring in the major groove. The presence of the
relatively small and nondistorting-R(61,2) ands-S(61,2)
lesions in the major groove of template DNA evidently does
not prevent the correct incorporation of thymidine opposite
the modified deoxyadenosine. Guanine N7 lesions introduced
by a variety of DNA alkylating agents tend to be nonmu-
tagenic.

The replication fate of these lesions appears to be
connected to the tether length between adenifiarid the

adducts. Structural refinement indicates that irrespective of styrenyl moiety. In contrast to the-R(61,2) and3-S(61,2)

stereochemistry at the-carbon atom, the attached styrenyl

adducts, thea-R(61,2) anda-S(61,2) adducts exhibited

moiety is positioned in the major groove of the DNA, with biological activity in the M13 replication experiments. For
little or no steric hindrance. Either diastereomer at the the latter adducts, both adduct structure and mutagenicity
o-carbon is equally well accommodated in the major groove. were dependent on the chirality of the lesion. In the case of
This contrasts with the correspondiagR(61,2) andx-S(61,3) the a-adducts, one mechanism by which the DNA duplex
adducts. The shorter tether in that case resulted in stericaccommodated the steric hindrance of the phenyl ring was
clashing between the phenyl moiety of the styrene and theby alteration of base stacking and the corresponding base
DNA. This was particularly the case for the-R(61,2) pairing geometry at the lesion site. Site-specific mutagenesis
adduct, in which case the-Beighbor was deoxycytosine. showed that thex-R(61,2) adduct was nonmutagenic and
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HIV-1 reverse transcriptase resulted in stop sites three bases
after translesion synthesis but before reaching the end of the
template. When replication was restricted to single catalytic
cycles, then-R(61,2) lesion blocked polymerases, limiting
the accumulation of fully extended primers. Bypass was
facilitated in most cases when excess polymerase was used
to drive the reactions. Polymerg8evas unable to synthesize
full-length products fronwt-R(61,2)-adducted templates. For
the o-R(61,2) adduct, the differing replication results re-
flected structural differences in the respective primer
template replication complexes, and supported the notion that
lesion bypass is polymerase-specific. The slow rate of lesion
bypass might enhance the possibility of misincorporation
opposite the damage site. TheS(61,2) adduct was bypassed
by all of the above enzymes and was weakly mutagenic. It
yielded low levels of A— G mutations 83).

The major groove location of theR(61,2) ang3-S(61,2)
adducts reduces biological activity. In contrast, placement
of styrene oxide adducts into the minor groove appears to
be more deleterious to the cellular replication machinery.
Alterations of the structure of potentially critical residues in
the HIV-1 reverse transcriptase and its interaction with site-
specific and stereospecifically modified DNAs containing
the a-R- and a-S-enantiomers of styrene oxide guaniné N
lesions suggested adduct-induced termination of replication
corresponding to the position of the DNA whexehelix H
made contact with the minor groovés). Eight mutants of
reverse transcriptase in which alternate residues were sub-
stituted for Trg% were studied to probe the molecular
interactions occurring in critical regions of the minor groove
binding track containing GRf? and Trp% (76). These
enzymes were characterized in primer extension assays in
which template DNA was adducted at a single adenine by
either o-R- or a-S-enantiomers of styrene oxide. These
lesions failed to block DNA polymerization by wild-type
reverse transcriptase, but the #fmutants and an alanine
mutant of GI®? terminated synthesis on styrene oxide-
adducted templates.

Summary The increased tether length of the adenirfe N
pB-styrene oxide adduct substantially reduces the distortion
introduced into the DNA duplex, as compared to that in the
adenine N a-styrene oxide adducts. Additionally, it mutes
the influence of stereochemistry at thecarbon such that
both the-R(61,2) andfp-S(61,2) adducts exhibit similar
conformations. The results are correlated with the results of
site-specific mutagenesis experiments that revealed the
B-R(61,2) and3-S(61,2) adducts were nonmutagenic. More-
over, replication studies in vitro showed that these two
FiIGURE 7: Base stacking orientation of the styrenyl moiety at the adducts did not pose significant replication blocks to a variety

lesion site as predicted by rMD calculations, as compared to the Of polymerases44).
unmodified ras61 oligodeoxynucleotide duplex. (A) The unmodified

ras61 oligodeoxynucleotide. (B) Th&R(61,2) adduct. (C) The ACKNOWLEDGMENT
B-S(61,2) adduct. In all instances, theé-A® base pair is green.

The adducted nucleotide®Xs red. Nucleotide ¥ in the comple- .
mentary strand is yellow. The styrenyl moiety (red) is oriented such Dr. Irene S. Zegar,. Mr. Jgson P. Weisenseel, and Mr.
that the aromatic ring remains in the major groove and is facing Markus Voehler assisted with NMR spectroscopy and

the B-direction from the lesion site. TheSX17 base pair is intact. ~ structural refinement. Dr. Gary J. Latham and Professor R.
Stephen Lloyd (The University of Texas Medical Branch,
appeared to be lethal38). Work in vitro showed that  Galveston, TX) provided helpful discussions. We especially
polymerization was generally terminated either opposite or thank Dr. Nathalie Schnetz-Boutaud and Ms. Tandace
one base '3to the adduct. Primer extension mediated by Scholdberg for assistance with preparation of the manuscript.
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SUPPORTING INFORMATION AVAILABLE
H NMR chemical shift assignments (Tables S1 and S2),

the experimental distances and classes of restraints for the 33.

/-R(61,2) and3-S(61,2) oligodeoxynucleotides (Table S3),

and force field parametrization values used for styrene oxide

(Figure S1). This material is available free of charge via the
Internet at http://pubs.acs.org.
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