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ABSTRACT. The structure of the {)-(7S8R,9S 10R)-N6-[10-(7,8,910-tetrahydrobenzpyrenyl)]-2-
deoxyadenosyl adduct afXxf 5'-d(CGGACXAGAAG)-3-5-d(CTTCTTGTCCG)-3 derived fromtrans
addition of the exocyclitNé-amino group of dA to{)-(7S,8R,9R,105)-7,8-dihydroxy-9,10-epoxy-7,8,9,10-
tetrahydrobenza|pyrene [()-DEZ2], was determined using molecular dynamics simulations restrained
by 369 NOEs fromH NMR. This was named the SRSR(61,2) adduct, derived from Nh@s
protooncogene at and adjacent to the nucleotides encoding amino acid 61 (underlined) of the p21 gene
product. NOEs between3C>RSME and A’ were disrupted, as were those betweéhahd G8 NOEs
between benza]pyrene and DNA protons were localized on the two faces of the pyrenyl ring. The
benzof]pyrene H3-H6 protons showed NOEs toTCHjs, while H1, H2, and H3 showed NOEs td'T
deoxyribose; the latter protons and H4 showed NOES &P’ ,H2" and to " H6. NOEs were observed
between H11 and H12 ancdPEil',H2 ,H2'. G'8 N1H showed NOEs to both faces of beralplyrene.
Upfield shifts of 2.6 ppm for ¥ N3H and 1.8 ppm for & N1H, 1 ppm for 77 H6 and CH, and 0.75
ppm for C H5, with a smaller shift for EH6, and a 1.5 ppm dispersion of the pyrenyl protons suggested
that benzaod]pyrene intercalated above théface of SRS, The precision of the refined structures
was monitored by pairwise root mean square deviations, which were A; accuracy was measured by
complete relaxation matrix calculations, which yielded a sixth root R factor o&81D72. Interstrand
stacking between the pyrenyl ring and th¥ pyrimidine and G8 purine rings was enhanced by the bay
ring. Changes of-30° and—25° in buckle for C-G*® andSRSM6-T17 respectively, were calculated, as
was a—40° change in propeller twist for@G18, The rise between®G!8 andSRSME-T17 was calculated

to be 7 A. The work extended the pattern for adenine N6 befaplene adducts, in which thR
stereochemistry at C10 predictediBtercalation of the pyrenyl moiety.

Interest in the polycyclic aromatic hydrocarbon (PAH) linked to metabolic activation into reactive electrophiles
class of chemical carcinogens dates to the Percival Pottwhich react with DNA (Miller, 1970). In the case of benzo-
observations in the 18th century, which linked the occurrence [a]pyrene, microsomal 8, enzymes [reviewed by Guenger-
of scrotal cancer in chimney sweeps with occupational ich (1992)] catalyze formation of diastereomeric 7,8-
exposure to soot. The genotoxicity of PAH compounds is dihydrodiol 9,10-epoxides (Sims et al., 1974), first synthesized
by the Jerina (Yagi et al., 1975) and the Harvey (Beland &
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mutagenic and tumorigenic.
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the 2-amino group of guanine and C10 of the PAH, and Chart 1: (A) SRSR(61,2) Oligodeoxynucleotide, Where=X
derived from §)-DE2, to be the major product. Mutagenesis (—)-(7S8R,9S10R)-N°-[10-(7,8,9,10-Tetrahydrobenzif
results were consistent with the hypothesis that the diaster-Pyrenyl)]-2-deoxyadenosyl Adduct (Bottom), and (B) the
eomeric diol epoxides represented the ultimate carcinogenic(—)-(7S8R9510R)-N°-[10-(7,8,9-Trihydroxy-7,8,9,10-
species. £)-DE2 was generally the most mutagenic form trahydrobenzajpyrenyl)-2-deoxyadenosyl Adduct and
(Newbold & Brookes, 1976; Huberman et al., 1976). There Designations of the Benzajpyrene Protons
has thus been considerable interest in the structures of benzo- A ras codons
[alpyrene (Cosman et al.,, 1992, 1993a, 1994a,b; De Los 60 61 62
Santos et al., 1992; Fountain & Krugh, 1995) and related
PAH (Cosman et al., 1995b) and styrene oxide (Zegar et
al., 1996) adducts at guanine N2.

Minor products in the reaction of various diastereomeric B
BPDE with DNA have also been observed, including adenine
N6 adducts (Jennette et al., 1977; Osborne et al., 1981).
These are of interest since the extent to which prevalent
adduction sites are related to prevalent mutagenic lesions
remains unknown. Indeed, at lower and possibly physi-
ologically relevant dosages, increased beajmjrene-
induced mutagenesis at adenine was reported (Wei et al.,
1991, 1993, 1994). Therefore, correlating the solution
structures of benza]pyrene and additional PAH adducts at
adenines with mutations at adenines is an important goal.
The structures of the~<)-(7S,8R,95 10R)-N65-[10-(7,8,9,10-
tetrahydrobenz@a]pyrenyl)]-2-deoxyadenosyl and the-§-
(7R,859R,109-N°-[10-(7,8,9,10-tetrahydrobenzdpyrenyl)]-
2'-deoxyadenosyl adducts, each opposite dG in the com- i i
plementary strand, were recently solved (Schurter et al., thought to have been induced by exposure to methyini-
1995b; Yeh et al., 1995), as was the structure of thi ( trosourea (MNU) (Zarbl et al., 1985) actually arose from

7R 8S9R, 10R)-N°-[10-(7,8,9, 10-tetrahydrobenzpyrenyl)]- cells having preexisting_mutations tirras (Cha et al., 1994),
2'-deoxyadenosyl adduct opposite dT in the complementary tNus 1eaving the question unanswered as to whether MNU
strand (Schurter et al., 1995a). Structures for a diastereo-directly activatesi-rasvia adduct-induced mutations in the
meric pair of benzo[c]phenanthrene adducts opposite dT in protooncogene. The latter report notwithstanding, it con-

the complementary strand were also reported (Cosman etiinues to seem reasonable that DNA adducts located within
al., 1993b, 1995a), and a series of diastereomeric and_cnhcal coding regions of thé\-ras protooncogene could

sequence isomeric styrene oxide adducts were reported bynduce activating mutations. _ _
this laboratory (Feng et al., 1995, 1996). Structural refinement of theas61 oligodeoxynucleotide,

The formation of adducts between DNA and metabolically d(CCGACAAGAAGYd(CTTCTTGTCCG), which contains

activated chemical carcinogens, including the diastereomericthhe sequence for codons 60, |61 (under]r]inlced), and 62 of the
diol epoxides of benza]pyrene, likely represents an early humanN-rasgene, was completed in this laboratory (Feng

event in carcinogenesis (Miller, 1970, 1978). DNA adducts & Stone, 1995)' A npnbiomi_metic synthesis eﬁnabled large-
are generally believed to act by inducing somatic cell scale production of site-specifi@} and §)-o-(N"-adenyl)-
mutations, due to errors in replication or repair. Mutations Styrene oxide-modified oligodeoxynucleotides, while simul-

in specific coding regions are correlated with carcinogenesis. [@neously eliminating problems in controlling the regio-

; lectivity of adduction (Harris et al., 1991). This chemistry
Protooncogene coding sequences represent one set of geneti® .
loci in which adduct-induced mutations might directly initiate W& xtended to production of the (7S8R 95 10R)-N°-

cellular transformation. Mutations within a limited number [10-(7,8.9,10-tetrahydrobenzgpyrenyl)]-2-deoxyadeno-

of codons in the p21 gene, including codon 61, cause syl adduct (Kim et al., 1991, 1992; Harris et al., 1994), 5
oncogene activation [reviewed by Barbacid (1987)]. Hence, d(CGGACXAGAAG)-3-5-d(CTTCTTGTCCG)-3 where

it seems important to understand how DNA adducts of X'is the adducted adenine. This was named the SRSR(61,2)

benzoR]pyrene induce structural changes within the coding 2dduct, which designates the stereochemistry at C7, C8, C9,
sequeﬁ]cpgat codon 61 of theras geneg g and C10 of benz@]pyrene, the modified codon in thé-ras

Direct evidence that human tumors are induced by benzo-Protooncogene, and the position of the adducted adenine in

[alpyrene-induced mutations in codon 61 of theras thl_ls_hqodon k(?hart L. th luti truct fthe SRSR
protooncogene is not available, but indirect evidence suggests61 2'5 Wg& (:culstes on'd N s?hu '?.n f ruc urelo fe )
adducts do induce mutations in and thereby activate pro—( ,2) adduct. 6 provides e Tirst exampie o a){
tooncogenes such ams. This evidence comes from (/S8RI9S10R)-N>-[10-(7,8,9-trihydroxy-7,8,9,10-tetrahy-
comparison of mutations in carcinogen-induced tumors to
known or suspected reaction sites of specifc carcinogens, T ioeTLrenldss dcussed 1 15 paper o ot tave e
[reviewed by Balmain and Brown (1988)], an example being p - : -

) . - y leaving out the phosphodiester linkage. A, C, G, and T refer to
the polycyclic aromatic hydrocarbon dimethylbenzanthracene mononucleotide units. A right superscript refers to numerical position
(Quintanilla et al., 1986). In these studies it has been in the oligonucleotide sequence starting from théeBminus of chain
generally believed that the tumors were induced by specific fé rf"‘n':i‘g] S£°§f§ﬁ'£ﬁ g’ttg‘etﬁf,%"g:‘m“ﬁﬁ; C;‘fa(':’;] Qnagd g‘;”égonggh%%
chemical carcinogens to which the animals were exposed.cy, c2, c2', etc. represent specific carbon nuclei. H2, H5, H6, H8,

Recently, it was reported that mammary tumors previously H1', H2, H2", etc. represent the protons attached to these carbons.

5'-cl |g2 @3 a4 |c5 x6 a7 |8 A9 al0|gll-3:
31-G22|c21c20719|gl8717716 15714113 |cl2-5"
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drobenzo@]pyrenyl)]-2-deoxyadenosyl adduct opposite the water resonance at 4.76 ppm at’@0or 4.97 ppm at 10
thymine, in theras61l oligodeoxynucleotide. Molecular °C. Phase-sensitive NOESY spectra used for resonance
dynamics calculations using simulated annealing protocols assignments were recorded using the TPPI method for phase
and restrained byH nuclear Overhauser effects (Keepers cycling. A mixing time of 400 ms was used. In thk

& James, 1984; Havel & Wuthrich, 1985; Wuthrich, 1986; dimension, 1024 real data points were collected, with 32
Nilsson et al., 1986; Borgias & James, 1990; Madrid et al., acquisitions per FID with a 1.5 s relaxation delay; 2048 real
1991; Mujeeb et al., 1993; Weisz et al., 1994) demonstrate data points were used in thtdp dimension. The residual
that the pyrenyl moiety intercalates above thédse of the water resonance was saturated during the relaxation delay
modified adenine from the major groove. A single confor- and the mixing period. Data were zero-filled in tlg
mation of the adduct is observed. The rise betweeGE dimension to give a matrix of 2k 2K real points. A sine-
andSRSME-T17 s calculated to be 7 A. Interstrand stacking bell apodization function with a 9ghase shift and a skew
between the pyrenyl ring and thé"Tpyrimidine and &8 factor of 0.7 was used in thiy andd, dimensions. Phase-
purine rings is enhanced by the bay ring. Adduct-induced sensitive NOESY experiments in 9:1,6:D,O were per-
distortion of the double helix is evidenced by buckling of formed using a jump return 1-1 sequence for water suppres-
base pairs &G andSRSR8-T17 and propeller twisting of  sion as the read pulse (Bax et al., 1987; Sklenar et al., 1987).
base pair &G!8. The work extends the pattern for adenine Convolution difference was used during processing to
N6 benzof]pyrene adducts, in which thHe stereochemistry ~ minimize the residual water signal (Marion et al., 1989). The

at C10 predicts Sintercalation of the pyrenyl moiety. NOE mixing time was 250 ms. In théy dimension, 512
data points were collected, with 64 scans per FID; the
MATERIALS AND METHODS relaxation delay was 1.5 s. In tlb dimension, 2K data

. . ) points were utilized. These experiments were carried out at
Materials The oligodeoxynucleotide &(CTTCTTGTC-  150c phase-sensitive TOCSY spectra were recorded at 20

CG)-3 was purchased from Fhe Midland Certified Reagent °C using a 105 ms MLEV17 (Bax & Davis, 1985) spin lock
Co. (M|dlang,STX). The mO,dIerd ollgodeoxynucleotld_e 5 at2Gfor mixing (phase cycling was done according to the
d(CGGAC*SMAGAAG)-3' (Chart 1) was synthesized  Tpp| method). All NMR data were transferred to Iris 4D
through a nonbiomimetic procedure in whie)tamino triol o stations (Silicon Graphics, Inc., Mountain View, CA)
derived from {)-76,8a-dihydroxy-Q,100-epoxy-7,8,9,10-  gnq processed using FELIX (Biosym Technologies, San
tetrahydrobenz@|pyrene [&)-DE2] was reacted with an Diego, CA).

oligodeoxynucleotide containing 6-fluoroadenosine at posi-  \\R Distance RestraintsClassical B-DNA and A-DNA

. 6 o : .

tion X (K|m etal,, 1991, 1.992’ Harrls”et al., 1994). T'he (Arnott & Hukins, 1972) were used as the reference
modified oligodeoxynucleotide was purified by HPLC USINg  gi\,ctyres. The initial DNA models were constructed by
a reverse-phase semipreparative column (PRP-1; Ham'ltonbonding C10 of BPDE to N6 of adenine, with the correct

Co., Reno, NV) equilibrateq with 10 mM _ethylenedi- stereochemistry. Partial charges on the beslpgfene
amineacetate (pH 7.0). The oligodeoxynucleotide was el”tedmoiety were obtained from Hingerty et al. (1989). These

using a gradient consisting oF20% acetonitrile in 20 min. were energy minimized for 500 iterations by the conjugate
The DNA was Iyo_phlllzec_j and desalte_:d on Sephadex G-25 gradient method to give the starting structures used in the
(Pharmacia-PL Biochemicals, Inc., Piscataway, NJ). MD calculations. NOESY spectra at mixing times of 200,
Preparation of NMR SamplesThe concentrations of the 300, and 400 ms were acquired within a single 3-day period
single-stranded oligodeoxynucleotidesifCTTCTTGTCCG)-  without removing the sample from the spectrometer or
3 and 5-d(CGGACRSMAGAAG)-3' were determined  changing the experimental conditions. The NOESY pulse
from the calculated extinction coefficients, 1.8910° and program was modified to eliminate artifacts arising from
9.24 x 10* M~! cm™, respectively (Borer, 1975). The zero-quantum coherence amd terms observed at short
complementary oligodeoxynucleotides were mixed in equal mixing times. A systematically shifted composite 1§@ilse
molar proportion in 10 mM NakPO,, 0.1 M NaCl, and 50 was implemented within the mixing period, and composite
UM NaEDTA, at pH 6.9. The mixture was heated to 85 9¢° pulses were used in place of the second and thifd 90
°C for 5 min, followed by cooling to room temperature to pulses in the standard pulse sequence (Bodenhausen et al.,
anneal the strands. DNA grade Bio-Gel hydroxylapatite 1984). Footprints were drawn around the NOE cross-peaks
(Bio-Rad Laboratories, Richmond, CA) (15 cem3.0 cm),  for the NOESY spectrum measured at a mixing time of 400
eluted with a gradient from 10 to 200 mM NgPD;, (pH ms using FELIX. The same set of footprints was applied to
6.9), was used for the separation of double- from single- spectra measured at other mixing times. Cross-peak intensi-
stranded oligodeoxynucleotides. The duplex was lyophilized, ties were determined by volume integration of the areas under
resuspended in 1 mL of#, and desalted on Sephadex G-25 the footprints. The intensities were combined as necessary
(70 x 1.5 cm). The sample was lyophilized and dissolved with intensities generated from complete relaxation matrix
in 0.5 mL of NMR buffer [0.1 M NaCl, 5x 10> M Na,- analysis of a starting DNA structure to generate a hybrid
EDTA, 0.01 M NaHPQO, (pH 6.9)]. The final strand intensity matrix. MARDIGRAS (Borgias & James, 1990)
concentration was determined to be 2.5 mM. Strand stoi- was used to iteratively refine the hybrid matrix. Calculations
chiometry was assayed by HPLC. using three DNA starting models generated by INSIGHTII
Nuclear Magnetic ResonanceSpectra were recorded at (Biosym Technologies, San Diego, CA), three mixing time
500.13 MHz. The sample used for examination of nonex- NOE experiments, and a DNA correlation time of 5 ns
changeable protons was exchanged three times in 99.96%yielded nine sets of distances which were averaged to give
D,0 and suspended into 0.5 mL of NMR buffer containing the experimental NOE restraints used in the molecular
99.996% DO. The sample used for examination of ex- dynamics calculations.
changeable protons was dissolved in 0.5 mL of NMR buffer  Molecular Dynamics and Simulated AnnealingN-
containing 9:1 HO:D,0. The spectra were referenced to SIGHTII was used to build the starting structures and for
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molecular visualization. All potential energy minimization A
and restrained MD calculations were performed using
X-PLOR (Brunger, 1992). This was derived from CHARMM

(Brooks et al., 1983) and adapted for restrained MD
calculations of nucleic acids. The empirical energy function
(Nilsson et al., 1986) was developed especially for nucleic A
acids and treated all hydrogens explicitly. It consisted of

energy terms for bonds, bond angles, torsion angles, tetra-
hedral and planar geometry, hydrogen bonding, and non-
bonded interactions including van der Waals and electrostatic | 8
forces. The van der Waals energy term was approximated
using the Lennard-Jones potential energy function. The
electrostatic term used the Coulomb function, based on a i
full set of partial charges—1/residue) and a distance- §
dependent dielectric constant of 4. The nonbonded pair list
was updated if any atom moved more than 0.5 A, and the
cutoff radius for nonbonded interactions was 11 A. The

effective energy function was composed of two terms

D2 (ppm)

D2 (ppm)

describing distance and dihedral restraints, which were in e

the form of a square well potential (Clore et al., 1986). All 1o -
bond lengths involving hydrogen were kept fixed with the R
SHAKE algorithm (Ryckaert et al.,, 1977) during MD o <
calculations. All calculations were performed vacuo Cr5F, oo a
without explicit counterions. The integration time step used g e ‘A

in the molecular dynamics calculations was 1 fs. Structure o5 oo Ts L g
coordinates were archived every 0.1 ps. Back-calculation ’ " p1 (;;pm) ‘ ‘

of NMR data was performed using CORMA (Keepers &
James, 1984). The refined structures were analyzed usingﬁ
DIALS AND WINDOWS 1.0 (Ravishankar et al., 1989).

GURE 1: Expanded plots from a NOESY spectrum at 400 ms
ixing time and a TOCSY experiment with a 105 ms spin lock.
(A) The aromatie-anomeric region of the NOESY spectrum
showing the NOE sequential assignment scheme for the modified
RESULTS strand. (B) The aromatieanomeric region of the NOESY spectrum
showing the NOE sequential assignment scheme for the unmodified
Melting Studies.The thermal stability of the adduct was strand. (C) The aromaticanomeric region of the TOCSY spectrum
examined by UV melting studies which compared it with showLng cytosine H5H6 scalar couplings. Both experiments were
the unadducteths61sequence. The adduct destabilized the at 20°C.
duplex, as indicated py a I reduction inT,,. A series large upfield shift was observed forTH6, which was at
_of 1D H spectra obtained at temperatures from 5 tg’@S 6.2 ppm as compared to the usual 72 ppm range.
indicated 20°C to be the optimal temperature at which the ¢ assignments of the Hand H2' sugar protons were
duplex remained intact and théi resonances were the qptained from their connectivities with the Hrotons of
sharpest and best resolved. the same nucleotides, based upon the assumption that, for
IH Resonance Assignmentéa) Nonexchangeable Pro-  B-like DNA, the HI—H2" distances were shorter than the
tons. Figure 1 shows the sequential assignment schemes forH1'—H2' distances. Therefore, the stronger cross-peaks were
the modified and the complementary strands (Hare et al., assigned to the H2protons. Where nearly isochronous
1983; Feigon et al., 1983). For the modified strand, weaker resonances were observed for the' HBd H2' protons,
NOE connectivities than for a normal B-DNA base step were NOEs between the base and’H#2"" protons discriminated
observed between%H1' and C H6 and between TH1' between the two resonances. The assignments of the
andSRSME H8. The intranucleotide NOE betweeft B1' remainder of the sugar protons were determined from
and C H6 was weaker than observed in B-DNA. NOE TOCSY spectra. The H&15" resonances were in most
connectivities for the remainder of the modified strand had cases overlapped, making their unambiguous assignments
intensities as expected for B-DNA. In the complementary impossible. The adenine H2 protons were assigned from
strand, the internucleotide connectivity betweéhH1' and weak cross-peaks to the Hprotons of the adjacent’-3
T7 H6 was weaker than the corresponding NOEs observednucleotides. Table S1 in the Supporting Information lists
for nucleotides far from the site of the lesion. No connectiv- the chemical shifts of the nonexchangeable protons.
ity was observed between!TH1 and G® H8. The (b) Exchangeable ProtonsAssignments of the imino and
intranucleotide NOEs between Hind base protons for*T amino protons were made from NOESY spectra measured
and for G® were weaker than corresponding NOEs for in 90% HO at 10°C (Boelens et al., 1985). An expanded
nucleotides far from the site of the lesion. The strength of region showing cross-peaks between the imino protons is
the intranucleotide NOE betweeR”H1’' and H6 could not  given in Figure 2. A total of 10 well-resolved imino
be assessed, due to the fact that it was close to the diagonakkesonances were observed, five of which displayed sharp
Figure 1C shows an expanded plot from a TOCSY spectrum. peaks. Sequential assignments of the imino protons from
Five of the six cytosines displayed cross-peaks in the base pairs &C?! — C5G'® and A'-T6 — A0.T13 were
expected region. The sixth, assigned fpr€vealed a 1 ppm  obtained unequivocally. The imino protons of the terminal
upfield shift of H5 relative to that normally observed for base pairs were broadened, probably due to increased
cytosine H5 protons. TH6 also shifted upfield. Another  exchange with solvent. The imino proton of base pair
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FIGURE 2: An expanded plot of a NOESY spectrum at 250 mS pigure 3: An expanded NOESY spectrum of the aromatic
mixing time showing the sequential NOE connectivities for the 5romatic region at 400 ms mixing time, showing the sequential

imino protons of base pairs#&C?! — A1-T*3, The labels represent  assignment scheme for the aromatic protons of befagiene. The
the imino proton of the designated base. Also shown is a 1D gyperiment was at 26C.

projection of the imino proton resonances. Both 1D and 2D

i t t 1TC. .
experiments were & 20°C. An expanded region of the NOESY spectrum used

AI.T13 was broadened, as was that of base p&iT&. An for the assignment of pyrenyl protons is shown in Figure 3.
upfield-shifted and broadened resonance at 10.9 ppm was! € numbering scheme for the berajplyrene protons is
observed in the 1D projection but not in the 2D contour plot. Shown in Chart 1. The aliphatic ring resonances were
It was assigned t$RSMETY on the basis of an NOE  assigned from connectivities (1) to benajpyrene H6 and
connectivity withSRSB6 H2. The broadening of ™ and H11, (2) within the aliphatic ring, and (3) with DNA
T17N3H was consistent with the F& lower Ty, as compared ~ 'esonances. A strong NOE was found between befzo[

to the unadductedas61 duplex. Although T8 N3H was pyrene H6 and a resonance at 5.76 ppm. This was assigned

broadened, a NOE was still observed between this resonancd® H10. A weak cross-peak was detected between H10 and
and @ N1H, its B-neighbor imino proton. No NOE @resonance at3.83 ppnThis was assigned to H9. A weak

connectivities were observed betweeH W3H and its 3 NOE but strong TOCSY cross-peak was detected between
or 5-neighboring base pairs. Other features were large H9 _and a resonance at 4.50 ppm. The latter resonance was
upfield shifts for 77 N3H and G8 N1H (located at 10.5 and aSS|gned_ to H8. H7 was assigned from connect_lv_lt_les5to C
10.9 ppm, respectively), in comparison to the corresponding H5, and it resonated at 5.16 ppm. No connectivities were
resonances of the unadducted duplex (12.3 and 13.8 ppmdetected between H7, H8, or H9. However, a weak NOE
respectively) (Feng & Stone, 1995). was detected betv.veen.Hllo and H8. The chemlcal .sh|fts of

The non-hydrogen-bonded amino protons of cytosine the _pyrenyl and ah_phatlc ring resonances are listed in Table
(NH,s) were assigned from their intranucleotide connectivi- S3 in the Supporting Information.
ties to cytosine H5 protons. The hydrogen-bonded amino  Benzo[a]pyrene-DNA NOEs. A total of 46 NOEs were
protons of cytosines (Nij) were assigned from their found between the benzjpyrene and DNA protons. A
intranucleotide cross-peaks to BiHesonances. With the — number of these are shown in Figure 4. The bealpgfene
exception of the Sterminal G and G2 nucleotides, distinc- ~ aromatic protons H3H6 exhibited moderate-to-strong cross-
tive amino resonances were observed for each cytosinepeaks to T’ CHs;. Benzop]pyrene H1, H3 and H4 showed
including G, the B-neighbor to the site of adduction. The cross-peaks to T H2,H2". In addition, H:-H4 showed
guanine amino protons exchanged with solvent at an weak cross-peaks to'TH6. Cross-peaks were observed
intermediate rate on the NMR time scale, which rendered between H11 and H12 and betweehH2',H2" and C HY'.
their assignment impossible. The adenine amino protonsA cross-peak was observed between H10 ahHE Weak
were also not assigned due to exchange broadening. Upfieldcross-peaks were observed between H4 aHdCH; and
shifts of 1.3 ppm for Nk, and 1.6 ppm for Nk, were between H6 and * CHs. Cross-peaks were observed
observed for €relative to the chemical shifts observed for between the aromatic resonances of beajpgfene and the
these resonances in the unmodifies$61 duplex (Feng & exchangeable protons of DNA. The most prominent of these
Stone, 1995). No unusual shifts were observed for the aminoare shown in Figure 4B. These included cross-peaks between
protons of other cytosines. The chemical shifts of the G'® N1H (the 3-neighboring base pair to the lesion) and
exchangeable protons are listed in Table S2 in the Supportingbenzof]pyrene H2-H4, H11, and H12.
Information. Chemical Shift PerturbationsThe chemical shifts of the

(c) Benzo[a]pyrene ProtonsThe benzaf]pyrene reso- nonexchangeable and exchangeable protons, compared to the
nances were assigned from NOESY and TOCSY spectra atunmodifiedras61 sequence, are shown in Figure 5. The
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greatest upfield shift (2.6 ppm) was observed féf NI3H,
the imino proton of the adducted base pair. The imino proton Loor
of C>-G'8 also experienced an upfield shift of 1.8 ppm> C 200 F
NHa, shifted upfield 1.6 ppm. Upfield chemical shift 300
changes of 1 ppm were observed for H6 and CH and 222120191817 16 1514 13 12
T H2 ,H2". A 0.75 ppm upfield shift was detected foP C Nucleotide
H5. Other smaller upfield shifts were observed for a number 30 s
of protons near the adduction site. These includ&dHB 200k
(0.6 ppm), T7H2" (0.55 ppm), AH1', HZ2, and H2 (0.3—
0.4 ppm), and AH1' (0.3 ppm). Loo
Structural RefinementStereoviews of the three starting ‘S o000 =
structures are shown in Figure S1 in the Supporting Informa- ool
tion. Relaxation matrices generated from the three starting
structures used an isotropic correlation time of 5 ns for both 200 -
sugar and base protons, derived fragmmmeasured from 300 i
fluorescence anisotropy. A total of nine distance sets, each 1234567891011
consisting of 402 restraints, were generated. After the Base Pait

removal of poor distances that resulted from overlapped NOE FiGURE 5: Chemical shift changes of selected protons relative to

intensities or the water presaturation pulse, the nine sets ofth® unmodifiedrasé1 duplex. Panels A and B: major groove
protons in the modified and complementary strands, respectively.

@stance restraints were averaged, _resultlng in a total of 369¢r0ss-hatched bars, G H8 or A H8: open bars, C H5: solid bars, C
internuclear distances. Of these distances, 231 were intraHg and T H6: horizontal-line bars, T GHPanels C and D: minor
nucleotide restraints, 100 were interresidue restraints, andgroove protons in the modified and complementary strands,
38 were benza@]pyrene-DNA restraints. An average of respectively. Cross-hatched bars,'Hiolid bars, H2 open bars,

; ; ; H2'": horizontal bars, H3 Panel E: exchangeable protons. Cross-
36 experimental NOE restraints were obtained for each ba§ atched bars, G N1t and T N3H-: solid bars, C N4H(b): open bars,

pair. The distribution of these restraints for each base is ¢ N4H(a). PositiveAd values indicate upfield shifts relative to
summarized in Table 1. The distribution of NOE restraints the rasé1 oligodeoxynucleotide.Ad = [dunmodified oligomer —

was not equal for all bases. With the exception &f &l Omodified oligome} (PPM).
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Table 1: Distribution of Experimental Restraints among Nucleotide
Units for the SRSR(61,2) Adduct

intranucleotide  internucleotide  total exptl
nucleotide restraints restraintd restraints
Cct 15 15
G? 9 5 14
G? 6 2 8
A4 8 2 10
(o3 14 9 23
SRSME 11 6 17
A7 15 5 20
G8 2 3 5
A® 10 4 14
AL 6 3 9
Gt 12 5 17
cr2 16 0 16
T3 11 9 20
T4 6 7 13
Ccts 11 7 18
T16 21 10 31
TV 10 12 22
G!8 18 0 18
T 8 6 14
c 5 7 12
cx 10 5 15
G* 7 5 12

a2The internucleotide NOEs are listed in the direction> n — 1.

Table 2: Comparison of Sixth Root Residual Indi¢g$ for
Starting Models and Resulting MD Structuies

intranucleotideR;*  internucleotideR*  overallR,*

BP-Ao 15 20 16

BP-Bo 9.0 20 13

BP-Bi 8.0 155 10.8
(MDAoO 8.2 115 8.7
(MDBoll 7.8 11.0 8.5
(MDBiO 7.2 11.0 8.4
(EMDavll 7.2 10.0 8.1

2 Only the inner nine base pairs were used in the calculations, to
exclude end effects. The mixing time was 400 B* = 3 |(ao)i'/® —
(a)iY®/3 |(a0)it®|, where &) and @) are the intensities of observed
(non-zero) and calculated NOE cross-pedkP-Ao, starting energy-
minimized A-DNA with the BP moiety situated in the major groove;
BP-Bo, starting energy-minimized B-DNA with the BP moiety situated
in the major groove; BP-Bi, starting energy-minimized B-DNA with
the BP moiety intercalated between base pairs 5 and\6DAo0>,
average of six rMD structures starting from BP-AayIDBo>, average
of six MD structures starting from BP-BosMDBI >, average of six
MD structures starting from BP-BixrMDav>, average of 18 rMD
structures starting from BP-Ao, BP-Bo, and BP-Bi.

bases had five or more intranucleotide NOEs. Howevér, C
A4 G8, A% A0 and G®were underparametrized with respect

to interbase NOEs (each possessed fewer than five interbas

NOEs). A list of NOE-generated distances along with the
upper and lower bounds is shown in Table S4 of the
Supporting Information.

Refined Structure.Three starting structures were used.
One was built such that the adducted beajmjrene moiety
was situated in the B-DNA major groove (designated BP-
Bo); the second was built from B-DNA such that the
adducted benza]pyrene moiety intercalated betweebrG'®
andSRSME.T17 (designated BP-Bi); the third structure was
built such that the adducted benalglyrene moiety was
situated in the A-DNA major groove (designated BP-Ao0).

Zegar et al.

each family of emergent structures, followed by PEM, are
shown in Figure 7. These were averaged and energy
minimized to obtain the structurerMDav>, a space-filling
model of which is shown in Figure 8.

The precision of the emergent structures was monitored
by pairwise calculation of rms deviations (rmsd) (Figure 9).
The BP-Ao starting structure was different from either BP-
Bo or BP-Bi, evidenced by a rmsd of 10 A. BP-Bo and
BP-Bi were similar, with a rmsd of 2 A. A site-specific
increase in rmsd between BP-Bo and BP-Bi, to 4 A, was
localized atSRSM®6  The BP-Ao starting structure was
different from <rMDav>, with a rmsd of 10 A, which
indicated that the emergent structures did not converge to
an A-DNA geometry. When compared terMDav>, the
BP-Bo and BP-Bi starting structures each yielded a rmsd of
2 A, suggesting that the emergent structures converged
toward B-DNA geometry. The average rmsds between the
refined structure<rMDav>, and <rMDA >, <rMDBo>,
and <rMDBi > were <1 A. MD calculations performed
using the three starting structures in the absence of the NOE
restraints did not converge, which indicated that the con-
vergence to the final structures shown in Figure 7 was due
to the NOE restraints.

The accuracy of the emergent structures was assessed by
complete relaxation matrix calculations, which compared
theoretical NOE intensities generated from the model
structures with experimental data. Table 2 shows sixth root
R;* factors for the inner nine base pairs of the starting
structures and the refined structures emergent from MD. The
Ry* factors>15 x 1072 for internucleotide NOEs indicated
that each of the starting structures was inconsistent with the
data, although from the B-form starting structures BP-Bo
and BP-Bi, the latter gave reasonalil¢ values of 8.0x
10 2for intranucleotide NOEs. In contrast, theoretical NOE
intensities from each of the refined structures yield&gd
values of (7.2-8.2) x 1072 for intranucleotide NOEs and
(11-11.5) x 102 for internucleotide NOEs, irrespective of
starting structure. Improved values were noted for the
structures generated from BP-Bi. In all three instances,
poorer convergence was obtained for the interbase NOEs.
Examination of Table S4 in the Supporting Information and
CORMA output files indicated that submatrices representing
the nucleotides which were under-represented by internucle-
otide NOEs €4 NOEs/nucleotide) gave poorBi* values.

The nucleotides at and near the site of adduction gave good
Ri* values for both intra- and inter-nucleotide NOEs, which
suggests that the refined structure is in reasonable agreement
with the NOE data, especially near the lesion.

Biscussion

The ubiquitous presence of benafgyrene as an envi-
ronmental pollutant, combined with the mutagenic and
carcinogenic properties of the bay-region diol epoxides, has
made structural analyses of its DNA adducts a prerequisite
step toward understanding benajpfyrene-induced carcino-
genesis. This work provides the structure of a)-(
(7S8R,9S 10R)-N°é-[10-(7,8,9,10-tetrahydrobenzjpyrenyl)]-
2'-deoxyadenosyl adduct at the first adenine of theas
codon 61, a site at which mutations activate tHeaas
protooncogene. Obtaining a detailed understanding of the

Stereoviews of these starting structures are shown in Figurestructural perturbations induced in thas61 oligomer by

S1 in the Supporting Information. Figure 6 shows stereo-

views of six MD-generated structures based on BP-Bo, BP-

Bi, and BP-Ao. The final structures obtained by averaging

BPDE adduction may identify structur@ctivity relation-
ships which correlate with the biological processing of the
resulting adducts.
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FIGURE 6: Superposition of (A) thesrMDBi >, (B) the <rMDBo>,

and (C) the<rMDAo > families of structures.

<MDAo>
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<rMDBo> vs. <tMDBi> vs. <ftMDAo>
FIGURE 7: Superposition of the energy-minimized average structuresfdDAo > (narrow line),<rMDBo> (thin bold line), and<rMDBi >

(heavy bold line).

Ficure 8: CPK representation of the final structuretMDav>,
averaged from the 18 sets of three families of rMD structures.

Overall Structural Features Figure 10 shows perpen-

the DNA bases clearly distinguished this as an intercalated
as opposed to a major groove adduct. Strong interstrand
stacking occurred between the pyrenyl ring and thé T
pyrimidine and @® purine rings, in the complementary
strand. Stacking was enhanced by the bay-region ring of
the pyrenyl moiety. In contrast, poor stacking was observed
between the pyrenyl moiety and®@nd SRSMS in the
modified strand. Both of these bases were twisted, presum-
ably to alleviate steric clashes with the hydroxyl groups of
the benzaof]pyrene, which faced into the major groove.
Modification of the conformations of base pair& G and
SRSME.TL7 disrupted WatsonCrick base-pairing geom-
etries, suggesting weakened hydrogen bonding. Helicoidal
analysis suggested-a30° change in buckle for €G'8 and

a —25° change in buckle foPRSMETY relative to the
unmodifiedras61 oligomer. A —40° change in propeller
twist for C>-G'8 was observed. The rise between base pairs
C5-G!8 andSRSM6-T17 was 7 A as compared to the value
of 3.5 A normally observed for B-DNA.

The emergent structure was consistent with the NOE data.
The expected NOE connectivity between the neighboring
imino protons in base pairs>@!® and SRSME-T7 was
missing, which in combination with the observed pattern of
DNA—benzof]pyrene NOEs confirmed intercalation be-
tween these two base pairs. The orientation of the benzo-
[alpyrene ring resulted in localization of the NOEs between
the adduct and DNA on the two faces of the pyrenyl ring.
The benzaf]pyrene aromatic protons H3H6 faced toward
the major groove and exhibited NOEs té&’ THs, located

dicular and parallel views through the helical axes for base below the major groove face of the pyrenyl moiety. The

pairs C-G* and SRSRE-T7 as compared to ©G'® and
AS8-T1 of theras61duplex. The pyrenyl moiety intercalated
from the major groove of the DNA and above tHeface of
the modified adenine. The pyrenyl ring did not completely
thread the DNA helix; thus we describe this as “quasi-
intercalated” geometry, from the major groove. Neverthe-

intercalation of the pyrenyl moiety oriented H1, H2, and H3
toward the deoxyribose of'Tin the complementary strand,;
these protons and H4 showed NOEs {6 Fi2',H2" and to
TY7 H6. NOEs between H11l and H12 and betweéen C
H2',H2" and C H1' were explained by the location of the
bay ring beneath € The imino proton & N1H was directly

less, the stacking interactions between the pyrenyl ring andabove the pyrene ring and showed NOEs to both faces of
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Ficure 9: Per residue rmsd comparisons between the initial structures and the final structures. Panels: (A) rBP-Ao vs rBP-Bo; (B) rBP-Ao
vs rBP-Bi; (C) rBP-Bo vs rBP-Bi; (D) rBP-Ao vsrMDav>; (E) rBP-Bo vs<rMDav>; (F) rBP-Bi vs <rMDav>; (G—I) <RMDAo>,
<rMDBo>, and <rMDBi > vs <rMDav>, respectively. The error bars represent standard deviations. The slopes of the lines result from
the reference frame in these calculations.

the benzofpyrene (the aromatic protons HH4, H11, and protons up to two base pairs in thedirection and one base
H12). pair in the 3-direction from the lesion. Smaller upfield shifts
The 1.5 ppm dispersion of the benaljyrene aromatic ~ observed for a number of other protons near the adduction
proton chemical shifts was striking and was consistent with site probably also resulted from the ring current of the
intercalation of the PAH. This indicated that the pyrenyl pyrenyl moiety.
moiety was in a less homogeneous environment than would Thermal destabilization of th&RSM6-modified DNA
have been expected if it were situated in the major groove. duplex occurred despite the intercalation of the besjzo[
The orientation of the pyrenyl moiety explained the upfield pyrene moiety into the helix and favorable stacking with T
chemical shifts of 1 ppm, observed fof"TH6 and CH. and G& Thus, stacking interactions between the bealzo[
These protons both lay beneath the PAH ring. The 0.75 ppmpyrene and ¥ and G® bases were offset by adduct-induced
upfield shift for G H5 was explained by its orientation near conformational distortion of the double helix at the lesion
the edge of the pyrenyl moiety. The smaller shift observed site, with disruption of H-bonding afRSFA8-T". This
for C° H6 was explained by its orientation above the saturated differed from physical (noncovalent) binding of pyrene and
ring of benzo@]pyrene. The upfield shifts of the exchange- benzop]pyrene derivatives to DNA, which preferred duplex
able protons of base pair$G'® andSRSR8-T17 supported DNA, presumably due to favorable stacking which stabilized
the notion that benze]pyrene was intercalated toward the the duplex (Wolfe et al., 1987). Thermal destabilization of
5'-direction from the lesion. The most dramatic upfield shift duplex oligodeoxynucleotides was observed for other benzo-
was 2.6 ppm for ¥ N3H, the imino proton of the adducted [a]pyrene (Lakshman et al., 1992; Schurter et al., 1995a,b;
base pair. This proton was stacked under the bay-regionYeh et al., 1995; Fountain & Krugh, 1995; Mao et al., 1995)
ring of the pyrenyl moiety. The large shift of this proton adducts.
perhaps indicates that the geometry shown in Figure 10, An interesting feature was the broadening &fH5 and
which emerged from the NOE-restrained MD calculations, H6 (Figure 2A). On the benza]pyrene moiety, H8 and
does not have the pyrenyl ring inserted quite far enough into H9 were broadened, but H7 and H10 were sharp. The
the helix. Further insertion of the aromatic moiety into the intensity of G® N1H of the C-G base pair suggested that
helix seems reasonable, especially since it should enhancéoroadening of €H5 and H6 did not result from transient
stacking interactions between the PAH aromatic ring and opening. We speculated that the berdpyrene aliphatic
the neighboring nucleotides. The imino proton ¢tG'8 ring, directly under € H5 and H6, equilibrated about the
shifted upfield 1.8 ppm, and®@H,, shifted upfield 1.6 ppm,  C8—C9 bond between two half-chair conformations. The
also consistent with the stacking interaction shown in Figure half-chair conformation, considered to be more energetically
10. Chemical shift perturbations indicated that BPDE favorable (Schurter et al., 1995a,b), positioned the C7 and
adduction altered the electronic environment of the DNA C8 hydroxyls pseudoaxial and placed the- H8L0 and H#
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diastereomeric benzgphenanthrene adducts (Cosman et al.,
1994a, 1995a), the—)-7R,859R,10R)-N°-[10-(7,8,9,10-
tetrahydrobenzafpyrenyl)]-2-deoxyadenosyl adduct op-
posite dT, and the styrene oxide adducts at adenine N6 (Feng
et al.,, 1995, 1996). In each instance, the PAH adduct
intercalated, while the styrene oxide adducts were located
in the major groove. This may occur due to greater stacking
affinity of the planar polycyclic ring in the PAH compounds.
Another contributing factor could be the facile rotation of
the styrene oxide adducts about the linkage between the
benzylic carbon and the phenyl ring, which is not accessible
to the PAH compounds.

Comparison to Adduct-Directed Mutagenesis Studies. In
vivo site-directed mutagenesis experiments performed on the
SRSR(61,2) adduct and two additional RLGand three
additional 16 stereoisomers of BPDE adducts at the61
(61,2) locus showed that each generatee-AS mutations,
at frequencies ranging from 0.26% to 1.20%, with the SRSR-
(61,2) adduct having mutation frequency of 0.46% (Chary
et al., 1995). This result differed from experiments (Wei et
al., 1993, 1994) using Chinese hamster V-79 cells, randomly
modified with either ¢)- or (—)-DE2. The latter results
suggested that, at adenines, predominantty & mutations
occurred at low doses ofH)-DE2, although A— G
mutations were observed at low frequency. In contrast, V-79
cells randomly modified with-¢)-DE2 yielded fewer muta-
tions and did not exhibit a greater tendency toward mutations
at adenine at low dosages, and){DE2 showed less
selectivity in its mutagenic profile (Wei et al., 1994). The
differences suggested the role of adduct stereochemistry in
modulating the mutagenic spectrum. An oligodeoxynucle-
otide in which a dG mismatch was placed opposite the
SRSH\ adduct (Schurter et al., 1995b) yielded a structure
similar to that presented here for the SRSR(61,2) adduct.
The SRSRA-G mismatch structure modeled a transient
intermediate which could lead to A C transversions (Wei

Ficure 10: (A) Stacking patterns of the5@5!8 base pair above ;
SRSME-TL7 B, Views of (top) base pairs®G!8 and A-T17in the et aRl'é g.;?l,dld993;, 1994). ]!n Contraé'[é;,trutl:tura:jl Sftucilhes on
unmodified ras61 oligomer and (bottom) base pair$-G*8 and an =>7A A F:JgR arising from +)- , placed in the
SRSHETL7 from the major groove. corresponding?SRA-G mismatch context, revealed in-

creased thermal stabilization and an unusyalglycoside

H9 pairs>5 A apart, which is consistent with the lack of torsion angle akSRA (Yeh et al., 1995). One difference
strong NOEs between these protons. between the presedttSRA-T base pair and theRSRA-G

Stereochemistry at C10 of Benzo[a]pyrerEhe present ~ Mismatch structures was the presence of a minor conforma-
work extends the pattern for adenine N6 beaMrene tion in slow exchange with the major intercalated conforma-
adducts, in which the stereochemistry at C10 seems to betion in the mismatch structure (Schurter et al., 1995b). Our
the crucial determinant of'8ntercalation of the pyrenyl ~ NOE data for the>®SMA-T structure show no evidence of
moiety (Schurter etal.,, 1995b) All CRisomers examined minor conformations. The sequence utilized in the studies
to date intercalate toward the-@irection. The present Of the®SR®A (Yeh etal,, 1995) and®SMA (Schurter et al.,
structure is similar to that observed for &)¢{(7R,8S9R,- 1995b) adducts opposite dG in the complementary strand
10R)-NS6-[10-(7,8,9,10-tetrahydrobenzdpyrenyl)]-2-deoxy- differed from theras61 oligodeoxynucleotide, in changing
adenosyl adduct with dT opposite the lesion (Schurter et al., the 3-neighboring base to the site of lesion from adenine to
1995a). That structure corresponded to an adduct from theCytosine. Future studies ¢ift>fA opposite dG and dC in
syn (-)-DE1. The diastereomeric bengfijhenanthrene theras6loligodeoxynucleotide will examine the stabilities

adducts also followed this pattern, with C1 (the adducted and geometries of the mismatched adducted base pairs, in
carbon) stereochemistry being crucial (Cosman et al., an effort to correlate the structural studies with the mutagen-

1993b)? esis results (Wei et al., 1993, 1994; Chary et al., 1995).

A significant difference was noted between the){ Co_mparison to Replication Studiesractors I?kely to
(7S 8R,9S 10R)-N5-[10-(7,8,9,10-tetrahydrobenzdpyrenyl)]- f:ontrlbute to the fate of benzapyrene adductsn vivo
2'-deoxyadenosyl adducts examined in this study, and include repair competence, sequence context (Zarbl et al.,

opposite dG (Schurter et a|_, 1995b, Yeh et a|_, 1995), the 1985; Topal et al., 1986, 1988; Glickman et a.l., 1987; Randall
et al., 1987; Burnouf et al., 1989; Rodriguez & Loechler,

4 As noted by Schurter et al. (1995b), chirality at C10 of the adducted 1993; Shibutani & Grollman, 1993; Wilson et al., 1993;

benzoflpyrene did not predict the geometry of bergpjrene guanine  Latham & Lloyd, 1994), and the ability of replication
N2 adducts in the minor groove. complexes to bypass the damage. Primer-extension studies
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