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ABSTRACT: The (1S2R,3S4R)-N°-[1-(1,2,3,4-tetrahydro-2,3,4-trihnydroxybeafinthracenyl)]-2deoxy-
adenosyl adduct at%of 5'-d(CGGACXAGAAG)-3-5'-d(CTTCTTGTCCG)-3 incorporating codons 60,

61 (underlined), and 62 of the hum8ahras protooncogene, results from trans opening @&,25,3S4R)-
1,2-epoxy-1,2,3,4-tetrahydrobealdnthracenyl-3,4-diol by the exocyclic®f adenine. Two conformations

of this adduct exist, in slow exchange on the NMR time scale. A structure for the major conformation,
which represents approximately 80% of the population, is presented. In this conformation, an anti glycosidic
torsion angle is observed for all nucleotides, includig>A®. The refined structure is a right-handed
duplex, with the benZ]anthracene moiety intercalated on tHe&e of the modified base pair, from the
major groove. It is located betweét-S6-T17 and A’-T18, Intercalation is on the opposite face of the
modified SRSM6-T7 base pair as compared to theR(2S3R,49-N°-[1-(1,2,3,4-tetrahydro-2,3,4-
trihydroxybenzg]anthracenyl)]-2deoxyadenosyl adduct, which intercalateddsthe modified?S:R-A6-

T base pair [Li, Z., Mao, H., Kim, H.-Y., Tamura, P. J., Harris, C. M., Harris, T. M., and Stone, M. P.
(1999) Biochemistry 382969-2981]. The spectroscopic data do not allow refinement of the minor
conformation, but suggest that the adenyl moiety in the modified nucleatig\® adopts a syn glycosidic
torsion angle. Thus, the minor conformation may create greater distortion of the DNA duplex. The results
are discussed in the context of site-specific mutagenesis studies which reveal th&S{Bé lesion is

less mutagenic than tHeS:RAS lesion.

The polycyclic aromatic hydrocarbon (PAHlass of 3), typically to stereoisomeric “bay region” electrophilic diol
mutagens, which includes beakinthracene, has been epoxides. These adduct nucleophilic sites are on the bases
recognized since the incidence of scrotal cancer in chimney of DNA, especially guanine N4—6), but also on other sites,
sweeps was linked to occupational exposure to shoflhe including adenine R(7, 8).

gen(?:(;xicit)'zhof_th?se c_ompo_t:jn(il_s isbgenerallr)]/ recognized to Benzfglanthracene (BA) is a significant PAH component
result from their stepwise oxidation by cytochromagk2, of coal tar, atmospheric pollutio®,(10), automobile exhaust,
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A right superscript refers to the numerical position in the sequence (16, 17). The mutagenicity Of_ the bgy_ region diol epoxides
starting from the 5terminus of chain A and proceeding to the suggests that the lower carcinogenicity of BA as compared

3'-terminus of chain A, and then from thé-terminus of chain B to ;
the 3-terminus of chain B. C2, C5, C6, C8, CC2, C2', etc., represent to those of the other PAHs may be due in part to a lower

specific carbon nuclei. H2, H5, H6, H8, HH2, H2", etc., represent ~ 1€Vel of metabolism to the bay region diol epoxidest
protons attached to these carbons. 21).
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Chart 1: (A) BA SRSR(61,2) Oligodeoxynucleotide, Where sponding non-bay region adducts were @3 ( Site-specific
X Is the (1S2R,354R)-N°-[1-(1,2,3,4,-Tetrahydro-2,3,4- mutagenesis demonstrated that the adeABAIRSRS(61,2)
trihydroxybenz@lanthracenyl)]-2deoxyadenosyl Adduct, lesion induced A— G transitions, similar to those observed
and (B) the (52R354R)-N°*-[1-(1,2,3,4,-Tetrahydro-2,3,4- for the adenyl N benzoR]pyrene SRSR(61,2) adduct with
trihnydroxybenz@]anthracenyl)]-2deoxyadenosyl Adduct and corresponding stereochemistryi4f. The mutagenic fre-

Designations of the BenaJanthracene Protons guency was dependent on the stereochemistry about the

A adduct-forming bond. The BA SRSR(61,2) adduct which is
ras codons the subject of the work presented here was less mutagenic
60 61 62 than the BA RSRS(61,2) adduct. Mutagenic frequency also
5. |6 @® At |c® x° A7 |@® a° Ak Git-3 varied with the strain oEscherichia coliin which these
37?2 | a0 | giopiipts | gispiepts | ol adducts were replicated. These adducts blocked replication
in vitro by E. coli DNA polymerase Il holoenzyme4Q).
B We reported the solution structure of the BA RSRS(61,2)
H4 adduct placed opposite thymine in duplex DN2A7). A
H3 single conformation was observed, in which the adduct
Y intercalated toward the lirection from the site of adduction,
“""::(OH similar to the corresponding adduct of berglpjrene at this
“““ "“OH location £6). Those results were discussed in relation to site-
H2 directed mutagenesis studie3(44) which revealed simi-

larities in the biological processing of bealdnthracene and
benzop]pyrene adducts with corresponding stereochemistry.
W Both of these adducts havindR)¢stereochemistry at the
k ‘ '§ H8 benzylic carbon yielded A~ G mutations 43).
X, N

T

H1

We have subsequently focused on the BA SRSR(61,2)
adduct, which corresponds to the product arising by adduc-

0
H2

dR tion of the (IR,2S3S4R)-3,4-dihydroxy-1,2-epoxy-1,2,3,4-
tetrahydroben#]anthracene [{)-DE2] at adenine Rl Two
We have used theas61 oligodeoxynucleotide "5d(CG- interchangeable conformations of the SRSR(61,2) adduct are

GACAAGAAG)-3'-5-d(CTTCTTGTCCG)-3 as a model observed, termed the major conformation and the minor
(22) (Chart 1) to examine the solution conformations of conformation. We have refined a solution structure for the
adenyl N a-styrene oxide Z3—25), benzof]pyrene @6) major conformation, in which an anti glycosidic torsion angle
adducts, and a berglpnthracene adducf2y). Mutations is observed for all nucleotides, includifg S8, Molecular
within codon 61 cause oncogene activati@®)( Each of dynamics calculations restrained By nuclear Overhauser
these studies was facilitated by the development of a effects @5, 46) demonstrate that the anthracenyl moiety
nonbiomimetic synthesis enabling large-scale production of intercalates to the'dace of the modified adenine from the
site-specifically modified oligodeoxynucleotides, while si- major groove. It has not been possible to refine the structure
multaneously eliminating problems in controlling the regio- of the minor conformation. However, the NOESY data
selectivity of adductionZ9). This method was extended to  suggest that in the minor conformation the modified®dA
production of the ($2R,354R)-N6-[1-(1,2,3,4-tetrahydro- adopts a syn glycosidic torsion angle. These results differ
2,3,4-trihydroxybenz]anthracenyl)]-2deoxyadenosyl ad-  from those for the BA RSRS(61,2) adduct, which intercalated
duct 30—32), at 5-d(CGGACXAGAAG)-3-5'-d(CTTCT- from the major groove to théface of the modified adenine
TGTCCG)-3, where X is the adducted adenine. This was (27). These stereochemically induced structural differences
named the BA SRSR(61,2) adduct (Chart 1). are discussed in relation to the results of site-directed

BA adducts at adenine®re less abundant, as compared mutagenesis studies with these adducts, which revealed the
to the corresponding guanine ldducts. Nevertheless, the SRSR(61,2) adduct was less mutagenic than the RSRS(61,2)
minor adenyl N adducts are of interest because the relation adduct 43).
between the major and minor sites of covalent adduction and
mutagenesis remains incompletely understood. The possibil—'\/l'A‘TERIALS AND METHODS
ity exists that the minor adenine lesions may have dispro- Materials. The oligodeoxynucleotide’ &B(CTTCTTGTC-
portionate biological significance as has been suggested forCG)-3 was purchased from Midland Certified Reagent Co.
adenine R dimethylbenzf]anthracene33), benzof]pyrene (Midland, TX). The modified oligodeoxynucleotide’-5
(34), and dibenzdd,llpyrene @5 adducts. Accordingly, d(CGGACGRSRMAGAAG)-3' (Chart 1) was synthesized
understanding how benzgpyrene @6, 36—39), benzog]- through a procedure in whichk)-aminotriol derived from
phenanthrened(Q, 41), and styrene oxide2@—25) adducts (£)-44,30-dihydroxy-2x,la-epoxy-1,2,3,4-tetrahydrobenz-
at adenine R alter the conformation of duplex DNA has [a]anthracene [f)-DE2] was reacted with an oligodeoxy-
been of considerable interegt). nucleotide containing 6-fluoroadenosine at positicr(30—

BA is activated to both bay and non-bay region diol 32). The (1S2R,3S4R)-N6-[1-(1,2,3,4-tetrahydro-2,3,4-trihy-
epoxides 2) and thus provides a useful model for under- droxybenzg]anthracenyl)]-2deoxyadenosyl-modified oli-
standing PAH structureactivity relationships. Using a  godeoxynucleotide was purified from the reaction mixture
repair-deficient prokaryotic in vivo replication system, the by HPLC using a reverse-phase semipreparative column
bay region adenyl NBA RSRS(61,2) and SRSR(61,2) (PRP-1; Hamilton Co., Reno, NV) equilibrated with 10 mM
adducts were observed to be mutagenic, whereas the correethylenediamineacetate (pH 7.0). The oligodeoxynucleotide



SRSR(61,2) Benz]anthracene Adduct at Adenine®N Biochemistry, Vol. 38, No. 49, 19996047

was eluted with a gradient from 0 to 20% acetonitrile in 20  Generation of Restraint$:ootprints were drawn around
min. It was identified using multiple methods, including the NOE cross-peaks for the NOESY spectrum measured
circular dichroism spectroscopy, enzymatic digestion, and with a mixing time of 250 ms to define the size and shape
mass spectroscopy. The DNA was lyophilized and desaltedof the individual cross-peaks using FELIX. The same set of
on Sephadex G-25 (Amersham-Pharmacia, Inc., Piscatawayfootprints was applied to spectra measured with other mixing

NJ). times. Cross-peak intensities were determined by volume
NMR SamplesThe oligodeoxynucleotide concentrations integration of the areas under the footprints. The intensities
were determined from extinction coefficients of 1.2910° were combined as necessary with intensities generated

M- cm- for modified and 9.24x 10* M—L cmt for the fromcomplete relaxation matrix analysis of a starting DNA

complementary strands, at 260 n47), The complementary ~ Structure to generate a hybrid intensity matdo) MAR-
oligodeoxynucleotides were mixed at a 1:1 molar ratio in DIGRAS (version 3.0) %0, 51) refined the hybrid matrix

0.1 M NaCl, 10 mM NaHPQ, and 50uM Na,EDTA (pH by iteration to optimize the agreement with experimental
7). The mix’ture was heated' to 9C for 5 min and was NOE intensities. The molecular motion was assumed to be

cooled to room temperature. DNA grade Bio-Gel hydroxyl- isotropic. CaIcuIatiorjs, generally requiring two to five cycles,
apatite (Bio-Rad Laboratories, Hercules, CA) (15en3.0  Were performed using DNA starting models generated by
cm), eluted with a gradient from 10 to 200 mM Nz, INSIG_HTII (ver_S|on_ 97.0), the three mixing time NOE
(pH 7.0), was used for the separation of double- and single- €XPeriments, with six. values (2, 3, 4, 5, 6, and 7 ns). The
stranded oligodeoxynucleotides. The duplex was lyophilized résulting sets of distances were averaged to give the

and dissolved in 0.5 mL of 4, and desalted on Sephadex experimental NOE restraints used in subsequent molecular
G-25 (70 cmx 1.5 cm). The sample was lyophilized and dynamics calculations4f). For partially overlapped cross-

redissolved in 0.25 mL of NMR buffer containing 0.1 M peaks, lower or upper error bounds on the resulting distances
NaCl 10 mM NéHPOz; and 50uM NaEDTA (pH 7.0). were increased. The distance restraints were divided into five
The solution was lyophilized and exchanged three times with classes on the basis of the confidence factor obtained from
99.96% DO. The strand concentrations of the samples were MARD,I,GRAS' . ) ) )
approximately 1.7 mM. The samples used for examining Additional restraints were included for base pairs distal

nonexchangeable protons were dissolved in 99.996% D to the adduct site (i.e., other than the modified base pair and
buffer. The samples used for the examination of the its nearest neighbors). The inclusion of these restraints was

exchangeable protons were in buffer solution containing 9:1 PaS€d upon spectroscopic data showing that the distal base
H,0/D,0. pairs were unchanged from. the B-like geometry_ of the
unmodifiedras6lduplex @2); i.e., the perturbations intro-
duced by the benaJanthracene were localized. The deoxy-
ribose data for distal base pairs were consistent with the C2
endo sugar ring conformatio®?). Except for the modified
nucleotide and immediately adjacent base pairs, the deoxy-

%ibose rings were restrained to the'@hdo conformation.

UV Melting. The experiments were carried out on a Cary
4E spectrophotometer (Varian Associates, Palo Alto, CA).
The buffer was 10 mM sodium phosphate, 0.05 mM-Na
EDTA, ard 1 M NaCl (pH 7.0). The buffer solution was
degassed prior to the experiment. The concentrations wer

adjusted to 4.8¢ 10°Min a 1 cmcuvette. The temperature  gycont for the adduct site and immediately adjacent base

was increased at a rate of 0°&/min from 2 to 90°C. pairs, the backbone torsion anglesnd & were restrained
Absorbance was measured at 260 nm. The melting temper+, 165+ 35° and 245+ 35°, respectively 53). Empirical

atures of the native a_nc_i modifieq oligodeoxynucleqtides Were \watson-Crick hydrogen bonding restraints between base
calculated_by determmmg the midpoints of the melting curves pairs were used except for the adducttSBe-T17 base
from the first-order derivatives. pair. These were consistent with crystallographic d&# (
NMR Experiments were performed #i frequencies of and similar to those used previously in structural determina-
750.13, 600.13, and 500.13 MHz. To examine exchangeabletions of oligodeoxynucleotide$¥, 56).
protons, phase-sensitive NOESY experiments were carried Restrained Molecular Dynamic€alculations were per-
outin 9:1 HO/D,0 buffer at aH frequency of 600.13 MHz.  formed using X-PLOR (version 3.8557). The force field
The Watergate pulse sequence suppressed the water signalas derived from CHARMM%8) and adapted for restrained
(48). The spectra were recorded at® with a mixing time MD calculations of nucleic acids. The empirical energy
of 250 ms. The phase-sensitive NOESY spectra used in thefunction 68) consisted of terms that could be individually
nonexchangeable proton resonance assignments were remanipulated for bonds, bond angles, torsion angles, tetra-
corded at 10°C using TPPI quadrature detection with a hedral and planar geometry, hydrogen bonding, and non-
mixing time of 250 ms. To derive the distance restraints from bonded interactions, including van der Waals and electrostatic
NOESY experiments, three spectra were recorded consecuforces. It treated hydrogens explicitly. The van der Waals
tively with mixing times of 100, 150, and 250 ms. In these energy term used the Lennard-Jones potential energy func-
experiments, the data were recorded with 512 real data pointstion. The electrostatic term used the Coulomb function, based
in the t; dimension and 4096 real data points in thhe  on a full set of partial charges-(L/residue) and a distance-
dimension. The relaxation delay was 2 s. The data were dependent dielectric constant of 4. The nonbonded pair list
processed using FELIX (version 97.0, Molecular Simulations, was updated if any atom moved more than 0.5 A, and the
Inc., San Diego, CA) on Silicon Graphics (Mountain View, cutoff radius for nonbonded interactions was 11 A. Calcula-
CA) Octane workstations. The data in thelimension were  tions were performed in vacuo without explicit counterions.
zero-filled to give a matrix of 2kx 2K real points. A skewed  Final structures were analyzed using X-PLOR to determine
sine-bell-square apodization function with & $hase shift ~ the rmsd between an average structure and the converged
was used in both dimensions. structures. Back-calculation of theoretical NMR intensities
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Ficure 1: Expanded plots from the aromatianomeric region of the 750.13 MHz NOESY spectrum atQQusing a 250 ms mixing time.
Sequential NOE connectivities for (A) the modified strand and (B) the complementary strand.

from the emergent structures was performed using CORMA 1100 iterations of conjugate gradient energy minimization
(version 4.0) 49). The structures were analyzed using DIALS so the final structures could be obtained.
AND WINDOWS 1.0 69). Method 2.Two starting structures were built from B-DNA

Method 1.Thirty starting structures with random coordi- @nd A-DNA using INSIGHTII (version 97.0) such that the
nates were generated using X-PLOR. These were subjected®® Moiety intercalated betweeh®SMASTL" and A-T1.
to a simulated annealing protocol substantially similar to that Restrained molecular dynamics calculations utilized the
described in the X-PLOR manual for initial foldin§, 60). sm_1u|ated anneall_ng protocol as described above for the
The resulting structures were then submitted to a simulated'€finement stage in Method 1.
annealing procotol to reach a “global fold4§, 61, 62). RESULTS
During the initial and global fold stage, all electrostatic
interactions were turned off. The repulsive van der Waals  Thermal Stability The thermal stability of the BA SRSR-
potential was used. Experimental NOE and hydrogen bond(61,2) adduct was examined by UV melting studies which
distance restraints were used. Subsequently, the “globallycompared it with the unadductedhs61 sequence. The
folded” intermediate structures were subjected to a refinementmeasured,,, was 45°C. The SRSR(61,2) adduct destabilized
stage of restrained molecular dynamics utilizing a simulated the duplex, as indicated by a @ reduction in theT,
annealing protocol that included NOE, torsion angle re- compared to that of the unmodified duplex, which melted at
straints, and empirical restraints. Calculations were initiated 54 °C. A series of one-dimensiondH spectra obtained at
by coupling to a heating bath with a target temperature of temperatures ranging from 10 to 36 indicated that 10C
900 K, with force constants of 10 kcal mélA-2 for is the optimal temperature at which the duplex remained
empirical hydrogen bonding, 20 kcal méIA~2 for torsion intact, and the'H resonances were the sharpest and best
angle restraints, and 50, 45, 40, 35, and 30 kcal fAl2 resolved.
for the five classes of NOE restraints. The target temperature 'H Resonance Assignments. (a) Nonexchangeable Protons
was reached in 5 ps and was maintained for 6 ps. The The BA lesion interrupted the sequential NOE connectivities
molecules were cooled to 300 K over the course of 5 ps andof B-form DNA at C, the 3-neighbor of the adducted
maintained at that temperature for 15 ps of equilibrium adenine in the modified strand (Figure 1). No NOE con-
dynamics. The force constants for the five classes of NOE nectivity was observed betweed B1' or H2' andSRSmé
restraints were scaled up for-3 ps during the heating period H8. The intranucleotide NOE betweer? €@1' and C H6
to 150, 130, 100, 100, and 100 kcal mbA~2in the order was weaker than that observed in B-DNA. NOE connec-
of confidence factor. These weights were maintained during tivities for the reminder of the modified strand had intensities
the reminder of the heating period and for the first 2 ps of as expected for B-DNA. In the complementary strand,
the equilibrium dynamics period. They were then scaled interruption of the sequential NOEs was observed between
down to 50, 45, 40, 35, and 30 kcal mbA~2in the order T8 H1 or H2' and T H6. The internucleotide connectivity
of confidence factor. The torsion angle and base pair distancebetween " H1' and G® H8 was weaker than the corre-
force constants were scaled up to 100 kcalThél~2 during sponding NOEs observed for nucleotides far from the site
the same period that was used for the NOE restraints. Theyof the lesion. The assignments of the remaining deoxyribose
were scaled back to 20 kcal mélA-2, also at the same  protons were determined from a DQF-COSY spectrum. The
time as the NOE restraints. Coordinate sets were archivedH5 and H3' resonances were subject to substantial overlap
every 0.1 ps, and 49 structures from the last 5 ps werebut were partially assigned. In instances where these
averaged. These average rMD structures were subjected taesonances were observed, the stereospecific assignments of
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Ficure 2: (A) Expanded plot showing sequential NOE connectivities for the imino protons. The connectivities are traced with solid lines
for the major conformation and with dashed lines for the minor conformation. The labels represent the imino protons of the designated
bases. (B) Expanded plot showing NOE connectivities between imino protons and the amino, base, ajghbi@aziene protons: cross-

peaks A-C, T7 N3H — SRSM6 H2 BA H12, andSRSME N6H,, respectively; cross-peaksi5, G* N1H — C'¥ N4H,, A® H2, C5

N4H,, and A’ H2, respectively; cross-peaks—HK, G18 N1H — C5 N4H,, A* H2, SRSR6 H2 and C N4H,, respectively; cross-peaks L

and M, T® N3H — BA H10 and A H2, respectively; cross-peaks-¥, G N1H — C?° N4H,, A* H2, and C° N4H,, respectively;
cross-peaks @S, G N1H — C21 N4H,, C?° N4H,, and C! N4H,, respectively; cross-peaks T and U2 N3H — C2° N4H, and A* H2,
respectively; cross-peak VM N3H — A% H2; cross-peak W,  N3H — A H2; and cross-peak alTN3H — SRSH6E H8 in the minor
conformation. The 600.13 MHz NOESY spectrum was collected with a mixing time of 250 ms antCat 5

H5' and H3' were made empirically. There were no cross- | ©  ® RN

peaks between purine H8 or pyrimidine H6 resonances to
any deoxyribose H5nd H3' resonances that were as large
as the H6/H8-H1' cross-peaks. All H2-H5'/H5" cross-
peaks were weaker than H2H1' cross-peaks. This sug-
gested that the backbone torsion angleas in all instances
within the range of 60t 40°. Accordingly, the expected
distance between Hand H3' was smaller than the expected
distance between Hand HS. Due to spin diffusion, it was
generally not possible to directly evaluate relative cross-peak
intensities directly from the spectrum. Instead, the assign-
ments of H5 and H5 were empirically adjusted following
MARDIGRAS calculations to satisfy the anticipated distance '
bounds for torsion angle.. In general, H3 resonated

0 o
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6.9

downfield of H3. The chemical shifts of the nonexchange-
able protons are listed in Table S1 in the Supporting
Information.
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(b) Exchangeable ProtonsAssignments of the imino il &
protons were made from NOE cross-peaks between adjacent 7-5 6.0
base pairs and connectivities to the base-paired amino protons
(63). An expanded region showing cross-peaks between the
imino protons in both conformations is given in Figure 2A.
An interruption of the sequential imino-to-imino proton

NOEs of adjacent base pairs was found betwet¥nNBH

66 63 5.7 5.1

D1 (ppm)

Ficure 3: Expanded 750.13 MHz NOESY spectrum with a mixing
time of 250 ms showing the assignments for the aromatic protons
of BA. The experiment was carried out at 10.

(c) Benz[a]lanthracene Protondhe anthracenyl protons
and T®N3H in both conformations. There were large upfield were assigned by the combined use of DQF-COSY and
shifts for T N3H and T N3H (12.5 and 10.3 ppm), in  NOESY spectra (Figure 3). The numbering scheme for the
comparison to the corresponding resonances of the unadBA protons is shown in Chart 1. A strong NOE was found
ducted duplexZ2). The strong cross-peak betwezhsmo between H12 and a resonance at 5.77 ppm. This was assigned
H2 and 7" N3H indicated the presence of hydrogen bonding to H1. A strong cross-peak was detected between H1 and a
betweenSRSM® and T. The chemical shifts of the resonance at 4.41 ppm. This was assigned to H2. A weak
exchangeable protons are listed in Table S2 of the Supportingcross-peak was detected between H1 and a resonance at 3.75
Information. ppm. This was assigned to H3. The other aliphatic ring proton
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Ficure 4: Tile plot showing NOE cross-peaks between nonex-
changeable protons of DNA and BA protons: cross-peak'&, T
CH;z; — BA H6; cross-peaks b and ¢!TCH; — BA H5 and H6,
respectively; cross-peaks d and €8 H2' and H2' — BA H8,
respectively; cross-peaks-h, T'7 H1' — BA H9, H7, and H8,
respectively; cross-peak $RSM6 H1' — BA H11; cross-peaks j
and k, T8 H3' — BA H6 and H7, respectively; and cross-peaks
I—n, T H6 — BA H9, H7, and H8, respectively.

H4 had no distinct resonances with either BA or DNA

protons, and therefore was not assigned. The chemical shifts

of the benzf§]anthracenyl resonances are listed in Table S3
of the Supporting Information.
Benz[a]anthracene DNA NOEs There were 40 NOEs
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Ficure 5: Chemical shift changes of selected protons relative to

the unmodified oligodeoxynucleotide duplex. (A and B) Major

groove protons in the modified and complementary strands,
respectively: black bars, G/A H8 or C/T H6; and white bars, C

between the BA and DNA protons. Some of these are shownys or T CH,. (C and D) Minor groove protons in the modified

in Figure 4. The benz]anthracene aromatic protons H5
H7, located on the same face of the befapthracene
moiety, exhibited cross-peaks td%Tand T CHz and H6.
Benzp]anthracene H#H9 exhibited cross-peaks td®fand
T H1'. Benzplanthracene H6 and H7 exhibited cross-peaks

and complementary strands, respectively: black bars, WHite
bars, H2; and crosshatched bars, HZE) Exchangeable protons:
black bars, G N1H or T N3H; white bars, C N4H(a); and
crosshatched bars, Cc N4H(U)6 = éunmodifieckoligodeoxynucleotide_
(3modified—oligodeoxynucleotide(parts per mi”ion)-

to T*® H3'. Cross-peaks were observed between H11 andpy MARDIGRAS. These consisted of 306 intranucleotide

H12, located on the opposite face of the befefithracene
moiety from H5 to H7, and AH1'. Cross-peaks were also
observed between H10 and H12 of bejapthracene and
the exchangeable proton$N3H and T’ N3H (Figure 2B).
Chemical Shift Perturbationg’he chemical shifts of the

restraints, 133 internucleotide restraints, and 38-BNA
restraints. The distribution of these restraints for each base
is summarized in Figure 6. The restraints were approximately
evenly distributed along the length of the oligodeoxynucleo-
tide. The smaller numbers of restraints for some nucleotides,

nonexchangeable and exchangeable protons, compared te.g., A, were generally due to overlapping resonances,

those of the unmodifieths61sequence, are shown in Figure

preventing accurate measurement of cross-peak intensities.

5. The greatest upfield shift (3.44 ppm) was observed for Another exception was®which exhibited no internucleotide

T7 N3H, the imino proton of the adducted base pair. The
imino proton of A-T'® also experienced an upfield shift of
1.43 ppm. Downfield chemical shifts of 0.65 and 0.63 ppm
were observed for ™ H2' and H2', respectively. AH8 and

A7 H8 shifted downfield 0.87 ppm. AH1' also shifted
downfield 0.62 ppm. Upfield chemical shift changes of 0.58
and 1.05 ppm were observed for &d T H1', respectively.

restraints with & A list of experimental distance restraints
along with the upper and lower bounds is shown in Table
S4 of the Supporting Information.

Structural RefinemenfTwo approaches were used. The
first approach utilized methodology described by Tinoco and
co-workers 61, 62), and further developed by Allain and
Varani @6, 64). Calculations were begun from random

Upfield chemical shift changes of 0.92 and 0.64 ppm were coordinates as generated by X-PLOR. In the first stage of

also observed for T H2' and H2', respectively. Other

refinement, NOE and hydrogen bonding distance restraints

smaller upfield shifts were observed for a number of protons (except at the adducted base pair) only were utilized to

near the adduction site.
Experimental RestraintsThere were 477 experimental
distance restraints derived from nonexchange&hlblOEs

determine the “global fold” of the oligodeoxynucleotide.
Beginning with 30 independently calculated structures having
random coordinates, seven “converged” structures were
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40 v Table 1: Analysi -
- : ysis of the MD-Generated Structures of the BA
A Modified ;Strand SRSR(61,2) Adduct
NMR restraints
total no. of distance restraints 477
no. of inter-residue distance restraints 133
» no. of intra-residue distance restraints 306
b no. of DNA—BA distance restraints 38
‘S empirical restraints
= no. of H-bonding restraints 26
3 no. of dihedral planarity restraints 18
(v no. of sugar pucker restraints 80
w no. of backbone torsion angle restraints 32
(o) structural statistics
= NMR R-factor (Ry¥)? ¢
(BMDRIiO 0.0974+ 0.0009
rmsd of NOE violations (A) 0.064 0.002
no. of NOE violations>0.2 A in the 13+2
entire duplex
root-mean-square deviations from ideal
geometry
12 3 4567 8 91011 bond lengths (A) 0.0246 0.0003
Nucleotide bond angles (deg) 1.9480.008
improper angles (deg) 0.440.03
40 ‘ pairwise rmsd (A) over all atoms
B Complémentary Strand IMDRivs iMDav(] 0.77+ 0.04
a2 0Only the inner nine base pairs were used in the calculations, to
exclude end effects. The mixing time was 250 ms. All valuesRgr
- are x 1% PRy* = 3|(ay)i® — (a)i®/Z|(a0)iY®|, wherea, and a. are
30t the intensities of observed (non-zero) and calculated NOE cross-peaks,
) respectivelyt MDRIi, seven converged structures starting from
IS random coordinatesfMDavl] average of seven converged structures.
£
8 20¢ difference between the two approaches was in the choice of
o starting structures for the molecular dynamics calculations.
w The second approach used starting structures based upon
<zD canonical A-form and B-form DNA duplexes, in which the
10 benzplanthracene adduct was intercalated. The refined
structures obtained from either approach were similar, as
judged by a rmsd of 1.5 A. The structural data reported in
Table 1 were derived from the calculations initiated from
random coordinates.

0 : : .
222120191817161514 1312 Figure 8 shows a stereoview of seven converged structures
Nucleotide derived from rMD calculations starting with random coor-
FIGURE 6: Distribution of experimental NOE restraints applied in dinates. The stick-ribbon model shown in Figure 9 represents
the structural refinement for the (A) modified strand and (B) one final structure. The refined structure was a right-handed
complementary strand: crosshatched bars, internucleotide NOEs;duplex, in which the BA moiety intercalated from the major
black bars, intranucleotide NOEs; and white bars;HMNA NOEs. groove betweefRSME-T17 and AT, The saturated ring
'rll'h_e |1r.1ternucleot|de NOEs are counted in the direction froto of BA was oriented in the major groove of the duplex, with
the aromatic rings inserted into the duplex such that the
obtained. Convergence was evaluated using energy, energyterminal ring of BA threaded the duplex and faced toward
ordered rmsd profiles6d, 65), and theRy factor. The total the minor groove direction. The duplex suffered localized
energies and NOE restraint violation energies for convergeddistortion at and immediately adjacent to the adduct site,
structures were lower than 3 and 0.1 kcal/mol, respectively. evidenced by the increased rise of 8.7 A compared to the
The maximum pairwise rmsd for the converged structures value of 3.5 A normally observed for B-DNA between base
was 0.8 A, indicating a well-defined conformation. Theoreti- pairs SRSR6-T17 and A-T!6, These two base pairs also
cal NOE intensities calculated from complete relaxation buckled in opposite directions away from the intercalated
matrix analysis for the refined structures, and compared to BA moiety. Changes of 74and —28 in buckle were
the experimental intensities, yielded sixth-root residu4® ( calculated forSRSMRS8-T” and A’-T16 respectively. The
of approximately 10%, both for intranucleotide NOEs and calculated structures predicted thdf Was twisted out of
for internucleotide NOEs (Table 1). Figure 7 depicts in detail plane, as indicated by @29° change in propeller twist for
the R values as a function of nucleotide, in the adducted SRSMA8-T7, The BA adduct was accommodated in the DNA
duplex, neglecting the terminal base pairs. duplex without helical bending. The distortion in the duplex
The second approach utilized methodology developed by was localized, such that base pairs removed from the adduct
James and co-workerg®). This method had successfully site appeared to remain in a B-like conformation.
generated solution structures for other PAH adducts in the Conformational Exchangelhe existence of two confor-
ras6l oligodeoxynucleotide 26, 27, 66). The principal mations was apparent in both one- and two-dimensional
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FIGURE 8: Stereoviews showing the comparisons of seven super-
20 imposediMDRIUstructures.
B Con%lpletinent:ary Strand
15+
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Ficure 7: Bar diagrams showing the per-resideg values for

the modified and complementary strands of the BA SRSR(61,2)
adduct where the black bars show the intraresigifevalues, the
crosshatched bars show the inter-resi®evalues, the white bar
shows the interstranB;* values betweefRSM8 and T8, and the
horizontally hatched bar shows the interstra¥ivalues between
SRSM6 and T

NMR spectra. The observation of 15 identifiable resonances
(Figure 10) in the imino proton region (3@5 ppm) of the
one-dimensional spectrum contrasts with the nine imino
proton resonances observed for the unmodified 11-mer
duplex @2). Exchange cross-peaks were observed in NOESY
spectra recorded at 10 and 5 (Figure 11A) and a ROESY  Figure9: Stick-ribbon model representation of one final structure.
spectrum (Figure 11B). The total contribution of minor The BA moiety is yellow.
conformer to the BA-modified duplex at 1TC was esti-
matedto be 20%. This was determined by measuring cross-shifted upfield from 7.45 to 7.08 ppm.°Ad1’ shifted upfield
peak volumes for ¥ H6—T” CH; NOEs for each confor-  from 6.42 to 6.04 ppm. A striking spectral feature of the
mation from a NOESY spectrum recorded at°I®with a minor conformer was the very strong NOE cross-peak
mixing time of 100 ms. betweer®R-SM6 H8 and its sugar Hlwhose intensity (100
The nonexchangeable protons in the minor conformation ms mixing time) was as large as that of the BA-+H910
were partially assigned. Compared to the major conformation, cross-peak. This strong intraresidue NOE between H8 and
SRSM6 H8 shifted upfield from 8.64 to 7.20 ppm >E16 H1' indicated a syn glycosidic torsion anglé7f at the
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FIGURE 10: One-dimensional 500.13 MHE NMR spectra of the
imino proton region: (A) the unmodifiedas61 duplex and (B)
the modified duplex at 3C.
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Ficure 11: (A) Expanded region of the 500.13 MHz NOESY
spectrum with a mixing time of 20 ms. (B) Expanded region of
the 500.13 MHz ROESY spectrum with a mixing time of 150 ms.
Both experiments were carried out at Z5. Exchange cross-peaks
are labeled with an asterisk (*).

o *

|- A6-H8major

modified SRS, There were large upfield shifts for'f
N3H and 7" N3H in both conformations (12.54 and 10.27
ppm for the major conformation, and 12.81 and 10.17 ppm
for the minor conformation), in comparison to those of the
corresponding resonances of the unadducted dug®xlt

the minor conformationR-SA® H8, observed at 7.20 ppm,
exhibited a NOE to the imino proton &%SR8 T observed

at 10.17 ppm (Figure 2B).

DISCUSSION

This research program seeks to examine struetacévity
relationships for a series of site-specific adenyl RAH

Biochemistry, Vol. 38, No. 49, 19996053

other PAH adducts at adeniné having the §-configuration
about the benzylic carbon, and to examine the implications
of these structural revelations upon mutagenesis.

Solution Conformation of the BA SRSR(61,2) AddTice
adducted BA moiety intercalated into the DNA duplex from
the major groove, and in thé-8irection from the modified
nucleotide>RSME, To accommodate this, the rMD calcula-
tions predicted increased buckling for base p&airsme-

T and A'-TS relative to that of the unmodifiedas61
oligodeoxynucleotide. The increased rise of 8.7 A as
compared to the value of 3.5 A normally observed for
B-DNA between base pair&RSR6-T17 and AT was
consistent with intercalation. The calculated structures
predicted that both Aand T” were buckled out of plane, as
indicated by 74 and —28° changes in buckle forRSRS.

T and A= TS, respectively. This was attributed to alleviation
of steric clash with the BA hydroxyl groups. The out-of-
plane twisting positioned T such that the intercalated BA
moiety stacked with the Ain the modified strand and with
T'7in the complementary strand.

The rMD calculations predicted WatsoRrick base
pairing was weakened at base p&tSM8TY, a conse-
guence of weakened hydrogen bonding. This was consistent
with the 10+ 1 °C reduction in theT,, of the SRSRS-
modified DNA duplex, which occurred despite the intercala-
tion of the BA moiety into the helix and the stacking with
A7 and T. Stacking interactions between the BA moiety
and A" and T were probably offset by poorer stacking
involving the modified bas&RSM®é and by weakening of
hydrogen bonding atR-Sm8- T,

The intercalation of the BA moiety in thé-8irection was
consistent with the pattern of NOEs from the BA moiety to
base pair AT, The orientation of the BA ring resulted in
localization of the NOEs between the adduct and the DNA
on the two faces of the anthracenyl ring. The BA aromatic
protons H5-H7 exhibited NOEs to 1 and T’ CH; and
H6, located in the major groove face of the DNA. The
intercalation of the anthracenyl moiety oriented -H79
toward the deoxyribose moieties of*Tand T in the
complementary strand; these protons exhibited NOES%o T
and " H1'. NOEs between BA H11 and H12 and between
SRS H1' were explained by the location of the bay ring
beneath®RSM8, The imino protons T and T N3H were
below and above the anthracenyl ring and exhibited an NOE
to the BA aromatic protons H10 and H12. The expected NOE
connectivity between the neighboring imino protons in base
pairs A’-T and SRSRAS-TY” was missing, which in com-
bination with the observed pattern of DNBA NOEs
confirmed intercalation between these two base pairs.

adducts, in an effort to relate the chemical structures and The 2.4 ppm dispersion of the BA aromatic proton

solution conformations of these adducts with their corre- chemical shifts was consistent with intercalation of the PAH.
sponding mutagenic potentials. The work presented hereThis suggested that these protons existed in significantly
defines the structural perturbations induced at position (61,2) different electronic environments. The rMD structures pre-
of theras6loligomer by the BA SRSR(61,2) adduct, a site dicted that this is the case. Protons-+%7 faced toward

at which mutations activate thé-ras protooncogene. The the major groove in a position less influenced by the ring
results reveal that the major conformation of the BA SRSR- currents of the adjacent nucleotide bases. The remaining BA
(61,2) adduct is one in which the PAH moiety is intercalated protons were positioned such that ring current shielding from
3' to the lesion site. A minor conformation is also present, SRSRS6 T16 and T was anticipated. The orientation of the
in which the modified>RSA8 nucleotide is rotated into the  anthracenyl moiety explained the upfield chemical shifts of
syn conformation about the glycosidic bond. In the following 1.1, 0.9, and 0.6 ppm, observed fo¥ H1', H2', and H2',
discussion, our intent is to examine the structure of the respectively. These protons lay above the PAH ring. The
SRSR(61,2) adduct in detail, to compare its structure with 0.6 ppm upfield shift for EH1' and an unusual upfield shift
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Ficure 12: (A) Side view of the d(6AsA7)-d(T16T17G1g) SEgmMent
of the BA RSRS(61,2) adduct from the major groovB) Side
view of the d(C%AeA7)-d(T16T17Glg) segment of the BA SRSR-
(61,2) adduct from the major groove.

for BA aromatic proton H11 were explained by their
orientations above and below tR&SM® purine ring. The
upfield shifts of the imino protons of base pairé A and
SRSME-TL were also consistent with the intercalation model.
Upfield shifts of 3.4 ppm for ¥ N3H and 1.4 ppm for T
N3H were consistent with insertion of the aromatic moiety
into the helix.

Stereochemistry Effectdk was of interest to compare the
structure of the BA SRSR(61,2) adduct reported in this paper
with the corresponding structure of the BA RSRS(61,2)
adduct 27). Both stereoisomers exhibited similar reductions
in thermal stability as compared to the unmodifies61
duplex. In each instance, the thermal transition midpoints
(Tyy) for the modified duplexes were reduced w0 °C.

The similar reductions inl,, indicated that the relative
thermal stabilities of the BA SRSR(61,2) and RSRS(61,2)

Li et al.

Existence of and Structural Analysis of a Minor Con-
former. The partial assignments éH resonances for the
minor conformation indicated that the modifi€eRSA®
assumed a syn glycosidic torsion angle. This conclusion was
supported by several lines of evidence. First, there was a
strong NOE betweef:RSH® H8 and its own sugar H1
which was comparable in intensity to the NOE between BA
H9 and H10. Second, there was a NOE between the imino
proton of T and the H8 (rather than H2) 6R-SA®, which
could be possible only when tie&SR8 existed in the syn
conformation. Third, an unusual downfield shift for the
SRSME H3' resonance (observed at 5.29 ppm) was consistent
with an in-plane ring current effect caused by the adenine
ring in a syn dA. Fourth, at 298 K, the NOE peak between
dA” H8 and its own sugar Hlbecame weak. This was
consistent with broadening caused by rotation of the adenine
ring of SRSME petween anti and syn glycosidic torsion
angles. There was also an unusual upfield shift for the A
H8 resonance (7.02 ppm). We have been unable to determine
the orientation of the BA moiety in the minor conformation,
but suspect that it remains intercalated and on tksd® of
the modified SRSMS, This assertion is based upon the
observation that the chemical shifts of the BA ring protons
in the major and minor conformations are similar, suggesting
a common environment for the BA moiety in each confor-
mation. It also draws support from the refined structure of a
RSRS benzd@]pyrenyl adenyl N adduct incorrectly paired
with guanine 70). In that instance, the modified adenine was
in the syn conformation aboyt and the BP moiety was
intercalated 3to the adduct site. For the PAH moiety to
remain intercalated'3o the adduct site following rotation
of the modified adenine aboyt a simultaneous rotation of
torsion anglesy’ and 5’ (on either side of the linkage at
adenine N) must occur. Thus, it is not surprising that there
should be a relatively high energetic barrier separating these
two conformational orientations, consistent with the observa-
tion that the two species are in slow exchange on the NMR
time scale.

A Steric Basis for the Stability of the Intercalated BA
SRSR(61,2) Adducthe BA SRSR(61,2) structure provides
insight into why this (¥)-BA adduct, and the previously
examined {)-trans-anti-benzof]phenanthrenedA (BPh)
adduct opposite dT4(Q), formed stable structures when
placed opposite dT, with the PAH intercalated on the 3
side of the lesion, while the BP RSRS(61,2) adduct with
similar stereochemistry at the benzylic carbon, when placed
opposite dT, was disordere®@). The BA SRSR(61,2)
adduct conformation was similar to the BPh adduct opposite
dT (41). For both of these adducts, the modifiedTAbase
pair propeller twisted and buckled slightly to permit the BPh

adducts were comparable. Both adducts preserved a righty, BaA to intercalate between the modified Band its 3-

handed B-like structure, except in the immediate vicinity of
the modified site. The relative conformations of the two

adducts extend our understanding of the effect of stereo-

chemistry at the benzylic carbon on the aden§lsries of
PAH adducts. In all cases examined to d&@& 66, 68, 69),
the PAH adenyl Radducts with R)-stereochemistry at the
benzylic carbon are oriented in thedirection. In contrast,
the corresponding adducts witly){stereochemistry at the
benzylic carbon are oriented in thedrection (Figure 12).
This appears to be a general rule for adenirfe I\H
adducts.

neighbor base pair.

Chart 2 compares the geometries of the fused aromatic
rings of BPh, BA, and BP. The BPHA1) and BA moieties
intercalate easily into the DNA dupleX & the modified
adenine. The same is not true of the BP moiety; we suggest
that the differing geometry of the BP aromatic rings causes
this PAH to clash with the complementary strand of the DNA
duplex when intercalated B the lesion site. To date, it has
not been possible to refine a solution structure of th&L0
BP adduct opposite its correct partner, thymine. A structure
was determined in which the ($9BP adduct was placed
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Chart 2: Spatial Relationships between the Pyrenyl Rings
of (A) the SRSR Adenyl R Benzof]phenanthrene Adduct

As Examined by Cosman et alt1), (B) the SRSR Adenyl

N® Benzf]anthracene Adduct (this work), and (C) the RSRS
Adenyl N6 Benzop]pyrene Adduct 26)2

A
"N
™
! 1S Benzo[c]phenanthrene
2 Adduct
\T,’
>
B
Y
o 1S Benz[a]anthracene
Adduct
C - R

10S Benzo[a]pyrene
Adduct

aWhen it is intercalated'3o the lesion site, we propose that the
benzof]phenanthrene lesion is the least structurally perturbing to the
B-DNA duplex. This adduct forms a stable structudd)( Likewise,
the benzfiJanthracene adduct studied in this work also allows relatively
facile intercalation of the pyrenyl moiety & the modified base pair.
With the adenyl Rbenzof]pyrene adductd6), we propose that greater
steric clash between the PAH ring and the complementary strand
destabilizes the RSRS adduct.

opposite the incorrect partner, d@Jj. In that instance, the
modified adenine base rotated about the glycosyl hotal
the syn conformation aboyt. The effect of this rotation
abouty was to provide the potential for formation of ag,A
Gani pairing. This perhaps compensated for the energetic
penalty associated with insertion of the BP moietyadthe
lesion site.

The observation that the minor conformation observed in
the work presented here involves rotationSéfSAS into
the syn conformation about the glycosyl bond is consistent
with this model. Both the @-BPh @1) and (19-BA adducts
easily intercalate '3to the modified base pair when in the
anti conformation aboug. In these instances, one would
predict that for the modified adenine, the syn conformation
abouty should be of higher energy, corresponding to the
minor conformation. On the other hand, one might predict

Biochemistry, Vol. 38, No. 49, 19996055

that incorrectly pairing either the §-BPh or (159-BA
adducts opposite dG should shift the equilibrium away from
the anti conformation of. This might facilitate formation
of an Asyr-Gani pairing as observed for the (39BP adduct
opposite dG 70). It will be of interest to determine whether
this prediction is borne out.

Structure-Function RelationshipgJsing a prokaryotic in
vivo replication system, McNees et ad3) showed that the
BA SRSR(61,2) adduct is weakly mutagenic, producing low
levels of A— G mutations. In all instances, the levels of
mutations induced by the SRSR(61,2) adduct were substan-
tially lower than those observed for the corresponding RSRS-
(61,2) adduct with opposite stereochemistry at the benzylic
carbon. For example, in repair-deficient (uvrA-, recA)
coli AB2480 cells, the SRSR(61,2) adduct yielded 0.3%
A — G mutations, as compared to 2.6%-A G mutations
for the RSRS(61,2) adduct. Thus, the stereospecific confor-
mational difference exhibited by the SRSR(61,2) adduct as
compared to the RSRS(61,2) adduct, in which the SRSR-
(61,2) adduct is intercalated ® the site of adduction, is
reflected in the mutagenic outcome for this lesion. The results
suggest the higher levels of A G mutations induced in
this replication system by the RSRS(61,2) lesion might be a
consequence of specific conformational features related to
the B-intercalation of the RSRS(61,2) adduct, which are not
present in the ‘3intercalated SRSR(61,2) lesion. The SRSR-
(61,2) adduct blocked DNA polymerase Ill to approximately
the same degree as the BA RSRS(61,2) adduct in an in vitro
polymerization assay4@). These replication blocks were
conceivably induced by the intercalation of the SRSR(61,2)
and RSRS(61,2) adducts into the DNA duplex, thus resulting
in unwinding and structural distortion of the DNA.

The functional significance of the minor conformer of the
SRSR(61,2) adduct, in which?Sf® appears to be in the
syn conformation aboyy, is unclear. The population of the
minor conformation (estimated from the NMR studies) was
~20%, while the frequency of A~ G mutations induced
by the SRSR(61,2) adduct wasl4—22% of that of the
RSRS(61,2) adduct#@). This may be coincidental. The syn
conformation of the modifie@RSA8 represents a significant
structural perturbation that may provide a rationale for a
replication block and misreplicatiod8). As determined for
the BP-(109)-opposite dG adduc(), a dG mismatch (as
opposed to a dT match) opposite the BAS)-dA adduct
would allow formation of a A+Gani base pairing interaction.
This would be predicted to generate A/ C mutations.
However, in the aforementioned in vivo mutagenesis studies
(43), such mutations were not observed. One might conclude
that mutations induced by the minor conformation do not
involve transient formation of the #+Gai base pair.
However, it should be emphasized that our understanding
of structure-activity relationships for these adducts remains
limited. A number of additional factors may play a role in
modulating the biological processing of these adducts. For
example, the exclusivity of A~ G mutations at the SRSR-
(61,2) site in theras61 sequence observed by Chary et al.
(71) differed from the results of Page et alf2j, who
examined the same adduct, but using a differing bacterial
strain. In their experiments, A~ T and A— C mutations
were generated in addition to A~ G mutations, which
suggested the existence of strain-specific differences in the
processing of these adducts.
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SummaryThe BA SRSR(61,2) adduct at adeniné iN
theras61coding sequence revealed the influence of stereo-
chemistry upon adduct structure. Two conformations inter-
change around the glycosidic torsion angle of the modified
adenine. In the major conformation, the anthracenyl moiety
intercalated from the major groove to théside of the
adduction. In the minor conformation, the syn conformation
was observed.
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