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ABSTRACT. The solution structure of an 11-mer DNA duplex, d(CGGTCA*CGAGIELCTCGTGACCG),
containing a 1R adduct at dA* that corresponds to the cis addition of Hfeamino group of dA to
(+)-(9S,10R)-9,10-epoxy-7,8,9,10-tetrahydrobenalplyrene was studied by 2D NMR method§he

NOESY cross-peak patterns indicate that the hydrocarbon is intercalated orside 6f the modified

base. This observation is the same as that observed for other oligonucleotides contaR)rdA(Adducts

but opposite to that observed for the correspondingti®\ adducts which are intercalated on tHe 3

side of the modified base. The hydrocarbon is intercalated from the major groove without significant
disruption of either the anti glycosidic torsion angle of the modified residue or the base pairing of the
modified residue with the complementary residue on the opposite strand. The ensemble of 10 structures
determined exhibits relatively small variations{(85°) in the characteristic hydrocarbeibase dihedral

angles ¢’ andg') as well as the glycosidic torsion angleThese angles are similar to those in a previously
determined cis-opened benajgyrene diol epoxide-(1R)-dA adduct structure. Comparison of the present
structure with the cis-opened diol epoxide adduct suggests that the absence of the 7- and 8-hydroxyl
groups results in more efficient stacking of the aromatic moiety with the flanking base pairs and deeper
insertion of the hydrocarbon into the helix. Relative to normal B-DNA, the duplex containing the present
tetrahydroepoxide adduct is unwound at the lesion site, whereas the diol epoxide adduct structure is more
tightly wound than normal B-DNA. Buckling of the adducted base pair as well as $@&§base pair

that lies immediately above the hydrocarbon is much less severe in the present adducted structure than its
cis-opened diol epoxide counterpart.

The environmental pollutant benzdpyrene (BP); one respectively 2) (cf. Figure 1). Incorrect replication of such
of the best studied carcinogenic agents, is metabolized indamaged DNA results in mutations and thus likely constitutes
mammals to form highly reactive, carcinogenic benzo-ring the initiating event in cell transformation leading to cancer
7,8-diol 9,10-epoxides (DEs) in which the epoxide group is induced by the DEs. The solution conformations of such
located in a bay region of the molecutf(These epoxides  adducts in DNA are thus of considerable interest.

form covalent adducts with cellular DNA via cis or trans We are interested in the effect of the 7- and 8-hydroxyl

epoxide ring opening by the exocycl?- and Né-amino . : . . i
; : groups on the physical properties and biological activity of
groups of deoxyguanosine (dG) and deoxyadenosine (dA)’BP DEs and their DNA adducts. Replacement of these
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wesugar essentially the methodology describelb)( for the corre-

,|\, sponding transdducted phosphoramidite (see Supporting
Information). Thecis-phosphoramidite mixture was used to
prepare the diastereomeric pair of oligonucleotides corre-
sponding to cisopened dA adducts ofH)-9,10-epoxy-7,8,9,-
10-tetrahydrobenza]pyrene by a semiautomated procedure
(17) with manual coupling of the phosphoramidite. For a 10
umol synthesis, 130 mg of 170 A dG-cpg (#hol/g) was
used. After automated synthesis of a 5-mer corresponding
X = OH, Y = H: BP DE-1 cis dA Adduct to the 3-sequence, the support-bound oligonucleotide was
Y = OH, X = H: BP DE-2 treated with 2umol of the phosphoramidite in 2Q@L of
X=Y=H:  BPHE 0.5 M 1H-tetrazole in CHCN for 18 h at room temperature.

\ * . Because of potential loss of thedimethoxytrityl protecting
g.:g;;;g;;‘:gg?g; g:eg?;itg:gg:;: group during the extended coupling time, end capping was

) ) omitted following the manual coupling sted§). End
FiGure 1: Structures and numbering convention for the BP DEs capping is unnecessary after this step, since failure to couple

and BP HE and the products of their cis opening at C10 by the - .
exocyclicNé-amino group of dA in DNA. For each structure, only  the adducted phosphoramidite would result in a shorter

the enantiomer with IR configuration and the resultant eipened ~ oligonucleotide lacking the hydrocarbon, which is easily
(10R)-dA adduct diastereomer (BP,B dA adduct isomer used in  separated from the desired, adducted products by HPLC. The

this study) are shown. The subscripts ¢ and t, as used in the text toyje|d of the manual coupling step estimated from the release
identify protons cis and trans, respectively, to the proton at C10 of of the dimethoxytrityl cation (498 nm) was approximately
the present BP HE adduct, are indicated on the adduct structure. o . : . L .
Since the adducts arise by cis attack at C10, the configuration at®6%- This coupling yield was significantly higher than those
this carbon is retained upon adduct formation. The modified normally observed with the corresponding O-acetylated DE-
oligonucleotide duplex is shown with the adduct indicated as A*. adducted dA phosphoramidites, possibly due to decreased
. . steric hindrance by substituents on the tetrahydro ring. The
for trans-opened BP DE-dA adducts (reviewed in 8f  fing| five residues were added by automated synthesis. The
Metabolism of 7,8-dihydro-BP by mammalian cytochromes fyly deprotected oligonucleotides were purified by HPLC
P450 produces BP 4, with the +)-(9S10R)-enantiomer  on g Hamilton PRP-1 column, 21:6 150 mm, eluted at 9
predominating §—8). Racemic BP RE exhibits generally  m|/min with a linear gradient of CECN in 0.1 M (NHy)»-
higher mutagenicity than the corresponding racemic BP DEs co, pH 7.5, that increased the GEN composition from
in several strains ofSalmonella typhimuriunbut lower 10% to 30% over 20 min, with detection at 350 nm. The
mutagenicity than the DEs in Chinese hamster V79 c8)ls (  two diastereomeric, adducted oligonucleotides are well
In a site-specific mutagenesis study) of BP-derived dA  separated from each other, with retention times of 10.0 and
addUCtS |rESCher|Ch|a COl,IdeCI‘eaSIng the number Of a.dduct 11.9 min_ Their abso|ute Configurations were assigned on
hydroxyl groups generally decreased the total frequency of tne pasis of their CD spectra (see Supporting Information),
substitution mutations induced. Interestingly, however, the which exhibited strong positive bands in the 3G&B0 nm
(9S10R)-dA adduct corresponding to cis opening &f)t  region for the 1@ (early-eluting) and strong negative bands
(9S10R)-BP H.E constituted a striking exception, in that it~ for the 1G5 (late-eluting) diastereomer, as previously ob-
exhibited the highest mutational frequency of all the BP dA seryed for oligonucleotides containing BP DE-dA adducts
adducts studied, including the DE adduct®)( This 1R (19). The adducted 11-mers were titrated spectrophotometri-
adduct is the subject of the present study. ~ cally (353 nm) with the complementary strand, d(CCTCGT-
Solution structures of duplex oligonucleotides containing GACCG), at 20°C (10Sisomer) or 25°C (10R isomer) as
both cis- (1) and trans-12—15) opened (1B)-dA adducts  described 20) to determine the amount required to obtain a
derived from BP DEs have been determined by two- 1:1 duplex. A ratio of 0.7 0f complementary strand to
dimensional NMR studies. Both cis- and trans-opened dA 1 g A, of adducted strand was obtained for both diastere-
adducts with thisk-configuration at the point of attachment  gmers. For NMR studies, the Radducted oligonucleotide
of the adenine base have the aromatic hydrocarbon intercawas dissolved in 20 mM sodium phosphate buffer, pH 7,
lated into the DNA and oriented on the-§ide of the  ¢ontaining 57 mM NaCl (to give a total ionic strength of
modified adenine. In the present study we have determinedqqgg mM) and 0.5 mM sodium azide.
the solution conformation of the cis-opened5ER)-dA- An attempt to investigate the $@&dducted duplex by
adduct derived from+)-(9510R)-BP H,E and compared it N\R failed as a result of substantial decomposition of the
to related DE adducts in order to explore the effect of gypjex oligonucleotide in the above sodium phosphate buffer
replacing the 7- and 8-hydroxyl groups with hydrogen on (pH 6.7-7.0) to give 9,10-dihydroxy-7,8,9,10-tetrahydroben-
the conformation of an 11-mer oligonucleotide duplex zo[a]pyrene: m/z (FAB MS) 288 (M" + 1). This decom-
(Figure 1) containing this adduct. position product was cochromatographic with the authentic
transdiol obtained on hydrolysis of BP 4#. Notably,
MATERIALS AND METHODS storage of the adducted duplex in buffer at@ produced
Synthesis of OligonucleotideSynthesis of the diastere- little or no decomposition after 8 days. However, significant
omeric mixture (1&/109) of cis-N°-(10-(9-acetoxy-7,8,9,- (~20%) decomposition was observed on HPLC after further
10-tetrahydrobenza]pyrenyl))-5- O-(4,4-dimethoxytrityl)- storage at room temperature for 6 days, with concomitant
3'-O-[(N,N-diisopropylamino)g-cyanoethoxy)phosphinyl]- ~ formation of an oligonucleotide product lacking the hydro-
2'-deoxyadenosine and preparation of oligonucleotides usedcarbon chromophore. This new oligonucleotide was chro-




1412 Biochemistry, Vol. 42, No. 6, 2003

matographically distinct (earlier eluting) from the comple-

Volk et al.

equilibration MD runs while the solute was held fixed.

mentary strand and presumably corresponds to the 11-merPosition constraints on solute molecules were gradually

with a normal dA at position 6 that is generated upon loss
of the hydrocarbon moiety.

NMR ExperimentsAll NMR spectra were collected on
Varian UNITYplus 750 or 600 spectrometers equipped with
pulsed field gradients. Samples for the NMR experiments
were prepared in a buffer containing 20 mM sodium
phosphate (pH 6.7), 56 mM NacCl, and BB sodium azide.

relaxed during the equilibration steps. These steps were
performed using the PME method to calculate electrostatic
interactions 29). The resulting structure was used as the
starting structure for the subsequent rounds of refinement
using r-MD. During r-MD, the nonbonded interaction cutoff
distance was set to 10 A with an integration time step of 1

fs. Coordinates were stored every 100 steps. The charges at

For nonexchangeable protons, two-dimensional NOESY datathe 3- and 3-ends of the DNA strands were modified to

were collected with the sample dissolved in 99.96%0D
The data were collected at 750 MHz, using the WETNOESY
pulse sequence&l) and 200 ms mixing time, at 18C with
4096 complex points ir; and 512 complex points ity,
sweep widths of 7455.7 Hz in both dimensions, and a
relaxation delay of 4.3 s. The 200 ms mixing time NOESY
at 600 MHz was carried out at® in 90% HO/10% DO
with 8192 complex points i, and 512 complex points in
t1, sweep widths of 12000 Hz, and a relaxation delay of 3.8
s. The Z-filtered TOCSY Z2) experiments were recorded
with 50 and 120 ms mixing times. ROESY23) and
exchange-only experiment&4) were recorded with 200 and
150 ms mixing times, respectively. All NMR data were
processed using VNMR (Varian) software. A°9¢hifted
sine-bell apodization function was applied to the fids in both
dimensions of the NOESY experiments before Fourier
transformation.

Creation of AMBER Force Field Parameters and the
Starting StructureEquilibrium bond lengths, bond angles,

avoid nonphysical electrostatic interactions.

Distance restraints between nonexchangeable protons were
derived from the integrated 2D NOESY cross-peak volumes
using the hybrid, complete relaxation matrix program
MORASS @0). Two-dimensional NOESY spectra were
simulated from starting model structures at 200 ms mixing
time assuming an isotropic correlation time of 4.0 ns. A
hybrid of experimentally determined NOESY cross-peak
volumes and calculated NOESY volume matrix of starting
geometry was built to approximate a complete experimental
NOESY volume matrix. The cross-relaxation rate for each
proton pair was then calculated with multiple spin effects
explicitly treated. Interproton distances were calculated from
the cross-relaxation rates assuming a simple isotropic spectral
density function.

Using MORASS, 464 distance restraints between nonex-
changeable protons were obtained from the 2D NOESY data.
In addition, 65 distance restraints between exchangeable
protons were obtained by qualitatively measuring the intensi-

and dihedral angles for the BP moiety were obtained from a ties of NOESY cross-peaks from a 90%®110% DO

Gaussian9425) geometry optimization of the BP-adducted

NOESY spectrum at 750 MHz. These restraints were

dA residue using the 6-31g(d) basis set at the RHF level of assigned as strong (1.8@®.50 A), medium (1.863.80 A),
theory. Population analysis was calculated in a subsequentveak (1.86-5.00 A), and very weak (1.866.00 A).

Gaussian94 run with the following options: GEOM
ALLCHECK, POP= MK, and IOP(6/33= 2). A two-part

Hydrogen bond restraints at an equilibrium distance of 1.9
A (£0.19 A) were added between the base pairs. The force

RESP procedure was then used to calculate the final chargegonstant on each hydrogen bond restraint was 15 kcal/(mol

for the force field. To create the starting model, NAB
(Nucleic Acid Builder;26) was used to create the B-DNA
form of the duplex without the adduct. The name of residue
A*s was edited in the PDB file to residue THB. After the

A2). Only one hydrogen bond restraint was applied to either
AT (between N1 of A and H3 of T) or GC base pairs
(between H1 of G and N3 of C) to allow propeller twist
between the base pairs during the refinement.

newly created force field parameters were loaded into the The structure refinement was done by an iterative cycle

XLEAP program within AMBERS5.0Z7), the altered PDB
file was loaded and xLEAP added the missing BP moiety to

involving a perturbational merging of experimental NOESY
volumes with the theoretical volume matrix using the

the duplex. MIDAS was then used to rotate bond angles at MORASS/AMBER protocol as previously describetb).
the adduct and the surrounding bases to remove all stericin the initial rounds of the iterative r-MD cycles (rounds

clashes while leaving the BP moiety partially intercalated
within the helix. This was accomplished by incrementally
rotating the A% H1'—C1'—N9—C8 dihedral angle from
—161° to —172, and the A¥%BP H61-N6—-C10-H10
dihedral angle to 150 while making subtle changes to the

1-5), 464 nonexchangeable and 11 hydrogen bond distance
restraints were used. For each iteration, the starting structure
was subjected to 8 ps of r-MD with temperature annealing
(increased the temperature from 298 to 600 K for 2 ps, cooled
to 298 K over the next 3 ps, continued at 298 K for the last

neighboring residues and subsequently minimizing the 3 ps). The average structure from the last 3 ps of the r-MD
structure to relieve steric clashes with neighboring bases. was energy minimized (2000 steps without restraints), and

Restrained Molecular Dynamics Calculatioihiese start-  the resulting structure was used as the starting structure for
ing model coordinates, based on standard B-DNA with anti the next iteration of MORASS/r-MD. For the last iterative
glycosidic angles for all residues including the adducted cycle of the 8 ps r-MD, an additional 65 distance restraints
deoxyadenosine, were subjected to energy minimization tobetween exchangeable protons and 86 backbone dihedral
remove any unfavorable van der Waals contacts. The startingangle restraints were also used. The coordinates from the
structure was then placed in a rectangular box, providing at last picosecond of the r-MD calculations were averaged using
least 10 A of explicit TIP3P water molecule€8g]. To CARNAL (31), and the averaged coordinate set was refined
neutralize the negative charges on phosphates, 22d\& by 2000 steps of full conjugate gradient minimization without
were placed around the phosphate groups of the DNA NOESY restraints to yield the final averaged structure for
backbone. The water box was first subjected to a series ofeach cycle.
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The progress of the iterative refinement process was
monitored by the % RMS (volume), the-factor, and the
QVs-factor. These factors, defined below, indicate the match
between the experimental and theoretical NOESY volumes
calculated from the refined structure. The % RMS (volume) 58 T - -
is given by

% RMS (volume)=

The R-factor is given by

a b s == A - B -
R= 2 ilvi — 64 - -

a 6.8
zu‘ Yij 3 a - -
T7.2 - - =
and theQY¢-factor is defined as 2 1= T e
7.6 X, <= 7?15_
ay1/6 by1/6 ; -7
QYo = > Tl @) — (@)™ 80 =
ay1/6 by1/6 8.4
Zij(l/z)meUij) + ()™
88 62 6'0.' P '.5.'0 48 4e
where a represents theoretical volumes ahdepresents ’ ' ' F1 (ppm) ' ' '

experimental volumes and, is the NOESY mixing time.  Ficure 2: The aromaticK,) and H1 (F») proton region of a 200
To study the conformational space of the adducted duplex, ms mixing time NOESY experiment of the 11-mer duplex in
the structure from the last round (round 6) of the MORASS/ D,0O. (A) Sequential connectivity between the base aromatic and

g . . . the H1 protons of the adducted strand. (B) Sequential connec-
r-MD iterative cycles was subjected to a further 50 ps of tivity of the complementary strand. The sequential connectivity

restrained molecular dynamics. The first 10 ps were dis- petween T, H1' and Gg H8 is not seen. The peak marked with an
carded, and the structure was sampled every 4 ps. These 1K is the cross-peak between the 86 proton and its own H3

structures were then minimized without restraints. The final proton.

restraint penalties for the 10 structures ranged from 40 to

80 kcal/mol. All structures were built with xXLEARP) and The assignments of individual sugar protons were confirmed
displayed with MolMol or MIDAS 83). For energy com- by the relative intensities of the intrasugar cross-peaks in
parisons with the initial structure, the final 10 structures were the 2D NOESY spectra.

also minimized with 2000 steps of full conjugate gradient  The chemical shift assignments for the DNA protons are
minimization in the absence of water so that the energy of listed in Table 1. Several of the resonances forand Gg

the DNA duplex was not buried within the much larger residues are shifted upfield from their normal regions. These

energies of the solvent system. include the Hlprotons of T; and Ggand the methyl protons
of T17 as well as the imino protons ofiTand Gg residues.
RESULTS In contrast, the A% H8 base proton resonates downfield

Assignments of Nonexchangeable Proton Chemical Shiftsfélative to a normal adenine H8 proton. These changes in
The chemical shift assignments were made using the opchemical shift can be attributed to electron shielding or
NOESY, TOCSY, and the DQF-COSY experiments follow- deshiel_ding effects of the arc_)mfitic hydrocarbon. Sequential
ing the established sequential assignment strategy for nuclei@romatie-H1" NOE connectivities were observed for all
acids @4). Although neither an A-form nor B-form type esidues throughout the strand except betwegraGd T.
geometry was assumed, the sequential assignment of thisi Nis is due to the wedge created by the intercalated BP
duplex followed that for a right-handed helix. Sequential Petween these two residues.
assignments were based on the aromatit’ connectivities Benzo[a]pyrene Protond he protons of the hydrocarbon
(Figure 2) and were confirmed by the aromataromatic were assigned from the 2D TOCSY and NOESY data and
cross-peaks and aromatiel2’/H2''/H3' connectivities. The  comparison with previous BP DE-adducted DNA duplexes
adenine H2 resonances were assigned by their strong crossfl1, 15). The chemical shifts of the BP protons are listed in
strand NOESY cross-peaks to base-paired thymidine imino Table 2. The structure, labeling convention, and absolute
protons and by their sequential NOESY cross-peaks to theconfiguration for the BP (1R)-dA adduct are shown in
H1' of the 3-residue. Weak sequential H) — H1'(n + Figure 1. The TOCSY spectra established the through-bond
1) connectivities were also observed and were used toconnectivities for aromatic and aliphatic protons and identi-
confirm the H1 assignments. Sugar H&nd H2' resonances fied the spin systems. The NOESY data provided additional
were assigned by comparing the intensities of intrasugar through-space connectivities between the adjacent spin
NOEs at short mixing times. The sugar'Hfoton is closer  systems (between H1 and H12, H3 and H4, H5 and H6, H6
to the H1 of the same sugar than any other proton and H7, and H10 and H11). The H11 and H12 protons were
irrespective of the sugar pucker. Other sugar protons werereadily assigned by their relatively upfield-shifted resonances,
assigned from the 2D TOCSY and the DQF-COSY spectra. possibly due to shielding by surrounding bases, as observed
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Table 1: Chemical Shift Assignments (in ppm) of the DNA Protons

residue H1 H2' H2" H3' H4' H5'2 H5"2 H6/8 H2/5/Me NH(2)

dc, 5.62 1.75 2.25 4.57 3.94 3.59 7.47 5.75 8.10, 7.04
dG, 5.38 2.58 2.58 4.85 4.17 3.95 3.84 7.80 13.03

dGs 5.84 2.42 2.55 4.84 4.29 4.00 4.06 7.65 12.59

dT, 5.84 1.60 1.99 4.69 3.99 4.07 3.94 6.93 1.04 13.35

dGs 5.91 2.50 2.64 5.00 4.25 3.97 3.93 7.67 5.23 6.64,6.10
dA*g 6.31 2.67 2.80 5.06 4.46 4.12 4.14 8.73 7.79 6.60

(s[07 5.24 211 2.24 4.79 4.10 4.02 4.05 7.42 5.24 8.03, 6.52
dGs 5.42 2.61 2.68 4.92 4.24 4.01 3.93 7.83 12.87

dAg 5.86 2.52 2.72 4.93 4.28 4.01 4.07 8.00 7.63

dGio 5.46 2.38 2.52 4.83 4.21 4.04 4.07 7.53 12.88

dGp 6.00 2.30 2.22 4.48 4.09 3.98 4.03 7.57

dCi 5.89 2.16 2.47 4.59 4.04 3.69 7.73 5.86

dCis 5.92 211 2.42 4.73 4.11 4.01 4.00 7.61 5.58 8.32,7.02
dT4 5.97 2.11 2.40 4.77 4.11 4.01 7.37 1.54 13.82

dCis 5.42 1.63 2.00 4.61 3.92 4.01 3.92 7.23 5.52 8.44,6.99
dGys 5.48 1.97 1.97 4.64 4.05 3.78 3.84 7.38 12.76

dTaz 4.99 1.57 1.86 4.54 3.79 3.79 5.87 0.18 11.49

dGis 4.68 2.58 2.58 4.73 4.20 4.12 3.89 7.70 10.86

dAio 6.09 2.66 2.75 4.94 4.36 4.08 4.02 8.13 7.63

dCyo 5.69 1.81 2.23 4.64 4.16 4.02 7.14 5.14 7.89, 6.38
dCx 5.45 1.86 2.20 4.69 3.96 4.02 3.92 7.32 5.49 8.50, 6.94
dGy, 6.05 2.52 2.25 4.57 4.07 3.95 7.94

aH5' and HB' were not stereospecifically assigned.

Table 2: BP Proton Chemical Shifts Table 3: Interactions Observed between BP Protons and Other

proton 5 (ppm) proton 5 (ppm) Protons in the DNA Duplex
H1 7.03 HZ 3.24 BP DNA DNA BP DNA DNA
Ho 7,00 Hg 204 proton base proton proton base proton
H3 7.35 Hg?2 1.92 H1 T17 H6 H8 C5 H5
H4 7.57 H9 4.18 H1 T17 H1 H8: A*6 NH
H5 7.59 H10 5.50 H1 T17 H3 H8. T17 NH
H6 7.68 H11 6.48 H1 T17 H2
H7& 3.08 H12 6.98 H1 T17 H2' H9 C5 H5

H1 G18 H5 H9 A*6 NH

a Subscripts ¢ and t correspond to cis and trans orientation relative

: : H1 G18 H1 H9 T17 NH
to the proton at C10; see Figure 1. H1 G18 Ha H9 G18 H1
H1 G18 HB'
in previous studies. The NOESY cross-peak between H11 H! G18 H2 :ig SE :g
and H10 provided a conn(_action to the aliphatic portion of 4, T17 H6 H10 c5 H
the hydrocarbon. Sequential NOE peaks were then used to H2 T17 H1 H10 A*6 NH,
assign the remaining BP aliphatic protons. Intense NOE H2 T17 H3 H10 T17 NH
cross-peaks from the aliphatic H7 protons to a resonance at 12 T17 H2 H10  GI8 H1
7.68 ppm were used to assign the H6 proton. A NOESY H2 i H2
06 pp 9 P : H2 G18 H1 H11  C5 H2
cross-peak was also observed between the H6 and H5 H2 G18 H2 H11 C5 H2'
protons. Stereospecific assignments of the H7 and H8 protons H2 G18 H4 H11 C5 H3
i Ve i it H2 G18 H5 H11 c5 H5
were determined from the relative intensities ofithe NOESY Ho cls Hs 11 e He
cross-peaks and by the TOCSY peaks. Fifty-eight NOESY H11 A6 H2
cross-peaks were observed between BP and DNA protons, Hs T17 CH H11 A*6 NH,
44 of which were to nonexchangeable DNA protons. These H11 A*6 H8
cross-peaks are listed in Table 3. H6 T17 Ch H11 T17 NH
Assignment of Exchangeable Protofite exchangeable H7, c5 H5 H12 A*6 NH,
protons were assigned from a 2D NOESY spectrum taken H7 A*6 NH, H12 T17 H1
in a 90% HO/10% DO buffer solution. Both imino proton . H "|_'|1122 Trll77 NHH
to imino proton NOE cross-peaks and imino proton to  -* 25’6 NH5 H12 G18 Hf
. . c 2
adenine H2 proton NOE cross-peaks were used to assign H12 G18 H1
the imino protons (Table 1). Thymidine imino protons were  Hg; A*6 NH, H12 G18 H5
identified by strong NOESY cross-peaks to the H2 protons  H& Ti7 NH H12 G18 HS
of the base-paired adenines. The imino protons were @Subscripts c and t correspond to cis and trans orientation relative
sequentially assigned by tracing through the imtimaino to the proton at C10; see Figure 1.

cross-peak connectivity (Figure 3). Due to the intercalation

of the hydrocarbon between the AT;7 and G-G;5 base resonance at 13.35 ppm showed a very large NOE cross-
pairs, a sequential NOE was not observed between the T peak to a resonance at 7.63 ppm, which corresponds to the
and Ggimino protons. An NOE was observed between the H2 proton of dAgs. On the basis of this, the resonance at
10.86 ppm resonance and a resonance at 13.35 ppm. Thd0.86 was assigned to theidsimino proton, and the
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Ficure 3: Imino—imino cross-peak region of the 2D NOESY
spectra collected in #D. Base pair to base pair connectivity can
be traced from @ C,; to C5-G15 and then from A%-T17to G11-Cqo.
The break betweensd5;g and A*:-T,7 corresponds to the intercala-
tion site of the hydrocarbon. (B)

resonance at 11.49 ppm was assigned to thaino proton. G18

The imino protons of T; and Gg showed NOESY cross-

peaks to protons on the hydrocarbon (Table 3). The cytidine

amino protons were assigned on the basis of the NOEs to

the H5 proton, as well as from the NOEs with sequential or

cross-strand imino protons. The loneg&mino proton (on

the nitrogen attached to the BP) was determined by a strong

NOE to the T imino proton and the NOEs with hydrocarbon

protons near the site of attachment. The imino proton @f G

gives a very weak resonance at 12.47 ppm, probably due to

the dynamics caused by the end fraying. The imino protons

of T17 and Gg resonate considerably upfield compared to

the othe_r Imino protons. L_prleld-shlﬁed IMINO TESONANCES 1+ 2e 4: Refined structure of the 11-mer duplex with the-cis

usually indicate that the imino protons are only partially opened (18)-BP HE-dA adduct, viewed along the helical axis.

hydrogen bonded. However, these two peaks are narrow andrhe figure shows the intercalated adduct and the resulting ring

intense, indicating that these imino protons are protected bycurrent effect on the 1 and Ggresidues. (A) The structure shows

hydrogen bonds and that here i lite or no dynamics. 18 Ty T ()2 B 1 e

Therefore, the upfleld shifts of these imino protons are The gtructure show% the ng%mino gp]>rotgn ofgGtacking under

probably due to ring current effects caused by the hydro- the hydrocarbon ring.

carbon moiety that is intercalated between these two residues

(Figure 4). Furthermore, the7imino proton gives NOESY  H1, H2, and H12 protons of the BP and the ribose protons

cross-peaks to the A*H2 and Ggimino proton indicating of residues T and Gs.

base pairing with A Structure RefinementThe progress of the iterative
Evidence for 5-Direction of Intercalation for the Hydro-  MORASS/r-MD structural refinement, started from a B-DNA

carbon from DNA to BP NOE& he abundance of NOESY  maodel with the hydrocarbon intercalated and anti glycosidic

cross-peaks between BP protons and the DNA bases indicatetorsional angles for all residues, is shown in Table 4. The

that the hydrocarbon is stacked in the helix. The ring current % RMS (volume) starts at a relatively high number and

effect caused by the intercalated BP moiety causes the H6,gradually settles down to lower values with increased

methyl, and imino protons of}, as well as the imino protons  percentage of volume merging between the experimental and

of Gigand T;7, to resonate upfield (Figure 4). The orientation theoretical volumes. As expected, thiefactor and the

of the hydrocarbon was provided by the NOESY cross-peaks QY6-factor were also found to decrease as the refinement

between the protons on the hydrocarbon and the protons inprogressed. The structures clearly improved at each refine-

the adjacent DNA residues. Among the total of 58 NOEs ment step. Both the total energy and the constraint energy

observed between protons on the BP moiety and DNA cannot be used as criteria for quality of refinement because

protons, 12 NOEs were between the BP and residge C the error bars and force constants on the restraints were

which is B to the adducted A¢ (Table 3). Specifically, tightened during the molecular dynamics refinement.

interactions between the H5 and/or H6 protons efa@d For the final iterative cycle, 540 distance restraints were

the BP H7, H8, H9, H10, and H11 protons were observed. incorporated into the refinement, with 58 of them between

Additional interactions between the BP H10 and H11 protons hydrocarbon protons and DNA base or sugar protons. A

with Cs ribose protons were present. NOE interactions stereoview of the final averaged structure is shown in Figure

between the BP and,7(20 NOES), the base across the helix 5. Structural refinement statistics for the final structure are

from the adducted A¢ and to Gg (16 NOES), the base across listed in Table 5. In the final structure, the hydrocarbon

the helix from G, are also consistent with thé&itercalation remains intercalated in the-8irection from the modified

of the BP. Most of these interstrand NOEs involve the BP A*g, and T,7 is stacked underneath the aromatic portion of
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Table 4: MORASS Structure Calculation Progression

iteratior? % RMS,o” R-factor QY-factor Eambe? Econst forced/% error
0 355.4 0.4922 0.1059

1 103.3 0.3857 0.0800 —6256.9 92.0 5/20

2 96.3 0.3842 0.0768 —6434.7 96.2 5/18

3 78.7 0.3756 0.0747 —6515.7 160.5 5/15

4 82.5 0.3808 0.0751 —6190.6 186.0 7115

5 79.1 0.3807 0.0748 —6089.0 164.2 7115

6 83.3 0.3945 0.0771 —6081.3 93.2 7113

7 (SAy 66.2 0.3622 0.0674 —6147.7

[SAM 67.3+1.8 0.3716+ 0.021 0.0685t 0.0018 —6247.1+4132.1 64.8+ 7.0 7(10y/13

aMORASS iteration numbeP. The average of the percent RMS differences between the experimental and theoretical Voltmeegy calculated
in vacuo.? Flatwell potential function parameters [force constant in kcal/((m®t Arror is the permitted error on the constraining distances].
e Values for the final average structure (SA)SAL= average values for the 10 final structuré$he number in parentheses is the force constant
applied to additional restraints derived by estimating NOE strengths from datgOniridolving exchangeable protons.

FicurRe 5: Stereoview of the refined MORASS round 6 structure of the 11-mer duplex containing-theecisd (1B)-BP H,E-dA adduct.
The deoxyribose ring and base of the adducted @& shown in pink, and the BP system is shown in yellow.

the hydrocarbon. Although no hydrogen bond restraint was positive cross-peaks, from 8.13 {AH8, major) to 8.53
used for this base pair in the structure refinements, the (minor), appears to be the result of exchange. In the 200 ms
hydrogen bond of this base pair remains intact. This agreesD,O NOESY spectrum, a small diagonal peak at 8.53 ppm
with the observation of imineamino cross-peaks observed was observed that has no NOESY cross-peaks. The other
in the 2D NOESY spectra collected in®. possible minor chemical shifts also do not show any NOE
Chemical Exchange-Only Spectra:vilence for a Pos-  cross-peaks (when resolved enough from other resonances
sible Minor Conformerin a 150 ms exchange-only spectrum, to be determined), even to the chemical shift indicated as
nine very weak, positive cross-peaks are observed which mayits possible major conformation. Another possible exchange
correspond to the exchange between two conformers. How-peak is between resonances at 7.63 and 7.96 ppm. The
ever, these peaks are approximately the same intensity agesonance at 7.63 ppm corresponds to the H2 proton of either
several negative peaks that correspond totslPi2' ROESY A19, mentioned above, orAExchange peaks from 5.84 ppm
peaks. Because this spectrum is a subtraction of NOESYto both 6.36 and 5.29 ppm may correspond with thé H1
and ROESY interactions, these weak peaks may in fact beprotons of T, which is across the duplex fromyé and G,
the result of slightly imperfect subtraction. Notably, none both of which have Hichemical shifts of 5.84 ppm. Residue
of these possible exchange cross-peaks involves the adducted, is two residues in the'Slirection from the adducted base
base pair A%-T,7 or its immediate neighbors. One of these A*g. It is interesting to note that, in two previous structures
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Table 5: Analysis of the MORASS/MD Generated Structures of the Table 6: Helical Parameters for the Adducted Base Pair and Its

(10R)-BP H,E Adduct Two Nearest-Neighbor Base Pairs in the Cis BEtNnd DE-2
NMR Distance Constraints Adducted DuplexésCalculated by Curvés
total restraints 626 (86) structure
(dihedral restraints) - -
interresidue restraints 257 cis BP HE cis BP H‘F . 5
intraresidue restraints 283 parameter (MORASS) (ensemble) cis DE-
BP to DNA restraints 58 stretch
Structural Statistics %;G_IES _823 _%%Zli 83% :858
MORASS/NMR % RMS,q R-factor Qe-factor 61 : : : :
figures of merit ) ClzI-Gls -0.02 0.00+0.14 -0.10
: uckle
ztnslc?l\]/reeraged 66.2 0.3622  0.0674 Co-Grs 07 1044 11 391
* —_ — —
ensemble 67318 03716+ 0.0685+ ne T 328 1>o=td 352
0.0206 0.0018 ) 7-G16 —-19.5 —4.6+6.5 —-11.7
rise
R“f/%?ag;r':'s(ﬁ) 0.044+£0.117 Cs-GrAc*-T 17 7.13 6.98+ 0.20 8.14
no. of NOE violations 5+2 As*T1dCrGis 3.28 3.42+£0.30 3.05
: tilt
>0.5A
At Cs-Gig/As*-T17 —22.4 —20.5+ 3.2 —22.4
nobo?f_NOOSE '8\\IIO|atIOI’lS 20+ 3 AT 17/Cr-Gus 12 0.6+ 15 56
RMSD from ideal twist
rotm idea Cs-G1g/As*-T17 22.6 12.0+ 2.6 48.3
geggnr?drl):ength A 0.0066 0.0001 Ac*T1/CrGue 184 17226 308
: : roll
. F’O“gfﬂrg[')e S{Jeg) 4.02 0.06 Cs-Gro/Ac*-T 17 12.9 7.6£55 1.82
painwise ¢ atoms( ) A¢*T 1/C-Gus ~13 8.3+ 3.4 13.9
final ave. vs starting  1.89 aValues reported for the cis DE-2 adduct are averages determined
(intercalated) from analysis of each of the six refined structurg$)( and those for
model the BP HE (present report) were calculated using our minimized, round
final ave. vs 10 structures 0.730.28 6 MORASS structure (Figure 5) or for the ensemble of 10 final

structures (Figure 6). Angles are in degrees and distances are in
angstromsP From Curves program3g).

(14, 15) of BP DE-dA adducts, the residue situated two bases
in the B-direction of the adduct proved to be the most
difficult to assign due to the effects of dynamic line ZﬁZIIZsZ: Selected SugaBase and BaseBenzojpyrene Bond
broadening.

Regardless of the validity of the aforementioned tentative structure(s) x o B
assignments of these possible exchange peaks, the populatiominimiitled afo(;age structure 353 5 3589 971031 L
i i H i ensemble o structures 564 + +
of the minor species is very small. The volume of the minor cis BP DE-2 BBt 6 100410 1074 14

diagonal peak at 8.53 ppm (volurnse10) versus that of the
major d_lagonal pea_k at8.13 ppm_ (17.60) suggests that Fhe aThe dihedral bond angles (in degregsy’, andf’ are defined as
population of the minor conformation is less than 1%. This ¢, 5w 4 = O4—C1~N9—C4; o'= N1-C6-N5—C10(BP); 3 =
is consistent with a tight structure for the major conformer cg—Ns—C10(BP)-C9(BP).? From ref1L ¢ From ref37. '

with little apparent disorder at the adduct site. This conclu-

sion is also supported by the sharp NOESY cross-peakscpirglity at the site of attachment to the adenine base. The
observed for all of the residues of this duplex. In contrast, 5-omatic moiety is inserted on thé-&de of the modified

an earlier BP DE-dA adduct structuréSj exhibited very  gqenine in the case of Riadducts and on the-3ide of the
broad NOESY cross-peaks for the BP moiety and several ygenine in the case of their $@liastereomers. The present

of the DNA residues as well as well-defined exchange cross- gp H,E-adducted 11-mer fits this same structural motif, as
peaks between major and minor conformations, even thoughipe hydrocarbon is intercalated on thesile of A%. The1

the minor population was small (less than 5%). plane of the pyrene moiety is nearly perpendicular to the
helical axis, allowing effective intercalation (Figure 5).

DISCUSSION Calculated helical parameters (Table 6) and torsional

The present (1R)-dA adducted duplex consists almost angles (Table 7 and Supporting Information) showed sig-
exclusively of a single well-defined conformer. The NOESY nificant deviations around the lesion site. Intercalation of the
cross-peak patterns and the r-MD refined structure show thatbulky BP moiety into the helix causes local unwinding of
the hydrocarbon is intercalated from the major groove the helix, as evidenced by the lower twist angle between
between the £G;gand A*%-T17 base pairs. The intercalated the A*s-Ti7and G-G,¢ base pairs (1618° compared to 3%
hydrocarbon extends toward the complementary strand andfor canonical B-DNA). Intercalation of the hydrocarbon also
stacks extensively with the;7and Gg residues. All of the causes an increase in the helical rise between the base pairs
residues in the duplex, including A*have anti glycosidic ~ Cs-Gigand A*%-Ti,to ~7.1 A, compared to an average value
torsional angles and adopt a B-DNA structure. Furthermore, of 3.4 A observed for the other base pairs in the duplex (not
the base pair at the lesion site remains intact, and theshown). The adducted base &fetains hydrogen bonding
adducted base retains a hydrogen bond with il the with the complementary 1}, although this base pair is
opposite strand. In all PAH-dA adducts studied so far, the markedly buckled. This also causes significant buckling of
intercalation site of the hydrocarbon is determined by the the G-G;6 base pair.

low-energy domain IR 215+ 70/—40 165+ 30 100+ 25
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cis BP H4E

]

cis BP DE-2

—

cis BP H4E cis BP DE-2

Ficure 6: (A) Stereoviews of the present cis BREHadduct (energy-minimized average structure) and the previously desctifedsq

BP DE-2 adduct in an oligonucleotide with the sam€A*C— local sequence, looking down at the plane of the pyrene rings from the
5'-end of the adducted DNA strand. Coordinates for the cis BP DE-2 adducted duplex represent an average of the six structures obtained
from the RCSB Protein Data Bank (acquisition number 1AXV). The pyrene ring systems for this structure and the currgbtaBBudt

structure were superimposed and oriented to lie in the plane of the paper. For clarity, only the hydrocarbon moiety (yellow) and the base
pairs G-G;s (blue), As--T17 (magenta), and £G;6 (green) are shown. For the hydrocarbon moiety, all hydrogen atoms are shown, but in

the representation of the bases, carbbypdrogen bonds are omitted, so that only hydrogen atoms bonded to nitrogen are shown. The
glycosidic bond to each base is shown in black. (B) Nonstereo representation of the same structures fotaitdtde G-G;s base pair

at the top. Arrows indicate theg@ydroxyl group in each structure.

The hydrocarbortbase and basedeoxyribose torsion indicated by the small deviations observed for the!, and
angles changed little from the starting structure to the final g’ dihedral angles (Table 7).
structure. In the creation of the starting model the deoxyri-  Effect of the Hydroxyl GroupsAlthough several NMR
bose-base H1-C1—N9—C8 torsion angle was manually structural studies exist for BP DE-adducted DNA duplexes,
changed from—161° to —172 in order to form an inter-  no structural information on BP #-adducted oligonucle-
calated starting structure. In the final structure, this torsion otides has been available prior to the present study. Figure
angle is—167°. The dA* base-hydrocarbon torsion angle, 6 compares the local structure of the oligonucleotide duplex
H6—N6—C10-H10, changed from 150n the initial struc- (12) containing the cis-opened (RpBP DE-2 dA adduct
ture to 146.8 in the final structure. This is unsurprising (referred to as cis anti) with the present BgE-adduct in a
because the torsion angle space that provides an intercalatedequence-{ CA*C —) with the same nearest-neighbor base
structure consistent with the NOE data is very limited, as pairs. Comparison of selected helical parameters for the two
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structures (Table 6), calculated by use of the program Curvescontrast, the &G, base pair in the BP HE-adducted duplex
(35), supports the intuitive conclusions based in Figure 6. lies in a plane above and nearly parallel to the hydrocarbon
Calculation of these parameters by a different program, to providemuch more efficient stackingith Gis. The rise
3DNA (36), gave values that were generally in excellent between the adducted base pair and tBes¢ base pair
agreement with those shown. With both adducts, the immediately above it is-7 A as compared te-8 A for the
geometry of stacking between;Tand the hydrocarbon is  DE adduct, possibly due to this more favorable stacking. The
similar. Although the modified A&T,7base pair was buckled  tetrahydro ring of the BP KHE adduct lies under £and is

to about the same extent in the round 6 MORASS structure less exposed than that of the DE adduct. The absence of
(—33°) and the BP DE structure{35°), the buckling in the hydroxyl groups at C7 and C8 presumably allows the BP
BP H,E adduct diminished te-15 + 4° for the ensemble of  H,E moiety to insert farther into the helix (Figure 6A).
10 structures determined from the 50 ps r-MD calculation. Efficient stacking between the flanking base pairs and the
This change was accompanied by an increase in the positivehydrocarbon in the present BREadduct is consistent with
Cs-Gyg buckle (-0.7 to 10.4) and a decrease in the negative a single, relatively rigid conformation with little fluxional
buckling angle {19.5 to —4.6 + 6.5°) for the G-G,¢ base behavior at the adduct site, as shown by the observed narrow
pair. In both structures, there is local distortion of several NMR line widths. In contrast to the present BREstructure,
base pairs flanking the lesion site. The-Gis base pairis  the 2D NOESY spectra for the (R)}-BP DE-2-adducted
buckled in both structures to permit base stacking-ofvith duplex (1) did not show a diagonal cross-peak for the T
As. The observed helical twist between the ¢A%; and imino proton, indicating increased dynamics around the
C7-Gy6 base pairs is appreciably smaller (£73°) with the lesion.

BP H,E than with the BP DE adduct (3L The most notable The effect of the hydroxyl groups on biological activity
differences between the two structures are in the orientationjs not clear. BP LE has been found to be either less or more
of the G-Gys base pair and in the angle between the adducted mutagenic than the DEs, depending on the cells tesied (
adenine base and the hydrocarbon. As Figure 6 shows, theDistortion of DNA by BP DE adducts has been suggested
planes defined by the hydrocarbon and by the adductedto increase the susceptibility of these lesions to re@s). (
adenine are significantly more tilted relative to each other Although no studies of DNA repair exist for BRJHadducts,

for the BP DE-adducted duplex than for the BEE-dduct. it is possible to speculate that the tighter structure and the
The angles between the adducted base and the pyrene ringelatively small distortion of the DNA helix in the present
system for the present structure and that of the BP DE-2 BP H,E adduct may make it less visible to repair enzymes
adducted duplex1(l), as defined by the angle between the than the corresponding DE adduct. Thus, such a BB H
normal vectors for each plane, are’4ihd 63, respectively.  adduct could persist longer in the cellular environment, with
Despite this difference, thg o, ands’ angles of the present 3 resultant increase in its mutagenic potential. Site-specific
BP H,E are nearly identical to those of the BP DE adduct mutagenesis studie4@ of BP-dA adducts in arE. coli—

(11), and they fall within the low-energy domain Ill defined M13 system have shown that the present cis BRE H
for cis-(10R)-BP DE dA adducts37) (Table 7). However,  (10R)-dA adduct gives an~3-fold greater frequency of
the difference in relative plane orientation may be explained mutations (predominantly A~ T) than the corresponding
by differing ring puckers for the aliphatic portion of the BP  ¢is DE-2 (10R)-dA adduct. Since repair of the lesion is not
systems. In the present structure, the-OH is pseudoaxial  possible with the single-stranded M13 vector, effects on
and points downward (in the'-8lirection relative to the  repair cannot explain this result, and the structural basis for
adducted DNA strand as shown by the arrow in Figure 6B, enhanced incorrect translesional synthesis past the present
left). In contrast, the aliphatic ring of the BP DE-2 adductis adduct inE. coli remains to be elucidated.

puckered such that thea€0OH is pseudoequatorial (arrow

in Figure 6B, right). Conformational differences in the ACKNOWLEDGMENT
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hydrocarbon and shows less significant buckling °}10
whereas in the DE-adducted duplex it is markedly buckled SUPPORTING INFORMATION AVAILABLE

(39°). Furthermore, the twist angle between the@s and Scheme for the synthesis of the cis BREHdA phos-
A*¢-T17 base pairs is appreciably smaller (323°) for the phoramidite, circular dichroism spectra of the purified, single-
BP H.E relative to the DE adduct (4748°). A previously  stranded oligonucleotide 11-mers containing the cis-opened
reported (1) value of 27.2 for this twist angle in the cis  (10R)- and (1®)-BP HE adducts at A5 and a table

BP DE adducted structure, calculated using the programcontaining the backbone dihedral angles calculated for the

compDNA @8), was inconsistent with our values determined final averaged structure. This material is available free of
by either Curves or 3DNA. We recalculated this parameter charge via the Internet at http://pubs.acs.org.

using compDNA and obtained a value of°4ih agreement

with our other calculations. This value is also consistent with REFERENCES
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