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ABSTRACT. A combined NMR-computational approach was employed to determine the solution structure
of the (—)-trans-anti{BP]dG adduct positioned opposite-&l deletion site in the d(C1-C2A3-T4-C5-
[BP]G6-C7-T8-A9-C10-C11(G12-G13-T14-A15-G16-G17-A18-T19-G20-G21) sequence context. The
(—)-trans-anti[BP]dG moiety is derived from the binding of the-J-anti-benzof]pyrene diol epoxide
[(—)-anti-BPDE] to N2 of dG6 and has a ®absolute configuration at the [BP]dG linkage site. The
exchangeable and non-exchangeable protons of the la@pyegnyl moiety and the nucleic acid were
assigned following analysis of two-dimensional NMR data setsJ 0 End DO solution. The solution
conformation has been determined by incorporating intramolecular and intermolecular-gyatton
distances defined by lower and upper bounds deduced from NOESY spectra as restraints in molecular
mechanics computations in torsion angle space followed by restrained molecular dynamics calculations
based on a NOE distance and intensity refinement protocol. Our structural studies establish that the
aromatic BP ring system intercalates into the helix opposite the deletion site, while the modified
deoxyguanosine residue is displaced into the minor groove with its face parallel to the helix axis. The
intercalation site is wedge-shaped and the BP aromatic ring system stacks over intact flanking-Watson
Crick dGdC base pairs. The modified deoxyguanosine stacks over the minor groove face of the sugar
ring of the 3-flanking dC5 residue. The BP moiety is positioned with the benzylic ring oriented toward
the minor groove and the distal pyrenyl aromatic ring directed toward the major groove. This conformation
strikingly contrasts with the corresponding structure in the full duplex with the saR¢-1ptrans-antt

[BP]dG lesion positioned opposite a complementary dC residue [de los Santos et al. Bi@$@mistry

31, 5245-5252); in this case the aromatic BP ring system is located in the minor groove, and there is no
disruption of the [BP]Jd&C Watson-Crick base pairing alignment. The intercalatidmase displacement
features of the 1R (—)-trans-anti[BP]dG adduct opposite a deletion site have features in common to
those of the 18 (+)-trans-anti[BP]dG adduct opposite a deletion site previously reported by Cosman et
al. [(1994)Biochemistry 3311507 11517], except that there is a nearly 186tation of the BP residue

about the axis of the helix at the base-displaced intercalation site and the modified deoxyguanosine is
positioned in the opposite groove. In theSl&dduct, the benzylic ring is in the major groove and the
aromatic ring systems point toward the minor groove. This work extends the theme of opposite orientations
of adducts derived from chiral pairs of§- and ()-anti-BPDE enantiomers; both 8&and 1R adducts

can be positioned with opposite orientations either in the minor groove or at base displaced intercalation
sites, depending on the presence or absence of the partner dC base in the complementary strand.

The relationships between the structures of polycyclic biologists [reviewed in Singer and Grunberger (1983) and
aromatic hydrocarbon (PAH) carcinogens and their biological Harvey (1991)]. Benz@]pyrene (BP), like other PAH
activities have long been of great interest to chemists andcompounds, is metabolized to highly reactive, mutagenic and
tumorigenic bay region diol epoxide derivatives [reviewed
in Conney (1982)]. The most tumorigenic derivative of BP
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the adducts formed (Cosman et al., 1992; de los Santos et

o]
al., 1992; Fountain & Krugh, 1995; Schurter et al., 1995;
Zegar et al., 1996b) may play critical roles in the expression N N/H Hiz H,
of the mutagenic potentials of these twati-BPDE enan- H </ l
tiomers. )\ H Hy Ha
N N N/
ltae HO, .

Both (+)- and ()-anti-BPDE react chemically with DNA
by binding predominantly to the exocyclic amino groups of

the two purines. The major adducts arise from eitin@ns o Hy
or cis addition of theN? group of deoxyguanosine to thd®C Hy"

position of BPDE (Meehan & Straub, 1979; Cheng et al., HO™ H
1989). Thus, there are four different stereoisomeric [BP]- H\: k3 ¢
dG adducts (Figure S1, Supporting Information), two each H; OH Hs

with 10S absolute configuration at the covalent linkage site
[abbreviated asi()-trans-anti-and ()-cis-anti{BP]-N>-dG],
and two with 1@ stereochemistry {f)-trans-anti-and ¢t)-
cis-anti{BP]-N?-dG]. While these four stereoisomeric ad-
ducts are formed in different proportions in native DNA

(Cheng et al., 1989), the biological response to these adducts:, . .- 1 (A) Chemical structure of the{-trans-anti{{BP]dG

may be more a function of the structural properties of these adduct. (B) Sequence of the 11/10-mer containingattans-ant
lesions than their relative abundance. As a first step toward [BP]dG adduct at the *G6 position.

establishing structureactivity relationships, we have deter-
mined the conformations of these four [BP]dG lesions involve intercalation of the pyrenyl ring into the helix but
positioned opposite dC in the same d(C-[BP]Gd{%-C- differ in that the modified deoxyguanosine is base displaced
G) sequence context at the 11-mer DNA duplex level using into the major groove for the)-trans-anti{BP]dG opposite
NMR techniques and molecular mechanics computationsa—1 deletion site (Cosman et al., 1994a) and into the minor
(Cosman et al., 1992, 1993a, 1996; de los Santos et al., 1992)groove for the ¢)-cis-anti[BP]dG opposite a-1 deletion
These four stereocisomeric [BP]JdG adducts when posi- site (Cosman et al., 1994b). The present study extends this
tioned opposite dC are characterized by a remarkableresearch to the structural characterization of thR (.0)-
diversity of conformations which depend on theSif 10R trans-anti{BP]dG lesion (Figure 1A) opposite-al deletion
stereochemistry, and to a lesser extent, on the absolutesite in the same d(C-[BP]G-&@)(G-G) sequence context at
configurations of the OH groups about thé, C8, and C the 11/10-mer (Figure 1B) level. Such a comparative study
chiral carbon centers. The enantiomeric pairs of PAH diol should define the relative contribution of chirality at th& C
epoxides give rise to opposite orientations of the adductedlinkage site and at the remaining,8, and C chiral centers
polycyclic aromatic residues relative to the modified dG of the benzylic ring to the structure of stereoisomeric [BP]-
residues. The pyrenyl residues in both th& 1 )-trans- dG adducts positioned opposite-d. deletion site.
anti- and the 1R (—)-trans-anti{BP]dG adducts opposite
dC are positioned in the minor groove, pointing oppositely, MATERIALS AND METHODS
toward the 5 or 3-ends of the modified strand, respectively . .
(Cosman et al., 1992; de los Santos et al., 1992). In the Preparation of the {)-trans-anti-[BP]dGdel 11/10-Mer
10R (+)-cis-anti- and the 16 (—)-cis-anti{BP]dG adducts Rac_emlcantl-BP_DE was purchased from the National Cancer_
opposite dC on the other hand, the pyrenyl residues arelnstitute Chemical _Carcmogen Reference Standard Rep05|-
inserted intercalatively into the double helix, and displace t0ry. The synthesis of the [BP]dG covalent adduct in the
the modified deoxyguanosine bases into the minor and majord(C-C-A-T-C-[BP]G-C-T-A-C-C) sequence was carried out
grooves, respectively (Cosman et al., 1993a,1996). TheStarting from racemianti-BPDE using previously dgscnbed
pyrenyl residues are oppositely oriented at these intercalationMethods (Cosman et al., 1990). The){trans-anti[BP]-
sites via a 180 rotation about the helix axis: in the R0 ~ dG containing 11-mer was separable from tHg-{rans-
(+)-cis-anti[BP]dG adduct, the benzylic ring is situated anti, (—)-cis-anti, and (+)-cis-anti isomeric adducts by
within the minor groove and the pyrenyl ring system points Preparative HPLC on a C18 ODS Hypersil column (Cosman
toward the major groove, while in the $¢-)-cis-anti{BP]- et al.,, 1990). The modified enantiomerically pure d(C-C-
dG adduct, the benzylic ring is in the major groove and the A-T-C-[BP]G-C-T-A-C-C) 11-mer strand was annealed to
aromatic ring system points toward the minor groove side the complementary unmodified d(G-G-T-A-G-G-A-T-G-G)
of the double helix. 10-mer strand at 70C, and the stoichiometry was followed
The base or lack of it opposite the [BP]dG adduct site by monitoring single proton resonances in both strands. The
can also exhibit striking effects on the observed adduct NMR spectra of the £)-trans-anti{BP]dG-del 11/10-mer
conformations. We have studied the effects of deleting the (2Pproximately 8 mg) were recorded in 0.5 mL of 0.1 M
partner base dC opposite the SLO+)-trans-anti{BP]dG NaCl, 0.01 M phosphate, and 0.1 mM JDTA at pH 7.0.
adduct (Cosman et al., 1994a) and th& {#)-cis-anti[BP]- NMR Experiments.All experiments were recorded on
dG adduct (Cosman et al., 1994b) within the d(C-[BP]G- Varian Unity Plus 500 and 600 MHz NMR spectrometers.
C)-d(G-G) sequence context at the 11/10-mer duplex level. The details of NMR data collection and analysis are the same
This type of sequence models the situation following as outlined in the Methods section of the accompanying paper
mutagenic replication in which the damaged base has beenFeng et al., 1997). Distance restraints were deduced from
skipped by the replication machinery, resulting in—d a NOESY (mixing time of 100 ms) data set recorded p®OH
deletion mutation in the nascent DNA strand. Both structures at 1 °C and from NOESY (mixing times of 50, 90, 130,

Cl- C2- A3- T4- C5-*G6- C7- T8- A9- Cl0-C1l1l

G21-G20-T19-A18-G17 —— G16-A15-T14-G13-G12
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170, and 300 ms) buildup set in,O on the adduct 11/10-

G17 G6
mer. N
Molecular Mechanics Computationdvolecular mechan- G16
ics calculations guided by NOE distance restraints were
carried out with DUPLEX (Hingerty et al., 1989), along the
lines outlined in the Methods sections of previous papers
from our laboratory (Cosman et al., 1993a,b).
Relaxation Matrix RefinementThe final unrestrained
energy minimized structure obtained during the first stage
DUPLEX based calculations was used as the starting point
for the second stage of refinement using X-PLOR (Brunger, A U
1992). The details of pseudoenergy function and the
14.0 '
B ,M%
8.0

relaxation matrix refinement protocol are the same as outlined
in the Methods sections of the accompanying paper (Feng
et al., 1997).

The relaxation matrix was set up for the non-exchangeable
protons; the exchangeable imino, amino and hydroxyl protons
were exchanged for deuterons. A total of 932 intensities
from the NOESY experiment in f» (233 intensities per
mixing time) and 239 distance restraints were included in
the calculations. Dihedral angle restraints (corresponding
to B-DNA) were included with a very low weight of 5
kcatrad™2 for four base pairs toward either duplex end with
no dihedral angle restraints used for the central d(T4-C5-
[BP]G6-C7-T8)d(A15-G16-G17-A18) segment.

RESULTS *

The thermal melting pointsT,) at optical concentrations
(10 uM strand concentration) were reported to be°@4for . . )
o FiIGURe 2: (A) Imino proton spectrum (10-6814.5 ppm) in HO
the unmodified d&del 11/10-mer control and 3& for the buffer at 1°C and (B) non-exchangeable proton spectrum 5.0
(—)-trans-anti{BP]dG-del 11/10-mer (Ya et al., 1994). The 8.6 ppm) in RO buffer at 20°C of the ()-trans-anti[BP]dG-del
observed stabilization of the-{-trans-antt[BP]dG-del 11/ 11/10-mer. The buffer was 0.1 M NaCl and 10 mM phosphate,

10-mer at ambient temperature allowed us to undertake a@queous solution at pH 7.0. The imino protons of *G6, dG16, and
detailed NMR study of this system. dG17 are assigned over spectrum A. The resolved pyrenyl non-

. ) exchangeable protons (some of which are overlapped with DNA

Exchangeable Nucleic Acid Proton Spectrdhe ex- protons) are designated by asterisks over the spectrum in B.
changeable proton NMR spectrum (164.5 ppm) of the
(—)-trans-anti[BP]dG-del 11/10-mer duplex in 4O buffer, duplex. These large upfield shifts of the deoxyguanosine
pH 7.0, at I°C is plotted in Figure 2A. Three upfield-shifted imino and deoxycytidine amino protons of the d6617
imino protons (two of which are overlapped at 10.55 ppm) and dC7?dG16 base pairs suggest that the pyrenyl ring of
are detected in addition to resolved imino protons between [BP]dG6 intercalates into the helix between these base pairs
12.7 and 13.7 ppm. in the adduct 11/10-mer.

These imino protons have been assigned by standard The imino proton of [BP]dG6 is also shifted upfield to
procedures [reviewed in Patel et al. (1987) and van de Ven 10.55 ppm where it overlaps with the imino protons of dG17
and Hilbers (1988)] following analysis of the 100 ms mixing (Figure 2A). This upfield shift suggests that the modified
time NOESY spectrum (Figure 3). NOEs can be detected deoxyguanosine is most likely displaced out of the helix
between adjacent imino protons from dG13 to dG16 and following intercalation of the pyrenyl ring. The upfield
from dG17 to dG20 on either side of the [BP]dG6 lesion chemical shift and broadening of its line width at elevated
site. However, NOEs are not observed between the iminotemperatures reflect exposure of the imino proton of [BP]-
protons of dG16 and dG17 (boxed region, Figure 3A) on dG6 to solvent consistent with base displacement of the
either side of the lesion site. Further, NOEs are not observedmodified deoxyguanosine out of the helix. The correspond-
between the imino protons of [BP]dG and the imino protons ing amino proton of [BP]dG6 resonates at 6.41 ppm (peak
of flanking dG16 and dG17 residues. It should be noted C, Figure 3B) in the adduct 11/10-mer.
that the narrow imino protons of dG16 (11.41 ppm) and  The exchangeable imino and amino proton chemical shifts
dG17 (10.55 ppm) have shifted dramatically to high field in for the central d(C5-[BP]G6-C7)(G16-G17) segment in the

T T
7.0 6.0

the adduct 11/10-mer. solution structure of the-{)-trans-anti[BP]dG-del 11/10-
NOEs between the deoxyguanosine imino and deoxy- mer at 1°C are listed in Table 1. The exchangeable proton

cytidine amino protons for the dG#G17 (peaks D, D chemical shifts of the entire adduct duplex are listed in Table

Figure 3B) and the dGAdG16 (peaks A, A Figure 3B) base  S1 (Supporting Information).

pairs establish WatsetCrick pairing at these d@C base We observe resolved imino proton resonances between

pairs adjacent to the lesion site. The deoxycytidine amino 10.5 and 11.5 ppm from a minor componertlQ%) in the
protons of dC7 (6.01, 6.88 ppm) and, to a lesser extent, dC5proton spectrum recorded in Figure 2A. This minor com-
(6.72, 7.40 ppm), are also shifted to high field in the adduct ponent is assigned to the)-cis-anti[BP]dG adduct opposite
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Ficure 3: Expanded NOESY (100 ms mixing time) contour plots
of the (~)-trans-anti[BP]dG-del 11/10-mer in HO buffer at 1°C.
(A) NOE connectivities in the symmetrical 16-:24.0 ppm region.
The imino proton assignments are labeled along the diagonal. The
lines trace the NOE connectivities between imino protons on
adjacent base pairs starting at dG20 toward one end of the helix
and proceeding to dG13 toward the other end of the helix. This
connectivity tracing is broken between the imino protons of dG16
and dG17. (B) NOE connectivities between the imino protons
(10.0-14.0 ppm) and the base and amino protons{5.0 ppm).
The imino protons of [BP]dG6, dG16, and dG17 centered about
the lesion site are labeled in the figure. The intramolecular cross-
peaks A-D between nucleic acid protons are assigned as follows:
(AA") G16(NH1)-C7(NHx-4a,b); (B) [BP]IG6(NH1)}-C5(H21); (C)
[BP]G6(NH1)-[BPIG6(NH:-2); (D,D’) G17(NH1)-C5(NH-4a,b).
The intermolecular cross-peaks-2 are assigned as follows: (1)
G16(NH1)-BP(H4); (2) G16(NH1}BP(H5); (3) G16(NH1)-BP-
(H3); (4) G16(NH1}»BP(H2/H12); (5) G16(NH1L}BP(H1); (6)
G16(NH1)-BP(H6); (7) G17(NH1)}BP(H4); (8) [BP]IG6(NH1)-
BP(H10); (9) G17(NH1)BP(H2/H12).
a—1 deletion site at the 11/10-mer level based on its distinct
imino proton chemical shifts reported previously (Cosman
et al., 1994b). The minor component has resulted from
incomplete HPLC purification of the<)-trans-anti[BP]dG
adduct containing 11-mer from the contaminatifg-Cis-
anti-[BP]dG adduct containing 11-mer.

Non-Exchangeable Nucleic Acid Proton Spectréhe
non-exchangeable base and sugdrptidton spectrum (5:0
8.6 ppm) of the €)-trans-anti[BP]dG-dC 11/10-mer in 2O
buffer, pH 7.0 at 20C is plotted in Figure 2B. The well-

Biochemistry, Vol. 36, No. 45, 199713783

Table 1: Proton Chemical Shifts of the
d(C5-[BP]G6-C73d(G16-G17) Segment of the
(—)-trans-anti[BP]dG-del 11/10-mer in Aqueous Buffer

exchangeable proton chemical shifts (ppnilCl

G(NH1) G(NH-2) C(NH-4)
dC5dG17 10.55 6.727.40
dC7-dG16 11.41 6.01,6.88
[BP]dG6 10.55 6.41

non-exchangeable proton chemical shifts (ppm);@5

H8/H6 H2/H5 HI  H2,H2' H3  H4'
dcs 7.15 561 545 254,116 490 3.60
[BPldG6  8.11 6.52 2.69,3.43 509 4.74
dc7 7.52 533 417 178,196 426 4.10
dG16 7.64 5.94 246,249 503 4.44
dG17 7.91 5.48 255,267 504 450

2 Exposed amino protort.Hydrogen-bonded amino proton.

the benzaofpyrenyl and DNA protons in the adduct duplex.
An expanded NOESY contour plot (300 ms mixing time)
correlating the base proton (6-:8.4 ppm) with the sugar
H1' and H3 protons (3.9-6.7 ppm) for the adduct 11/10-
mer at 20°C is plotted in Figure 4. The NOE connectivities
between the base and its own andflanking sugar H1
protons for the d(T4-C5-[BP]G6-C7-T8) segment of the
modified 11-mer strand (solid line) and the d(A15-G16-G17-
A18) segment of the XOmer deletion containing strand
(dashed line) have been traced in Figure 4. The NOEs
between the adjacent residues are absent for the dC5-[BP]-
dG6 step and weak for the dT4-dC5 step on the modified
strand. Further, no NOE is detected between the H8 proton
of [BP]dG6 and the H5 proton of dC7 at the puriné-§3
pyrimidine step indicative of a structural distortion centered
about the lesion site in the adduct 11/10-mer.

NOEs detected between the base protons of [BP]dG6 and
the minor groove sugar protons of dC5 in the adduct duplex
define the orientation of the deoxyguanosyl ring of [BP]dG6
within the d(C5-[BP]G6-C7) segment. These include NOEs
between the H8 proton of [BP]dG6 and the'Hxoton of
dC5 (peak 1, Figure S2, Supporting Information) and
between the imino proton of [BP]dG6 and the'Hitoton
of dC5 (peak B, Figure 3B). These results suggest that the
deoxyguanosine of [BP]dG6 is displaced out of the helix
into the minor groove and is oriented toward tHeeBd of
the modified strand in the adduct 11/10-mer.

The non-exchangeable base and sugar proton chemical
shifts have been assigned following analysis of the complete
NOESY, DQF-COSY, and TOCSY data sets of the adduct
11/10-mer based on standard nucleic acid assignment
procedures [reviewed in van de Ven and Hilbers (1988)].
The proton chemical shift values for the d(C5-[BP]G6-C7)
d(G16-G17) segment of the-§-trans-anti[BP]dG-dC 11/
10-mer duplex at 20C are listed in Table 1. The non-
exchangeable proton chemical shift assignments for the entire
adduct duplex are listed in Table S1 (Supporting Informa-
tion). It should be noted that several base and sugar proton
resonances of the d(C5-[BP]G6-C7) segment in the adduct
duplex exhibit unusual chemical shifts reflecting ring current
contributions from nearby aromatic ring systems. Thé& H2
(1.16 ppm) and H4(3.60 ppm) protons of C5 and the H1
(4.17 ppm) proton of C7 are shifted to high field while the
H1' (8.11 ppm) and H2" (3.43 ppm) protons of [BP]dG6

resolved proton resonances have permitted us to assign bottare shifted to low field in the adduct 11/10-mer (Table 1).
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Ficure 4: Expanded NOESY (300 ms mixing time) contour plot
of the ()-trans-anti[BP]dG-del 11/10-mer in RO buffer at 20

Feng et al.
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Ficure 5: Plot comparing the benzgpyrenyl ring proton chemical
shifts in the ¢)-trans-anti[BP]dG-dC 11-mer duplex4) and the
(—)-trans-anti[BP]dG-del 11/10-mer @). The benzylic protons
(H7, H8, H9, H10) are on the left, and the pyrenyl protons (H11,
H12, H1, H2, H3, H4, H5, H6) are on the right of this plot.

molecular NOEs are labeled in the expanded NOESY contour

°C establishing distance connectivities between the base (purineP!0t Of the exchangeable protons in®1 solution (Figure

H8 and pyrimidine H6) protons (6-3.4 ppm) and the sugar H1
and H3 and deoxycytidine H5 protons (3-%.7 ppm). The NOE
connectivities between the base and their own affthbking sugar
H1' protons from dT4 to dT8 on the modified strand are shown by
solid lines and from dA15 to dA18 on the unmodified strand are

3B) and in the expanded NOESY contour plot of the non-
exchangeable protons in,O solution (Figure 4) with the
cross-peak assignments listed in the figure captions. Four-
teen intermolecular NOEs defined by lower and upper bounds

shown by dashed lines. The assignments label the base to theifor the central d(C5-[BP]G6-C7J(G16-G17) segment that

own sugar H1LNOEs while the deoxycytidine H6-H5 NOEs are
designated by asterisks. Note the unusual upfield shift of the H1
proton of dC7 and to a lesser extent the upfield shift of H5 proton
of dC7 and the downfield shift of the Mfroton of [BP]dG6. Note
that the cross-peak linking the dC5-[BP]dG6 step is missing while
the cross-peak linking the dT4-dC5 steps is weak. The intra-
molecular cross-peaks-Al between benza]pyrene protons are
assigned as follows: (A) BP(H16BP(H11); (B) BP(H10)-BP-
(H12); (C) BP(H6)-BP(H7); (D) BP(H4)-BP(H6); (E) BP(H2)-
BP(H4); (F) BP(H3)-BP(H4); (G) BP(H5)-BP(H6); (H) BP(H3)-
BP(H5); (I) BP(H9)>-BP(H11); (J) BP(H6)-BP(H8). The inter-
molecular cross-peaks-T are assigned as follows: (1) C5(h3
BP(H12); (2) C5(H)—BP(H11); (3) C5(H5)BP(H1); (4) C5-
(H1)—BP(H12); (5) C7(H5)y-BP(H12); (6) G17(H)—BP(H5); (7)
G6(H1)—BP(H10). The chemical shift values for the benzylic
protons are BP(H7), 5.08 ppm; BP(H8), 4.07 ppm; BP(H9), 4.34
ppm; BP(H10), 6.12 ppm. The chemical shift values for the pyrenyl
protons are BP(H11), 7.51 ppm; BP(H12), 7.32 ppm; BP(H1), 7.47
ppm; BP(H2), 7.34 ppm; BP(H3), 6.78 ppm; BP(H4), 5.66 ppm;
BP(H5), 6.62 ppm; BP(H6), 7.91 ppm.

Non-Exchangeable Benzo[a]pyrenyl ProtoriBhe benz-

were used to guide the computations are listed in Table S2
(Supporting Information). Another nine weak intermolecular
NOEs that were observed but not used in the computations
are listed in Table S3 (Supporting Information).

The distribution of the observed intermolecular NOEs
readily provides insights into the alignment of the intercalated
pyrenyl ring relative to the d(C5-[BP]G6-C7) modified and
d(G16-G17) deletion containing strands of the adduct duplex.
We observe NOEs between the H3, H4, H5, and H6 protons
of the BP pyrenyl ring and the imino and sugar' igtotons
of the d(G16-G17) deletion containing strand (Tables S2
and S3). We also observe NOEs between the H10, H11,
H12, and H1 protons of the other long edge of the pyrenyl
ring and the base and sugar protons of the d(C5-[BP]G6-
C7) modification containing strand (Tables S2 and S3). The
benzylic ring is likely to be positioned in the minor groove
based on the observed NOE between the benzylic BP(H10)
and the minor groove C7(M)lprotons (Table S3) while the
farthest pyrenyl ring is positioned in the major groove based

ylic and pyrenyl ring protons of [BP]dG6 have been assigned o the observed NOE between the pyrenyl BP(H1) and the

following analysis of the through space and through bond
connectivities involving these protons in the)ftrans-antk
[BP]dG-dC 11/10-mer duplex. The chemical shifts are listed

major groove C5(H5) protons (Table S2). These inter-
molecular NOEs suggest an orthogonal alignment of the long
axis of the pyrenyl ring and the long axis of the flanking

in the caption to Figure 4 and are plotted (represented by pase pairs at the intercalation site in the adduct 11/10-mer.

closed circles) in Figure 5. The majority of the pyrenyl

Phosphorus Spectra.Two phosphorus resonances are

protons are shifted to high field with the largest upfield shifts ghifted to low field and two others are shifted to high field
detected at the H3 (6.78 ppm), H4 (5.66 ppm), and H5 (6.62 of the central cluster of phosphorus resonances in the

ppm) protons in the adduct 11/10-mer.
Intermolecular NOEs.A number of intermolecular NOEs

spectrum of the-{)-trans-anti{BP]dG-del 11/10-mer in RO
at 20 °C (Figure S3A, Supporting Information). The

between the exchangeable and non-exchangeable nucleic acighosphorus resonances in the adduct 11/10-mer spectrum
protons and the non-exchangeable BP protons have beermave been assigned following analysis of the preton

identified and assigned in the NOESY spectrum of thg (
trans-anti[BP]dG-del 11/10-mer. Several of these inter-

phosphorus correlation contour plot recorded atQ@Figure
S3B, Supporting Information). The most downfield-shifted
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phosphorus is assigned to the d(C5-[BP]G6) step while the T 51c 2: NMR Refinement Statistics for the

most upfield-shifted phosphorus is assigned to the d([BP]- (-)-trans-anti-[BP]dG-del 11/10-Mer

G6-C7) step on the modified strand of the adduct 11/10- = restraints

mer. total number of NOE intensities 233 per mixing time
The proton and phosphorus chemical shift values, as well NOE intensities in the central 5/4-mer regio@5 per mixing time

as the magnitude of the through-space intramolecular and total number of NOE distances 239

. : NOE distances in the central 5/4-mer rediord6
intermolecular NOE patterns between the proton pairs, are Structure statistics

strikingly similar in the ¢)-cis-anti[BP]dG adduct (Cosman NMR Rye-factor 0.045+ 0.001
et al.,, 1994b) and the—)-trans-anti{BP]dG adduct (this rmsd of NOE violations 0.054 0.005
study) positioned opposite 1 deletion sites. number of NOE violations-0.2 A 6.0+ 2.4

Molecular Mechanics Computationdn the first stage of number of NOE violations-0.2 Ainthe  1.3+0.5
central 5/4-mer regicn

the calculations, we employed the DNA conformation geviations from the ideal geometry

reported previously for the solution structure of the central  bond length (A) 0.0H0.001
d(T4-C5-[BP]G6-C7-T8d(A15-G16-G17-A18) segment of bond angle (deg) 2.62 0.05
the ()-cis-anti[BP]dG-del 11/10-mer (Cosman et al., __IMPropers (deg) - 0.340.03

; . pairwise rmsd (A) among the six refined
1994b) as _the starting DNA structure. The){trans-anti- structures (heavy atoms only)
[BP]-dG orientation space within the d(T4-C5-[BP]G6-C7-  entire 11/10-mer 1.92 0.40
T8)-d(A15-G16-G17-A18) segment was then searched with  central 5/4-mer regich 1.17+£0.13
sixteen energy minimization trials with DUPLEX. Inthese _ central 5/4-merregion withoutbackbone ~ 0870.18
trials, the linkage torsional angles (dG6(N)-dG6(C)-dG6- * The d(T4-C5-[BP]G6-C7-T8Ji(A15-G16-G17-A18) segment.
(N?)-BP(C)) and ' (dG6(C)-dG6(NP)-BP(C9)-BP(C))
were each started at,00°, 18C°, and 270 in all combina- A

tions. In these trials, the benzylic ring was fixed in the
distorted half-chair conformation with BP(H9) and BP(H10)
in pseudoequatorial orientations and BP(H7) and BP(H8) in
pseudoaxial orientations (Neidle et al., 1982) consistent with
the NMR coupling constant data on the adduct 11/10-mer.
The experimental coupling cross-peak patterns for the
benzylic protons and their simulated counterparts show good
agreement for protonproton coupling constant values of
3)(H7,H8)= 9.5+ 0.5 Hz,3J(H8,H9) = 3.0+ 0.5 Hz, and
3J(H9,H10)= 3.5+ 0.5 Hz.

The sixteen computed conformations of the d(T4-C5-[BP]-
G6-C7-T8)d(A15-G16-G17-A18) segment yielded a five-
membered family of closely related structures with low
energy and goodness-of-fitindices. A superpositioned view
of the d(T4-C5-[BP]G6-C7-T8)(A15-G16-G17-A18) seg-
ment of these five structures is plotted in Figure S4
(Supporting Information). The d(T4-C5-[BP]G6-C7-T8)
d(A15-G16-G17-A18) segment of the lowest energy structure
was employed in building the<)-trans-anti[BP]dG-del 11/
10-mer. Subsequently, the hydrogen-bond penalty function
and the distance restraints were released with energy
minimization in one step, yielding an unrestrained minimum
energy conformation of the«)-trans-anti[BP]dG-del 11/
10-mer (Figure S5, Supporting Information). This structure
qu then employed,'n th,e Secon,d stage relaxation matrIXFIGURE 6: Superposition of the six relaxation matrix refined
refinement as described in Materials and Methods section. syryctures of the<)-trans-anti{[BP]dG-del 11/10-mer. (A) View

Relaxation Matrix Refinement. An ensemble of six looking into the minor groove and normal to the helix axis of the
structures obtained during intesity refinment demonstrated d(C5-[BP]G6-C7)d(G16-G17) segments. (B) View looking down
an improved correspondence with experimental intensity andthe helix axis of the d(C5-[BP]G6-C#)(G16-G17) segments.

distance restraint data sets. The number of NOE distances .
violated by more than 0.2 A decreased from 24 to 6 (with 18)d(A15-G16-G17-A18) segment. At the same time the

almost no violations in the central d(T4-C5-[BP]G6-C8- six structures exhibit good convergence properties. The

T8)-d(A15-G16-G17-A18) segment), and the NMR/e- pairwise rmsd in the set is 1.920.40 A for all heavy atoms
factor improved from an iinitial value of 7% to 4% (Table @nd 1.17+ 0.10 A for the heavy atoms of the central d(T4-

2). All structures exhibit good stereochemistry with the rmsd CS-[BP1G6-C7-T8)d(A15-G16-G17-A18) segment (Table

values for bond length, bond angle, and improper dihedral 2).

angle violations of 0.0# 0.001 A, 2.62+ 0.05, and 0.34 The corresponding superpositioned view of the six con-

+ 0.03, respectively. formations of the d(C5-[BP]G6C7)-d(G16-G17) segment
The rmsd of all heavy atoms between the six structures is plotted in Figure 6A. A view looking down the helix axis

and the initial structure is 2.6% 0.48 A for all heavy atoms  of this segment in the six superpositioned conformations is

and 1.744 0.10 A for the central d(T4-C5-[BP]G6-C7- plotted in Figure 6B.
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dG17 and dC:tiG16 base pairs with its benzylic ring
positioned in the minor groove and the aromatic pyrenyl ring
system extending into the major groove (Figure 7B). This
intercalation orientation positions the pyrene ring over the
Watson-Crick pairing edge of both flanking d@C base
pairs (Figure 7B).

The benzylic ring of BP is in the distorted half-chair
conformation with the BP(H9) and BP(H10) in pseudo-
equatorial orientations while the BP(H7) and BP(H8) adopt
pseudoaxial orientations. The carcinogen-base linkage site
for the [BP]dG6 residue is defined by the angiegdG6-
(NY)-dG6(C)-dG6(NY)-BP(CH9] = 194 + 9° and ' [dG6-
(CH-dG6(NP)-BP(C9)-BP(C)] = 95 4+ 9° among the
ensemble of six structures obtained from the relaxation matrix
refinement of the €)-trans-anti[BP]dG-del 11/10-mer.

Some of the glycosidic torsion angles and sugar puckers
for the d(T4-C5-[BP]G6-C7-T8J(A15-G16-G17-A18) seg-
ment of the {-)-trans-anti{BP]dG-del 11/10-mer differ from
those most common in B-DNA duplexes (Berman et al.,
1992). The ensemble of six structures obtained from the
relaxation matrix refinement was B-like except that the
glycosidic torsion angles for [BP]dG6 and dC7, which are
in theanti range, adopt unusual low values of 164:80.C°
and 185.5+ 13.5, respectively. The pseudorotatid?
values of dC5 and dC7 are 8#623.3 and 346.1+ 20.4,
respectively, which place these sugars in the-&®loand
C2-exodomain, respectively.

DISCUSSION
FIGUrRe 7: (A) View looking into the minor groove and normal to
the helix axis for the d(T4-C5-[BP]G6-C7-T8)A15-G16-G17- Spectral Quality. The exchangeable imino (Figure 2A)
A18) segment in the representative structure of thpttans-antt and non-exchangeable base and sugar proton resonances

[BP]dG-del 11/10-mer from the ensemble of six relaxation matrix ; _ ANt _
refined structures. The BP ring is intercalated between the dC5 (Figure 2B) are well resolved for the J-trans-antt{BF]

dG17 and dCTG16 base pairs which form a wedge-shaped dG-del 11/10-mer. The adduct 11/10-mer adopts a single
intercalation site. The modified dG6 base is displaced into the minor conformation on the basis of the proton spectra (Figure 2)
groove and is directed toward therfeighbor dC5 in the sequence. and the absence of exchange peaks in the NOESY spectra.

(B) View looking down the helix axis for the d(C5-[BP]G6-C7) : ; ; _
d(G16-G17) segment in the representative structure of e ( NOE Patterns.The orientation of the intercalated benzo

trans-anti{BP]dG-del 11/10-mer from the ensemble of six relax- [alpyrene ring between the flanking d@ base pairs in the
ation matrix refined structures. The benzylic ring is positioned in Solution structure of the—{)-trans-anti[BP]dG-del 11/10-

the minor groove while the pyrenyl ring stacks over the Watson  mer (Figure 7) is supported by both the experimental NOE
Crick hydrogen bonding regions of the flanking d8617 and and chemical shift data. Thus, the alignment of the

dC7-dG16 base pairs. The minor groove edge of the dC5 sugar ~10_~11_~12. P .
ring is positioned over the plane of the displaced modified dG6 dCCg BCI; G%Ogt?mmg long edfgi of thed_fB_Pd”ng tO\(;valr:q the
residue. (C5-[BP]G6-C7) segment of the modified strand (Figure

7B) results in the observation of intermolecular NOEs

Solution Structure.A view normal to the helix axis and  between the BP(H10), BP(H11), and BP(H12) protons and
looking into the minor groove for the central d(T4-C5-[BP]- the sugar protons of dC5, [BP]dG6, and dC7 which are
G6-C7-T8)d(A15-G16-G17-A18) segment of the represen- satisfied in the solution structure (Table S2). This alignment
tative structure of the ensemble of six relaxation matrix requires the BP(H10) proton to be closer to the C7 sugar
refined structures of the—()-trans-anti[BP]dG-del 11/10- and the BP(H12) proton to be closer to the C5 sugar (Figure
mer is shown in Figure 7A. The covalently linked benzo- 7B), which is consistent with the experimental NOEs
[alpyrenyl moiety intercalates between intact Wats@rick between these BP protons and the corresponding sudar H1
dC5dG17 and dC#HG16 base pairs and displaces the protons (Table S2 and S3). The alignment of theGS:
deoxyguanosine ring of [BP]dG6 into the minor groove CS-containing long edge of the BP ring toward the d(G16
(Figure 7A). The minor groove face of the sugar ring of G17) segment of the deletion containing strand (Figure 7B)
dC5 is positioned over the deoxyguanosine base plane ofis supported by the observed NOEs between the BP(H3),
[BP]dG6 which is directed toward thé-Bnd of the modified BP(H4), BP(H5), and BP(H6) protons and the imino and
strand and aligned approximately parallel to the helix axis. sugar protons of dG16 and dG17 (Tables S2 and S3). The
The intercalation site is wedge-shaped resulting in a shorterC*-C?-C2 edge of the pyrenyl ring of BP is positioned in the
separation between the base planes of dG16 and dG17 omajor groove, while the CC8-C° edge of the benzylic ring
the deletion containing strand relative to the base planes ofof BP is positioned in the minor groove in the solution
dC5 and dC7 on the modified strand (Figure 7A). structure of the{)-trans-anti{BP]dG-del 11/10-mer (Figure

The long axis of the intercalated benafgyrenyl ring is 7B). The structural distortion resulting from base displace-
approximately normal to the long axis of the flanking dC5 ment of the deoxyguanosine of [BP]dG6 into the minor
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groove should perturb the NOEs between DNA protons on  Comparison of First-Stage DUPLEX and Second-Stage
adjacent residues in the d(C5-[BP]G6-@i(}516-G17) seg- X-PLOR Intensity Refined Structure3he key conforma-
ment centered about the pyrenyl intercalation site in the tional features centered about the [BP]dG adduct positioned
solution structure of the—()-trans-anti[BP]dG-del 11/10- opposite a—1 deletion site are shared by both the first-stage
mer. Sequential NOEs are absent between the H8 protonDUPLEX and second-stage X-PLOR intensity refined struc-
of [BP]dG6 and the sugar M1H2, H2', and H3 protons tures of the {)-trans-anti[BP]dG-del 11/10-mer. This
of dC5 for the d(C5-[BP]G6) step. Weak to very weak includes intercalation of the pyrenyl ring into the helix, the
sequential NOEs are observed between the H6 proton of dC7overlap of the pyrenyl ring with flanking base pairs and base
and the sugar H1H2', H2", and H3 protons of [BP]dG6 displacement of the modified guanine into the minor groove.
for the d([BP]G6-C7) step. The absence of an NOE between Further, the carcinogerbase linkage site torsion angles
the H8 proton of [BP]dG6 and the H5 proton of dC7 for the [dG6(NY)-dG6(C)-dG6(NP)-BP(C9)] andf’ [dG6(C)-dG6-
purine (3-5') pyrimidine d([BP]G6-C7) step is consistent (N?)-BP(C9)-BP(C)] are 178 and 94, respectively, for the
with the orthogonal arrangement of the modified dG6 and lowest energy DUPLEX derived structure and are #9@°
dC7 base planes in the adduct 11/10-mer. and 95+ 9°, respectively, for the X-PLOR intensity refined
The wedge-shaped intercalation site generated between thetructures. The discussion presented below will use the
dC5dG17 and dC-tiG16 base pairs is reflected in the 4.5 relaxation matrix refined structure of the \-trans-anti[BP]-
+ 0.5 A separation between the H8 protons of dG16 and dG-del 11/10-mer (this study) for comparison with related
dG17 on the deletion containing strand and the#.0.6 A DUPLEX based structures of-|-trans-anti[BP]dG-dC 11-
separation between the H6 protons of dC5 and dC7 on themer duplex (de los Santos et al., 1992),)cis-anti[BP]-
modification containing strand in the ensemble of six dG-del 11/10-mer (Cosman et al., 1994b) ang)-frans-
structures of the<{)-trans-anti[BP]dG-del 11/10-mer (Fig-  anti-[BP]dG-del 11/10-mer (Cosman et al., 1994a) published
ure 7A). previously.
The modified deoxyguanosine is displaced into the minor  Different Conformations of the—)-trans-anti-[BP]dG
groove with its plane positioned over the minor groove face Adducts Opposite dC and-al Deletion Site. The solution
of the sugar ring of C5 in the structure of the)ftrans- structures of the central segment of th€-trans-anti[BP]-
anti-[BP]dG-del 11/10-mer (Figure 7A). This alignmentis dG-dC 11-mer duplex (de los Santos et al., 1992) and the
consistent with the very weak NOE observed between the (—)-trans-anti[BP]dG-del 11/10-mer (this study) are shown

H8 proton of [BP]dG6 and the minor groove Haroton of in the same relative global orientation of the DNA in Figures
C5 (Figure S2, Supporting Information) observed for the 8A and 8B, respectively. The orientation of the [BP]dG
adduct 11/10-mer. residues are strikingly different in the two structures of the
Chemical Shift Patterns.The intercalated pyrenyl ring  (—)-trans-anti[BP]dG adducts opposite dC and opposite a
stacks primarily over the WatsetCrick edges of the dG16, —1 deletion site. The aromatic portion of the BP residue is

dG17, and dC7 bases of the flanking -diG base pairs in  positioned in the minor groove without base pair disruption
the solution structure of the~)-trans-anti[BP]dG-del 11/ and is directed toward thé-8nd of the modified strand when
10-mer. Consistent with this overlap geometry are the large the adduct is positioned opposite dC (Figure 8A). However,
upfield ring current shifts observed at the imino protons of the aromatic portion of the BP residue is intercalated into
dG16 (1.35 ppm) and dG17—2.00 ppm), the amino the helix with displacement of the modified deoxyguanosine
protons of dC7{0.65,—1.05 ppm), and, to a lesser extent, into the minor groove when the adduct is positioned opposite
the amino protons of dC510.18,—0.95 ppm) in the adduct a —1 deletion site (Figure 8B). Furthermore, one face of
11/10-mer relative to the control 11/10-mer (Table S4). The the aromatic ring system is exposed to solvent in the [BP]-
pyrenyl ring also stacks over the H)proton of dC7 dG-dC structure (Figure 8A), while it is intercalated between
accounting for the large-1.60 ppm upfield shift. The H8  base pairs in the [BP]d@el structure (Figure 8B). Thus,
and H1 protons of [BP]dG6 are shifted to low field bly0.24 removing the partner dC residue to create a deletion site
and-+0.58 ppm, respectively (Table S4), consistent with the opposite the |)-trans-anti{BP]JdG adduct results in a
modified deoxyguanosine being displaced into the minor dramatic conformational change at the lesion site.
groove in the solution structure of the adduct 11/10-mer  Similarity of (+)-cis-anti- and )-trans-anti-[BP]dG
(Figure 7A). The minor groove sugar HAnd H2' protons Adducts Opposite-1 Deletion Sites.The solution structures
of dC5 are shifted to high field by-0.49 and—1.08 ppm, of the central segment of the-j-cis-anti[BP]dG-del 11/
respectively (Table S4), consistent with the displaced modi- 10-mer (Cosman et al., 1994b) and the-trans-anti[BP]-
fied deoxyguanosine ring stacking directly over the minor dG-del 11/10-mer (this study) are shown in the same relative
groove face of dC5 in the solution structure of the adduct orientation of the DNA in Figures 8C and 8B, respectively.
11/10-mer (Figure 7A). We note a striking resemblance in the conformations of these
The pyrenyl protons are also upfield-shifted in the adduct two adducts, which have the sameRl&bsolute configuration
11/10-mer relative to their unperturbed values in the-8.0 at the BP(C%-N?-dG linkage site but have opposite orienta-
8.5 ppm chemical shift range (Figure 5). This reflects upfield tions of the three hydroxyl groups at the chirdl, C8, and
ring current shifts from the flanking d@C base pairs which ~ C° positions. In both structures, the BP aromatic ring
stack over the intercalated pyrenyl ring system. The BP- systems are intercalatively wedged into the helix between
(H4) proton at 5.66 ppm stacks directly over the purine rings the two flanking dGdC base pairs; the modified deoxy-
of the dG16 and dG17 (Figure 7B), consistent with its guanosines are displaced into the minor groove with their
unusual upfield shift. The BP(H5) at 6.62 ppm, and, to a faces parallel to the helix axis and stacked over the minor
lesser extent, the BP(H3) proton at 6.78 ppm, stack over thegroove face of the dC5 sugar ring. The benzylic ring of the
periphery of the purine rings (Figure 7B) explaining their BP residue is positioned in the minor groove in both
upfield shifts relative to other pyrenyl protons (Figure 5). structures, with the distal pyrenyl ring system positioned in
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(+)-cis-anti-[BP]dGedel 11/10-mer

(+)-trans-anti-[BP]dGedel 11/10-mer

Ficure 8: Views looking into the minor groove and normal to the helix axis for the solution structures of (A) the d(T4-C5-[BP]G6-C7-
T8)-d(A15-G16-T17-G18-A19) segment of the }-trans-anti[BP]dG-dC 11-mer duplex following DUPLEX refinement (de los Santos et
al., 1992), as well as the d(T4-C5-[BP]G6-C7-1A15-G16-G17-A18) segment of (B) the }-trans-anti[BP]dG-del 11/10-mer following
relaxation matrix refinement (this study), (C) the)(cis-anti[BP]dG-del 11/10-mer following DUPLEX refinement (Cosman et al., 1994b)

and (D) the {)-trans-anti[BP]dG-del 11/10-mer following DUPLEX refinement (Cosman et al., 1994a).

the major groove. The carcinogebase linkage torsion
angleso’ [dG6(NY)-dG6(C)-dG6(N)-BP(CO)] for the (—)-
trans-anti[BP]dG-del 11/10-mer (199 and the {)-cis-anti
[BP]dG-del 11/10-mer (169 are similar as are the carcino-
gen—-base linkage torsion angle§’ [dG6(C)-dG6(NP)-
BP(C9-BP(C)] for the (—)-trans-anti[BP]dG-del 11/10-
mer (95) and the {)-cis-anti[BP]dG-del 11/10-mer (99).
Opposite Orientations of theH)-trans-anti- and the{)-
trans-anti-[BP]dG Adducts Oppositel Deletion SitesThe
solution structures of the central segments of th8 (t0)-
trans-antt[BP]dG-del 11/10-mer (Cosman et al., 1994a) and
the 1R (—)-trans-anti[BP]dG-del 11/10-mer (this study)

adduct ' = 95°) positioned opposite-1 deletion sites,
indicative of a nearly 180 difference between the two
stereoisomers (Figures 8D and 8B, respectively). This
reflects the striking opposite orientation of the pyrenyl
moiety, by an approximately 18Q@otation about the helix
axis, in these two adducts derived from chiral pairs of diol
epoxides.

The benzylic ring of the BP residue and the attached base
displaced deoxyguanosine are positioned in the major groove
with the distal pyrene rings in the minor groove in the case
of the (+)-trans-anti{BP]dG adduct sterecisomer opposite
a —1 deletion site (Figure 9A). By contrast, the benzylic

are shown in the same relative global orientation of the DNA ring is in the minor groove with the distal pyrenyl ring in
in Figures 8D and 8B, respectively. These two adducts havethe major groove for the «)-trans-anti{BP]dG adduct

the opposite absolute configuration at the BF(dinkage

positioned opposite a1 deletion site (Figure 9B). The

site. The aromatic portion of the BP residue intercalates modified deoxyguanosine stacks over the major groove base

between intact WatserCrick dC5dG17 and dCdG16 base

protons (H5 and H6) of dC5 in theH)-trans-anti[BP]dG

pairs which generate a wedge-shaped intercalation site withadduct (Figure 8D) and stacks over the minor groove face
base displacement of the modified deoxyguanosine in bothsugar protons (H1H2’, and H4) of dC5 in the ¢)-trans-

structures. The carcinogefase o' torsion angles are
similar for the (+)-trans-anti[BP]dG adduct ¢’ = 138°)
and ()-trans-anti[BP]dG adduct ¢ = 194°) positioned

anti-[BP]dG adduct (Figure 8B) oppositel deletion sites.
The Theme of Opposite Orientations of DNA Adducts
Derived from Diol Epoxides of Opposite Chiralitie€p-

opposite—1 deletion sites. By contrast, the carcinogen-base posite orientations of the PAH residues relative to the

f' torsion angles are very different for the-}-trans-antt
[BP]dG adduct g/ = 263) and ()-trans-anti[BP]dG

covalently attached purine residues in adducts derived from
chiral pairs of PAH diol epoxide enantiomers is a recurring
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Slipped Frameshift Intermediates and DNA Replication.
The NMR solution structures of the three deletion 11/10-
mers, i.e. sequences lacking the normal partner dC residues
in the complementary strand opposite){trans-anti; (—)-
trans-anti; and (t+)-cis-anti[BP]dG lesions, reveal that all
three form stable-1 deletion 11/10-mers at ambient tem-
peratures. Indeed, the melting pointg) of the —1 deletion
11/10-mers at 1@M concentrations increase by 6, 25, and
14 °C on proceeding from the control 11/10-mer to thg~
trans-anti; (+)-cis-anti- and ()-trans-anti{BP]dG adduct
containing 11/10-mers, respectively (Ya et al., 1994). Other
examples of stable-1 and—2 deletion duplexes, are the
2-aminofluorene-&dG adducts which also manifest a base-
displaced intercalation conformation, as well as thermal
stabilization of the deletion duplexes by the intercalated
2-aminofluorene residue (Mao et al., 1995a,b). Thus, the
shared conformational feature of base-displaced intercalation,
with the stabilizing stacking interactions between the car-
cinogen residues and the flanking bases, seem to account
for the remarkable duplex stabilization in these polynuclear
aromatic carcinogen-modified deletion duplexes. Thermal
stabilization of deletion duplexes with modification by
2-acetylaminofluorene (AAF) has also been observed (Garcia
et al., 1993; Milhe et al., 1996).

(-)-trans-anti-[BP]dGedel 11/10-mer Stalling of the polymerases at bulky lesions, could allow
. . L for the formation of misaligned primettemplate intermedi-
Ficure 9: Views looking down the helix axis for the d([BP]G6-

C7)dG16 segments in the solution structures obtained by molecularates. th'c.lt cpuld result in fra_meshn‘t mlutat|ons (_:Iqung DNA
mechanics calculations using DUPLEX of (A) the)¢trans-anti replication if the sequence is appropriate (Streisinger et al.,
[BP]dG-del 11/10-mer and (B) the-()-trans-anti[BP]dG-del 11/ 1966; Kunkel et al., 1990; Belguise-Valladier & Fuchs, 1991;
10-mer, showing the opposite orientations of the [BP]dG rings Lambert et al., 1992; Shibutani & Grollman, 1993; Napoli-
ﬁer:Stggepgosmggl%rén?éntﬂzgrﬁoﬁgfz flotgcfffgﬂﬁi%gisém%%e]”Zy'iC tano et al., 1994). A base-displaced intercalative structure
dG adduct in (A) and in the minor groove for the Jtrans-ant of the typg observed in our modified dellet.|on duple_xes might
[BP]dG adduct in (B) at the 11/10-mer level. well stabilize such a slipped frameshift intermediate. The

—1 deletion duplex which is the focus of this study,

theme that has been noted in a number of different examplegepresents the structure of a primer/template complex in
[reviewed in Geacintov et al. (1997)]. These include (1) the Which the primer has been extended by five bases beyond
minor groove {)- and ()-trans-anti{BP]-N2-dG adducts the site of the lesion and has suffere¢ & deletion mutation
opposite dC (Cosman et al., 1992; de los Santos et al., 1992)in the process. Our results with three sterecisomeric BPDE-
(2) the base-displaced intercalative conformations-of- ( ~ modified deletion duplexes [this work and Cosman et al.
and ()-cis-anti{BP]-N2-dG opposite dC (Cosman et al., (1994a,b)], indicate normal WatseiCrick base pairing and
1993a, 1996), (3) theH)-cis-anti- (Cosman et al., 1994b) stacking on the Bside of the modified strand with a1
(+)-trans-anti-(Cosman et al., 1994a), andH)-trans-ant deletion in the unqu|f|ed (primer) strand, suggesting that
[BP]-N?-dG adducts (this work) oppositel deletion sites, further DNA synthesis can proceed normally, thus fixing the

(4) ()- and ()-trans-anti{BPh]-NS-dA adducts (derived ~ 1 frameshift mutation.

from fjord region benzafjphenanthrene diol epoxide enan- ~ Coordinates DepositionThe coordinates of the)-trans-
tiomers) opposite dT (Cosman et al., 1993b, 1995) and (5) ant-[BP]dGdel 11/10-mer are being deposited in the Protein
anti-[BP]-N°-dA adducts in several different sequence con- Data Base, Brookhaven National Laboratory, Upton, New
texts (Schurter et al., 1995a,b; Yeh et al., 1995; Zegar et al., York 11923, from whom copies can be obtained (accession

1996b). Similar characteristics are exhibited by Biand code, 1AXL).

S N-dA (Feng et al., 1995, 1996) am#-dG adducts (Zegar

et al., 1996a) derived from styrene oxide. These differing SUPPORTING INFORMATION AVAILABLE
conformational themes with the common feature of opposite  Foyr tables listing exchangeable and non-exchangeable
orientations associated with opposite linkage &tandS proton chemical shifts for the entire-j-trans-anti[BP]dG-
absolute configurations appear to be general and are indete| 11/10-mer, a comparison of intermolecular NOEs with
pendent of specific conformational type, nature of the distances observed in the refined structures and proton
modified base, or the nature of the PAH residue. Such chemical shift differences on adduct formation, and five
profound effects of opposite absolute configurations of the figures showing the structures of the four stereoisomeric
covalently bound PAH residues could be associated with BPDE adducts, an expanded NOESY contour plot @D
different patterns of response to DNA repair, transcription, phosphorus spectra, the superposition of five structures that
and replication enzymes that could account for the observedbest fit the NMR data obtained by molecular mechanics
differences in the biological activities of chiral pairs of PAH calculations using DUPLEX, and the final unrestrained
diol epoxide stereoisomers. energy minimized structure obtained by molecular mechanics
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calculations using DUPLEX (11 pages). Ordering informa-
tion is given on any current masthead page.
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