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ABSTRACT. Binding conformations of singlanti-BPDE-N-dG adducts in oligonucleotides of varying

base composition have been studied by induced circular dichroism (ICD). The sign of the ICD around
350 nm of single-stranded oligonucleotide adducts and the sign of an exciton type of CD component at
260 nm in both single strand and duplex forms of adducts correlate with the absolute configuration of the
cyclohexyl moiety of the adduct. Changes in magnitude and sign of the ICD around 350 nm were observed
upon duplex formation. The results show that adducts displaying external (minor groove) binding
characteristics are associated with a significant positive ICD. Conversely, adducts displaying intercalation
binding characteristics were found to have a positive or negative ICD. The magnitude of the ICD is
dependent on the sequence context and the particular adduct isomer studied. Duplexe3-twéhs(
anti-BPDE-N-dG in 3-d(CCTATCGCTATCC) or 5-d(CCTATAGATATCC) exhibit a relatively strong
positive ICD. In contrast, the duplexes with )-trans-anti-BPDE-N-dG in 3-d(CCTATTGCTATCC)

and 3-d(CCTATTGTTATCC) display a small positive and negative ICD, respectively, in both cases
suggesting conformational heterogeneity. Partially complementary duplexes (dA, dT, or dG) localized
opposite the )-trans-anti-BPDE-N-dG adduct in 5d(CCTATCGCTATCC) or 5-d(CCTATA-
GATATCC) also demonstrated negative ICD. These results together with light absorption characteristics
suggest a preferred conformation of intercalation for the mismatched duplexes. Evidence of an equilibrium
between the external and intercalative adduct conformation is provided by the results from the temperature
dependence of the near-UV absorption and ICD characteristics)etf§ns-anti-BPDE-N-dG complex

in a 5-d(CCTATAGATATCC) duplex.

Circular dichroism (CD) spectroscopy can be used to [a]pyrenediol epoxide (BPDE) diastereomers and their cor-
detect interactions of achiral chromophores with chiral responding enantiomers) and subsequent covalent binding
moieties. It is well-known that achiral chromophores such of these electrophiles to DNA9{-12; see Chart 1). The
as acridine, proflavine, and methylene blue display induced great difference in biological activity between different BPDE
circular dichroism (ICD) upon binding to DNALF-4). The isomers has generated considerable interest in the structural
ICD induced in the region of the near-UV absorption band features of their DNA adducts18—19). The exocyclic
of the bound chromophore can provide information about amino groups of the purine bases, viz., thé &hd N
binding geometry and helix conformatiob8). exocyclic amino groups of guanine and adenine, respectively,

Benzop]pyrene (BP), a ubiquitous environmental con- in native DNA, are the primary targets for adduct formation
taminant, is mutagenic and carcinogenic following metabolic (20). BPDE adduct conformation in well-defined oligo-
activation to diol epoxide intermediateanti- andsynbenzo-  nycleotides has been studied by use of (i) optical spectros-

co 1-27), (ii) high-resolution NMR spectrosco ,
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the minor groove (solvent-exposed) and the shift in absorp-

dichroism (ICD), may provide further information on adduct

tion maxima toward longer wavelength is less pronounced conformation and possible heterogeneity.

(2—3 nm). In some cases these classifications have been

verified by analysis of the solution structures of BPDE
adducts using high-resolution NMR.9).

The NMR solution structures of the major adducts derived
from anti-BPDE in the oligonucleotides'®(CCATCGC-
TACC)/3-d(GGTAGCGATGG) 80) and 3-d(CCTATGT-
GCAC)/3-d(GGATACACGTG) (G in bold indicates the
adduct site) 1) have been determined. In both these
structures of the)-trans-anti-BPDE-N-dG adducts and
in the structure of the-()-trans-anti-BPDE adduct in 5
d(CCATCGCTACC)/3-d(GGTAGCGATGG) 82) the ma-
jority of the pyrenyl chromophores are localized in the minor
groove. In the former case H{-trans-anti-BPDE, 1(B

In the present study a number of oligonucleotides have
been specifically modified with theK)- or (—)-anti-BPDE
and thecis- and transBPDE-N-dG adducts have been
analyzed by light absorption spectroscopy and CD. We have
focused on adducts in a sequence context previously studied
with high-resolution NMR in order to see if the specific
structural features of a particular adduct are reflected in the
ICD spectrum. To probe the usefulness of ICD in predicting
heterogeneity in adduct distribution the technique has also
been employed on a few selected adducts with unknown
structures. The results show that in the clear-cut cases and
even in a case where NMR data have suggested the presence
of a minor conformation 35), ICD and light absorption

absolute configuration] the chromophore is directed toward indeed reflect the NMR determined adduct structures. These
the B-end of the modified strand, whereas in the latter case results also indicate that in cases where structural heteroge-

[(—)-transanti-BPDE, 1R absolute configuration] the chro-
mophore is oriented toward thé-81d. Depending on the
base sequence, viz., in-8(CCTATGTGCAC)/3'-d(GGA-
TACACGTG), the @)-trans-anti-BPDE-N-dG adduct may
also adopt a minor conformation compatible with interca-
lative binding G1).

The solution structures ofH)-cis-anti-BPDE (1(R abso-
lute configuration) and the~)-cis-anti-BPDE adduct (18
absolute configuration) in'®(CCATCGCTACC)/3-d(GG-
TGCGATGG) have also been determine®B,(34). The
predominant conformations of the-J-cis- and (-)-cis-anti-
BPDE-N-dG adducts are characterized by intercalative

neity might preclude detailed NMR studies, UV results alone
may be ambiguous, but ICD is able to resolve the hetero-
geneity and suggest the nature of the conformational equi-
librium.

MATERIALS AND METHODS

Caution BenzoR]pyrenediol epoxides are carcinogenic
and mutagenic agents and should be handled with care, as
outlined in National Cancer Institute Guidelines.

Chemicals. The BPDE diastereomers and their enanti-
omers were synthesized as described previo@sly (Oligo-
nucleotides (13-mers) were obtained from Kebo, Stockholm,

binding associated with base displacement and are thusSweden. Prior to use their purity was checked by HPLC

different from the major stereocisometi@ns adducts.

Situations where a single oligonucleotide adduct may exist

(see below).
Synthesis and Isolation of BPDE-Modified Oligonucleo-

in an equilibrium between different conformational states are tides. Single-stranded oligonucleotides{{CCTATXGY -

notoriously difficult to study by NMR and analysis by light

TATCC), where X or Y can be dA, dC, or dT] (16200

absorption spectroscopy only may be ambiguous. In theseuM) dissolved in 50 mM Tris-HCI, 5 mM EDTA, pH 7.5,
cases circular dichroism (CD), in particular induced circular were reacted with a 5-fold excess of the&){ or (—)-
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enantiomer ofanti-BPDE (dissolved in DMSO, final con-  1apie 1: Uv (306-400 nm) Absorption Maxima of BPDEAIG
centration 8.5%). The reaction was allowed to proceed modified Oligonucleotide in Single-Stranded and Duplex Forms
overnight on ice. The reaction mixture was extracted with Dissolved in 50 mM Tris-HCI Buffer, pH 7.5, 5 mM EDTA and
ethyl acetate to remove the tetraols, the hydrolysis products100 mM NaCl

of BPDE. The remaining organic solvent was removed by modified Amax

a gentle stream of Nbubbling through the sample. The adduct  sequence complement single strand duplex

extent of overall modification was calculated from the ) yansani cec GCG 350, 334, 321 346, 330, 316

maximal absorbance of the BPDE chromophore at-38# GAG 355, 338

nm usinge = 28.5 mM?! cm . The BPDE-modified GTG 354, 339

oligonucleotides were isolated by semipreparative HPLC as .

degscribed 24, 27). Acetonitrile yWas rgmgved from the (T)tansant TGC GCA 352,336,321 346,330,315

isolated fractions under a stream of §fas. Subsequently  (+)-trans-anti AGA TCT 352, 336,322 346, 330, 316

the samples were passed through Sep-Pakc@rtridges TAT 350, 334, 320

(Water associates, Milford, MA) previously washed with T 352, 336, 321

methanol (7 mL) and equilibrated with distilled water (2.5 6T 352,335, 321

mL). Following application of the samples,>3 1 mL of (+)-trans-anti  TGT ACA 350,333,319 347,331, 317

water was allowed to pass the cartridge followed by 3

mL of methanol to elute the BPDE-modified oligonucleotide. (—)-trans-anti  CGC GCG 351,335 347,330, 316
In the following only the three central bases of the (+)-cis-anti cae GCG 354,337 355, 340

modified oligonucleotides will be referred to, since the

flanking bases on either side of the adduct site were not (—)-cis-anti CGC GCG 351, 336 355, 338

varied. aThe three nucleotides at the center of the sequeRdéECTAT-

Preparation of the Tetraols of BPDEThe pure {)- and XXXTATCC) or at its complementary strand.
(—)-enantiomers o&nti-BPDE were hydrolyzed to tetraols
in dilute HCI. Thecis and thetransisomers formed were For B-form DNA, ligand or adduct ICD can be divided

separated by HP'—E using a reversed phase column (Dy-jnig two classes: (a) groove-localized chromophores show
namax  Cig, 300-A pore size, 2.5 250 mm i.d., Rainin  gy6ng positive ICD from transition moments oriented along

Instrument Co., Woburn, MA) at 3T and a solvent system  yhe groove; (b) intercalated chromophores may show weaker
composed of a linear gradient of £50% acetonitrile in positive or negative ICDS, 7).

ammonium acetate buffer, pH 4.9. After removal of the For example, for a BPDE adduct localized in the minor

acetonitrile the fractions containing the tetraols were ex- : I
. . . . groove with the pyrenyl L transition moment+312, 330,
tracted with ethyl acetate, dried undes, lnd dissolved in ;
50 mM Tris—HCI)/buffer bH 7.5 contafning 100 mM NaCl and 350 nm) oriented parallel to the groove, thebands
' " are predicted to exhibit positive ICD and a spectral feature

and 5 mM EDTA. e . .
. . : o similar to the I, band ). For the perpendicularly oriented
Circular Dichroism. CD spectra of the BPDE-modified transition moment B(~267 and 277 nm), which is then

oll_gonucleondes ok smgle-stranc_le_d form (dissolved in 50 mM radially oriented relative to the helix axis and parallel to the
Tris-HCI bufter, pH 7.5, containing 100 mM NaCl a_nd 5 planes of the nucleotide bases, only a weak ICD is expected.
mM EDTA) were recordeq on a JASCO spectropolarimeter For intercalated chromophores, in the idealized case when
at 5°C. The corres'p.ondlng spectra of the duplexes were an adduct is positioned near the center of DNA, ICD is
measured after addition of the complementary strand fol- negative for the transition moments parallel to the longest

Iowg_cfj_ %y Tt Ieastl 1'? dstorage. .TQE condcentr?g?sw(l)f the dimension of the base-pair intercalation pocket and positive
moditied oligonucieotides were In the order of =.5u for the orientations parallel to the pseudo-dyad axis (the short

. 2 :
in the Cfa;]e qf wfggsg dth ad(#]cts and—15t /“‘L\./l In thf th axis of the intercalation pocket). In this case, the magnitude
case of thecisv-dls adaucts. € concentrations ol € - ¢ cp and in some cases also the sign depend not only on

tetraols used for CD measurements were in the order-afl5 the location but also on the orientation of the adduct in the

#N#h . tributi to the CD i ted intercalation pocket. If one of the transition moments of
€ various contributions 1o the Spectrum expectea y,q intercalator is oriented with a nonzero angle relative to

for BPDE'mO.d'f'?d .ol|gonucleot|des can be summanzeq aS the longest dimension of the base pair, the magnitude of the
follows: (1) intrinsic CD of BPDE due to asymmetric ICD can be large

perturbation of the pyrenyl chromophore by the chirally
substituted cyclohexyl ring, giving rise to asymmetric static ResyLTS

and dynamic contributions of CD to the pyrenyl chro-

mophore, 2) intrinsic CD of DNA due to excitonic interac- To probe the usefulness of the ICD method, we have
tions between stacked nucleotide bases and, to a lesser extentainly focused our studies on adducts in such sequences
coupling with far UV transitions of the deoxyribose moieties, where solution structures by NMR have been determined
(3) an exciton type of contribution due to interaction between (Tables 1 and 2).

the transition moments of DNA (260 nm) and the near-  Absorption Spectra of BPDE-Modified Oligonucleotides.
degenerated Bransition moment of the BPDE chromophore, The UV absorption spectrum in the 36800-nm region of

and @) induced CD (ICD) of BPDE adducts due to the BPDE-modified oligonucleotides in single- or double-
coupling between the transitions of the pyrenyl residue and stranded form was registered (Table 1). The light absorption
the transitions of the chirally arranged adjacent nucleotide spectrum of {)-trans-anti-BPDE-N-dG adduct in 5
bases. d(CGC) is shown in Figure la as an example. The
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Table 2: ICD of BPDE-R-dG (A¢ in M~ cm™) Modified Oligonucleotide at 3C in Single-Stranded and Duplex Forms Dissolved in 50 mM
Tris-HCI Buffer, pH 7.5, 5 mM EDTA, and 100 mM NaCl

adduct
tetraol duplex
absolute  modified stereoisomer single strand duplex  contributior?
adduct configuration sequence |Amay ICD, M7 |imad ICD, MY |Amad ICD,M™! ICD,M™? NMR structure
(+)-trans-anti 7R,859R,10S CGC 343 -31 350 —-104 347 +5.4 +8.5 minor groove, 5orientatior
CGC 354 —-171 —-14.0
CGC 352 —31.8 —28.7
(+)-trans-anti TGC 343 -3.1 350 —-4.9 353 -1.9 +1.2 minor groove, 5orientation
(+)-trans-anti AGA 343 -31 350 —15.8 345 +7.6 +10.7 minor groove, sorientatiord
AGAP 351 —-95 —6.4
AGAc® 352 -9.4 —-6.3
AGA¢ 352 -16.5 —-13.4
(+)-trans-anti TGT 343 -3.1 350 -—11.8 355 —10.8 -7.8
(—)-trans-anti 7S8R9S10R CGC 343 +3.8 349 +8.3 345 +9.9 +6.1 minor groove, 3orientatiort
(+)-cis-anti  7R8S9R,10R CGC 342 +4.1 355 +0.7 354 +22.2 +18.1 base-displaced intercalation
(—)-cis-anti 7S8R,9S,10S CGC 343 —6.7 353 —-1.3 355 +1.1 +7.8 base-displaced intercalation

aQObtained by subtracting the ICD of the corresponding tetraot243 nm from the observed ICD of the modified dupléxdMismatched
duplexes with either dA, dT, or dG, respectively, opposite the modifiecf@ee referenca0. f With additional minor intercalated conformeg1j.
9 Minor conformation observedb). " See referenc82. ' Modified with additional minor conformer of groove binding characteristg3).( With

additional minor conformer of groove binding characteristi®4).(

measurements were generally carried out at@5which is @
well below the melting temperaturéd{ > 35 °C) of the
modified duplexes. It can be concluded from Table 1 that
all the anti-BPDE-N-dG oligonucleotide adducts studied
exhibit near-UV absorption maxima in single-stranded (ss)
form ranging from 350 to 354 nm. Upon addition of the
complementary strands tmans-anti-BPDE-N-dG modified
sequences, a substantial shift@nm) of the maxima toward
shorter wavelengths was observed. In contrast, duplex
formation of oligonucleotides witttis-anti-BPDE-N-dG
adducts resulted in a shift {4 nm) of the maxima toward
longer wavelength. Upon addition of partially complemen-
tary strands in which the complementary dC opposite the
(+)-trans-anti-BPDE-N-dG adduct in 5d(AGA) or 5-
d(CGC) is replaced with dA, dT, or dG, no change or shifts
toward longer or shorter wavelength were observed (Table
1).

In previous studies of BPDENIG adducts, optical
spectroscopic technique$4—16) have been employed to
distinguish two types of binding sites, one with intercalative
characteristics (type I) and one with external binding (type
II) characteristics. This classification has recently been
confirmed by high-resolution NMR studies amti-BPDE-
N2-dG adducts in 5d(CGC) and 3-d(TGC) containing
oligonucleotide duplexed ). In this context the terms site
| type and site 1l type have been used. Available evidence
shows thatis-anti-BPDE-N-dG adducts belong to the first
category (1), whereas the correspondiransadducts belong
to the second category (l1).

Circular Dichroism Measurements on Adducts with Known
Structures. CD measurements were carried out on single-
and double-stranded oligonucleotides contairtitagns and
cis adducts derived from theH)- and (-)-enantiomers of
anti-BPDE (Table 2). As an example the CD spectrum of
(+)-trans-anti-BPDE-N-dG in 5-d(CGC) is shown in
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Figure 1b. Thdransadduct is known to be homogeneous Ficure 1: (a) UV absorption and (b) CD spectra of }trans

and localized in the minor groov8(@). Figure 2 shows the
CD spectrum of{)-trans-anti-BPDE-N-dG in 5-d(TGC).
As suggested by the results of Fountain and Krugft) the
adduct in 5-d(TGC) may adopt different conformations but

the major adduct is localized in the minor groove. gain.

anti-BPDE-N-dG in 5-d(CGC) in single-strandedd) and duplex
(—) forms at 5°C in 50 mM Tris-HCI buffer, 100 mM NacCl, and

5 mM EDTA, pH 7.5. The CD spectrum of the corresponding tetraol
isomer is also included¥). Concentration of adduct and corre-
sponding tetraol isomer, 6.7 and @B, respectively, 1& higher
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FiIGURE 2: CD spectra of-f)-trans-anti-BPDE-N-dG in 5-d(TGC)

in single-strandedX) and duplex{) forms. Adduct concentration,
7.0 uM. Other conditions as in Figure 1.

In the exciton CD spectra, the modified oligonucleotides
have maxima or minima at 25260 nm, where the
oligonucleotides have strong absorption. The sign of the

Pradhan et al.

nucleobase stacking. To further reduce stacking interactions,
20% DMSO was added. A small shift to shorter wavelength
was observed, but there was no significant change in intensity
(Figure 3c). The high-temperature spectra were found to
be very similar to those of the corresponding tetraol.

Typical tetraol ICD spectra are shown in Figure 3c,d. The
CD data of the tetraol isomers are included in Table 2 and
are fully consistent with those of Weems and YaB@)(To
estimate the contribution of the oligonucleotide duplex to
the ICD of the modified sample, the ICD of the longest
wavelength spectral extreme point of the corresponding
tetraol was subtracted. The subtractions, with results as
shown in Table 2, do not take into account the small
wavelength shifts of the spectra.

The ICD of the @)-trans-anti-BPDE-N?-dG adduct in 5
d(CGC) in the single-stranded form was negativelQ.4
M~1) but changed sign upon duplex formation. The duplex
contribution to ICD was found to be positive (8.5 8. In
this adduct the BP ring is positioned in the minor groove
and directed toward theé-Bnd of the modified strand().
The ICD of the @)-trans-anti-BPDE-N-dG adduct in 5
d(TGC) was also negative{4.9 M) in the single-stranded
form. Unlike the ¢)- and the {)-trans-anti-BPDE-N-dG
adducts in 5d(CGC) where ICD maxima were identical to
the near-UV absorption (34547 nm), the ICD minima (353
nm, Figure 2) and the near-UV maxima (346 nm, Table 1)

spectrum depends on the absolute configuration at theg, the adduct in 5d(TGC) sequence context were different.

benzylic C-10 position of the BPDE adduct in both single-
and double-stranded oligonucleotides. The adducts with 10
absolute configuration at the C-10 position [e.g:){rans
and ()-cis-antiBPDE-NP-dG] exhibit a positive CD spec-
trum around 252260 nm, whereas the adducts withRLO
absolute configuration [e.g.—(-trans and ()-cis-anti
BPDE-N-dG] exhibit a negative exciton CD spectrum.
Similar findings have been obtained with single nucleotide
and nucleoside adducts of BPDE as well as with oligo-
nucleotide adduct2Q, 22, 27, 3k

The duplex contribution to ICD was found to be weak but
positive (1.2 MY). This adduct has been shown to be
heterogeneous in its solution structure, with a major con-
former located in the minor groove and a minor conformer
intercalated 31). For the @)-trans-anti-BPDE-N-dG ad-
duct in 8-d(AGA) the ICD of the single strand was negative
(—15.8 MY, with a relatively strong positive duplex
contribution (10.7 M%) (Figure 4). Recent preliminary
results from NMR measurements have suggested that the
adduct is positioned in the minor groove withdrientation

The data obtained from the ICD measurements at Ionger(35).

wavelengths with the different adducts are compiled in Table
2. The sign of the ICD in the single-stranded form reflects
the absolute configuration at the benzylic C-10 position of
the BPDE adduct. The adducts withS bsolute config-
uration at the C-10 position [e.g.;+f-trans and )-cis-
anti-BPDE-N-dG] exhibit a negative ICD spectrum at 346
355 nm, whereas the adducts withRl&bsolute configuration
[e.g., ()-trans and ()-cis-antitBPDE-N-dG] exhibit a
positive ICD spectrum.

The ICD in the region of 306360 nm should originate
from the interaction of the pyrenyl chromophore with the
chirally stacked DNA bases and the chiral cyclohexyl moiety
of the adduct. To assess the ICD originating from the
oligonucleotide-BPDE adduct interaction, the contribution
of the cyclohexyl chirality must therefore first be subtracted.
To estimate this contribution, ICD spectra were recorded for
the (+)-trans and the {)-cis-anti-BPDE-N-dG adduct in
single-stranded's5d(AGA) at temperatures ranging from 5
to 75°C. As shown in parts a and b of Figure 3, respectively,
the spectral intensities diminished gradually toward higher
temperatures, probably due to decreased-badduct stack-

The (-)-transanti-BPDE-N-dG adduct in 5d(CGC)
showed a positive ICD in single-stranded form, becoming
further positive in duplex form with a duplex contribution
to the ICD of 6.1 M* (Figure 5). This adduct is also known
to be localized in the minor groove with &-3rientation
(32).

The CD spectra of thek)- and (-)-cis-anti-BPDE-N¢-
dG adducts in 5d(CGC) are shown in parts a and b of
Figure 6, respectively. These adducts have base-displaced
intercalative binding sites3@, 34. Both have weak ICD in
single-stranded forms probably reflecting structural disorder.
The ICD of the ¢)-cis adduct had a strong positive duplex
contribution (18.1 M1). The ()-cisadduct had a negative
ICD in the single-stranded form but changed sign in the
duplex form with a positive duplex contribution of 7.8

It can be concluded from Table 2 that both the minor
groove localized+)- and ()-trans-anti-BPDE-N-dG ad-
ducts in 5-d(CGC) and the §)-trans-anti-BPDE-N-dG
adduct in 5-d(TGC) exhibit a positive duplex contribution
to ICD. It should be noted that the heterogeneous conforma-

ing interactions, but no change in sign was observed. Thetions observed by NMR for)-trans-anti-BPDE-N-dG

rate of change of ICD in case of tleés adduct was found to
be lower than for théransadduct, reflecting stronger pyrene-

adducts in 5d(TGC) is reflected in a numerically very small
duplex contribution to the ICD. Positive ICD contribution
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FiIGURE 3: ICD of (a) (+)-trans and (b) ¢)-cis-antitBPDE-N-dG in 3-d(AGA) in single-stranded forms at ®}, 15 (1), 25 (), 45 (@),
and 75°C (a). In (c) and (d), ICD spectra ofi)-trans- and ()-cis-anti-BPDE-N-dG in 5-d(AGA) in single-stranded form) at 75°C
are compared with that of the corresponding tetraols The ICD spectrum of thef()-transadduct in the presence of 20% DMSO at 75
°C (+) is also included in (c). Concentrations of the adducts, 7.3 an@/®,7and those of the corresponding tetraols, 6.8 and AM3
respectively. The other conditions as in Figure 1.

from duplex formation were observed for the intercalated also be noted that upon duplex formation the minima of the

(+)- and )-cis-anti-BPDE-N-dG adducts in 5d(CGC). ICD are shifted to longer wavelengths at 355 nm (cf. Table
Induced Circular Dichroism of Adducts with Unknown 2). The UV absorption maximum of the duplex, on the other
Structures. Figure 4 shows the ICD spectrum of the)( hand, appeared at 347 nm as expected for minor groove

trans-ant-BPDE-N-dG adduct in 5d(AGA) and with localization of the BPDE-chromophore (Table 1).
matched and mismatched complementary sequences. As UV Absorption and CD as a Function of Temperature.
previously described and shown in Table 2, the ICD of the Figure 8a shows the effect of temperature on the UV
single strand adduct is negative and the duplex contribution absorption spectrum (36850 nm) of the {)-trans-anti-
is positive in a correct complementary sequence. However,BPDE-N-dG adduct in double-stranded-&AGA). No
when the ¢-)-trans-anti-BPDE-N-dG adduct is present in  change in absorption maxima was observed at temperatures
mismatched duplexes, the ICD remained negative in all caseswhere the duplex is fairly stabld = 38°C, 100 mM NacCl,
(Figure 4). Similarly, with the-)-trans-anti-BPDE-N-dG 50 mM Tris-HCI, pH 7.5, and 5 mm EDTA). Beyond 30
in 5-d(CGC) the positive ICD observed with the fully  °C a shift to longer wavelength was observed mainly due to
complementary duplex became strongly negative in mis- an increasing extent of single strand formation. Figure 8b
matched duplexes (Figure 1b and Table 2). shows the corresponding ICD spectra at different tempera-
Figure 7 shows the CD spectrum df)-trans-anti-BPDE- tures. Increasing the temperature from 5 to°@5resulted
N2-dG in 5-d(TGT). Optical spectroscopy studies on the in a gradual change in the ICD from positive values of high
adduct structure characterized this as a site Il adduct-in 5 magnitude to highly negative values. Attemperatures below
d(CACATGTACAC) (22), but no NMR structure is avail- 30 °C, there was a net positive contribution to the ICD at
able. The ICD of this adduct in the present sequence is 347 nm from the oligonucleotideadduct interaction but it
negative in both single- and double-stranded form. It should decreased with increasing temperature. Since the results in
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FicURe 5: CD spectra of{)-trans-anti-BPDE-N-dG in 3-d(CGC) respectively. Other conditions as in Figure 1.

in single-strandedd) and duplex{-) forms. Adduct concentration, L . .
5.14M. The CD spectrum of the corresponding tetraol isomer (6.0 relation is noted between the sign of the exciton CD band at

uM) is also shown ). Other conditions as in Figure 1. 250-260 nm and the absolute configuration of these adducts

) o ) in both single- and double-stranded oligonucleotics 22,
Figure 8a clearly indicate that the duplex conformation of 27,39. Similarly, the sign of the ICD of a particular adduct

the adducted oligonucleotide is intact at least up t0@8 i 5 single-stranded oligonucleotide at 350 nm follows the
the change in ICD should reflect a change in adduct ggme pattern as the intrinsic CD of the corresponding BPDE
conformation. It is interesting to note that the ICD profile atra0l isomer. Irrespective of base sequence context, the

at2 30°C _is similar to those for theH)-transanti-BPDE- (+)-trans and ()-cis-anti-BPDE-N-dG adducts with a 19
N*dG with 3-d(TGC) and 3-d(TGT) sequence contexts  gpgolute configuration exhibit negative ICD at 3483 nm

at 5°C (Figures 2 and 7). In each case, there is a negativej, gingle-stranded forms. In contrast, adducts wittR10
minimum at a wavelength around 35356 nm (typical for  apsolute configuration exhibit positive ICD in this region.
atype | site) and a negative crest at 346 nm. Hence, the signs of both CD and ICD can be guidelines in
identifying the absolute configurations of BPDE-NG
DISCUSSION adducts in oligonucleotides. In a recent study, the ICD of
CD and Absolute Adduct Configuratiori-or the series  anti-BPDE-N-dA adducts in the human kas proto-
of BPDE-NP-dG adducts studied (Table 2) a definite cor- oncogene was used to assign the absolute configuration of
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Concentration and other conditions as in Figure 1.

the pyrenyl chromophore3g). As is evident from the  contripution (Table 2) is not consistent with this interpreta-
present study, both the sign of the ICD and its magnitude tjon, A similar discrepancy between UV and ICD spectral
are highly influenced by the type of adopted adduct extreme points was observed for thg){trans-anti-BPDE-
conformations and their relative distribution. N2-dG adduct in 5d(TGC) (Tables 1 and 2). The latter

ICD of Externally Localized (Site 1) AdductsFor the  adduct has been shown to have a conformational distribution,
established externally localized minor groove adducts (site with a dominant minor groove conformer and smaller
Il) studied here a positive duplex contribution to the ICD intercalated one31). We conclude that a similar situation
was observed in all cases (Table 2). The magnitudes of ICD gccurs in the 5d(TGT) conformer, possibly with a larger
were found to differ and depend on the sequence context.intercalative fraction reflected in its strong negative duplex
Previous results using UV absorption and fluorescence |CD (Table 2).
spectroscopy27) as well as preliminary NMR result8%) Negative duplex ICD was also observed in mismatched
have suggested that theé)-trans-anti-BPDE-N-dG adduct  duplexes containing ®l(AGA) or 5-d(CGC) adducts (Table
in double-stranded'&I(AGA) has an external localization.  3). Although the wavelength shift associated with duplex
The positive ICD of the adduct observed here substantiatesformation varies, the sign and magnitude of the ICD in
this suggestion. A positive ICD was also predicted for single- and double-stranded oligonucleotides are similar in
groove binders based on complete calculations by the “matrixeach case. The solution conformations of the adducts in
method” of Schellman and Tinod®, 8) and an idealized  mismatched duplexes may resemble the ones present in
coupled-oscillator modelS( 7) for achiral chromophores  duplexes in which deletions opposite the adduct site have
externally bound to a chiral macromolecule. been introduced. These duplexes lack proper Wat&nitk

The ()-trans-anti-BPDE-N-dG adduct in 5d(TGT) has base pairing at the adduct site. An NMR solution structure
not previously been well characterized. The UV absorption of the {)-transanti-BPDE-N-dG adduct in 5d(CCATCGC-
maximum at 347 nm for the duplex is indicative of a type Il  TACC) having a complement lacking the dC opposite to the
conformation (Table 1)22), but the observed ICD with a  adduct suggests that the pyrenyl chromophore is intercalated
minimum at 355 nm and with a strong negative duplex and the modified dG displaced into the major groo%6)(
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A similar study on the-{)-cis-anti-BPDE-NP-dG adduct also  conformation 81), the same can be predicted for the){
suggests intercalative binding and a displacement of thetrans-anti-BPDE-N-dG adduct in 5d(TGT) and that in 5
modified dG, but in this case into the minor groow&L), d(AGA) sequence at higher temperature. With increasing
Hence, the present results indicate that the pyrenyl chro-temperature the contribution to ICD of adducts in single-
mophore of ¢)-transanti-BPDE-NP-dG adduct in mis-  stranded form will become more pronounced and hide the
matched duplexes forms base-displaced intercalating com-effects of a conformer rearrangement.
plexes as the major conformational state. This resultis also Effect of Flanking Bases on Adduct Conformational
in agreement with the long-wavelength UV absorption above Distribution. When a @)-trans-anti-BPDE-Ne-dG adduct
350 nm (Table 1). is present in 5d(CGC) or 5-d(AGA) the magnitude of the
ICD of Intercalated (Site I) Adductsin general, intercala-  duplex ICD is strongly positive. However, the duplex
tion is the major conformation of site | adducts. In an contribution to ICD of the {)-trans-anti-BPDE-N-dG
idealized case where the intercalator is near the center ofoligonucleotides is found to be small and postive, e.g., 5
DNA, the ICD is negative for transition moments parallel d(TGC), or negative, e.g., '8(TGT), whenever the '5
to the longest dimension of the base-pair intercalation pocketflanking base adjacent to the adduct is dT. The smaller
and positive for orientations parallel to the pseudo-dyad axis magnitude of the ICD in the above cases indicates an increase
(the short axis of the intercalation pocket), 6, 7. The in heterogeneity of adduct conformations, possibly due to
magnitude, and in some cases also the sign, depends not onlthe weaker WatsonCrick pairing for TA pairs than for the
on the orientation but also on the location of the chromophore other base pairs on the-Slank of the lesion site. Results
in the intercalation pocket. In many site | adducts the from NMR spectroscopy3l) also show that the presence
modified dG is displaced from the center of the helix toward of a 5-dT adjacent to the adduct site increases the hetero-
the major or the minor groove and hence may have a strongergeneity of adduct conformations. Experimental results using
contribution to the magnitude of the ICDB)( The cis alternating and nonalternating polynucleotides have shown
adducts of {)- or (—)-anti-BPDE in 8-d(CGC) with known that the distribution of external and intercalative adduct
base displaced intercalated structures and positive duplex ICDiocalization is strongly dependent on sequence context. For
are examples of this category (Table 2). For these adductsinstance, in 5d(GGG) and 53-d(CGC) external localization
we observe similar shifts to longer wavelengths in the UV greatly dominates, whereas ind{AGA) and 3-d(TGT) the
absorption and ICD spectra. contribution of intercalative binding becomes increasingly
External-Internal Adduct Conformer Interchangdrevi- more important 43).
ous studies have provided evidence that a single BPDE
adduct in oligonucleotide duplexes can adopt different CONCLUSION
conformations and that their relative conformer distribution
is dependent on the base sequergie 81, 26, 19). Such a
heterogeneous conformer distribution was earlier predicted
on the basis of results from linear dichroism and fluorescence
spectroscopy experiments on BPDE-modified polydeoxy-
ribonucleotides5, 25). A decrease of the linear dichroism
amplitude of DNA itself has been ascribed to a decreased
persistence length of the double helix, owing either to
increased flexibility (“flexible joints”) or to permanent kinks
at the points of BPDE modification4®). The linear
dichroism of BPDE could be fitted to a bimodal conforma-
tional distribution having the long axis of the pyrenyl residue
at a small angle (minor groove orientation) or a large angle
(intercalation). Theoretical considerations as well as ex-
perimental results show that thé-NG adducts derived from
several BPDE enantiomers can be rearranged from minor
groove localization19) to a base-displaced intercalation site.
Effect of Temperature on Conformer Distributiohe
ICD of (+)-trans-anti-BPDE-N-dG in 5-d(AGA) varies
markedly with temperature from positive to negative values
with increasing temperature (Figure 8). At temperatures well
below Ty, (38 °C), the decrease in ICD is probably due to a
shift in the conformational equilibrium. NMR studies on
(+)-trans-anti-BPDE-N-dG in 3-d(AGA) displayed similar
results 85. The NMR spectrum displayed two imino
resonances for the modified dG whose relative intensities
varied with change in temperature, thus reflecting two
conformations in slow exchange. It should be noted that

As demonstrated in this study, ICD provides a valuable
tool to study the conformational distribution of PAHDNA
adducts and appears to provide additional structural informa-
tion to that obtained by other optical spectroscopic methods
(14, 15, 19, 22 BPDE-N-dG adducts in oligonucleotide
duplexes with UVAmax < 350 nm that exhibit a significant
duplex-induced positive ICD in the near-UV absorption
region of the pyrenyl moieties have a minor groove location
(site 1) as the predominant conformation. The net duplex
contribution to the ICD is dependent on the sequence context
of the oligonucletides. BPDE-modified duplexes of this type,
generally with a dT flanking the adduct, which exhibit a smalll
positive or negative contribution to ICD have adduct
heterogeneity. The heterogeneity is manifested in non-
coinciding extreme points of the long-wavelength UV and
ICD spectra. BPDE-RdG adducts in oligonucleotide
duplexes with UVAnax > 350 nm that exhibit either positive
or negative contributions to the ICD have intercalated binding
(site 1) as the predominant conformation. Mismatched
duplexes with the-{)-trans-anti-BPDE-N-dG adduct show
a negative ICD, consistent with a predominantly intercalative
(site 1) conformation. The distribution of adduct conforma-
tions has been demonstrated to be temperature dependent, a
factor which has already been assumed to partially influence
the mutational spectra induced by the){anti-BPDE-dG
adducts 44) and, therefore, to be of great importance for
biological systems.
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