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Abstract

Using polyacrylamide gel electrophoresis (PAGE) and low-temperature, laser-induced fluorescence line narrowing (FLN)
and non-line narrowing (NLN) spectroscopic methods, the conformational characteristics of stereochemically defined and
site-specific adducts derived from the binding of 73,8 a-dihydroxy-9«,10 a-epoxy-7,8,9,10-tetrahydrobenzol alpyrene (anti-
BPDE, a metabolite of the environmental carcinogen benzo[ alpyrene), to DNA were studied. The focus of these studies was
on the four stereochemically distinct anti-BPDE modified duplexes §-d(CCATCGCTACC) - (GGTAGCGATGG), where G
denotes the lesion site derived from trans or cis addition of the exocyclic amino group of guanine to the C10 position of
either (+) or (—)-anti-BPDE. PAGE experiments under non-denaturing conditions showed that the (4 )-trans adduct causes
a significantly greater retardation in the electrophoretic mobility than the other three adducts, probably the result of
important adduct-induced distortions of the duplex structure. Low-temperature fluorescence studies in frozen aqueous buffer
matrices showed that the (+)-trans adduct adopts primarily an external conformation with only minor interactions with the
helix, but a smaller fraction (~ 25%) appears to exists in a partially base-stacked conformation. The (—)-trans adduct exists
almost exclusively (~97%) in an external conformation. Both cis adducts were found to be intercalated; strong
electron—phonon coupling observed in their FLN spectra provided additional evidence for significant w—7 stacking
interactions between the pyrenyl residues and the bases. FLN spectroscopy is shown to be suitable for distinguishing
between trans and cis adducts, but lesions with either (+)- or (—)-trans, or (+)- or (—)-cis stereochemical characteristics
showed very similar vibrational patterns. Addition of glycerol (50%, v/v) to the matrix caused a partial disruption of the
chromophore-base stacking interactions for most adducts, but the (—)-cis isomer showed a strong blue-shift and unusual
vibrational frequencies. Low-temperature fluorescence spectroscopy techniques are most suitable for distinguishing between
different conformational benzol alpyrene diol epoxide-DNA adduct types; because of the sensitivity of these methods, they
may provide important information necessary for an understanding of the biological effects of the stereochemically distinct
BPDE—guanine lesions.
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1. Introduction

Benzo[ alpyrene is one of the most intensively
studied environmental carcinogens [1,2]. Several en-
zymatic pathways have been reported to catalyze the
binding of this compound or its metabolites to DNA,
including monooxygenation [3] and one-electron oxi-
dation routes [4]. Stable DNA adducts are mainly
formed via covalent binding of the exocyclic amino
group of guanine or adenine to the biologically most
active and chemically reactive metabolic intermedi-
ate 7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydro-
benzo[alpyrene [5]. There are two diastereomeric
forms of this molecule, 73,8 a-dihydroxy-9«a,10a-
epoxy-7,8,9,10-tetrahydrobenzol alpyrene (anti-
BPDE), and the 78,8 a,98,108-sterecisomer (syn-
BPDE). Each of these diastereomers can be resolved
into (+) and (—) enantiomers, and each enantiomer
can react via cis or trans addition at the C10
position with the exocyclic amino groups of guanine
and adenine residues [6,7]. In mammalian cells,
racemic (4 )-anti-BPDE is more mutagenic than
(+)-syn-BPDE [8,9]. Furthermore, (+ )-anti-BPDE
is strongly tumorigenic while (—)-anti-BPDE is not
[10,11]. These differences in biological activity are
believed to be related to different conformations of
the carcinogen DNA adducts [12]. BPDE adducts
may adopt various conformations depending on the
stereochemistry of the adduct [13] and also depend-
ing on the nature of the flanking bases [14,15].

BPDE-DNA adduct conformations have been
studied by several techniques, including circular /lin-
ear dichroism [14,16], fluorescence spectroscopy
[15,17,18), polyacrylamide gel electrophoresis
(PAGE) [19], high resolution NMR methods [20],
and molecular modelling [21]. In the case of ran-
domly modified BPDE-DNA adducts, the interpreta-
tion of data is complicated whenever (1) racemic
(4 )-anti-BPDE is used, (2) mixtures of cis and
trans adducts are formed, (3) different DNA bases
are modified, and (4) the sequence contexts in which
the different lesions are embedded are not defined. In
order to overcome these difficulties it is necessary to
synthesize stereochemically pure BPDE adducts
bound to a specific group of a given base in a well

defined oligonucleotide sequence. Geacintov and
coworkers have developed a direct synthetic ap-
proach in which BPDE is reacted with a given single
stranded oligonucleotide [13,22]. The resulting mix-
ture of BPDE-modified and unmodified oligonu-
cleotide strands with different bases modified and /or
different adduct stereochemistries are separated from
one another by means of HPLC techniques, and
annealed with the complementary strand. This ap-
proach was recently used for studying the effects of
flanking bases on the characteristics of (+ )-trans-
anti-BPDE-N2-dG adducts [15,23]. For our present
study in which conformational differences are inves-
tigated as a function of adduct stereochemistry, the
same approach was used to synthesize the oligonu-
cleotide d(CCATCGCTACC) - (GGTAGCGATGG)
containing the (+)-trans, (—)-trans, (+)-cis, and
(—)-cis adducts of anti-BPDE bound to the exo-
cyclic amino group of the central dG. The chemical
structures of the four adducts are presented in Fig. 1.
The solution conformations of three of these adducts,
bound to the same duplex oligonucleotide, have re-
cently been established by high resolution NMR and
molecular mechanics modeling techniques. It was
found that the (+)-trans and (—)-trans adducts are
both located in the minor groove, but point in oppo-
site directions (towards the 3’ and 5 end of the
modified strand, respectively) [20,24]. The (+)-cis
adduct, on the other hand, was found to be character-
ized by a base-displacement intercalation model, in
which the pyrenyl residue is intercalated, while the
modified guanine residue and the cytidine residue on
the partner strand are displaced into the minor and
major grooves, respectively [25].

In this paper we describe conformational studies
of these four stereoisomeric BPDE adducts, employ-
ing low-temperature laser-induced fluorescence spec-
troscopy under line narrowing (FL.N) and non-line
narrowing (NLN) conditions [26], as well as poly-
acrylamide gel electrophoresis [19]. The determina-
tion of BPDE-DNA adduct conformations by NMR
techniques requires milligram quantities of purified
BPDE-modified oligonucleotides. Fluorescence tech-
niques on the other hand are very sensitive and
subnanogram quantities of adducts are often suffi-
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cient for identification of the types of adducts [4,26]
or their conformational characteristics
[15,18,19,27,28]. In addition, fluorescence tech-
niques are capable of distinguishing conformational
equilibria on nanosecond and submicrosecond time
scales. By comparing results obtained for identical
BPDE-modified oligonucleotide duplexes obtained
by NMR and by fluorescence methods, more exact
interpretations of the lower resolution but higher
sensitivity optical spectroscopic techniques such as
UV absorbance [29] and fluorescence (this work)
become feasible.

2. Materials and methods

2.1. Preparation of the stereospecifically pure ad-
ducted oligonucleotides

Racemic anti-BPDE was purchased from the Na-
tional Cancer Institute Chemical Carcinogen Refer-
ence Standard Repository (Chemsyn, Inc.), Lot no.
CSL-91-320-29-17A, batch 15. The synthesis of the
covalent trans adducts bound to the d(CCATCGC-
TACC) sequence at dG was carried out starting from
racemic anti-BPDE using previously described
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methods [13,22,30). Briefly, the stereochemically
different 11-mer oligonucleotide adducts were sepa-
rated and purified by reverse phase HPLC methods.
The stereochemical characteristics of the adducts
were ascertained by enzymatically digesting the
BPDE-modified oligonucleotides to the BPDE-dG
mononucleoside levels, and comparing their HPLC
retention times and CD spectra with those of (+)-
trans-, (=)-trans-, (+)-cis-, and (—)-cis-anti-
BPDE-N2-dG adduct standards as described by
Cheng et al. [7]. The stereochemically pure BPDE-
modified oligonucleotide strands 5'-d(CCATCGC-
TACC) were mixed with equimolar amounts of the
complementary strands 5-d(GGTAGCGATGG),
heated to 65°C, and slowly cooled to room tempera-
ture. The melting points, 7, of the duplexes are
above 40°C; typical melting profiles have been pub-
lished [29].

For low-temperature spectroscopic measurements,
samples in aqueous buffer (20 mM sodium phos-
phate, 0.1 M NaCl, pH 7.0) or 50:50 mixed with
glycerol, were transferred to 30 ul quartz sample
tubes, sealed with rubber septa, and stored at —20°C
until further use. Adduct concentrations of all sam-
ples were 4 X 107® M in aqueous buffer or 2 X 107°
M in 50% glycerol.

(-)-cis

Fig. 1. Stereochemical configurations of the four isomeric adducts of anti-BPDE.
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2.2. Low-temperature fluorescence measurements

The instrumentation used for low-temperature
laser-excited fluorescence spectroscopy has been de-
scribed elsewhere [26]. Here, only the most impor-
tant specifications of the apparatus are summarized.
The excitation source was a Lambda Physik EMG
103 MSC XeCl excimer laser /FL-2002 dye laser
system. Adduct samples were probed with the laser
under non-line-narrowing conditions (77 K, S, « S,
excitation) or line-narrowing conditions (4.2 K, S,
« S, excitation). Fluorescence was dispersed by a
McPherson 2061 1-m monochromator; for NLN
measurements the resolution was 0.6 nm (100 pm
slit and 150 G/mm grating), while FLN spectra
were recorded using a resolution of 0.08 nm (200
um slit and 2400 G /mm grating). Depending on the
grating used the spectral window covered by the
active part of the Princeton Instruments IRY-
1024 /GRB intensified photodiode array detector was
160 nm, or 8 nm, respectively. For gated detection
the output of a reference photodiode was used to
trigger a Princeton Instruments FG-100 high-voltage
pulse generator. Most spectra were recorded using a
45 ns delay and a 400 ns gate width. Before the
measurements, samples were thawed from —20°C to
room temperature, then first slowly cooled on ice
before rapid cooling by the cryogenic liquid. This
procedure had previously been found to yield maxi-
mum duplexation [15],

2.3. Polyacrylamide gel electrophoresis

The oligonucleotide-BPDE adducts, complemen-
tary strands, and unmodified oligonucleotides {(con-
trols) were labeled separately with [y-*2PJATP (New
England Nuclear) using T4 polynucleotide kinase
from Sigma Inc. Labeling was terminated by incuba-
tion at 80°C for 25 minutes. Electrophoresis of du-
plex oligomers was carried out in two ways: labeled
oligonucleotide-BPDE adducts were annealed to the
corresponding unlabeled complementary strand,
while labeled complementary oligonucleotides were
annealed to non-labeled adducted oligonucleotides.
In both cases the non-labeled strands were in slight
molar excess. Annealing solutions were cooled down
from 70°C to 4°C over 2 h and kept at 4°C for an
additional 20 minutes, then dried under vacuum in a

Speed Vac concentrator. The dried pellets were re-
suspended in loading buffer (pH 8.3) containing 9
mM tris—borate, 0.2 mM Na, EDTA, xylene cyanole
FF tracking dye (Sigma), and 30% glycerol (v /v).

20% native polyacrylamide gel (19:1
acrylamide:bis-acrylamide in 53 mM tris—borate, 1.2
mM Na, EDTA, 50 mM NaCl, pH = 8.3 buffer solu-
tion) was prepared for the 38 cm X 50 cm Bio-Rad
Sequi-Gen Nucleic Acids Sequencing system. Thick-
ness was 0.4 mm. The gel was polymerized at
ambient temperature, then placed in a cold room
(4°C) and incubated in the running buffer overnight
before electrophoresis. Separation was carried out for
60 hours at 320 V and ~ 15 mA. The gel was kept
at 4 + 1°C in the cold room throughout the separa-
tion. Autoradiography of gels using various exposure
times was done at ambient temperature using Kodak
X-ray films.

3. Results and discussion

3.1. PAGE analysis of modified oligonucleotide
structures

The autoradiogram in Fig. 2 demonstrates that the
PAGE separation of single stranded oligonucleotide
samples was excellent, and therefore could be used
as an independent purity check. No cross-contamina-
tion was observed for the (+)-trans, (+)-cis, and
(—)-cis adducts; overexposure revealed only a very
low level of contamination (< 0.1%) in the (— )-trans
sample. Adduct decomposition by hydrolysis would
produce a benzo| a]pyrene tetrol and the unmodified
oligonucleotide, but this was not observed for any of
the samples.

In single stranded form, all modified strands move
significantly slower than the unmodified control. The
retardation of the BPDE-modified oligonucleotides
was in the order (+)-trans- > (—)-trans- > (+)-cis-
> (—)-cis-anti-BPDE adduct (see Fig. 2; lanes 1, 2,
3 and 4, respectively). Similar results, but with less
pronounced differences in mobilities, were obtained
by Shibutani et al. [30] for the same adducts embed-
ded in an 18-mer oligonucleotide. The mobilities
must reflect different translational friction coeffi-
cients since molecular weight and charge are the
same for each adducted strand. However, adduct
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Fig. 2. Autoradiogram showing electrophoretic mobilities (migra-
tion direction downwards) of single strand (lanes 1 through 4) and
duplex (lanes 5 through 8) oligonucleotides modified by (+)-trans
(lanes 1 and 5), (—)-trans (lanes 2 and 6), (+)-cis (lanes 3 and
7), and (—)-cis (lanes 4 and 8) adducts of anti-BPDE. Lanes 9
and 10 represent the single stranded and duplex unmodified
controls, respectively. Conditions: T = 4°C, native 20% polyacryl-
amide slab gel, 50 mM NaCl, 0.6 X TBE buffer.

conformations in single stranded oligonucleotides are
not the focus of this paper.

In the case of double stranded modified oligonu-
cleotides, the same mobilities were observed inde-
pendent of whether the modified strand or the com-
plement strand was labeled (only the mobilities of
the former are shown in Fig. 2). This indicates that
under our experimental conditions (native gel, T =
4°C) the modified 11-mer oligonucleotides were in
complete duplex form, in agreement with the thermal
melting studies of Ya et al. [29]. As shown in Fig. 2,
the (—)-trans-, (+)-cis- and (—)-cis-anti-BPDE ad-

ducted duplexes (lanes 6, 7 and 8, respectively)
move slightly slower than the unmodified duplex
(Iane 10). Considering the molecular weight increase
(5%) by adduct formation, these three adducts show
minimal deviation in mobility from the duplex un-
modified oligonucleotide. On the other hand, the
mobility of the (+)-trans adduct (Jane 5) was drasti-
cally reduced. According to the NMR studies of
Cosman et al. [20] and de los Santos et al. [24], the
extent of solvent exposure of the (+)-trans- and
(—)-trans-anti-BPDE adducts are comparable; for
both adducts the aromatic moiety is located in the
minor groove with one side exposed to the solvent.
On the other hand, for the (+ )-cis adduct (and also
for the (—)-cis adduct as will be shown below) the
pyrenyl system is embedded within the double helix.
Thus, there seems to be no clear correlation between
the observed gel mobilities and the external /internal
character of the adduct. If the observed mobilities of
the double stranded modified oligonucleotides are
not governed by adduct—solvent interactions, then
they must be the result of different adduct-induced
distortions of the duplex structure. Several experi-
mental findings indicate bending of the helix at the
site of the (+)-trans-anti-BPDE adduct. Linear
dichroism studies of BPDE-DNA adducts with ex-
ternal character, which is characteristic for the (+)-
trans-anti-BPDE adducts, suggested that there is a
kink or flexible joint at the site of lesion [31,32]. It
was also reported that DNA (145-185 base pairs)
modified with (4 )-anti-BPDE showed reduced elec-
trophoretic mobility, and bending of the helix was
suggested [33]. In addition, theoretical molecular
dynamics simulation studies reported that the (+)-
trans-anti-BPDE  adduct produced severe helical
bending in a duplex dodecamer, while the (—)-
trans-anti-BPDE adduct caused only minimal distor-
tion [21]. Our PAGE results confirm those findings,
showing that the (+ )-trans-anti-BPDE adduct causes
indeed a severe distortion of the overall helix struc-
ture, but that the helical structures of the duplex
oligonucleotides modified with (—)-trans-, (+ )-cis-
or (—)-cis-anti-BPDE are minimally disturbed. These
results are also consistent with those of Mao [34] and
Xu et al. [35] who have shown that upon ligation of
BPDE-modified oligonucleotides 11-23 base pairs
long, only the (4 )-trans-anti-BPDE-modified
oligonucleotides are capable of forming small, cova-
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lently closed minicircles. This clearly indicates that
only the (+)-trans-anti-BPDE N2-dG lesions are
associated with a flexible hinge joint or bend at the
site of the lesion.

3.2. General remarks concerning low-temperature
matrices

Before we discuss the NLN and FLN spectra of
the different adduct stereoisomers a short discussion
of low-temperature fluorescence measurements and
the matrices used in our experiments is appropriate.
Compared to conventional fluorescence spectrometry
at room temperature, carrying out the measurements
at 77 K under non-line narrowing conditions offers
several advantages for these types of adducts. Re-
duced spectral broadening is important in order to
observe the sometimes subtle differences in fluores-
cence spectra. Furthermore, quenching phenomena,
affecting the fluorescence of intercalated adducts less
strongly than that of external adducts [13,16,17],
play only a minor role at cryogenic temperatures; all
adduct types exhibit comparable fluorescence life-
times (ranging from 150 to 200 ns). Apart from the
obvious increase in signal intensity, this also means
that when non-selective excitation is applied to a
mixture of different conformations all adduct types
can be observed with similar sensitivities. The rela-
tive intensities of different emission bands thus give
a direct indication of the relative concentrations of
the particular species.

All samples were studied in two matrices: aque-
ous buffer and aqueous buffer/glycerol 50:50 v/v
(‘glass’). Obviously the conformations encountered
in aqueous buffer mimic the situation in a cellular
environment most closely. The addition of glycerol
serves several purposes: it increases the solvent com-
patibility towards the aromatic moiety of the adduct
and has a destabilizing effect on the DNA structure.
Conformational changes induced by the addition of
glycerol thus provide qualitative information regard-
ing the stability of the adduct conformation in aque-
ous buffer. At the same time the decrease in base-
chromophore interactions (weaker electron—phonon
coupling) usually leads to better resolved FLN spec-
tra [18], which is useful if the frequencies of the
vibrational modes are to be used for identification
purposes [4,19,36).

An important question is whether fluorescence
line-narrowing spectroscopy is also applicable to
frozen aqueous samples that could lead to a crys-
talline environment. However, due to the presence of
buffer salts [37] and also the flexible nature of the
oligonucleotides the direct surrounding of the chro-
mophore moieties is highly disordered, as reflected
in our FLN spectra (see below), and also our prelimi-
nary hole burning experiments (data not shown). An
ordered environment could cause matrix-induced
(Shpol’skii-type) line-narrowing, but that was never
observed for adduct samples in aqueous buffer. Thus,
aromatic fluorophores bound to DNA or oligonu-
cleotides in frozen aqueous buffer matrices experi-
ence a matrix inhomogeneity similar to that of com-
mon low-temperature glasses. Apparently, the occur-
rence of polycrystalline regions away from the
oligonucleotides has no influence on the spectro-
scopic properties of the adducts. It should also be
mentioned that light scattering problems in partially
polycrystalline aqueous samples are easily overcome
if time-resolved detection can be used.

It should be emphasized that during the cooling
procedure only conformations that are thermally ac-
cessible at ambient temperature can be trapped. At
elevated temperatures the adducts will show a broad
distribution of conformations, and some higher-en-
ergy conformations may not be trapped during cool-
ing. However, the conformations corresponding to an
absolute or local minimum of the potential energy
surface will also exist at cryogenic temperatures.
Therefore, if two or more distinct molecular confor-
mations are observed in a low-temperature fluores-
cence experiment, it can be concluded that these
conformations do contribute to the conformational
equilibrium in solution at biological temperatures,
but they may not represent the full room temperature
distribution. Since the matrix in the immediate vicin-
ity of the adduct is of an amorphous nature, the
possibility that otherwise improbable conformations
are being induced by matrix crystallization can be
excluded.

3.3. Non-line-narrowing (S, « S,) fluorescence
spectroscopy

In this section non-line narrowed (NLN) fluores-
cence spectra will be shown for BPDE adducts bound
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to double stranded oligonucleotides or to de-
oxyguanosine only. Based on the extent of the red-
shift of the fluorescence origin band, we define three
different adduct conformations as (+)-1, (+)-2, and
(+)-3 [18,27]. These conformations are character-
ized by increasing stacking interactions with the
bases and decreasing accessibility to quenchers, and
are assigned as external, partially base stacked, and
intercalated adduct types, respectively [18,27]. Most
NLN spectra were obtained using excitation at 308
or 343 nm, wavelengths with poor selectivity that
one can use to excite external, partially base stacked,
and intercalated conformations at the same time with
roughly comparable efficiencies (at cryogenic tem-
peratures all adduct types exhibit similar fluores-
cence lifetimes, while the molar extinction coeffi-
cients are not significantly different). Excitation at
355 nm is used to selectively excite intercalated
adducts [13]. Selective excitation of external adducts
is not possible; the existence of such conformations
can only be inferred via spectral deconvolution (see
below).

(+ )-trans-anti-BPDE adduct

NLN fluorescence spectra obtained for the (+)-
trans isomer in double stranded oligonucleotide, as
well as bound to the nucleoside dG only, are shown
in Fig. 3. The solvent matrices were aqueous buffer
(curves a, b, d) or aqueous buffer/glycerol 50:50
(curve ¢). For comparison, curve 3d is the NLN
spectrum of the (+)-trans adduct bound to guano-
sine only, showing the typical spectral characteristics
{emission maximum 376.3 nm, bandwidth ~ 130
cm™! FWHM) of the BPDE adduct in the absence of
interaction with the DNA helix. Emission maxima
and widths of the (0,0) origin bands of all adduct
isomers are listed in Table 1. Spectrum a in Fig. 3
with its relatively broad (0,0) band (~ 350 cm™')
corresponds to a mixture of conformations. The ma-
jor one with its maximum at 378.6 nm (a moderate
red shift compared to the mononucleoside adduct in
spectrum 3d) is assigned, based on our previous
nomenclature [18,27], as a (+)-1 external conforma-
tion. This agrees very well with the data, reported for
this adduct in solution by Cosman et al. [20], show-
ing that the pyrenyl moiety is located in the minor
groove with one side exposed to the solvent. How-
ever, the skewed peak shape of the fluorescence
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Fig. 3. Non-line narrowed (0,0) fluorescence origin bands of the
(+ )-trans-adduct of anti-BPDE in duplex oligonucleotide (T = 77
K) Curve a: spectrum in aqueous buffer; A, = 343 nm. Curve b:
spectrum in aqueous buffer; A, =355 nm. Curve c: spectrum in
50% glycerol matrix; A, =343 nm. Curve d: spectrum of the
same adduct bound to dG only; aqueous buffer; A, = 308 nm.

origin band in spectrum 3a indicate that the sample
was not conformationally pure, as revealed by selec-
tive excitation at 355 nm (see spectrum 3b). This
fraction, with its maximum at 380.3 and band width
I'=~240 cm™! is assigned as a (+)-2 type, par-
tially base-stacked conformation; its relative abun-
dance is estimated to be ca. 25% (see Table 1), This
is an unexpected finding, since the NMR spectra
recorded by Cosman et al. [20] showed no indication
of a heterogeneous equilibrium of conformations.
The differences in the apparent conformational adduct
heterogeneities observed by the fluorescence and
high resolution NMR methods are presently not well
understood. We note, however, some important ex-
perimental differences in these two experiments, for
instance, time scales and concentrations. A search
for an explanation for these conformational hetero-
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geneity effects would have to begin with an investi-
gation of some of these variables, but was beyond
the scope of this work.

As observed in previous studies for partially base
stacked conformations [38], the addition of glycerol
disrupted the weak stacking interactions and the
minor (+)-2 contribution observed in aqueous buffer
disappeared, leaving a purely external (+)-1 type
conformation. This effect is believed to be due to an
increased solvent compatibility towards the aromatic
moiety. The resulting spectrum, presented in Fig. 3c,
is narrower (~ 200 cm™') and does not show any
dependence on the excitation wavelength.

NLN spectra of the single stranded (+)-trans
adduct sample (not shown) indicates that in aqueous
buffer a very broad distribution of external and
base-stacked conformations exists (bandwidth ~ 430
cm™'; emission maximum ~ 381 nm). Upon dilu-
tion from 4 X 107° M to 2 X 1077 M a significant
spectral narrowing and a blue-shift to 376.7 nm is
observed. Similar effects were observed upon dilu-
tion of the single stranded samples of the (—)-trans
and (+)-cis adducts, but not for the (—)-cis adduct.
Studies in progress are expected to clarify these
phenomena for single stranded oligonucleotides. In
this paper we focus only on structural properties of
adducts in duplex oligonucieotides.

( — )-trans-anti-BPDE adduct

NLN spectra of the double stranded (—)-trans
adduct, obtained using non-selective excitation at
343 nm, are shown in Fig. 4, curves a and b. The
emission maximum at 378.4 nm observed in aqueous
buffer (spectrum 4a) corresponds to a (—)-1 external
adduct type with only weak interactions with the
DNA helix. The (0,0) origin band of the (—)-trans
adduct is very narrow (~ 170 cm™'), indicating
minimal heterogeneity. Excitation wavelength depen-
dence was practically absent; a very small contribu-
tion with a red-shifted emission was observed when
355 nm excitation was employed (spectrum not
shown). Addition of glycerol to the sample did not
have a large impact on the width of its NLN spec-
trum (compare spectrum 4b with 4a). However, the
(0,0) origin band was found to undergo a 0.6 nm
blue-shift, which was not observed for the (+)-trans
adduct. The bottom curve 4c shows the NLN spec-
trum of the (—)-trans adduct to dG for comparison.
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Fig. 4. Non-line narrowed (0,0) fluorescence origin bands of the
(—)-trans-adduct of anti-BPDE in duplex oligonucleotide (T = 77
K) Curve a: spectrum in aqueous buffer; A, =343 nm. Curve b:
spectrum in 50% glycerol matrix; A,, =343 nm. Curve c: spec-
trum of the same adduct bound to dG only; aqueous buffer:
A, =308 nm.

Our conformational assignment as a (—)-1 external
adduct is in agreement with the studies of de los
Santos et al. [24], who reported that the (—)-trans
adduct is located in the minor groove with one face
of the aromatic moiety exposed to the solvent. The
fact that the two trans adducts behave differently
upon the addition of glycerol indicates that the inter-
actions with the DNA are not identical.

(+ )-cis-anti-BPDE adduct

The NLN spectra of the cis adduct of (+)-anti-
BPDE are shown in Fig. 5. In aqueous buffer matrix
(spectrum Sa, employing non-selective excitation at
308 nm) the major conformation showed strong
chromophore—base interactions: the width is ca. 300
cm™!, while the emission maximum at 381.0 nm is
significantly red-shifted compared to those of the
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Fig. 5. Non-line narrowed (0,0) fluorescence origin bands of the
(+)-cis-adduct of anti-BPDE in duplex oligonucleotide (T =77
K) Curve a: spectrum in aqueous buffer; A,, = 308 nm. Curve b:
spectrum in aqueous buffer; A, = 355 nm. Dashed curve: differ-
ence spectrum 5a— Sb. Curve c: spectrum in 50% glycerol matrix;
Agx =308 nm. Curve d: spectrum in 50% glycerol matrix; A,, =
355 nm. Curve e: spectrum of the same adduct bound to dG only;
aqueous buffer; A,, =308 nm.

two trans adducts discussed above. This indicates
that in the duplex oligonucleotide the adduct is held
in an internal (+)-3 type conformation. These results
agree with the findings of Cosman et al. [25], who
recently established the major solution conformation
of this adduct to be of the intercalated type, with the
pyrenyl moiety being sandwiched between the two
neighboring cytidine bases and displacing not only
the adducted guanine into the minor groove, but also
the opposite cytidine residue on the partner strand
into the major groove. When using selective excita-
tion at 355 nm a minor conformational heterogeneity
is observed, as can be seen by comparing spectra 5a
and 5b. The dashed curve represents the difference
spectrum. This minor fraction, with its origin band
around 378 nm, is less efficiently excited at 355 nm,

indicating that its conformation must be of the exter-
nal type [13]. Also Cosman et al. [25] noticed the
existence of a minor, non-intercalative conformation
in their NMR study, in agreement with our findings.

Addition of glycerol to the aqueous sample in-
creases the solvent compatibility towards the aro-
matic moiety and may also disrupt the helical struc-
ture. Both effects can be illustrated in the case of the
(4+)-cis adduct. The very broad origin band of the
duplex sample in 50% glycerol indicates a mixture
of external and intercalated adducts (see Fig. 5¢).
The glycerol causes a larger fraction of the adduct
molecules to adopt an external conformation (larger
shoulder around 378 nm in spectrum 5c¢ than in
spectrum 5a). The fact that the major origin band is
still at 381.4 nm shows that, unlike the partially
base-stacked (+)-2 conformation observed for the
(+)-trans adduct, the truly intercalated (+)-3 type
conformation is relatively stable in this matrix, as
was previously demonstrated for these adducts in
double stranded oligonucleotides [38] and in DNA
[27]. The 30 cm™! increase in spectral bandwidth of
the intercalated conformation (compare curves 5d
and 5b, both obtained employing selective excitation
at 355 nm; see also Table 1) presumably reflects a
destabilization of the helical structure in the 50%
glycerol matrix, leading to a broader distribution of
intercalated structures. Again the bottom curve Se
shows the NLN spectrum of the (+ )-cis-anti-BPDE-
dG adduct for comparison.

(— )-cis-anti-BPDE adduct

NLN spectra of the (—)-cis adduct are shown in
Fig. 6. The spectrum of the duplex sample in aque-
ous buffer (curve 6a) is very similar to that of the
(+)-cis adduct. The (0,0) band is red-shifted to
381.3 nm, which according to our nomenclature
corresponds to a (—)-3 type internal adduct confor-
mation [18,27], and almost as broad as that of the
(+)-cis adduct. For this adduct no independent
structure characterization by means of high resolu-
tion NMR spectroscopy has yet been published, but
based on the similarity between the spectral proper-
ties of the two cis adducts we conclude that also the
(—)-cis-anti-BPDE adduct adopts an intercalated
conformation [13]. Further evidence will be provided
in the next section by means of FLN spectroscopy.
The sample showed only minor excitation wave-



M. Suh et al. / Biophysical Chemistry 56 (1995) 281-296 291

3813

3757

376.3

Fluorescence Intensity

375 380 385 390
Wavelength (nm)

Fig. 6. Non-line narrowed (0,0) fluorescence origin bands of the
(—)-cis-adduct of anti-BPDE in duplex oligonucleotide (T =77
K) Curve a: spectrum in aqueous buffer; A,, =308 nm. Curve b:
spectrum in aqueous buffer; A, =355 nm. Dashed curve: differ-
ence spectrum 6a — 6b. Curve c: spectrum in 50% glycerol matrix;
Ay =308 nm. Curve d: spectrum in 50% glycerol matrix; A,, =
355 nm. Curve e: spectrum of the same adduct bound to dG only;
aqueous buffer; A,, = 308 nm.

length dependence, as can be seen by comparing
curves 6a and 6b. The dashed curve represents the
difference spectrum 6a — 6b. As in the case of the
(+)-cis adduct, a minor contribution (~ 8%) of an
adduct with an external conformation can be dis-
cerned around 378.5 nm.

In the 50% glycerol matrix the majority of the
adduct molecules are still intercalated, which means
that also for this adduct the intercalated conforma-
tion is relatively stable (see curve 6¢). However, an
important fraction has adopted a conformation that
shows an emission maximum around 375.7 nm, more
blue-shifted than observed for the external fractions
of the other three adduct samples and even more
blue-shifted than the mononucleoside adduct (curve
6e). When 355 nm excitation is used only the inter-
calated fraction of the conformational mixture is

observed (spectrum 6d). More information on the
nature of this peculiar conformational equilibrium
was obtained using FLN spectroscopy (see below).

Finally, we note that under NLN conditions the
spectra of the single nucleoside adducts are very
similar for all four stereoisomers (compare the bot-
tom spectra of Fig. 3, Fig. 4, Fig. 5, and Fig. 6), and
practically independent of the solvent matrix used
(see Table 1). However, cis and trans isomers are
easily distinguished under FLN conditions, as will be
shown in the next section.

3.4. Fluorescence line narrowing spectroscopy

More detailed structural information concerning
the different BPDE adducts can be obtained using
fluorescence line narrowing spectroscopy. In the
study of carcinogen DNA adducts this technique
may be used to obtain extra conformational informa-
tion or it can serve chemical /stereochemical identi-
fication purposes [26]. Both aspects will now be
discussed separately.

In a typical vibronically excited FLN spectrum
each S, vibrational frequency will appear as a sharp
line (the zero-phonon line, ZPL), accompanied by a
broader band at longer wavelength. The latter, so-
called phonon side band (PSB), is attributed to
molecules that lose part of their excitation energy to
lattice vibrations (phonons). The ZPL /PSB intensity
ratio strongly depends on temperature and the elec-
tronic coupling with the matrix, and can thus provide
information on the microenvironment around the
chromophore. It was shown by Haarer [39] that
m-molecular charge-transfer states are characterized
by very strong coupling. Jankowiak and coworkers
{27] have shown that the relative intensities of the
ZPLs in the FLN excitation spectra of various (+)-
anti-BPDE-DNA adducts increases in the order
(+)-3 intercalated < (+)-2 partially base-stacked
< (+)-1 external, reflecting a decrease in coupling
strength between the chromophore and the bases in
the same order.

FLN spectra obtained for the four adduct
stereoisomers in double-stranded oligonucieotides in
aqueous buffer matrix are shown in Fig. 7. The
spectra were recorded at liquid helium temperature
(4.2 K) using 369.48 nm excitation; at this wave-
length broad-banded emission due to uncorrelated
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Fig. 7. FLN spectra of the duplex oligonucleotides in aqueous
buffer, containing different sterecisomeric anti-BPDE-N2-dG
adducts. Curve a: (+ )-trans; curve b: (—)-trans; curve ¢: (+)-cis;
curve d: (—)-cis adduct. T = 4.2 K; A, = 369.48 nm. Zero-pho-
non lines are labeled with their excited-state vibrational frequen-
cies (in cm™!).

S,-S, excitation can be ruled out. In the 378 nm
region the (+)-trans adduct yields a fairly well
resolved FLN spectrum with strong ZPL’s (curve 7a;
spectra obtained using other excitation wavelengths
not shown). This indicates that there are no strong
stacking interactions with the bases. These findings
for the major adduct are in full agreement with the
solution conformation established for the (+)-trans
adduct by Cosman et al. [20], in which the pyrenyl
moiety is situated in the minor groove, with one side
interacting with the sugar-phosphate backbone and
one side exposed to the solvent. However, the broad
emission band underlying the low-energy side of the
spectrum (~ 380 nm) indicates the presence of a
second, minor conformation with stronger stacking
interactions, in agreement with the NLN results dis-
cussed above and shown in Fig. 3, spectra a and b.

In contrast, the FLN spectrum of the (—)-trans-

anti adduct (curve 7b) does not show any broad-
banded emission indicative of stacking interactions.
This adduct exists in a pure (—)-1 type external
conformation. These results are in full agreement
with the solution conformation reported by de los
Santos et al. [24], in which the adduct is located in
the minor groove (pointing towards the 3' terminus
of the modified strand) and interacts only with the
solvent and the sugar-phosphate backbone.

Spectrum 7¢ shows that the FLN spectrum of the
(4 )-cis adduct is distinctly different. The intensities
of the ZPLs are relatively weak and superimposed on
a strong broad-banded emission at the low-energy
side of the spectrum. This proves that the broad (0,0)
band around 381 nm observed at 77 K (Fig. 5a) is
not due to a broad heterogeneous distribution of
adduct conformations, but to strong electron—phonon
coupling (7— interactions). Again, these findings
are in full agreement with the intercalated conforma-
tion established for this adduct by Cosman et al. [25].
The ZPL’s in the 378 nm region belong to the minor
external conformation shown in Fig. 5 (difference
spectrum 5a — 5b).

Curve 7d shows that the FLN spectrum of the
(—)-cis adduct is very similar to that of its (+)-cis
counterpart. The (—)-cis adduct shows also rela-
tively weak ZPLs with a large contribution from
phonon side bands, indicating that also for this adduct
the major conformation, assigned as (—)-3, is one in
which the chromophore experiences very strong cou-
pling with the bases. These spectra confirm our
conclusion of the previous subsection that also the
(—)-cis adduct adopts primarily an intercalated con-
formation. Also for this adduct the ZPL’s in the 378
nm region belong to the minor external conformation
(see Fig. 6, difference spectrum 6a — 6b).

The FLN spectra obtained in 50% glycerol matrix
are presented in Fig. 8 and confirm the NLN results
discussed above. In the case of the (+)-trans adduct
the weak stacking interactions are disrupted, result-
ing in a purely external (+)-1 type conformation
(see spectrum 8a). The spectrum of (—)-trans-anti-
BPDE is blue-shifted by 0.6 nm upon the addition of
glycerol, and as a result the low-frequency modes
around 376 nm increase in intensity, while the vi-
bronic lines in the 380 nm region decrease (compare
spectra 8b and 7b). Such behavior is not observed for
the (+)-trans isomer. These differences could be
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Fig. 8. FLN spectra of the duplex oligonucleotides in 50% glyc-
erol matrix, containing different stereoisomeric anti-BPDE-N2-dG
adducts. Curve a: (+)-trans; curve b: (~)-trans; curve ¢: (+)-cis;
curve d: (—)-cis adduct. T = 4.2 K; A, =369.48 nm. Zero-pho-
non lines are labeled with their excited-state vibrational frequen-
cies (in em ™).

related to the findings of de los Santos et al. [24],
who stated that the interactions between the aromatic
moiety and the minor groove are not identical for the
two trans isomers. Fig. 8c illustrates again that for
the (+)-cis adduct even in 50% glycerol the interca-
lated structure remains largely intact, but that a
minor coniribution of an external (+)-1 conforma-
tion is also present in this matrix. The relative contri-
bution of this minor fraction is larger in this matrix
than in aqueous buffer (compare spectra 8¢ and 7c).
Curve 8d shows the FLN spectrum obtained for the
(—~)-cis adduct. The intercalated conformation re-
mains the major one, but for this adduct, besides the
minor external contribution around 378 nm which
was also observed in aqueous buffer, the presence of
an unknown conformation with an unusually blue-
shifted (0,0) band around 376 nm is also observed in
this matrix (see below for further details).

When comparing the vibrational frequency pat-
terns of the four adduct stereoisomers in Figs. 7 and
8, it is observed that trans and cis adducts are very
easily distinguished (see also spectra 9b and 9c for
the mononucleoside adducts). For example, ZPLs at
549 and 761 cm™' are indicative of trans adducts,
while strong lines at 539, 740, or 890 cm™! are
observed for the cis adducts. However, when com-
paring the vibrational frequencies of the two trans
spectra there is only a small number of obvious
differences (e.g. the 579 cm~' mode) and also for
the two cis adducts only minor differences were
observed (e.g. the 600-620 cm™' region). In the
case of the stereoisomeric mononucleosides, (+ )-
trans, (— )-trans, (+)-cis, and (—)-cis adducts yield
NLN spectra which are similar in all cases, but the
FLN spectra are different for the trans and the cis
adducts. However, (+)- and (—)-trans or -cis
adducts cannot be distinguished from one another
(also when different excitation wavelengths were
used to explore other regions of the S, excited state;
spectra not shown). Apparently, the influence of the
sugar moiety on the fluorescence characteristics of
these stereoisomeric BPDE-mononucleoside adducts
is negligible. The major excited state vibrational
frequencies are listed in Table 2.

Different interactions with the DNA helix, duplex
formation, or solvent effects may change the inten-
sity distribution of the ZPLs or increase the intensity
of the broad phonon side bands, but the frequencies
remain usually unchanged. One of the exceptions
observed for these adducts is the splitting of the 579
band for the (—)-trans isomer as shown in Fig. 7b,
which is even more pronounced in the 50% glycerol
matrix (curve 8b). No splitting was observed in
single stranded samples or in the FLN spectra of the
(+)-trans- and (—)-trans mononucleoside adducts.
It appears that the splitting must reflect how this
particular duplex structure influences the conforma-
tion of the (—)-trans adduct. However, it should be
mentioned that this effect cannot be used in a general
way to distinguish (—)-trans from (+)-trans
adducts, since splitting was also observed for the
(+)-trans isomer ina d(...TGG...) (...CCA...)
sequence [15].

Comparison of the spectra of the two cis adducts
reveals that in aqueous buffer matrix the vibrational
frequencies are very similar. Most frequencies also
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agree well with those found for the cis-anti-BPDE-
dG adducts. Only minor differences were observed
in the 575-620 cm™! region. Interestingly, in the
50% glycerol matrix only the low-energy part of the
two cis spectra (curves 8c and 8d) are similar. The
blue-shifted fraction of the (—)-cis adduct, on the
other hand, shows an unusual vibrational pattern,
different from that observed in aqueous buffer, dif-
ferent from that of the (+)-cis adduct, and also
different from that of the free { —)-cis-anti-BPDE-dG
adduct. The latter is illustrated in Fig. 9, comparing
the FLN spectra of the (—)-cis adduct in duplex
oligonucleotide (curve 9a) and bound to dG only
(curve 9b). It is clear that for the (—)-cis adduct the
addition of glycerol has induced more than just a
diminished interaction with the bases. It appears that
the effect is caused by a structural change in the
saturated ring, having a direct influence on the vibra-
tional properties of the aromatic moiety. Multidimen-
sional NMR studies and/or molecular modelling

Table 2
Most prominent excited state vibrational frequencies in FLN
spectra of anti-BPDE adducts *

(+)-trans /(—)-trans (+)-cis /(—)-cis (=)cis®
453 453 449
464 465 461
483 481 486
502 496 499
549 539 539
579(+),575/583(—) ¢ 579(+)S74(~) 564
604,/620 601 /621
647 647
720 740 719
761 769 755
791 784
830 840 842
890 863
957 949 955
1044 1026 1029
1108 1108 1110
1384 1383 1365/1378
1441 1441 1441

* Vibrational frequencies are identical for (+) and ( —)-trans, and
for (+) and (—)-cis adducts, unless otherwise indicated. Frequen-
cies are given in wave numbers; accuracy £2 cm™ !,

® Refers to the blue-shifted component of the (—)-cis adduct
spectra {(only observed in duplex samples in water/glycerol ma-
trix).

¢ Splitting of the 579 cm™' band depends on duplexation, solvent
matrix, and DNA sequence (see also text).
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Fig. 9. FLN spectra of anti-BPDE adducts in 50% glycerol
matrix. Curve a: (—)-cis adduct bound to duplex oligonucleotide;
curve b: spectrum of the (—)-cis adduct bound to dG only; curve
c: spectrum of the (—)-trans adduct bound to dG only. T =4.2 K,
Agy: 367.58 nm. Zero-phonon lines are labeled with their excited-
state vibrational frequencies (in cm™").

will be needed to test this hypothesis and to help
answering the question why this phenomenon is
observed for the (—)-cis adduct only.

4. Conclusions

The gel electrophoresis experiments of the modi-
fied duplex oligonucleotides show that the (+ )-trans
adduct causes a significant retardation, but that the
mobility of the other three adducts is similar to that
of the unmodified control. On the other hand, the
fluorescence data show that the adduct conformation
and the extent of solvent exposure are comparable
for the two trans and for the two cis adducts. For
adducted oligonucleotides in double stranded form
we conclude that PAGE and fluorescence spec-
troscopy may be regarded as complementary tech-
niques, the former providing more information on
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perturbation of the overall helical structure, the latter
reflecting the direct environment of the chro-
mophore.

We have demonstrated that using low-temperature
fluorescence methods not only major but also minor
adduct conformations can be characterized. Com-
pared to room-temperature measurements, e.g. Geac-
intov et al. [13], the use of cryogenic techniques
increases sample stability, reduces spectral broaden-
ing, and because of the elimination of quenching
processes, all adduct conformations have comparably
high fluorescence quantum yields [28]. Another im-
portant advantage is that the same techniques can
also be employed to study adduct conformations in
single stranded oligonucleotides and in whole pieces
of intact DNA, in solution or in solid form.

FLN spectroscopy offers additional information
on adduct conformations. Based on the extent of
electron—phonon coupling one can distinguish be-
tween a broad heterogeneous distribution of external,
solvent-exposed adducts (as in the case of the (+)-
trans adduct in aqueous buffer) and a conformation
with strong 7—a interactions between the chro-
mophore and its microenvironment (as was found for
the intercalated cis adducts). Furthermore, the vibra-
tional patterns of the FLN spectra are clearly differ-
ent, and can be used to distinguish cis from trans
adducts. However, the FLN technique is often of
limited value for distinguishing between (+)- and
(=)-trans, or (+)- and (—)-cis adduct configura-
tions. In principle, however, the FLN method may be
capable of distinguishing adducts derived from the
binding of enantiomeric diol epoxides to DNA; the
configurations of the different OH groups and the
orientation of the BPDE-N? linkage at chiral binding
sites may give rise to different degrees of interac-
tions with neighboring bases, and thus to blue or red
shifts in the spectra. However, the vibrational fre-
quencies of the chromophore are usually not af-
fected. An interesting exception to this rule was
observed in the case of the (—)-cis adduct in 50%
glycerol.

For the (+ )-trans-anti-BPDE-N2-dG adduct, typ-
ically the major stable adduct when DNA is exposed
1o benzolalpyrene or BPDE [1,3,40], it was found
that the adduct mainly exists in a partially solvent-
exposed conformation with little stacking interaction
with the bases. These results are, of course, in very

good agreement with the solution conformation de-
termined for the same adduct by Cosman et al. [20].
However, the sample was not conformationally pure:
we also found a minor conformation with a more
base-stacked character. The same was observed for
the (+)-trans-anti-BPDE-N2-dG adduct in oligonu-
cleotide sequences with a 5 guanine neighbor [15].

The data obtained for the (—)-trans adduct indi-
cate that the extent of solvent exposure is similar to
the major conformation of the (+ )-trans adduct, but
in the case of (—)-trans there is only minimal
conformational heterogeneity. For this adduct the
agreement with the NMR /molecular modelling stud-
ies of de los Santos et al. [24] is excellent.

In the case of the (+)-cis adduct all spectral
evidence indicates an intercalated structure for the
major conformation, with only a very minor contri-
bution with a more solvent-exposed character. Again,
these results are in very good agreement with the
solution structure reported by Cosman et al. [25] and
with other spectroscopic studies indicating a base-
stacked, internal adduct conformation {13].

For the (—)-cis adduct no structure based on
NMR data has yet been published. Earlier fluores-
cence data by Geacintov et al. [13] for this adduct (in
a —TGT- sequence) showed a strong red-shift, pre-
sumably caused by intercalation. The present results,
in particular the strong electron—phonon coupling
observed in the FLN spectra and the red-shift of the
(0,0) origin band, prove that the (—)-cis adduct is
indeed intercalated.

In conclusion, we would like to stress that fluo-
rescence techniques cannot be expected to provide
the same level of structural detail as two-dimensional
NMR studies combined with molecular modelling.
Fluorescence-based methods, however, are less
time-consuming, require orders of magnitude less
material, and are applicable to a wider range of
samples, especially larger-sized native DNA
molecules. At the same time they do provide very
useful structural information including insight on
adduct conformations and /or conformational equi-
libria for adducts with different stereochemistries or
for adducts in different base sequence contexts [15].
Such conformational studies could provide important
clues as to which factors influence the kinds and
frequencies of mutations observed as the result of
adduct formation [41,42].
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