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ABSTRACT

Previous spectroscopic studies of the major adduct formed by
reaction of (Â±)-7r,8f-dihydroxy-9f,10f-oxy-7,8,9,10-tetrahydro-
benzo(a)pyrene (BPDE-I) with linear DMA have been interpreted

to suggest that the adduct is not intercalated in the double helix.
However, studies of the electrophoretic mobility of supercoiled
DMA treated with BPDE-I suggest that the adduct is intercalated.
To resolve these interpretations, we have studied the reaction
of BPDE-I with supercoiled and linear DNA. The kinetics of DNA-

catalyzed hydrolysis and of covalent binding are similar for the
two DMAs; supercoiled DNA exhibits a 20% increase in the rate
of hydrolysis of BPDE-I at low DNA concentration compared to

linear DNA. Fluorescence excitation spectra and fluorescence
quenching experiments provide no support for a model in which
BPDE-I adducts are intercalated in supercoiled DNA. When
deoxyribonucleoside adducts were analyzed by high-perform
ance liquid chromatography, identical distributions of BPDE-I

adducts were found for supercoiled and linear DNA. These data
are consistent with a previously proposed model (Hogan, M. E.,
Dattagupta, N., and Whitlock, J. P., Jr. J. Biol. Chem., 256:
4504-4513, 1981; Taylor, E. R., Miller, K. J., and Bleyer, A. J.
J. Biomol. Struct. Dyn., 1: 883-904, 1983), in which the major
BPDE-I adduct in both linear and supercoiled DNA exists in a
conformation which allows stacking with the neighboring base
pair and introduces a "kink" into the path of the helical axis.

Although this model provides an explanation for all available
experimental data, there are undoubtedly other DNA adduct
conformational models which are also consistent with the data.

INTRODUCTION

The environmental procarcinogen B(a)P* is metabolized by

mammalian cells to electrophilic derivatives which bind to cellular
macromolecules, initiating the process of carcinogenesis. Among
these derivatives is the ultimate carcinogen, BPDE-I, which is
the major DNA-binding metabolite in cells treated with B(a)P (1,
4, 14, 16). The interactions of BPDE-I with DNA, which may be

of critical importance for initiation of carcinogenesis, have been
studied in vitro using purified DNA by various investigators (8,9,
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12,17,18, 20, 26). Since the patterns of DNA adduct formation
in these systems mimic patterns found in treated cells, there is
reason to believe that in vitro data may help us to understand
processes which occur in intact cells.

Many planar, aromatic molecules including BPDE-I bind non-

covalently to DNA by intercalation. This allows stacking interac
tions with base pairs on either side of the intercalant which leads
to a sizable (10 nm) red shift in the absorbance spectrum of the
mclecule (13, 15). In addition to noncovalent binding, BPDE-I

undergoes several covalent reactions in the presence of DNA.
One pathway leads to covalent adduct formation, primarily but
not exclusively with the exocyclic amino group of dGuo. The
second pathway is hydrolysis of the diol-epoxide to tetrols (10,

18), a detoxification pathway which we have recently shown is
catalyzed by DNA.5 At near neutral pH, the hydrolysis pathway

predominates and is therefore of utmost importance in determin
ing the ultimate level of adduct formation. Both of these covalent
pathways as well as intercalation are inhibited by increasing
concentrations of divalent cations (8,10,17,18), and it has been
suggested that intercalation may be a prerequisite for hydrolysis
(10,21), covalent binding (19), or both, although our recent data
suggest that hydrolysis does not depend on intercalation.5

Since the ability of a cell to repair a given DNA adduct may be
as important as the initial absolute level of adducts formed, much
interest has centered on determining the conformation of BPDE-
I-DNA adducts (5, 8, 9, 23, 24, 28). Data obtained by spectro

scopic means using linear DNA molecules have been interpreted
to show that the major BPDE-I adduct lies in the minor groove

of the DNA helix, not in an intercalated position (9, 23, 24, 28).
On the other hand, studies of the electrophoretic properties of
supercoiled DNA molecules containing varying amounts of
BPDE-I adducts have demonstrated an apparent relaxation of

superhelical stress consistent with the adducts maintaining an
intercalated conformation (5, 8). It seemed possible that differ
ences in the interaction of BPDE-I with linear and supercoiled

DNA molecules could have caused this discrepancy. As part of
our studies of the effects of various diol-epoxide-DNA adducts

on the biological activity of 0X174 RF I DNA, we report here a
comparison of the interactions of BPDE-I with linear and super-

coiled DNA molecules.

MATERIALS AND METHODS

Labeled and unlabeled diol-epoxidea were obtained from the National

Cancer Institute Chemical Repository. Stock solutions were made by
dissolving the diol-epoxide in absolute ethanol, determining concentration
by spectrophotometry (im = 48,770 at 344 nm), and storing the appro
priate dilution at -20Â°. Linear salmon sperm DNA was obtained from

Sigma Chemical Co. (St. Louis, MO) and was further purified by treatment
with RNase, proteinase K, and sodium dodecyl sulfate followed by

5M. C. MacLeod and K. Zachary. manuscript in preparation.
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extraction with phenol and precipitation with ethanol at -20Â°. The DNA

was dissolved in 20 rriM Tris-HCI (pH 7.4), sheared by passage through
a 25-gauge needle, and stored at 4Â°over a few drops of chloroform.

DNA prepared in this way was of relatively high molecular weight, most
molecules being in the range of 5,000 to 10,000 base pairs as determined
by electrophoresis. Thermal hyperchromicity of this DNA was 38%,
exhibiting a single transition with a melting temperature of 75Â°in 10 mw

NaCI-20 RIMTris (pH 7.4). Similar results were obtained with calf thymus

DNA (Sigma) which was used to prepare deoxyribonucleoside adducts.
Closed circular, supercoited DNA was prepared from Escherichia coli

C sup E" cells infected with </>X174am3cs70 phages by the cleared

lysate method and was purified by isopyknic centrifugation (2). Each
preparation used was checked for the presence of relaxed circular
molecules by gel electrophoresis. All preparations used contained greater
than 85% supercoiled molecules as determined by densitometry of gels
stained with ethidium bromide or 4',6-diamidino-2-phenylindole. The

ethanol-precipitated DNA was dissolved in 20 HIMTris-HCI (pH 7.4) and
stored at -20Â°. Concentrations of both kinds of DNA were determined

spectrophotometrically using 1 Aim = 50 //g/ml; the base compositions

of salmon and 0X174 DNA are very similar; therefore, no corrections
due to base composition were necessary. Absorbance spectra were
collected with a Hewlett-Packard Model 8450 spectrophotometer.

To estimate association constants by the fluorescence-quenching
method (13,25), tetrols were prepared by hydrolysis of BPDE-I overnight
in 20 mM Tris-HCI (pH 7.4). The fluorescence of a solution of tetrols (XÂ«
= 345; A,â„¢= 400) was determined before and after sequential additions

of small volumes of DNA solutions on a Farrand Mark I spectrofluorimeter
using 10-nm slits. Tetro! concentrations (40 to 120 nM) were kept low
enough to ensure at least a 300-fold molar excess of DNA at all DNA

concentrations. Fluorescence spectra were measured on the same ma
chine with 2.5-nm slits. The rate of hydrolysis of BPDE-I was measured
fluorimetrically as described previously (18), and pseudo-first-order rate
constants were determined by nonlinear, least-squares regression anal

ysis (6). The extent of covalent binding to DNA was determined by liquid
scintillation counting of the repurified DNA as described previously (17).

Modified DNAs were enzymically digested to the deoxyribonucleoside
level, and the adducts were purified as described previously (17). Adducts
were analyzed by high-performance liquid chromatography on an Aqua-
pore RP-300 column using a 60-min linear gradient from 35 to 55%
methanol in water. The flow rate was maintained at 1.2 ml/min, and 0.3-

min fractions were collected and analyzed for radioactivity by liquid
scintillation counting. Standards were prepared by reacting (+)-BPDE-l,
(-)-BPDE-l, or Â±-BPDE-ll with dAMP, dCMP, or dGMP; digesting with

alkaline phosphatase; and isolating the adducts by SepPak CÃechro
matography (17).

RESULTS

Association Constants. We have previously presented mea
surements of association constants for B(a)P-diol-epoxides ob

tained by quantitating the absorbance shift which accompanies
intercalation (18). This method requires relatively large amounts
of DNA and was therefore unsuitable for the present experiments
since only small quantities of the supercoiled DNA were readily
available. As an alternative, we have measured the ability of the
DNA preparations to quench the fluorescence of B(a)P tetrols
prepared by hydrolysis of BPDE-I. The fluorescence yield of the

tetrols approaches zero in the intercalation complex (13), and
the dependence of the fluorescence on DNA concentration is
therefore a measure of the association constant (13). The
quenching constant, given by the slope of a plot of F0/F versus
DNA concentration, is a fair approximation of the association

constant measured spectrophotometrically (13).6 Typical quench

curves for linear and supercoiled DNA are shown in Chart 1. The
ratio FO/F increased linearly with DNA concentration up to at
least 300 /Â¿M-As determined from the slope of these lines, there
was a consistent and statistically significant 40% increase (p <
0.001, f test) in the association constant for supercoiled DNA
relative to linear DNA. Three independent preparations of 0X174
DNA exhibited this behavior as did a preparation of supercoiled
PM2 DNA (kindly provided by Dr. R. Nairn, data not shown).
However, a preparation of 0X174 DNA which had been "nicked"

during handling yielding >90% relaxed circles (RF II) as deter
mined by gel electrophoresis was indistinguishable from salmon
DNA in tetrol association constant measurements (data not
shown). A similar increase in intercalation of ethidium bromide in
supercoiled DNA has been noted (11). Absorbance spectra of
the DNA-plus-tetrol solutions demonstrated the 10 nm red shift,

characteristic of intercalation (data not shown).
Hydrolysis Rate. Next, we determined the concentration de

pendence of DNA-catalyzed hydrolysis of BPDE-I by measuring

the time course of the appearance of tetrol fluorescence. The
pseudo-first-order rate constants for hydrolysis, kobs,were de

termined by nonlinear regression; in all cases, the experimental
points closely followed pseudo-first-order kinetics. As shown in

Chart 2, for both linear and supercoiled DNA, /w increased
linearly with DNA concentration up to about 40 MM. In 4 inde
pendent determinations, the supercoiled DNA was more active
in catalyzing hydrolysis than was the linear DNA. The average
ratio of the slopes of the linear portions of the curves was 1.21
Â±0.11 (S.D.), which represents a statistically significant differ
ence (p < 0.025).

Covalent Binding. By measuring the DNA concentration de
pendence of covalent binding, one obtains a measure of the
relative overall rate constants for DNA-catalyzed hydrolysis and

adduci formation (17). In the present work, we have measured

1.6-

1.4-

1.0-
100 200

;DNA]<MM>
300

â€¢M. C. MacLeod, unpublished data.

Chart 1. Binding of B(a)P tetrols to DNA. The fluorescence (AÂ»= 345; Xâ€ž=
400) of a solution of B(a)P tetrols was determined before (F0)and after (F) sequential
additions of linear salmon ONA (â€¢)or supercoiled 4>X174-DNA (A). The values
were corrected for dilution and Fa/F plotted versus the DNA concentration (Stem-
Volrner plots); typical determinations are shown. The quenching constants as
determined from the slopes of the Stern-Volmer plots were: 0X174 DNA, K, =
2495 Â±231 liters/mol (n = 3); salmon DNA, K, = 1780 Â±221 (n = 10).
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Chart 2. Catalysis of BPDE-I hydrolysis by DMA. Hydrolysis rates were deter
mined from the increase in fluorescence after addition of BPDE-l to aqueous
solutions of linear salmon DMA(â€¢)or supercotled0X174 DNA (A); final [BPDE-I]
x 80 nM.Data points taken at 30-sec intervalswere used to determinethe pseudo-
first-order rate constant, *,*â€¢.by nonlinear least-squares regression (6). Data from
duplicate determinations are plotted and normalized to ka, the rate constant
observed in the absence of DNA. The relative abilities of supercoiled and linear
DNA to catalyze BPDE-I hydrolysis are given by the slopes of the k^/ka versus
[DNA] plots; the experimentally determined ratio (supercoiled/linear)was 1.22 Â±
0.11 (n = 4).

10.0-
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Chart 3. Covalent binding of BPDE-Ito DNA. |3HHÂ±)-BPDE-I(470 Ci/mol) was
added to aliquots of linear salmon DMA(â€¢)or to supercoiled 0X174 DNA (A) to a
final concentration of 3.24 pM and allowed to react to completion (Â»2hr) at room
temperature. Noncovalentlybound hydrolysisproducts were removedby extraction
4 times with 2.5 volumesof ethyl acetate and then twice with 2.5 volumesof ether.
Radioactivity bound covalently to the DNA was determined by liquid scintillation
counting of the aqueous phase. Control experiments showed that nonspecific
binding of B(a)P tetrols to DNA under these conditions was negligible (<0.5% of
input). Duplicate determinations are shown. In one experiment, calf thymus DNA
was substituted for salmon DNA with similar results. The data points were fitted
to the theoretical equation (17)

1m=
(1 + *,/*2) DO

by nonlinearleast-squaresregression,where fa is the fraction of added diol-epoxide
which binds to DNA, D0is the DNA concentration, fc, is the rate constant for DNA-
catalyzed hydrolysis, and k, is the rate constant for adduci formation.

the fraction of added diol-epoxide which is bound covalently to
DNA at equilibrium using [3H]BPDE-I.As shown in Chart 3, the

maximal level of binding to linear DNA was slightly higher than
was the binding to supercoiled DNA. When the experimental

data from 6 independent determinations were fitted to the theo
retical equation (see Chart 3, legend), giving the ratio of the rate
constants for hydrolysis and adduct formation (fc,//(2),this ratio
was consistently higher for supercoiled DNA than for linear DNA
by a factor of 1.21 Â±0.05 (p < 0.005). Since we found above
that supercoiled DNA gave a 20% increased hydrolysis rate, this
finding suggests that the intrinsic rate of formation of DNA
adducts is essentially the same for supercoiled and linear DNAs.

Previous work has demonstrated that BPDE-I adducts in
native DNA do not show a major red shift in their absorbance or
fluorescence excitation spectra. However, some BPDE-II (28)
and the major BPDE-III adducts (17) do show such a shift (8 to
10 nm), consistent with their existence in an intercalated confor
mation. Fluorescencequenchingmeasurements support the idea
that BPDE-III adducts remain intercalated (17). We have mea
sured fluorescence excitation spectra of supercoiled DNA con
taining BPDE-I adducts (Chart 4). The major excitation peak
occurs at 346 nm, not at the longer wavelengths (about 352 nm)
characteristic of intercalated molecules.The spectra are identical
to those obtained with linear DNA and provide no support for
the idea that supercoiled DNA-BPDE-ladducts exist in an altered
conformation.

We have also measured the ability of acrylamide to quench
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Chart 4. Fluorescenceexcitation spectrumof 0X174 DNAmodifiedwith BPDE-

I. The emissionmonochromatorwas set to 400 nm. The major excitation maximum
occurs at A = 346 nm. Under the conditions used, unmodified DNA exhibited
negligiblefluorescence.
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and linear DNAs. Although large differences in minor (<1% of
total) adducts could have escaped detection in this analysis, the
4 major adducts quantitated represent at least 90% of the total
adduct formation.

Reaction of BPDE-II with 0X174 DNA led to a larger number

of adduct peaks (Chart 63), but again a similar distribution was
seen with salmon DNA (Chart 6D). By comparison with stand
ards, we could tentatively identify Peaks 5 and 6 as dGuo
adducts and Peaks 7 and 8 as dAdo adducts. Quantitation of
these peaks (Table 1) again revealed no significant differences
between linear and supercoiled DNA.

DISCUSSION

We have observed small differences in the interaction of BPDE-

I with supercoiled 0X174 DNA as compared to linear DNA. The
maximum observed difference was a 40% increase in the asso
ciation constant for supercoiled DNA. The measured ratio of rate
constants

_ K. (supercoiled DNA)

Kd (linear DNA)

is related to the unwinding angle, 0, of the intercalated molecules
by the equation

R = exp(-A<t>/kT)

where A is the torsional free energy change per degree of
unwinding (22); A is linearly related to the superhelical density.
To estimate 0 for the noncovalent intercalation of B(a)P tetrols,
we adjusted the value of A/kT given by Gamper ef a/. [-0.0088
deg~1 (8)] to reflect the higher superhelical density (in units of

number of supercoils/10 base pairs) of 0X174 DNA [<r =
-0.0571 at 20Â° in low salt (3)] compared to the measured

superhelical density of the SV40 DNA preparations of Gamper
ef al. [21 supercoils in 5400 base pairs; a = -0.0389] giving A/
kT = -0.0129 deg~1. When combined with the measured value

of 1.4 for R, this gives an unwinding angle of about 26 degrees,
the same as that of ethidium bromide [26 degrees (29)]. Theo
retical calculations of Taylor ef al. (27) suggest a minimum base-
pair separation for a noncovalent BPDE-I intercalation site of

7.86 A, corresponding to an unwinding angle of 28 degrees,
similar to that found for the tetrol intercalation site.

The ability of supercoiled DNA to catalyze BPDE-I hydrolysis

is slightly higher than that of linear DNA; we do not have a good
explanation for this phenomenon at present, although it may be
related to differences in charge density for the 2 classes of DNA
molecule. Covalent binding at high DNA concentration is lower
for supercoiled DNA by approximately the same factor (20%).
Since this parameter is directly proportional to the ratio of the
intrinsic rate constant for covalent binding to the rate constant
for DNA-catalyzed hydrolysis, the implication is that the intrinsic

rate constants are equal. Previous workers (8) found a slight
increase in covalent binding to supercoiled DNA using a single
(unspecified) DNA concentration. Since the level of covalent
binding at saturation is insensitive to slight differences in DNA
concentration, the approach used here should yield more reliable
data. Since our previous studies have suggested that covalent
binding but not hydrolysis is dependent on intercalation,5 the

equality of covalent binding rate constants for supercoiled and

linear DNAs implies that the geometries of the intercalation
complexes are very similar. This is supported by our finding that
the profiles of adducts formed with the 2 DNAs by BPDE-I and
BPDE-II are essentially identical (Chart 5). Changes in the ge

ometry of intercalation would be expected to alter the distribution
of adducts formed.

The spectroscopic evidence that we have presented does not
suggest that the BPDE-I adducts remain intercalated in the

supercoiled DNA to any greater extent than in linear DNA mole
cules. Consistent with previous studies (5,8), the adducts formed
do cause an apparent relaxation of the supercoiled DNA
molecules7 as monitored by gel electrophoresis. Thus, the dis

crepancy between the spectroscopic and electrophoretic evi
dence remains and is not explainable by differences between the
adducts formed with supercoiled and linear DNAs. Hogan ef al.
(12) postulated a wedge-shaped (+)-BPDE-l-dGuo adduct con

formation which they suggested was compatible with both lines
of evidence. In a recent theoretical study, Taylor ef al. (27) have
derived coordinates for a similar binding site which produces a
kink in the DNA. A plausible reaction pathway which leads from
a classical intercalation site to the kinked site was also presented
by Taylor ef al. (27). The DNA kinks at the adduct sites were
postulated to produce the observed "relaxation" of the molecules

as assayed by gel electrophoresis. The present work lends
support to the proposal of Taylor ef a/., although other confor
mations are not excluded.
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