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SUMMARY: Fluorescence spectroscopy has been used to characterize the products
of (zY-trans-7.8-dihydroxy-7.8~dihydrobenzo(a)pyrene bound to DNA after acti-
vation by liver microsomes from rats induced by 3-methylcholanthrene. At
least two different physico-chemical DNA~carcinogen complexes are formed.

One complex is probably formed by a derivative bound on the outside of the
DNA helix. Its fluorescence is readily quenched by iodide ions. The fluores-
cence of the other complex is strongly quenched by DNA. Addition of silver
ions increases the total fluorescence of the complexes up to 6 times. indica-
ting reduction of the quenching effect of DNA. These results were found to

be in good agreement with those obtained with complexes formed by reaction

of (+)-78,8a-dihydroxy-%,10a-epoxy-7,8:9,10-tetrahydrobenzo(a)pyrene with DNA.

INTRODUCTION: The metabolism and formation of DNA adducts from the potent
carcinogen BP* have been extensively studied. Among the several metabolites
that bind to DNA, BPDE has been proposed to be the ultimate carcinogen (1,2).
The reaction of BPDE with native DNA appears to be stereoselective in that
the (+)enantiomer reacts specifically with the 2-amino group of guanine both
in vivo (3-5) and in vitro (6-8).

It has been suggested that the pyrene-like moiety of the BPDE molecule
is intercalated between the base pairs in the DNA helix (6.9-11). Observa-

tions supporting this hypothesis are, for instance, that specific binding of

BPDE to guanine occurs only with the native but not with denatured DNA (&)

*Abbreviations: BP. benzo(a)pyrene; BPDE, (+)-78,8a~dihydroxy—9a,100-epoxy-

e o o o

dihydrobenzo(a)pyrene; BP-7.8,9,10-tetrol, (+)-78,8c,90,108-tetrahydroxy-
7.8:9,10-tetrahydrobenzo(alpyrenes; HPLC. high performance liquid chromato-
graphy.
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and that BPDE causes unwinding of supercoiled SV40 DNA (9). In contrast.,
other studies using electric linear dichroism (12), fluorescence quenching
(13) and optically detected magnetic resonance (14) have provided evidence
that the chromophore of bound BPDE is located on the outside of the DNA
double helix.

To further elucidate the stereochemistry of the BPDE-DNA complex we
have made a fluorescence study of DNA modified by microsomally activated
BP-7,8-diol. In parallel experiments we have also studied DNA modified by

direct addition of BPDE to an aqueous DNA solution.

MATERIALS AND METHODS:

o g o e e ey

NCI contract No. 1-CP-33387 and kindly supplied by IIT Research Institute,
Chicago. ILl., USA), microsomes and necessary cofactors were incubated at
370C for 15 min as previously described (11). One ml of incubation mixture
contained the following components: 1 mg microsomal protein, 1 mg DNA, 50
Hmoles Tris—-HCL (pH 7.5), 250 umoles sucrose, 10 pmoles Na~-EDTA, 1 pmole
NADPH and 4 nmoles BP-7,8-diol added in 25 ul acetone. The DNA was isolated
as described (11). The extent of modification was approximately one BP-7.8-
diol metabolite bound per 1500 DNA bases, as measured using T4¢ |abeled
substrate.

The BPDE-DNA adduct was prepared by direct addition of BPDE (same source
as for BP-7,8-diol) dissolved in ethanol to an aqueous DNA solution and incu-
bation at 37°C for 15 min. One ml of the reaction mixture contained 1 mg DNA,
500 nmoles BPDE, 0.2 ml ethanol. 15 umoles NaCl, 1,5 umoles sodium citrate
(pH 7.5). The extent of modification. based on light absorption at 345 nm.
was approximately one BPDE residue per 300 DNA bases. DNA samples without the
BP-derivatives were always prepared in parallel.

BP-7,8:9.10-tetrol was prepared by HPLC separation of the hydrolysis
products of BPDE. ALl other chemicals were of analytical grade.

Fluorescence measurements. The purified DNA solutions were extracted 10~13
times with 3 volumes of ethylacetate saturated with cacodylate buffer to
remove physically bound hydrocarbons. It should be noted that a scrupulous
extraction of the DNA samples to remove hydrocarbons that are not stably co-
valently bound is essential for the results presented in this paper. The DNA
was precipitated with ethanol and washed twice with 10 ml of 70% ethanol
before drying in vacuum for storage. The hyperchromicity of the DNA denatured
with formaldehyde and heat was 40% (15). DNA concentrations were determined
by the UV absorption using e3¢0nm = 6600 M~1 cm™1 expressed as moles of
nucleotide equivalents per liter per centimeter. Prior to fluorescence
measurements the DNA was dissolved in 0.01 M sodium cacodylate (pH 7.0). The
DNA solutions were finally diluted and filtered through glass-wool into 1 cm
square cells and the fluorescence excitation and emission spectra were re—
corded on a spectrofluorimeter. described elsewhere (11). Fluorescence
quenchers (Nal and AgNOz, Merck) were added in aliquots (50 ul for I~ and

5 ul for Ag*) to 1.5 mL DNA solution. The solution was bubbled with nitrogen
gas saturated with water (02 conc. < 10 ppm) for 15 min prior to each mea-
surement. The excitation Light causes photochemical reactions of the bound
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chromophore, which results in an increasing fluorescence intensity during
measurements, The influence of this effect was kept below the detection
limit by gently stirring the samples with nitrogen bubbling during the fluo-
rescence measurements. In the quenching experiments the fluorescence inten—
sities for excitation at 332 and 348 nm were measured with the emission
monochromator set at 421 nm. At each guencher concentration a blank experi-
ment was carried out with quencher added to unmodified DNA and the intensi-
ties thus recorded were subtracted from the sample fluorescence intensities.

RESULTS_AND_DISCUSSION:

Fluorescence spectra. Fig. 1 shows the fluorescence excitation and emission

spectra of BP-7,8-diol metabolites bound to DNA. The corresponding spectra
(broken line) of BP-7,8,9,10-tetrol dissolved in water are also shown. The
fluorescence data are summarized in Table I, together with the data from
synthetically prepared BPDE-DNA.

Microsomal metabolites of BP-7,8-diol bound to DNA and BPDE bound to
DNA show almost identical red-shifted pyrene-like excitation and emission
spectra. The binding of the pyrene-like chromophore to DNA causes an appar-—

ent line broadening and a slight red-shift in the spectra as compared to the

{arbitrary units)

INTENSITY

300 400
WAVELENGTH (nm)

Fig. 1. Fluorescence excitation and emission spectra. ( ) Metabolites of
BP-7.8-diol bound to DNA. 0D260pm = 0.5¢ C-=<<- ) DNA background: 0D2gonm =
0.5; (=—==- ) 0.1 uM BP-7,8,9:10-tetrol; (----- ) solvent background. Samples
were prepared in 10 mM sodium cacodylate buffer. pH 7.0, deoxygenated. Ex-
citation spectra were recorded with the emission monochromator set at 421 nm
and the emission spectra with excitation at 320 nm. The spectral bandwidth
was set at &4 nm.
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TABLE I: Fluorescence spectral data. Data were taken from spectra recorded
as described in legend to Fig. 1.

excitation (nm) emission (nm)
Metabolite of BP-7,8-diol
bound to DNA 321, 333, 348 381, 401, 422
Synthetic BPDE-DNA 319, 331, 346 381, 401, 422
BP-7,8,9,10-tetrol 301, 316, 329, 364" 380, 400, 420

* .. .
The weak transitions above 344 nm are omitted.

spectra from BP-7.8.9.10-tetrol (Fig. 1). The spectral broadening is indica-
tive of a heterogeneity of DNA binding sites with respect to the microenvi-
rorments of the chromophores. This has also been observed by Geacintov et al.
in the absorption spectra of BPDE-DNA (12).

The fluorescence lifetime of BP-7,8,9,10-tetrol dissolved in water is
relatively long (i.e. 200 ns) and the quantum yield is high (13). In the
case of DNA complexes the possibility that chromophores may occur in quenched
states has to be considered (16-18). DNA itself quenches the BPDE-DNA fluo-
rescence in a concentration-dependent manner. This has been attributed to
DNA-DNA interactions (13.19). To avoid interference from intermolecular DNA
quenching we have used dilute DNA solutions. Qur measurements show that
concentration-dependent effects of DNA on the fluorescence intensity are
below the limits of detection when the DNA concentration is < 0.33 ODZéOnm'
corresponding to 50 uM DNA phosphate. Likewise., varying the ionic strength
of the solutions (by adding solid NaCl to give final concentrations of 0.01
-1 Mor MgCL2 to give final concentrations up to 0.1 M) had no effect on
the fluorescence of DNA at concentrations < 0.33 0D

260nm”

Quenching by iodide. Other studies have shown that quenching of the fluores-

cence from molecules intercalated in DNA by iodide is reduced (20,21), com~
pared to quenching of the free chromophore in solution. This effect was

attributed to steric protection of the intercalated molecule from collision
with the I ion (20). In addition the DNA, which under our experimental con-

ditions is negatively charged (22), should repel iodide ions electrostatically.
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Fig. 2 shows the results (in the form of Stern-Volmer plots (23)) of I
Quenching experiments on BP-7,8~diol metabolites bound to DNA, on BPDE-DNA
and on BP-7,8,9,10-tetrol dissolved in water. Chloride was added together
with the iodide to maintain a constant ionic strength of 0.1 M. Fig. 2 shows
that a straight Line is obtained only with the BP-7,8,9,10-tetrol dissolved
in water. The Stern-Volmer relation is obeyed over the whole jodide concen-
tration range for this sample. For the two other samples, the deviation from
a straight Line at high I concentrations indicates that the DNA-bound
chromophore exhibits more than one fluorescence emitting site. This is also
evidenced by a 2 nm red shift in the excitation spectrum at the higher I
concentrations (not shown).

A more dilute BPDE-DNA solution (0.02 OD nm) gave essentially the

260

same results, indicating that no intermolecular DNA quenching is involved.

+ +
Titrations with Ag+. At a Ag :DNA phosphate ratio (r) < 0.2: Ag binds prefer-

entially to the bases of DNA (24). Fluorescence from intercalated molecules
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Fig. 2. Stern-Volmer plot of iodide quenching of the fluorescence of BP-7.8-
diol metabolites bound to DNA, ODgonm = 0.33 (O); BPDE-DNA, 00260nm = 0.33
(0); BPDE-DNA, OD240nm = 0.02 (®); BP-7,8,9,10-tetrol in water solution
(A). The samples were prepared and the guenching measured as described in
Materials and Methods. Fo/F is the ratio between fluorescence intensities
without and with added iodide ions.

Fig. 3. The effect of Ag+ jons on the fluorescence of BP-7,8-dihydrodiol
metabolites bound to DNA, 0D260nm = 0.33 (Q)i BPDE-DNA, ODpgonm = 0.33 (O):
BPDE-DNA, 0D260nm = 0.033 (M). The samples were prepared and the fluores-
cence measured as described in Materials and Methods. F/F, is the ratio
between fluorescence intensities with and without added silver ions.
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{e.g.r BP physically bound to DNA (21)) is strongly guenched by bound silver
jons close to the intercalated chromophore,

The results of the titrations with Ag+ are presented in Fig. 3. Initial-
ly, when r < 0.2, there is a slight increase in the fluorescence intensity
as Ag+ is added. For 0.2 < r < 0.5 there is a more pronounced increase. The
total net increase in the fluorescence intensity is about 6-fold. both for
the DNA complex obtained in the presence of microsomes and for the BPDE-DNA.
Titration of dilute BPDE-DNA samples with a DNA concentration of 0.033 00260nm
with Ag+ gave the same result (within experimental error) as titrations on a

BPDE-DNA sample with 0.33 0D . The results may be interpreted in terms of

260nm
DNA structural changes due to Ag+ jons at concentrations corresponding to
0.2<r<0.5 (24). driving chromophores from highly quenched states to less
quenched ones, The chromophore is not extractable with ethylacetate after

addition of Ag+. revealing covalent binding to DNA.

CONCLUSIONS: Our results show that the fluorescence properties of metabolites
of BP-7,8~diol bound to DNA and synthetic BPDE-DNA complexes are qualitative-
ly the same. In both cases we observe the existence of at least two fluores-
cent states, representing populations of chromophores with different micro-
environments. Preliminary fluorescence Lifetime measurements resolved into
two decay times (25) have given the values 9 ns for a highly guenched state
and 80 ns for a less quenched one:. similar to results reported by Prusik et
al. (13). The effects of titrations with I and Ag+ indicate that 70-90% of
the chromophores (estimated using the above Lifetimes) are in the highly
quenched state.

The DNA-quenched states are probably not caused by intermolecular DNA
interactions or intramolecular interactions with a part of the DNA helix
distant from the binding site. since decreasing the DNA concentration or
increasing the ionic strength does not affect the fluorescence. The present

results are consistent with strong DNA base~chromophore interactions which
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may be at least partially of intercalative nature. Although the strongly DNA-
quenched chromophores constitute a large fraction of the total amount., their
contribution to the fluorescence is only about 30% (assuming their fraction
to be 80% of the total. with lifetimes as stated above). The present results
with 1~ quenching show that the less DNA-quenched chromophores are exposed

to the aqueous phaser i.e. probably bound on the outside of the DNA helix.
However, the results do not conclusively show whether and to what extent the
strongly DNA-quenched chromophores are accessible to I jons. Fluorescence
lifetime studies are in progress (25) to further elucidate the stereochemical

properties of the bound chromophores.
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