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ABSTRACT: Evidence from absorbance, fluorescence, and circular dichroism (CD) measurements strongly 
suggests that adduct conformations at  the binding sites are grossly different before and after thermal 
denaturation of (+)-trans-7,8-dihydroxy-anti-9,10-epoxy-7,8,9,10-tetrahydrobenzo[a] pyrene [(+)-anti-BPDE] 
modified DNAs. This conclusion is reached through the following observations: (1) upon melting and cooling, 
the (+)-anti-BPDE-modified D N A  exhibits pronounced hypochromic effects with concomitant spectral red 
shifts for the pyrenyl absorbance; (2) the pyrenyl CD spectrum reverses sign upon thermal denaturation- 
renaturation; (3) the fluorescence emission spectra resulting from excitations at  353 nm (10 nm to the red 
of hydrolyzed and unbound anti-BPDE) exhibit enhanced intensities and spectral red shifts for the thermally 
denatured and cooled adducts; and (4) in contrast to the absence of a shoulder prior to melting, the postmelt 
adducts exhibit a prominent 355-nm maximum (evidence of stacking interactions) in the excitation spectrum 
when 384-387-nm emission is monitored. Studies with synthetic polynucleotides further reveal that 
(+)-anti-BPDE-modified poly(dG)-poly(dC) exhibits the greatest nonreversible renaturation at  the binding 
sites, possibly as a consequence of pyrenyl self-stacking. This, coupled with the previous findings that this 
polymer suffers the most extensive (+)-anti-BPDE modification, appears to suggest that (dG),.(dC), regions 
may be responsible for such observed effects in native DNA. 

C o v a l e n t  modification of DNA by reactive metabolites is 
generally believed to be the initial critical event in the car- 
cinogenesis of some polycyclic aromatic hydrocarbons (PAHs) 

(Harvey, 1981). There is strong evidence to suggest that the 
ultimate carcinogenic metabolite of benzo[a]pyrene (BP), the 
most widely studied PAH, is (+)-trans-7,8-dihydroxy-anti- 
9,l 0-epoxy-7,8,9,lO-tetrahydrobenzo [ a ]  pyrene [(+)-anti- 
BPDE1 (Brookes & Osborne, 1983; Conney, 1982; Newbold 
et al., 1979). This metabolite is strongly guanine specific as 
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well as stereospecific (Meehan & Straub, 1979), with the 
dominant covalent adduct resulting from trans addition of the 
exocyclic amino group of guanine to the C10 position of 
anti-BPDE (Weinstein et al., 1976; Jeffrey et al., 1977; Moore 
et al., 1977). Spectroscopic studies reveal that the DNA 
covalent adducts of (+)-anti-BPDE are, to a large extent, not 
intercalative in nature (Geacintov et al., 1976, 1978, 1980; 
Lefkowitz & Brenner, 1982). The externally situated pyrenyl 
moiety does not exhibit strong stacking interactions with the 
DNA bases, as judged from a mere 2-3-nm spectral red shift. 
The predominant external nature of the (+)-anti-BPDE co- 
valent adducts is distinct from the significant intercalative 
contributions (and lower level of covalent modification) found 
in adducts of (-)-anti-BPDE (Geacintov et al., 1984) and 
syn-BPDE (Undeman et al., 1983). This has led to the sug- 
gestion that the carcinogenic potency of the (+) enantiomer 
may result from its higher reactivity toward DNA as well as 
its ability to form predominantly external covalent adducts 
(Geacintov et al., 1984). 

Since it is reasonable to assume that physical binding pre- 
ceeds covalent lesion, the formation of predominant external 
DNA covalent adducts by (+)-anti-BPDE is puzzling in view 
of the fact that its physical binding to DNA is predominantly 
intercalative in nature (Geacintov et al., 1981; Meehan et al., 
1982). Such discrepancies between the physical and chemical 
binding modes have led to the proposal that covalent lesion 
occurs initially at the intercalative site and then is subsequently 
reoriented to an external environment (Geacintov, 1985). If 
such a reorientation does occur, it most likely involves local 
denaturation (and possibly renaturation) (Miller et al., 1985) 
at the binding sites. Thus, a corollary to the reorientation 
model appears to be that the conformation with the pyrenyl 
moiety at the external site is the energetically favorable con- 
formation after denaturation and renaturation processes. If 
this is indeed the case, then one would expect that the thermal 
denaturation and renaturation of the anti-BPDE-modified 
DNA would return the modified DNA to the original premelt 
conformation at the binding site (i.e., external moiety with little 
stacking interactions). The study presented here investigates 
this conformational model by denaturation experiments, uti- 
lizing a variety of spectroscopic techniques including absorp- 
tion, fluorescence, and circular dichroism (CD). Poly- 
nucleotides of defined sequences are also employed to delineate 
the possible sequence dependence of such effects. 

MATERIALS AND METHODS 
Salmon testes DNA (ST-DNA) was purchased from Sigma, 

and an extinction coefficient of 6550 M-’ cm-’ at 260 nm has 
been used for its concentrations (per nucleotide) determination. 
A 0.1 mM solution of this DNA in 10 mM tris(hydroxy- 
methy1)aminomethane hydrochloride (Tris-HC1) buffer of pH 
8 containing 0.01 M NaCl exhibits a 37% thermal hyper- 
chromicity. Sources and values of extinction coefficients for 
the other polynucleotides have been described earlier (Chen, 
1983, 1986). Enantiomers of anti-BPDE were purchased from 
NCI Chemical Carcinogen References Standard Repository, 
a function of the Division of Cancer Cause and Prevention, 
NCI, NIH, Bethesda, MD. Stock solutions of (+)-anti-BPDE 
(4.56 mM) and (-)-anti-BPDE (4.06 mM) were prepared in 
tetrahydrofuran containing about 2% (v/v) triethylamine, and 
the anti-BPDE concentrations were determined by using an 
extinction coefficient (in 95% ethanol) of 48 600 M-I cm-’ at 
344 nm. 

Covalently modified DNA solutions were prepared by 
adding aliquots of anti-BPDE stock solution to amber vials 
containing 2.3 mL of 0.1 mM DNA solutions to result in final 

anti-BPDE concentrations of 25 pM. The mixtures were then 
incubated overnight at 25 OC to ensure complete reaction. The 
reacted mixture was then applied to a 9 X 300 mm column 
containing Sephadex G-150 medium that had been preequi- 
librated with the elution buffer (10 mM Tris-HC1 with 10 mM 
NaCl, same as in the DNA solution preparation), and fractions 
were collected. Base line separation is achieved with DNA 
fractions peaked around an elution volume of 6 mL in contrast 
to about 30 mL for the BP-tetraols, with a flow rate of around 
3 mL/h. The DNA concentrations were determined after 
appropriate corrections were made for the absorbance con- 
tribution from the covalently bound anti-BPDE, taking into 
account the spectral shifts [see Chen (1986) for details]. The 
concentration of the covalently bound anti-BPDE was deter- 
mined by the absorbance intensity in the 342-346-nm region 
by utilizing an extinction coefficient of 29000 M-I cm-’ 
(Weinstein et al., 1976). Pyrenyl absorbance intensities at 
temperatures above melting were used for the bound anti- 
BPDE concentration determination to minimize possible errors 
introduced by a hypochromic effect due to stacking interactions 
with the bases, except for the few cases where thermal melting 
results in a hypochromic effect. 

Absorption spectra were measured with a Cary 210 spec- 
trophotometric system with cuvettes of 1-cm path length. CD 
spectra were obtained with a Jasco J-500A recording spec- 
tropolarimeter at appropriate temperatures. Fluorescence 
spectra were measured at room temperature with a Jasco 
PF-550 fluorometer using a semimicro cell. All fluorescence 
measurements were made with excitation and emission slit 
widths of 3 and 5 nm, respectively, and spectra are not cor- 
rected. To minimize the sample exposure to light, scan rates 
of 50 nm/min were used in all fluorescence measurements. 
Absorption and CD spectra presented have been normalized 
to 0.1 mM DNA concentration. Melting experiments were 
performed in stoppered quartz cuvettes by using the “chart” 
utility of the temperature readout accessory of the Cary 210 
with a 0.5 OC/min heating rate maintained by a Neslab 
RTE-8 refrigerated circulating bath and an EPT-4RC tem- 
perature programmer. The melted solutions were then re- 
turned to room temperature with approximately 1 OC/min 
cooling rates. 

RESULTS 
Anti-BPDE- Modified Natural DNA 

Absorption Spectral Evidence Indicates Denaturation En- 
hances Pyrenyl Stacking Interactions. It has been reasonably 
well established through various techniques that the appear- 
ance of a 353-nm maximum (10 nm red shifted from the 
343-nm maximum of BP-tetraols) is associated with the in- 
tercalative binding of a planar pyrenyl moiety to DNA 
(Meehan et al., 1982; Geacintov et al., 1981; MacLeod & 
Selkirk, 1982). The pyrenyl absorption spectra for the 
(+)-anti-BPDE-modified DNA during a thermal denaturation 
cycle are shown in Figure 1A. Prior to melting, the pyrenyl 
absorbance maxima for the adducts are seen at 345 and 328 
nm. Thermal denaturation, however, results in pyrenyl ab- 
sorbance reductions with concomitant spectral broadening and 
red shifts. Instead of a return to the original spectrum, further 
red shifts (350- and 333-nm maxima) and absorbance re- 
ductions are observed upon cooling back to room temperature. 
These observations are consistent with earlier racemic anti- 
BPDE results showing a 351-nm absorption maximum in the 
postdenaturation spectrum which has been classified as type 
I11 complex (Undeman et al., 1983). 

The premelt absorption spectrum of the (-)-anti-BPDE- 
modified DNA also exhibits a 345-nm maximum but with 
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FIGURE 1: Pyrenyl absorption spectra of anti-BPDE-modified ST- 
DNA during a thermal denaturation cycle. Tris-HCI buffer (10 mM) 
of pH 8 containing 10 mM NaCl and 1 mM EDTA is used 
throughout. All absorption and CD spectra have been measured with 
1-cm path length cells and normalized to 0.1 mM DNA concentation. 
(A) 2.6% (+)-anti-BPDE modified (26 DNA bases out of 1000 are 
attached to BPDE); (B) 0.6% (-)-anti-BPDE modified. 

much reduced intensity (Figure lB), a consequence of the 
lower level of covalent modification. Spectral broadening 
around 355 nm, however, is quite apparent. This suggests 
increased relative importance of the intercalative mode of 
binding, possible as a consequence of reduced external binding 
contribution. In contrast to the hypochromic effect of the (+) 
enantiomer, the (-)-anti-BPDE adducts exhibit absorbance 
enhancement upon melting. The pyrenyl hyperchromic effect 
upon denaturation is consistent with the significant interca- 
lative covalent binding of the (-) enantiomer to the duplex 
DNA as shown by linear dichroism (Geacintov et al., 1984). 
Upon cooling to room temperature, however, the absorbance 
maximum is red-shifted, without returning to the original 
345-nm maximum. The pre- and postmelt spectral differences 
of the (-) adducts, however, are not as dramatic as those of 
the (+) enantiomer, possibly as a consequence of significant 
intercalative contributions of the (-)-anti-BPDE adducts which 
return to the same intercalative conformation upon renatu- 
ration. 

The hypochromic effects observed in the absorption spectra 
along with accompanying red shifts are characteristic of strong 
stacking interactions. These observations are consistent with 
the enhanced stacking interactions of the pyrenyl moiety with 
the bases upon denaturation and cooling. The pyrenyl spectral 
irreversibility indicates that upon denaturation significant 
portions of adducts fail to return to the original conformations 
at  the binding sites. 

Gross Adduct Conformational Differences As Revealed by 
CD. The pre- and postmelt CD spectra for the (+)-anti- 
BPDE-modified DNA at ambient temperature are shown in 

6- 
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FIGURE 2: Comparison of pre- and postmelt CD spectra at room 
temperature of 2.6% (+)-anti-BPDE-modified ST-DNA. 
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Figure 2. Prior to melting, the adducts exhibit a positive 
pyrenyl CD maximum at 348 nm. A dramatic spectral in- 
version is observed upon melting. This suggests a conforma- 
tional alteration in the vicinity of the pyrenyl moiety. To 
ascertain that the observed effect is not due to the intercalative 
binding of tetraols as consequences of possible thermal deg- 
radation and photodegradation of the adducts, a CD spectrum 
of a 0.1 mM DNA solution containing 9.2 pM tetraols derived 
from (+)-anti-BPDE was made. No detectable induced py- 
renyl CD spectrum was observed. These results are, thus, 
consistent with the notion that orientations of the pyrenyl 
moieties with respect to the DNA bases are grossly different 
before and after melting (and subsequent cooling). In contrast, 
the pyrenyl CD spectrum for the (-)-anti-BPDE-modified 
DNA exhibits a very weak broad positive feature, a conse- 
quence of the heterogeneous and much reduced covalent 
modification. Although an intensity reduction is evident in 
the postmelt spectrum of the (-) adducts, no CD sign inversion 
is observed (results not shown). 

Fluorescence Emission Spectra. Anti-BPT (hydrolysis 
product of anti-BPDE) exhibits an absorption maximum at 
343 nm when free in aqueous solution. The emission spectrum 
of this compound exhibits maxima at 379 and 399 nm upon 
excitation at 343 nm. If the excitation wavelength is changed 
to 353 or 260 nm, these same maxima are still apparent, albeit 
with considerably reduced intensities (20-fold and 5-fold, re- 
spectively). Physical binding of anti-BPT to DNA results in 
near complete quenching of the pyrenyl fluorescence (Ibanez 
et al., 1980). 

Consistent with dominant external binding characteristics, 
the (+)-anti-BPDE covalently bound to DNA also exhibits 
379- and 339-nm emission maxima (Figure 3A) when excited 
at 343 or 346 nm. Excitation at the intercalative absorption 
band, at 353 nm, results in a reduction of fluorescence intensity 
as expected, due to the lack of an absorbance maximum or 
shoulder at this wavelength. The relative intensity reduction 
is only about 4-fold, contrasting to the 20-fold reduction in 
free anti-BPT. This difference is due in part to the slight red 
shifts (2-3 nm) of the absorption spectra of the covalently 
bound adducts, and second, to the fluorescence contribution 
of the minor intercalative covalent adducts. This is in contrast 
to the complete fluorescence quenching resulting from physical 
binding of anti-BPT. This is evidenced by the slight red shift 
observed in the emission spectrum when the excitation is placed 
at 353 nm. It is interesting to note that excitation at the 
260-nm DNA absorption region results in only slightly lower 
intensity than that of 343-nm excitation (in contrast to a 5-fold 
reduction in the case of anti-BPT) and a discernible red shift. 
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FIGURE 3: Fluorescence emission spectra at room temperature of (+)- and (-)-anti-BPDE-modified ST-DNA before (A and C )  and after (B 
and D) thermal denaturation. The dashed lines are 379-nm wavelength markers. 

This red shift is identical with that of 353-nm excitation. 
Upon melting and cooling, however, dramatic fluorescence 

intensity enhancement is observed upon excitation at 353 or 
260 nm. The emission resulting from excitation at 353 nm 
is slightly higher than that of excitation at 343 nm and shows 
an apparent red shift of the maxima (Figure 3B). The 
fluorescence due to the 260-nm excitation is twice as intense 
as that observed at  the 343-nm excitation, with wavelengths 
for the emission maxima (the red shifts are readily apparent) 
again identical with those from excitation at 353 nm. These 
fluorescence features are consistent with the interpretation that 
stacking interactions of the (+)-anti-BPDE moiety with the 
DNA bases predominate upon thermal denaturation and 
subsequent cooling. The dramatic fluorescence enhancement 
and spectral red shift with 260-nm excitation are consistent 
with the notion that significant fluorescence originates via a 
nonradiative energy transfer from DNA bases to the pyrenyl 
moieties due to stacking. The dominant stacking contribution 
after melting also manifests itself in a slight red shift observed 
in the emission spectrum even from the 343-nm excitation. 

Although the qualitative features and the relative fluores- 
cence intensities for the (-)-anti-BPDE adducts prior to 
melting are very similar to those of the (+) enantiomer 
(compare panels A and C of Figure 3), the emission spectral 
red shifts resulting from excitation at 353 and 260 nm are 
prominent in the (-)-anti-BPDE adducts. The increased 
stacking interactions between the (-)-anti-BPDE moiety and 
the bases after melting are again evidenced by the enhanced 
emission intensities with the 353-nm excitation (Figure 3D). 
In contrast to those of the (+) enantiomer, however, these 
fluorescence intensities are still somewhat less than those of 
343-nm excitation. The fluorescence intensities due to the 
260-nm excitation are only slightly greater than those of 
343-nm excitation, which contrasts with the 2-fold enhance- 

ment observed in the case of the (+) enantiomer. Those 
observations are consistent with the absorption spectral results 
indicating that the (-) modifications exert less irreversible 
character on the adduct renaturation at the binding sites. 

Fluorescence Excitation Spectra. Since excitation at  the 
353-nm intercalative band results in a fluorescence maximum 
at 384-387 nm (in contrast to the 379-nm emission maximum 
observed when exciting at 343 nm), the excitation spectrum 
observed from monitoring the emission in the 384-387-nm 
region should emphasize the spectral features resulting from 
intercalative or stacking interactions. Prior to melting, the 
excitation spectra of the (+)-anti-BPDE adducts exhibit 
345-nm maxima regardless of whether emission is monitored 
at 379 or 387 nm (Figure 4A). These data suggest that the 
contributions from the intercalative mode of binding are minor. 
The postmelt excitation spectrum, however, exhibits a prom- 
inent 355-nm contribution even when emission is monitored 
at 379 nm (Figure 4B). The excitation spectrum resulting 
from an emission wavelength of 387 nm results in a 355-nm 
maximum that is more intense than that at 345 nm, which now 
exists merely as a shoulder. The excitation spectra again 
support the findings from absorption and emission observations 
that stacking interactions predominate after thermal denatu- 
ration and renaturation. 

The premelt excitation spectrum for the (-) adducts is very 
similar to that of (+) enantiomer when 379-nm emission is 
monitored. However, a 355-nm shoulder is clearly evident 
when the excitation spectrum is measured with 387-nm 
monitoring (Figure 4C). These data are consistent with the 
increased relative importance of intercalative contribution for 
the (-) adducts. Although melting of the (-)-anti-BPDE- 
modified DNA does not result in spectral changes as dramatic 
as those of the (+) counterpart, increased stacking contribution 
upon melting can be seen from the relative prominence of the 
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Fluorescence excitation spectra at room temperature of (+)- and (-)-anti-BPDE-modified ST-DNA before (A and C) 
thermal denaturation. 

355-nm shoulder in both 379- and 384-nm monitoring (Figure 
4D). 

Anti-BPDE- Modified Polynucleotides 
Poly(dA-dT).Poly(dA-dT) and Poly(dA).Poly(dT). Ab- 

sorption spectra for the premelt and melted anti-BPDE- 
modified poly(dA-dT).poly(dA-dT) are shown in Figure 5. It 
is particularly noteworthy that, in contrast to the 345-nm 
maximum exhibited by the anti-BPDE-modified DNA, the 
modified poly(dA-dT).poly(dA-dT) exhibits 3 53-nm maxima 
which show substantial hyperchromic effects and blue shifts 
upon melting (Figure 5). These observations are consistent 
with the predominant intercalative covalent binding of anti- 
BPDE in this alternating A-T copolymer (Chen, 1986). Only 
minor absorbance increase is observed upon melting of either 
the (+)- or (-)-anti-BPDE-modified poly(dA).poly(dT), both 
of which exhibit weak broad maxima around 349 nm for the 
premelt solutions (results not shown). The reversible rena- 
turation of these two polymers is evidenced by the nearly 
identical pre- and postmelt spectra in both DNA and pyrenyl 
spectral regions (not shown). 

Poly(dA-dc)-Poly(dG-dT) and Poly(dA-dG).Poly(dC-dT). 
The premelt absorption spectra for the (+)- and (-)-anti- 
BPDE-modified poly(dA-dC).poly(dG-dT) and poly(dA- 
dG).poly(dC-dT) exhibit 346-nm maxima. Melting of the 
(+)-anti-BPDE adducts does not greatly affect the spectra 
except for the slight pyrenyl hyperchromic effect for poly- 
(dA-dC).poly(dG-dT) and hypochromic effect with slight red 
shift for poly(dA-dG)-poly(dC-dT) (not shown). However, 
both polymers exhibit nearly complete renaturation upon 
cooling. In contrast, the pyrenyl spectra for the (-)-anti-BPDE 
modification exhibit 355-nm maxima, indicative of important 
intercalative contributions (Chen, 1986). This interpretation 
is supported by the much larger hyperchromic effects with 

and after 
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FIGURE 5: Absorption spectra of the 0.25% (+)- and 0.33% (-)- 
anti-BPDE-modified poly(dA-dT).poly(dA-dT) (A and B) before and 
after thermal denaturation. The room temperature postmelt spectra 
are nearly identical with those of premelt spectra and are, thus, not 
shown. 
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FIGURE 6: Comparison of absorption (A) and CD (B) spectra during 
a thermal denaturation-renaturation cycle for the 4.0% (+)-nnti- 
BPDE-modified poly(dG).poly(dC). The high temperature melted 
CD spectrum is similar to but smaller in magnitude than that of the 
postmelt room temperature spectrum. 

concomitant blue shifts observed upon melting of both (-)- 
anti-BPDE-modified polymers (results not shown). Upon 
cooling, the long-wavelength regions exhibit complete rever- 
sibility with only slight irreversibilities observed in the 346-nm 
region. 

Poly(dG).Poly(dC) and  Poly(dG-dC).Poly(dG-dC). 
Striking nonreversible renaturation is observed in the anti- 
BPDE-modified poly(dG).poly(dC) as shown in Figure 6. In 
the (+)-anti-BPDE adducts, a dramatic hypochromic effect 
with an accompanying absorption spectral red shift is seen 
upon melting (Figure 6A), suggesting increased stacking in- 
teractions. Upon cooling to room temperature, however, the 
spectral characteristics do not return to those of premelt but 
remain similar to those of the melted spectrum with only a 
slight increase in intensity. 

In contrast to (+)-anti-BPDE, the premelt spectrum of the 
(-) adducts is rather broad and exhibits a hyperchromic effect 
upon melting, with renaturation apparently reversible at the 
long-wavelength region (results not shown). These observa- 
tions are consistent with the interpretation of increased im- 
portance of contributions from intercalative interactions of the 
(-) adducts and their abilities to facilitate duplex formation. 

The different adduct conformations at the binding sites for 
the (+) adduct modified poly(dG).poly(dC) after denaturation 
are further supported by the CD measurements. The (+)- 
anti-BPDE covalently attached to duplex poly(dG).poly(dC) 
initially exhibits a strong positive CD band at 348 nm. This 
band is completely abolished upon melting, and the resulting 
spectrum upon subsequent cooling is quite weak (a broad 
positive maximum at 355 nm), showing no resemblance to the 
original spectrum (Figure 6B). No such effect was observed 

for the (+)-anti-BPDE-modified poly(dA-dG).poly(dC-dT) 
which also exhibits a positive CD maximum at 348 nm (Chen, 
1986). This is consistent with the reversible denaturation of 
this polymer as revealed by the absorption and fluorescence 
measurements. The disappearance of this strong positive CD 
band at the GG sequences and the negative CD contribution 
of the other sequences [except poly(dA-dG).poly(dC-dT)] 
(Chen, 1986) thus accounts for the earlier observed CD in- 
version of the (+)-anti-BPDE-modified native DNA upon 
melting. 

The nonreversible thermal denaturation of the anti-BPDE- 
modified poly(dG).poly(dC), apparent from the absorption as 
well as CD spectral measurements, is further evidenced in the 
fluorescence spectra. The emission spectra for the (+)- and 
(-)-anti-BPDE-modified poly(dG).poly(dC) at various exci- 
tation wavelengths are shown in Figure 7 .  Aside from the 
fluorescence intensity differences, fluorescence maxima re- 
sulting from excitation at various wavelengths remain roughly 
at 379 and 399 nm. It should be noted that fluorescence 
resulting from the 343-nm excitation is approximately twice 
as intense as that of the 260-nm excitation, which in turn is 
approximately twice as efficient as that of the 353-nm exci- 
tation (see panels A and C of Figure 7) .  

Upon denaturation and renaturation, both the relative 
fluorescence intensity and spectral maxima are greatly altered. 
Fluorescence intensities resulting from 260- and 353-nm ex- 
citations are dramatically enhanced in comparison to that of 
343-nm excitation, and the spectral maxima are red-shifted 
by about 5 nm (panels B and D of Figure 7). The fluorescence 
intensities resulting from the 260-nm excitation are about twice 
as intense as those of 343-nm excitation, which are similar in 
magnitude to those of 353-nm excitation. The identical 
spectral red shifts resulting from both excitations at  353 and 
260 nm again support the notion that the fluorescence resulting 
from excitation in the UV region occurs as a result of energy 
transfer from the DNA bases to the pyrenyl moieties. These 
features are consistent with the interpretation that thermal 
denaturation of anti-BPDE-modified poly(dG)ply(dC) results 
in enhanced stacking interactions. The appearance of excim- 
er-like emission at the long-wavelength region (-480 nm) is 
indicative of significant stacking interactions between neigh- 
boring anti-BPDE moieties. 

Greater postmelt stacking interactions for anti-BPDE co- 
valently bound to poly(dG)ply(dC) are also evident from the 
comparison of pre- and postmelt fluorescence excitation spectra 
(Figure 8). Since fluorescence at 384 nm is derived mainly 
from the stacked moieties, excitation spectra obtained by 
monitoring at this wavelength should emphasize stacking 
features. Indeed, the postmelt excitation spectra for the (+)- 
and (-)-anti-BPDE-modified poly(dG)-poly(dC) reveal 
prominent 355-nm shoulders when emission at 384 nm is 
monitored (see panels B and D of Figure 8). 

The thermal denaturation-renaturation characteristics of 
the (+)-anti-BPDE-modified poly(dG-dC).poly(dG-dC) are 
complicated by its higher than 100 O C  melting temperature 
as well as possible DNA degradation at high temperatures. 
However, alkaline and acid denaturation experiments indicate 
that poly(dG-dC).poly(dG-dC) is less susceptible to nonrev- 
ersible renaturation resulting from covalent modifications 
(results not shown). In these experiments, the exposure time 
to an acid or a base has been kept to a minimum in order to 
reduce the chance of DNA or adduct degradation. 

DISCUSSION 
Evidence from spectroscopic measurements presented in this 

paper strongly suggests that the adduct conformations at the 
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binding sites are grossly different before and after thermal 
denaturation of the (+)-anti-BPDE-modified DNAs. Al- 
though interpretation of the results is complicated by the 
incomplete reannealing of the thermally melted DNA, the 
finding that the postmelt spectral characteristics of (+)- 
anti-BPDE-modified native DNA exhibit significant stacking 
interactions, in contrast to those of premelt adducts, is in 
conformity with the conclusion reached by other spectroscopic 
evidence (Geacintov et al., 1976, 1978, 1980; Lefkowitz & 
Brenner, 1982) indicating that the covalently bound (+)- 
anti-BPDEs in native DNA are predominantly external in 
nature. The inability to return to the premelt adduct con- 
formation at the binding sites of negligible stacking interactions 
appears to conflict with the premise that these original ex- 
ternally bound moieties are the result of reorientation of the 
intercalated anti-BPDE. Such a mechanism most likely would 
involve local denaturation-renaturation at the vicinity of the 
binding sites and should result in the more stable stacking 
conformations. 

Results from the polynucleotide studies further reveal that 
the (+)-anti-BPDE-modified poly(dG).poly(dC) exhibits the 
greatest nonreversible denaturation at the binding sites. This, 
coupled with the previous findings that this polymer suffers 
the most extensive (+)-anti-BPDE modification (Chen, 1985a, 
1986), suggests that (dG),.(dC), regions may be responsible 
for such observed effects in native DNA. The ability to form 
stacked conformations in the single-strand dG stretch and the 
preference of pyrenyl moieties to stack with guanine may in 
part be responsible for this effect. 

The inability for the DNA to renature to the original adduct 
conformations at the covalent binding sites may have important 
implications for DNA replication and transcription processes 
and, consequently, for the actual mechanisms of carcinogenesis. 
Studies by Leffler et al., (1977) have shown that, with in- 
creasing levels of anti-BPDE covalent modification, there is 
progressive inhibition of transcription. The finding that the 
(dG),.(dC), regions exhibit the greatest adduct conformational 
differences between the renatured and the premelt ones may 
be of significance, as long homopurine-homopyrimidine se- 
quences exhibiting hypersensitivity of the S 1 endonuclease 
often flank genes in eucaryotic DNA. In this connection, it 
is of particular interest to note that, of the two protein binding 
regions within the hypersensitive domain of @-globin gene, one 
contains d(G),s.d(C)IS and the other contains a large number 
of shorter GG sequences (Emerson et al., 1985). In fact, Boles 
and Hogan (1986) recently described a photochemical tech- 
nique for mapping the covalent binding sites of anti-BPDE 
within DNA from the transcription control region of the 
chicken adult 0-globin gene. They found that this region 
contains highly preferred anti-BPDE binding sites and sug- 
gested that long poly(dG) sequences should be the preferred 
sites for BPDE action in other genes. 

Although the precise structure of the stacking conformation 
of anti-BPDE in single-strand DNA is not known, it most 
likely resembles the stacked conformation of anti-BPDE- 
modified dinucleoside monophosphate (Frenkel et al., 1978), 
in which the covalently attached anti-BPDE stacks with the 
neighboring base by an anti to syn rotation of the modified 
guanine residue about its glycosidic bond. Such a model is 
quite reasonable, as base rotation about its glycosidic bond 
is much easier for the single strand than for the duplex form. 
The prominent hypochromic effect exhibited by the (+)- 
anti-BPDE-modified homopurine-homopyrimidine polymers 
[poly(dG)-poly(dC) and poly(dA-dG).poly(dC-dT)] upon 
melting, thus, appears to suggest that stacking with the 
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neighboring purine is an important driving force. 
The fact that the (+)-anti-BPDE-modified poly(dA-dG). 

poly(dC-dT) renatures reversibly at  the binding sites while 
poly(dG).poly(dC) does not may partly be the consequence 
of stacking interactions for the latter between the contiguously 
bound pyrenyl moieties in single strands. This interpretation 
is supported by the observed excimer-like emission spectra of 
the anti-BPDE-modified poly(dG).poly(dC) and the ease with 
which this homopolymer can form unusual conformations. 

Our evidence also indicates that the nonreversible renatu- 
ration at the covalent binding sites for the (-)-anti-BPDE 
adducts is somewhat less pronounced. This may be due to the 
greater intercalative contributions of the (-) adducts which 
return to the original premelt conformations upon denatura- 
tion-renaturation, although the lower level of covalent mod- 
ification is certainly a factor. The greater relative intercalative 
covalent contribution of the (-) adducts is evident from the 
appearance of a shoulder or broadening in the 353-nm region 
of the premelt absorption spectra and the hyperchromic effect 
accompanied by concomitant blue shifts upon melting. The 
reduced nonreversibility coupled with the lower level of co- 
valent modification by the (-) enantiomer may impart the 
lower carcinogenic activity of this isomer. 

Results of these denaturation studies also appear to support 
the notion that intercalative physical binding may lead to the 
formation of intercalative covalent adducts and that the ex- 
ternally bound covalent adducts are derived from external 
bimolecular encounters. Due to relative rigidity of the duplex 
structure, nonintercalated pyrenyl moieties are prevented from 
stacking with the bases. However, once the duplex is melted, 
the pyrenyl moiety can stack with the bases to attain the 
thermodynamically more favorable conformation. 

Indeed, physical binding studies of pyrene (Chen, 1983), 
BP-diol (Yang et al., 1983) and anti-BPT (Chen, 1984) with 
polynucleotides have revealed that intercalative binding is 
much more preferred in poly(dA-dT).poly(dA-dT) than any 
guanine-containing polymers. Covalent binding studies of 
anti-BPDE to polynucleotides also suggest that only poly- 
(dA-dT).poly(dA-dT) exhibits predominant intercalative co- 
valent lesion and the lowest level of modification (Chen, 1986). 
It is of particular interest to note that a recent study on the 
noncovalent physical binding of anti-BPDE to synthetic po- 
lynucleotides (Moussaoui, 1985, Geacintov, 1986) has revealed 
that the order of intercalative binding is poly(dA-dT).poly- 

> poly(dA).poly(dT). Thus, it is reasonable to suggest that, 
in native DNA, intercalative physical binding of anti-BPDE 
occurs mainly at  pyrimidine-purine sequences, especially 
dT-dA [theoretical calculation indicates that this is the most 
preferred sequence and intercalative binding at the dA-dT 
sequence is energetically less favorable (Miller et al., 1985)], 
and covalent lesions occur mainly at the guanine-containing 
sequences via external bimolecular encounters at the minor 
groove. 

How does one then reconcile (without imposing the notion 
of adduct reorientation) the fact that the physical binding of 
(+)-anti-BPDE to native DNA is predominantly intercalative 
while the covalent adducts are substantial and predominantly 
external in nature? The likely explanation appears to be that 
the physical binding of anti-BPDE to DNA is predominantly 
intercalative in nature due to the high [DNA] / [BPDE] ratio 
used in the experiments but that the binding sites are less likely 
to react covalently (possbily due to intercalative preference 
at the dT-dA and other pyrimidine-purine sites and unfa- 
vorable geometric orientation of the reactive groups for the 

(dA-dT) >> poly(dG-dC).poly(dG-dC) > poly(dG).poly(dC) 
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low-energy intercalated conformations). Consequently, many 
exchanges between the intercalated and nonintercalated sites 
occur during the lifetime of an anti-BPDE (Geacintov, 1985), 
and the external nature of the covalent adducts can be ra- 
tionalized in terms of higher covalent reactivity at the external 
sites (dG-containing sequences). The experimental evidence 
suggests that the time constant for the release of the inter- 
calated anti-BPDE is much shorter than the characteristic time 
for the covalent formation (Meehan & Bond, 1984; Geacintov, 
1985). 

It may be of interest to note that a theoretical model (Miller, 
1985) has been proposed to rationalize the external nature of 
(+)-anti-BPDE covalent adducts in terms of an anti to syn 
rotation about the glycosidic bond after covalent lesion at the 
intercalation site. Although such a model appears to be quite 
reasonable, it would predict a facilitation of a B to Z transition 
through (+)-anti-BPDE modification, as guanosine exists as 
a syn conformation in the Z form. Our previous studies (Chen, 
1985b) as well as others (Moussaoui et al., 1985) on the 
(+)-anti-BPDE-modified poly(dG-dC).poly(dG-dC), however, 
suggest inhibition of B to Z transformation in the covalently 
bound regions. 

Finally, it is also worth noting that although we have 
characterized the guanine binding sites exhibiting slight red 
shifts as “external”, Hogan et al. (1981) have presented evi- 
dence to argue that the anti-BPDEs are intercalated in 
“wedge-like’’ fashion at these sites. 
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