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ABSTRACT: The deoxyribooligonucleotide 5’-d(CTCACATGTACACTCT) was reacted separately with 
the chiral diol epoxide isomers 7@,8a-dihydroxy-9a,1Oa-epoxy-7,8,9,lO-tetrahydrobenzo[a]pyrene [(+)- 
anti-BPDE)] and 7a,8@-dihydroxy-9@, 10@-epoxy-7,8,9,1O-tetrahydrobenzo[a]pyrene [(-)-anti-BPDE)], 
to produce the modified oligonucleotides 5’-d(CTCACATGBPDETACACTCT). Adducts in which either 
(+)-anti-BPDE or (-)-anti-BPDE are covalently bound via their C10 positions by trans addition to the 
exocyclic amino group of the single G residues were isolated and purified by HPLC methods. Snake venom 
phosphodiesterase (SVPD, phosphodiesterase I), which hydrolyzes DNA from the 3’-OH terminus to the 
5’-end, digests the (+)-trans-anti-BPDE-oligonucleotide adducts a t  a significantly faster rate than that 
of the sterically different (-)-trans-anti- BPDE-oligonucleotide adducts. However, using spleen phos- 
phodiesterase (SPD, phosphodiesterase 11), which hydrolyzes DNA in the 5’ - 3’ direction, the opposite 
stereoselective resistance to digestion is observed. Using shorter BPDE-modified oligonucleotides as standards, 
the enzyme stall sites have been defined by gel electrophoresis methods; the most digestion-resistant 
phosphodiester linkage is the 5’-d( ... T-G* ...)- 3’bond in the case of (+)-trans-BPDE-modifid oligonucleotide 
adducts for both enzymes, SVPD and SPD (the starred G denotes the site of BPDE modification). In the 
case of the (-)-trans-BPDE-modified oligonucleotide adducts, the phosphodiester bond on the 3’-side of 
the modified G [5’-d( ... G*-T ...)- 3’1 is most resistant to digestion by both enzymes. It is concluded that in 
single-stranded oligonucleotides the pyrenyl residues point toward the 5’-end, while in (-)-trans adducts 
they point toward the 3’-end of the modified strands, paralleling the orientations recently found by 2D NMR 
techniques in analogous (+)-trans- and (-)-trans-BPDE-oligonucleotide duplexes [de 10s Santos et al. 
(1992) Biochemistry 31,524542521. Overall rates of enzyme digestion are more hindered whenever the 
bulky pyrenyl residue points in a direction opposing the progress of hydrolysis and are more facile when 
the pyrenyl ring points along the direction (3’ - 5’ or 5’ -, 3’) of exonuclease digestion. Identification 
of exonuclease digestion stall sites in single-stranded oligonucleotides modified with bulky adducts may 
prove useful for deducing the orientations of these covalently bound residues relative to the modified base 
and the 5’-3’ strand polarity. 

The effects of chirality are of critical importance in 
determining the natureof the interactions and chemical binding 
of mutagenic and carcinogenic diol epoxide metabolites of 
environmental polycyclic aromatic hydrocarbons (PAH) with 
DNA, and the biological consequences attributed to the 
covalent nucleic acid lesions (adducts) that are formed 
(Conney, 1982; Singer & Grunberger, 1983). The exonu- 
cleases snake venom phosphodiesterase (SVPD) or spleen 
phosphodiesterase (SPD) (phosphodiesterases I and 11, re- 
spectively) are routinely employed to degrade PAH metab- 
olite-DNA adducts to the nucleotide or nucleoside levels for 

This work was supported by the Office of Health and Environmental 
Research, Department of Energy, Grant DE-FG02-86ER60405. The 
oligonucleotide and adduct synthesis facilities are supported by Grants 
CA 20851 from the US. Public Health Service, Department of Health 
and Human Services, awarded by the National Cancer Institute. The 
synthesis of the anti-BPDE enantiomers at the American Health 
Foundation was supported by PHS/DHHS/NIH/NCI Contract N01- 
CP-21115 and Grant CA 57226-01. 

* Corresponding author. 
t New York University. 
8 American Health Foundation. 
11 Present address: Cellular Biochemistry and Biophysics Program, 

e Abstract published in Advance ACS Absrructs, October 15, 1993. 
Memorial Sloan-Kettering Cancer Center, New York, NY 10021. 

0006-2960193 10432- 11 785%04.00/0 

the identification and characterization of the lesions [see, for 
example, Gupta et al. (1982), Cheng et al. (1989), and Cheh 
et al. (1990)]. The resistance to exonuclease digestion of 
DNA adducts with covalently bound derivatives of 7,12- 
dimethylbenz[a]anthracene (Dipple & Pigott, 1987;Stezowski 
et al., 1987), benz[a]anthracene, benzo[c]phenanthrene (Cheh 
et al., 1990), and benzo[a]pyrene (Cosman, 1991; Osborne, 
1993) has been reported. The focus of our interest is on the 
stereochemical aspects of this phenomenon using adducts 
derived from the binding of chiral benzo[a] pyrene diol epoxide 
derivatives to DNA. 

The basic characteristics of SVPD and SPD have been 
reviewed (Laskowski, 1971; Bernardi & Bernardi, 1971). The 

Abbreviations: SVPD, snake venom phosphodiesterase (phospho- 
diesterase I); SPD, spleen phosphodiesterase (phosphodiesterase 11); (+)- 
anri-BPDE, 78,8a-dihydroxy-9a,lOa-epoxy-7,8,9,1O-tetrahydrobenzo- 
[alpyrene; (-)-anri-BPDE, 7a,8~-dihydroxy-9~,10~-epoxy-7,8,9,10- 
tetrahydrobenzo[a]pyrene; (+)- or (-)-trans-anri-BPDE-N2-dG, mono- 
nucleoside adducts derived from the covalent binding by trans addition 
of either of the two anti-BPDE enantiomers via their C10 positions to 
the exocyclic (N2) amino groups of 2’-deoxyguanosine (dG); (+)- or 
(_)-trar-oligonucleotide adduct, d(CTCACATGBPDeTACACTCT) 
with analogous stereochemical characteristics as the corresponding (+)- 
or (-)-trans-anri-BPDE-N2-dG mononucleoside adducts at the modified 
dG residues. 
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enzyme SVPD successively hydrolyzes 5’-mononucleotides 
from deoxyribooligonucleotides with free 3’-OH groups, and 
thus digestion of the DNA proceeds in the 3’ - 5’ direction. 
In contrast, SPD requires 5’-OH termini, and digestion 
proceeds in the opposite direction (5’ - 3’). Both SVPD 
(Nossal &Singer, 1968;Brodyetal., 1986) andSPD (Thomas 
& Olivera, 1978) arenonprocessiveenzymes. While the exact 
mechanisms of hydrolysis are not yet understood, these 
enzymes are known to bind to the DNA substrates and to 
catalyze partial hydrolysis, followed by dissociation of the 
complexes, the subsequent binding of the enzyme to other 
DNA molecules, and the repetition of the hydrolysis cycles. 
In contrast, processive exonucleases bind to one single DNA 
molecule and hydrolysis continues until the degraded oligo- 
nucleotides are only 10-12 bases long (Brody, 1991). 

In living cells, benzo[a]pyrene is metabolized to many 
different oxygenated derivatives which include four highly 
reactive and biologically active bay-region diol epoxide 
derivatives (Conney, 1982; Singer & Grunberger, 1983). 
Particularly striking are the differences in the biological 
activities of the two enantiomers 7/3,8a-dihydroxy-9a,lOa- 
epoxy-7,8,9,1O-tetrahydrobenzo[a]pyrene [ (+)-anti-BPDE] 
and 7ar,8j3-dihydroxy-9j3,lO/3-epoxy-7,8,9,1O-tetrahydrobemo- 
[alpyrene [(-)-anti-BPDE]. The (+)-anti-BPDE isomer is 
more mutagenic than (-)-anti-BPDE in mammalian cell 
systems, while in some bacterial strains the (-)-enantiomer 
is more active (Wood et al., 1977; Brookes & Osborne, 1982; 
Stevens et al., 1985); furthermore, (+)-anti-BPDE is highly 
tumorigenic, while the (-)-enantiomer is not (Buening et al., 
1978; Slaga et al., 1979). The reverse ordering of the relative 
mutagenicities of (+)-anti- BPDE and (-)-anti-BPDE in 
mammalian and in bacterial cell systems suggests that the 
processing of adducts by cellular enzymes must be quite 
different in these two types of mutagenesis test systems 
(Stevens et al. , 1985). 

In this work, we have covalently modified the 16-mer 
d(CTCACATGTACACTCT) by trans addition (Cheng et 
al., 1989) at the exocyclic amino group of the single guanosyl 
moiety with (+)-anti-BPDEand (-)-anti-BPDE. Using high- 
resolution gel electrophoresis methods, we show that the 
relative efficiencies of digestion of the modified single-stranded 
oligonucleotides by SVPD and SPD are remarkably different 
and depend on the adduct stereochemistry relative to the 3’ - 5’ (SVPD) or 5’- 3’ (SPD) directions of enzymedigestion. 
A simple model accounting for the stereoselective resistance 
to enzyme digestion in terms of the orientations of the pyrenyl 
residues relative to the 5’-3’ strand polarity is proposed. Our 
findings suggest that exonuclease enzyme digestion methods 
can be useful in defining bulky adduct orientations in site- 
specifically modified single-stranded DNA. 

Biochemistry, Vol. 32, No. 44, 1993 Mao et al. 

cedures (Caruthers, 1982), and purified as described earlier 
(Cosman et al., 1990). The oligonucleotides 5’d(CTCA- 
CATGT) and 5’-d(TGTACACTCT) were purchased from 
The Midland Certified Reagent Co. (Midland, TX). 

Modification and Purification of anti- BPDE Adducts. The 
oligonucleotide d(CTCACATGTACACTCT) was modified 
covalently with (+)-anti-BPDE and (-)-anti-BPDE as de- 
scribed earlier (Cosman, et al, 1990). The anti-BPDE-N2- 
dG oligonucleotide adducts were separated by HPLC em- 
ploying a 10 X 250 mm Hypersil-ODS column (Keystone 
Scientific, Inc., Bellefonte, PA) and a 0-9076 linear gradient 
of a methanol/20 mM sodium phosphate buffer solution (pH 
7.0) in 60 min with a flow rate of 3 mL/min. Both UV and 
fluorescence detectors were used. The wavelength was 254 
nm for UV absorption detection, while for fluorescence 
detection, the excitation wavelength was 344 nm and the 
emission wavelength was 400 nm. The oligonucleotides 5’- 
d(CTCACATGT) and 5’-d(TGTACACTCT) were modified 
covalently with racemic BPDE. Stereospecific 5’-d(TGBPDE- 
TACACTCT) adducts were separated by HPLC using a 
0-3595 linear gradient of a methanol/20 mM sodium phos- 
phate buffer solution (pH 7.0) in 60 min with a flow rate of 
3 mL /min. The stereochemically different adducts 5‘- 
d(CTCACATGBPDET) were first separated from the unmod- 
ified oligonucleotide using the same procedure, and the adduct 
fraction was collected, evaporated to dryness, and redissolved 
in water. The adducts were then subjected to further HPLC 
separation with a 25-3576 linear gradient of methanol and 
phosphate buffer in 60 min, with a flow rate of 1 mL/ min 
using a Microsorb-MV C-18,4.5 X 250 mm, 5-pm analytical 
column (Rainin Instrument, Inc., Woburn, MA). The 
stereochemical characteristics of these adducts were also 
determined by enzymatically digesting the BPDE-modified 
oligonucleotides to the BPDE-N2-dG mononucleoside levels, 
by coelution of the latter with BPDE-N2-dG adduct standards 
(Cheng et al., 1989), and via the CD spectra of the individual 
BPDE-mononucleoside adducts (Cosman et al., 1990). Both 
the (+)- and (-)-trans-anti-BPDE-N2-dG-modified oligo- 
nucleotide 9- or 10-mers were used as size markers in gel 
electrophoresis experiments. 

Circular Dichroism (CD) Spectra. The CD spectra were 
determined with a home-built CD system which was calibrated 
with a d-camphorsulfonic acid solution (Cassim, 1969); the 
magnitude of the CD signal is reported in terms of molar 
ellipticities for an optical path length of 1 cm (Cosman, 1990, 
Cosman, 1991), and in terms of mdeg/au (Chenget al., 1989; 
Weems & Yang, 1989), where au is the absorbance at the 
350-nm maximum of the BPDE-oligonucleotide adducts. The 
molar concentrations of BPDE residues (or modified strands) 
were calculated by using a molar extinction coefficient of 
29 500 M-l cm-l at 350nm (Cosman et al., 1990). Absorption 
spectra were determined with an Aviv Model 14 DS UV-vis 
spectrophotometer (Aviv Associates, Lakewood, NJ). 

Phosphorylation and Strand Purification. The oligonu- 
cleotides d(CTCACATGTACACTCT), d(CTCACATGT), 
and the corresponding trans-anti-BPDE-N2-dG oligonucle- 
otide adducts (50 ng of each) were labeled at their 5’-termini 
by using T4 polynucleotide kinase (Pharmacia, Piscataway, 
NJ) and [Y-~~P]ATP (New England Nuclear, Boston, MA). 
Labeling at the 3’-termini was achieved by first forming an 
overhanging duplex d(CTCACATGBPDETACACTCT). 
d(GAGAGTGTACATGTGA) and d(TGTACACTCT). 
d(GAGAGTGTACA), and then by using the Klenow frag- 
ment of Escherichia coli DNA polymerase I (Pharmacia) 
and [CY-~~P]CTP (New England Nuclear, Boston, MA) to 

MATERIAIS AND METHODS 

Synthesis of anti- BPDE Enantiomers. Benzo[a] pyrene- 
7,8-diol was synthesized as described previously (Yagi et al., 
1977) and was resolved into the R,R and S,S-enantiomers by 
chiral stationary-phase HPLC according to published methods 
(Yang et al., 1984; Weems et al., 1986). The resulting 
dihydrodiols were oxidized to the corresponding diol epoxides 
(+)- and (-)-anti-BPDE by m-chloroperbenzoic acid (Yagi 
et al., 1977). 

Synthesis and Purification of Oligonucleotides. The 
oligonucleotide 5’-d(CTCACATGTACACTCT) was syn- 
thesized on a Cyclone DNA synthesizer (Biosearch, Inc., San 
Rafael, CA), deprotected by routine phosphoramidite pro- 
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extend the 3’-termini. All labeled samples were heated for 
2 min at 90 OC, cooled to 0 OC , and loadedon a 20% denaturing 
polyacrylamide gel. The gel was operated at 2500 V for 2 h 
at 45 OC and exposed briefly to Kodak X-OMAT AR film 
(Eastman Kodak Co., Rochester, NY); the bands corre- 
sponding to the 16-mer were cut out and soaked overnight at 
37 OC in 0.3 mL of buffer ( O S  M ammonium acetate, 10 mM 
magnesium diacetate). The extracted solutions were passed 
through a Bio-Gel P-6 spin column (Bio-Rad, Melville, NY) 
for desalting. The samples were lyophilized and redissolved 
in the appropriate reaction buffers. 

Snake Venom Phosphodiesterase Digestion. The SVPD 
(Pharmacia) digestion was carried out at room temperature 
in 60 pL of solution containing 5’-termini-labeled unmodified 
or (+)- or (-)-trans-BPDE-N2-dG-modified oligonucleotides 
d(CTCACATGTACACTCT) or d(CTCACATGBPDETA- 
CACTCT), 0.2 unit of SVPD, 1 pg of unlabeled adduct, and 
reaction buffer (15 mM MgC12, 0.11 M Tris, pH 8.9). 
Unlabeled oligonucleotide was added in order to ensure 
identical concentrations, and thus reproducibility, in different 
experiments. Ten microliters of the reaction mixture was 
taken out after different time intervals, and the digestion was 
terminated by addition of EDTA (10 mM final concentration). 

Spleen Phosphodiesterase Digestion. Digestion with this 
enzyme (Boehringer-Mannheim, Indianapolis, IN) was per- 
formed at room temperature in 60 pL of solution which 
contained 3’-termini labeled single-strand (+)- or (-)- trans- 
oligonucleotide adducts, 0.1 unit of SPD, 1 pg of unlabeled 
adduct, and the reaction buffer (0.25 M sodium succinate, 
pH 6.5); 10-pL aliquots of the reaction mixtures were sampled 
at different time periods after adding 10 pL of the stop solution 
(0.0059 M uranyl acetate in 2.5% perchloric acid) to these 
aliquots. 

Gel Electrophoresis. Seven-microliter aliquots of the 
digestion mixtures in loading buffer (98% formamide solution) 
were placed in the wells of denaturing gels (20% acrylamide, 
19:l monomer/bis ratio, 7 M urea) for 2 h at 2500 V and 45 
OC using a Poker-Face I1 Model SE 1600 gel electrophoresis 
apparatus 40 cm long (Hoefer Scientific Instruments, San 
Francisco, CA). The buffer system contained 89 mM Tris, 
89 mM borate, pH 8.9, and 2 mM EDTA (TBE buffer). The 
gel was dried immediately on a vacuum drying apparatus 
(Hoefer Scientific Instruments) and was exposed to X-ray 
film at room temperature. 

Enzyme Digestion of BPDE- Modified Oligonucleotides 
to BPDE-dG Mononucleoside Adducts, and HPLCAnalysis. 
The unmodified and modified oligonucleotides were hydro- 
lyzed to deoxyribonucleosides using SVPD and bacterial 
alkaline phosphatase (McLaughlin & Piel, 1984). Approx- 
imately 2 pg of sample, 3 units of SVPD, and 3 units of bacterial 
alkaline phosphatase were added to 200 pL of a 100 mM 
Tris-HC1, pH 8.8, and 20 mM MgClz buffer solution and 
allowed to react overnight at 37 OC. The resulting digests 
were analyzed by HPLC using a Microsorb-MV C-18,4.5 X 
250 mm, 5-pm analytical column (Rainin Instrument, Inc., 
Woburn, MA) with a linear &loo% methanol/2O mM sodium 
phosphate buffer (pH 7.0) gradient in 60 min and a flow rate 
of 1 mL/min. The anti-BPDE-N2-dG adduct fractions were 
collected, and their elution times and CD spectra were 
compared with those of BPDE-N2-dG standards; the latter 
were prepared as described by Cheng et al. (1989). 

RESULTS 

Separation of (+)- and (-)-anti-BPDE-Oligonucleotide 
Adducts. High-performance liquid chromatography elution 
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FIGURE 1: HPLC elution profile of (A) (+)-mi-BPDE-d(CTCA- 
CATGTACACTCT) reaction mixture and (B) (-)-ontCBPDE- 
d(CTCACATGTACACTCT) reaction mixture. Peaks A1 and B1: 
unmodified oligonucleotides; peak A3: (+)-rruns-an?i-BPDE-NZ- 
dG oligonucleotide adduct; peak B2: (-)-rruns-an?i-BPDE-N2-dG 
oligonucleotide adduct; peaks A2 and B3 are cis-an?i-BPDE-N2-dG 
oligonucleotide adducts. Heavy lines (bottom traces): detection by 
absorbance at 254 nm; thin lines (upper traces): detection by 
fluorescence (excitation 350 nm, emission viewed at 400 nm). 

profiles of (+)-anti- BPDE-aligonucleotide and (-)-anti- 
BPDE-oligonucleotide reaction mixtures are shown in Figure 
1, panels A and B, respectively. Three different elution 
maxima, characterized by their absorbances at 254 nm, are 
evident. Absorbance peaks A1 and B1 at 18 min are due to 
the unmodified oligonucleotide 5’-d(CTCACATGTACAC- 
TCT), and as expected, there is no fluorescence associated 
with these elution maxima. The next two eluates (A2, A3 
and B2, B3) contain (+)- and (-)-anti-BPDE-oligonucleotide 
5’-d(CTCACATGBPDETACACTCT) adducts, respectively, 
and are characterized by fluorescence emission upon excitation 
at 350 nm (upper, thin lines in Figure 1, panels and B). The 
corresponding fluorescence excitation and emission spectra 
(data not shown) are characteristic of the pyrenyl residue 
(Geacintov et al., 1991). The combined yields of (+)- and 
(-)- anti-BPDE-oligonucleotide adducts amount to about 15- 
20% on the basis of the oligonucleotide strand concentration. 

Determination of BPDE-N2-dG Oligonucleotide Adduct 
Stereochemistry. Each of the four eluates (A2, A3, B2, and 
B3) were subjected to digestion using the enzymes SVPD and 
bacterial alkaline phosphatase to obtain (+)- or (-)-anti- 
BPDE-N2-deoxyguanosine mononucleoside adducts as de- 
scribed recently (Cheng et a1.,1989; Cosman et al., 1990; 
Geacintov et al., 199 1). The HPLC elution profiles of enzyme 
digests of the unmodified oligonucleotide fractions A1 (or 
B1) and modified oligonucleotide fractions A3 and B2 (all 
defined in Figure 2) are shown in Figure 2, panels A, B, and 
C, respectively. In Figure 2A, elution peaks due to each of 
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FIGURE 2: HPLC chromatograms showing the enzyme digests (3 
units each of SVPD and bacterial alkaline phosphatase in a 200-pL 
solution) of (A) unmodified oligonucleotide, (B) (+)-tram-BPDE- 
d(CTCACATGBPDeTACACTCT) adduct (HPLC elution peak A3 
in Figure 1 A), and (C) (-)-trans-BPDE-d(CTCACATGBPDE- 
TACACTCT) adduct (HPLC elution peak B2 in Figure 1B). The 
eluates with retention times in the vicinity of 45 min are tram-BPDE- 
NZ-dG mononucleoside adducts; the CD spectra of these fractions 
are shown in Figure 3. 

the four nucleosides are observed; however, in Figure 2B,C, 
similar elution maxima are observed, except that the dG peaks 
are missing (the small residual maxima near 16 min in Figure 
2B,C, are due to enzyme solution components). Instead, 
eluates containing single (+)- or (-)-anti-BPDE-N2-dG 
adducts are observed which coelute (data not shown) with 
either a trans-(+)-anti-BPDE-N2-dG adduct standard (en- 
zyme digest of eluate A3) or a trans-(-)-anti-BPDE-N2-dG 
adduct standard (enzyme digest of eluate B2). Furthermore, 
the CD spectrum of the enzyme digest of eluate A3 is the 
same as that of the authentic trans-(+)-anti-BPDE-N2-dG 
adduct, while the CD spectrum of the enzyme digest of eluate 
B2 coincides with that of the authentic trans-(-)-anti-BPDE- 
N2-dG adduct (Cheng et al, 1989); the CD spectra of the 
enzyme digests of fractions A3 and B2 (the HPLC elution 
fractions at 4 4 4 5  min, Figure 2B,C), shown in Figure 3, are 
mirror images of one another, as expected for BPDE-dG 
adducts derived from the binding of the chiral (+)- and (-)- 
anti-BPDE isomers to dG (Cheng et al., 1989). In summary, 
eluates A3 and B2 contain the deoxyoligonucleotide 5'- 
d(CTCACATGBPDETACACTCT) in which the single gua- 
nosine residues are modified covalently via trans addition of 
(+)-anti-BPDE and (-)-anti-BPDE, respectively, to the 
exocyclic amino group of the single dG bases; these will be 
designated as the (+)-trans- and(-)-trans-oligonucleotide 
adducts, respectively. Eluates A2 and B3 contain the 
corresponding (+)-cis- and (-)-cis-oligonucleotide adducts 
(data not shown), and their properties were not further 
investigated here. 
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FIGURE 3: Circular dichroism spectra of tram-BPDE-N2-dG 
mononucleoside adduct obtained from enzyme digests of trans-anti- 
BPDE-oligonucleotide adducts (A) derived from the covalent binding 
of (+)-anti-BPDE (HPLC fractionA3 in Figure 1A) and (B) derived 
from the covalent binding of (-)-anti-BPDE (HPLC fraction B2 in 
Figure 1B). The vertical scales are expressed in terms of mdeg/au 
(where au denotes the absorbance units at the absorption peak of 345 
nm) (left-hand scale) and in terms of molar ellipticities (right-hand 
scale). 
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FIGURE 4: Circular dichroism spectra of tram-anti-BPDhligc- 
nucleotide adducts. (A) (+)-tram-anti-BPDEroligonucldeadduct 
(HPLC fraction A3 in Figure 1A) and (B) (-)-tram-anti-BPDE- 
oligonucleotide adduct (HPLC fraction B2 in Figure 1B); the vertical 
scale is expressed in terms of mdeg/au (au denotes the absorbance 
units at the absorption peak of 350 nm) (left-hand scale) and in 
terms of molar ellipticities (right-hand scale). The respective 
absorption spectra are shown in the insets (-7 fiM strand concen- 
tration). 

Spectroscopic Characteristics of trans-Oligonucleotide 
Adducts. The absorption and CD spectra of the (+)-tram- 
and (-)-trans-oligonucleotide adducts are compared to one 
another in Figure 4. The absorption spectra are very similar 
for both types of adducts, with maxima at  248,334, and 350 
nm attributable to the pyrene-like aromatic residue (Cosman 
et al., 1990; Geacintov et al., 1991). Above 300 nm, the CD 
spectra resemble the absorption spectra in shape, with the 
signs of the ellipticities being either positive [ (-)-trm-adducts] 
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FIGURE 5: Gel electrophoresis of SVPD digestion mixture (0.2 unit 
in 60 pL) of trans-anti-BPDE-d(CTCACATGBPDETACACTCT) 
adducts. Lanes 1 and 12: unmodified oligonucleotide digested for 
0.5 min. Lanes +2 and -7: controls, undigested (+)-t~ans-anti- 
BPDE- and (-)-trans-anti-BPDE4igonucleotide adducts, respec- 
tively. Lanes +3 to +6: (+)-trans-antLBPDE4igonucleotide adduct 
digested for 2, 30, 60, and 90 min, respectively. Lanes -8 to -11: 
(-)-trans-anti-BPDE4igonucleotide adduct digested for 2, 30,60, 
and 90 min, respectively. The + and - signs in front of the lane 
designations denote oligonucleotide adducts derived from (+)- and 
(-)-anti-BPDE, respectively. 

or negative [ (+)-trans-adducts] . The characteristics of these 
CD spectra are attributed to the asymmetry of the environment 
of the pyrenyl residues (induced CD effects). Below 300 nm, 
the CD spectra are complex because of the superposition of 
the coupled exciton CD spectra (Harada & Nakanishi, 1983) 
of the BPDE-N2-dG moieties (Figure 3) and the nucleic acid 
residues. 

SVPD Digestion (3' - 5') of trans-Oligonucleotide Ad- 
ducts. Electrophoresis gel patterns of solutions of the 
unmodified 16-mer 5'-d(CTCACATGTACACTCT) and the 
(+)-trans- and (-)-trans-oligonucleotide adducts subjected 
to digestion with SVPD for various digestion times are shown 
in Figure 5. 

Digestion of the unmodified oligonucleotide with SVPD 
for only 30 s yields a series of 16 bands of varying intensities 
(Figure 5 ,  lane 1); the uppermost, faint band is attributed to 
a small amount of residual undigested 16-mer, while the higher- 
mobility fragments are due to progressively shorter fragments 
(from top to bottom). The dark bands in lanes +2 and -7 
indicate that the mobilities of the undigested (+)- and (-)- 
trans-oligonucleotide adducts (controls) are considerably 
slower than that of the unmodified oligonucleotide, as described 
earlier (Ma0 et al., 1992); the fainter bands in lanes +2 and 
-7 just below the dark bands are probably oligonucleotide 
adduct decomposition products and were not identified. After 
2 min of digestion with SVPD, a prominent undigested band 
(lane +3) is observed at  approximately the same level as the 
fifth band from the top in lane 1; a series of 7 lower molecular 
weight fragments is also present; these bands coincide in 
position with bands 10-16 (counted from the top) of the shorter 
oligonucleotide fragments arising from the digestion of the 
unmodified oligomer (lane 1). However, upon digestion of 
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1 +2 +3 +4 +5 +6 -7 -8 -9 -10 -11 12 
------- _ - - ~ -  
lm CTRL lm 5 120 240 CTRL 1 5 120 240 lm 

FIGURE 6: Gel electrophoresis of SPD digestion mixture (0.1 unit 
in 60 pL) of trans-mi-BPDE (CTCACATGBPDETACACTCT) 
oligonucleotide adducts. Lanes 1 and -1 2: unmodified oligonucleotide 
(CTCACATGTACACTCT) digested for 1 min. Lanes +2 and -7: 
controls, undigested (+)-trans-anti-BPDE- and (-)-trans-anti- 
BPDE-oligonucleotide adducts, respectively. Lanes +3 to +6: (+)- 
tram-anti-BPDE oligonucleotide adduct digested for 1,5, 120, and 
240 min, respectively. Lanes -8 to -1 1: (-)-trans-anti-BPDE- 
oligonucleotide adduct digested for 1,5,120, and 240 min, respectively. 

the (+)-trans-oligonucleotide adducts for longer times (lanes 
+4 to +6), it is evident that degradation is complete after 
60-90 min. In the case of the (-)-trans-oligonucleotide 
adducts (lanes -7 to -1 l), on the other hand, it is evident that 
digestion is partially blocked at  a specific site, since dark single 
bands (which comigrate with the fifth band from the top of 
the partially digested unmodified oligonucleotide, lane 12) 
are evident after 2,30,60, and 90 min of digestion with SVPD 
(Figure 5 ) .  

Evidently, digestion by SVPD is significantly slowed in the 
case of both (+)-and (-)-tramanti- BPDE adducted 16-mers, 
but this effect is much more strongly pronounced in the case 
of the (-)-trans-anti- BPDE4igonucleotide adduct. This 
difference is particularly striking after 90 min of digestion 
(lanes +6 and -1 1). We conclude from these observations 
that both types of adducted bulky BPDE residues inhibit the 
progress of digestion, but that the (-)-trans-anti-BPDE-16- 
mer adduct is more resistant to digestion by the exonuclease 
snake venom phosphodiesterase I than the corresponding (+)- 
trans-anti-BPDE-16-mer adduct. 

SPD Digestion (5'- 3') of trans- Oligonucleotide Adducts. 
Results of the digestion of (+)-trans and (-)-trans-oligonu- 
cleotide adducts by SPD are depicted in the photograph of a 
typical electrophoretic gel (Figure 6). Lanes 1 and 12 represent 
a ladder of fragments of different sizes obtained from the 
digestion of the unmodified 17-mer by SPD for 1 min (an 
extra dC is incorporated at the 3'-end in the 3'-labeling 
reaction); digestion is incomplete within this short time interval, 
and only 11 bands are visible in this case. The bands due to 
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the undigested (+)-trans- and (-)-trans-oligonucleotide ad- 
duct controls areshown in lanes +2 and-7, respectively. Lanes 
+3 to + 6, and lanes -8 to -1 1, depict the products obtained 
after digestion of (+)-trans- and (-)-trans-oligonucleotide 
adducts, respectively, for varying periods of time (1-240 min). 
The results are opposite to those observed in the case of 
SVPD: the progress of digestion by SPD is significantly slower 
in the case of the (+)-trans adduct than in the case of the 
(-)-trans-oligonucleotide adduct. After a 4-h period, the 
digestion of the (-)-trans-oligonucleotide adduct is complete 
(lane -1 1). In the case of the (+)-trans adduct, however, a 
prominent band due to an undigested fragment is still visible 
near the top of the gel (lane +6); this band comigrates with 
the fourth band from the top in lane 1 which arises from the 
partial digestion of the unmodified oligonucleotide. Thus, 
the (+)-trans-BPDE-l6-mer adduct is more resistant to 
digestion by SPD than the corresponding (-)-trans-BPDE- 
oligonucleotide adduct. 

Determinations of Enzyme StallSites. The oligonucleotide 
fragments that are most resistant to digestion by SVPD appear 
to be similar in size for the (+)-trans- and (-)-trans adduct 
(Figure 5, lanes +3 and -8 to -1 1, respectively). In the case 
of SPD, the sizes of the digestion-resistant (+)-trans- and 
(-)-trans-oligonucleotide fragments appear to be different 
(compare, for example, lanes +3 to +6 with lane -9, Figure 
6). However, attempts to relate the size of the fragments to 
one another are difficult because of the intrinsically slower 
mobilities of (+)-BPDE-modified, as compared to (-)-BPDE- 
modified, oligonucleotides [Shibutani et al. (1993) and 
compare, for example, lanes +2 and -7 in Figure 61; Shorter 
fragments bearing BPDE-N2-dG residues exhibit larger 
differences in mobilities ( Mao et al., 1992). Comparisons of 
the sizes of the enzyme digest fragments with those derived 
from Maxam-Gilbert sequencing reactions (Maxam & 
Gilbert, 1980) are not entirely suitable for precise length 
determinations; the Maxam-Gilbert fragments have 3‘- 
phosphate residues, while the enzyme digest fragments have 
3’-OH (or 5’-OH) ends. 

In order to overcome these problems and to determine the 
sites of the most prominent enzyme stall sites (the darkest 
bands in lanes +3 and -1 1, Figure 5, and lanes +6 and -9, 
Figure 6), we compared the electrophoresis patterns of the 
enzyme digests of the BPDE-modified 16-mer oligonucleotides 
with standards obtained by covalently modifying shorter 
oligonucleotide fragments (9-1 0 bases long) with BPDE. The 
labeled fragments synthesized for identifying SVPD enzyme 
stall sites were derived from the binding of (+)-BPDE and 
(-)-BPDE to the exocyclic amino group of the single G residue 
in d(CTCACATGT) and are labeled +I and -I, respectively, 
as follows: 

(fragment +I) 

(-)-trans- 5 ’-d ( [ 32P] CTCACATGBPD~,,) - 3’ 
(fragment -I) 

The labeled standard fragments synthesized for the identi- 
fication of the SPD enzyme stall sites are 

(+)-~~U~~-~’-~(,~TG~~~ETACACTCT [ 32P] COH)-3’ 
(fragment +II) 

(-)-trans- 5’-d ( HoTGBPDETACACTCT [ 32P] coH) - 3’ 
(fragment -II) 

-- +1 +2 +a +4 -5 -6 -7 
CTRLENZ STD STD CTRL ENZ STD 

+EN2 

FIGURE 7: Determination of the SVPD enzyme digestion stall site 
and size of the corresponding BPDE-modified oligonucleotide 
fragments. Lanes +1 and -5, undigested controls: (+)-trans- and 
(-)-trans-BPDE-modified oligonucleotides 5’-d(CTCACATGBPDE- 
TACACTCT), respectively. Lanes +2 and -6: partially SVPD 
enzyme-digested (2 min) modified oligonucleotides. Lanes +3 and 
-7: size markers, (+)- and (-)-trans-BPDE-modified d(CTCA- 
CATGBPDET) fragments, respectively. Lane +4: partial SVPD 
enzyme digest (2 min) of the size standard (+)-trans-d(CTCA- 
CATGBPDET) adduct fragment. 

The subscripts indicate the presence of OH groups at the 3‘- 
and 5’-ends of the oligonucleotide fragments. 

S W D  Digestion. The results for 5’-end-labeled (+)-trans- 
and (-)-trans- 16-mer adducts, relevant to the SVPD digestion 
experiments which proceed in the 3’- Sdirection, are shown 
in the photographs of the high-resolution gels in Figure 7. The 
bands due to the controls (undigested BPDE-modified 16- 
mers) are shown in lanes + 1 and -5. The corresponding SVPD 
enzyme digests (2 min) showing the preferred enzyme stall 
fragments, are shown in lanes +2 and -6. The positions of 
the bands arising in the same gels from migrations of the sized 
standards +I (lane +3) and -I (lane -7) are also shown in 
Figure 7. 

The most digestion-resistant fragment of the (-)-trans- 
BPDEmodified 16-mer (lane-6) comigrates with the standard 
fragment -I in lane -7 (the slight apparent difference in the 
mobilities of the bands in lanes -6 and -7 in Figure 7 is 
attributed to the slight systematic differences in the positions 
of even identical bands in the different lanes). The enzyme- 
resistant fragment is therefore identified as (-)-trans-d(CT- 
CACATGBPDET). We thus conclude that the phosphodiester 
bond between the (-)-BPDE-modified G and the T on the 
3’-side of this lesion is most resistant to SVPD digestion. 

However, in thecase of the (+)-trans-l6-mer SVPD enzyme 
digestion, the most resistant fragment migrates faster (lane 
+2, Figure 7) than the standard adduct fragment +I (lane 
+3). Therefore, the size of the enzyme-resistant fragment is 
smaller than that of the standard +I. However, if the fragment 
+I itself is subjected to SVPD enzyme digestion, a higher- 
mobility band (lane +4), which comigrates with the enzyme- 
resistant fragment derived from SVPD digestion of the 
modified 16-mer (lane +2), is observed; a lower-mobility and 
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+1 +2 +3 -4 -5 -6 -7 
CTRL ENZ STD CTRL ENZ STD STD 
------- 

+ENZ 

FIGURE 8: Determination of the SPD enzyme digestion stall site and 
size of the corresponding BPDE-modified oligonucleotide fragments. 
Lanes +1 and -4, undigested controls: (+)-trans- and (-)-trans- 
BPDE-modified oligonucleotides 5’-d(CTCACATGBPDETACAC- 
TCT), respectively. Lanes +2 and-5: partially SPD enzyme-digested 
(2 min) modified oligonucleotides. Lanes +3 and -6: size markers, 
(+)- and (-)-trans- BPDE-modified d(TGBPDETACACTCTC) frag- 
ments, respectively. Lane -7: partial SPD enzyme digest (2 min) of 
the size standard (+)-trans-d(TGBPDETACACTCTC) adduct frag- 
ment. 

lower-intensity band due to undigested +I is also observed in 
lane +4. We therefore conclude that SVPD digestion removes 
the single T residue on the 3’-side of fragment +I to yield the 
SVPD-resistant fragment (+)-trans-d( CTCACATGBPDE) . 
The latter is therefore identified as the fragment which 
corresponds to the SVPD enzyme stall in the case of the (+)- 
trans-BPDE-modified 16-mer. 

We note that the two SVPD-resistant fragments (+)-trans- 
5’-d(CTCACATGBPDE)-3’ and (-)-trans-adduct 5’-d( CT- 
CACATGBPDET)-3’ exhibit nearly the same electrophoretic 
mobilities, even though the latter has an additional nucleotide. 
This is attributed to the intrinsically slower mobilities of (+)- 
BPDE-modified oligonucleotide adducts as compared to (-)- 
BPDE-modified oligonucleotides adducts (compare the mo- 
bilities of fragments +I and -I, lanes +3 and -7, respectively, 
in Figure 7). 

SPD Digestion. The results for 3’-end-labeled (+)-trans 
and (-)-trans adducts, relevant to the SPD digestion exper- 
iments which proceed in the 3‘ - 5’ direction, are shown in 
the gels in Figure 8. The bands in lanes +1 and 4 pertain 
to the undigested (+)- and (-)-trans-oligonucleotides, re- 
spectively. Lanes +2 and -5 depict the bands obtained from 
the partial (2-min) digestion of these two modified 16-mers, 
respectively. The electrophoretic bands due to the two 
standards, fragments +I1 and -11, are shown in lanes +3 and 
-6, respectively. 

In the case of SPD digestion of the (+)-trans- 16-mer adduct, 
the fragment corresponding to the enzyme stall comigrates 
with fragment +II. Therefore, we identify this SPD digestion- 
resistant fragment as ( +)-trans-d(TGBPDETACACTCTC). 

However, in the case of the (-)-trans- 16-mer oligonucleotide, 
the mobility of the most enzyme-resistant fragment (lane -5) 
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isfaster than that of fragment -11 (lane-6). The next-slowest 
band in lane -5 does comigrate with standard -11, and thus 
has a T-residue on the 5’-side of the modified G. Digestion 
of the standard -II with SPD results in an enzyme digestion- 
resistant fragment that does comigrate with the SPD-resistant 
fragment derived from the digestion of the (-)-trans- 16-mer 
oligonucleotide adduct (lanes -7 and -5, respectively). We 
therefore identify this fragment as (-)-trans-d(TGBPDE- 
TACACTCTC). 

The large differences in the sizes of the SPD enzyme- 
resistant fragments in Figure 6 (compare lanes +3 to +6 with 
lane -9, for example) are attributed to the slower mobilities 
of oligonucleotide fragments bearing (+)-BPDE residues as 
compared to the mobilities of fragments bearing (-)-BPDE 
residues (compare lanes +3 and -6 in Figure 8). 

DISCUSSION 

The resistance of several different covalent polycyclic 
aromatic hydrocarbon-deoxyadenosine adducts to digestion 
by phosphodiesterases has been previously reported. Stezowski 
et ai. (1987) showed that 7,12-dimethylbenz[a]anthracene 
N6-deoxyadenosine lesions in oligonucleotides inhibit the 
activities of both SVPD and SPD. Dipple and Pigott (1987) 
reported that 7,1Zdimethylbenz[a]anthracene diol epoxide 
deoxyguanosine adducts are efficiently released by enzymatic 
hydrolysis with SVPD, but that the 7,12-dimethylbenz[a]- 
anthracene diol epoxide4eoxyadenosine adducts are signif- 
icantly more resistant to digestion. Cheh et al. (1 990) studied 
the relative efficiencies of digestion by SVPD and SPD of 
adenosine adducts derived from the binding of benz[a]- 
anthracene and benzo [ c] phenanthrene bay-region diol epoxide 
to calf thymus DNA. Using HPLC methods for monitoring 
the release of diol epoxidedeoxyadenosine and 4eoxygua- 
nosine adducts, they found that guanosine adducts were 
efficiently released even at low enzyme activity levels, while 
the rate of release of adenosine adducts was stereoselective 
and depended on the stereoisomeric characteristics of the diol 
epoxide derivatives and on the cis or trans nature of adduct 
formation. Osborne (1 993) modified deoxyribligonucle- 
otides, about 40 bases long, containing multiple G’s, with 
racemic anti-BPDE and observed that these modified oligo- 
nucleotides were incompletely digested by SVPD. Cosman 
(1991) reported a difference in rates of digestion by SVPD 
of oligonucleotide adducts containing single guanosine residues 
modified by trans addition at the exocyclic amino group by 
either (+)-anti-BPDE or (-)-anti-BPDE. In this work, using 
gel electrophoresis techniques, we show that (-)-trans adducts 
are significantly more resistant to digestion by SVPD than 
(+)-trans adducts, while the opposite order of resistance is 
observed in the case of digestion with SPD. These differences 
are related to the steric configurations of these adducts, since 
the (+)-trans- and (-)-trans-anti-BPDE-oligonucleotide 
adducts are chemically identical (Meehan & Straub, 1979; 
Cheng et al., 1989). There are two different aspects of these 
results which are of interest, namely, the identification of the 
enzyme stall sites, and the differences in the overall rates of 
digestion of the (+)-trans- and (-)-trans-oligonucleotide 
adducts by the same exonuclease. 

Stall Sites and Adduct Orientations. The sizes of the most 
digestion-resistant fragments are summarized in Table I. In 
the case of the (+)-trans-l6-mer adduct, the phosphodiester 
bond most resistant to hydrolysis by both enzymes, SVPD 
and SPD, is 5’-d( ... T-G BPDE...), i.e., is located on the 5’-side 
of the modified guanosyl residue (the starred G denotes the 
BPDE-modified G). In contrast, in the case of the (-)-trans- 
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Table I: (+)-trans- and (-)-truns-BPDE-N2-dG-Modified 
5’-d(CTCACATG*TACACTCT) Oligonucleotides Subjected to 
Digestion by the Exonucleases SVPD and SPD: Sizes of the Most 
Enzyme Digestion-Resistant Fragments and Stall Sites 

SVPD I SPD I1 

S C  S C  
T T 
C C C ”  c ,’ 

enzyme digestion (+)-trum-l6-meF (-)-trans- 16-meF 
SVPD 3’ - 5’ 5’-d(CTCACAT**G) 5’-d(CTCACATG**T) 
SPD 5’ - 3’ 5’-d(T**GTACACTCT)# ~’-~(G*oTACACTCT)~ 

The dot between adjacent bases defines the most enzyme digestion- 
resistant phosphodiester bond. The asterisk (*) indicates the siteof BPDE 
modification. The position of the * symbol on the left- or right-hand 
sides of the modified G residues denotes the orientation of the pyrenyl 
ring system toward either the 5’- or the 3’-direction, respectively (see 
text). The oligonucleotides used in the gel electrophoresis experiments 
contained an additional 32P-labeled C at the 3’-end. 

16-mer adduct, the SVPD and SPD digestion-resistant 
phosphodiester bond is 5’-d( ... GBPDE-T ...), i.e., is situated on 
the 3’-side of the modified G. Thus, while the opposite 
stereoselectivities are observed in the digestion rates of each 
of the (+)- and the (-)-trans adducts by SVPD or SPD, both 
enzymes are stalled at the same site in either the (+)-trans- 
or the (-)-trans oligonucleotide fragments. These results 
suggest that, in the (+)-trans-oligonucleotide adducts, the 
pyrenyl ring system is located in the immediate vicinity of the 
phosphodiester bond on the 5’-side of the modified guanosine, 
while in the (-)-trans-oligonucleotides, the pyrenyl ring system 
is located near the phosphodiester bond on the 3’-side of the 
modified single-stranded oligonucleotide. 

It is interesting to note that this kind of adduct orientation 
was determined experimentally in double-stranded oligonu- 
cleotides from high-resolution 2D NMR studies (Cosman et 
al., 1992; de 10s Santos et al., 1992) and was also predicted 
on the basis of detailed energy-minimization computational 
studies (Singh et al., 1991). The 2D NMR studies have 
conclusively shown that in (+)-trans-anti-BPDE-N2-dG 
oligonucleotide adducts [d(CCATCGBPDECTACC) sequenc- 
es] the pyrenyl residues are situated in the minor groove of 
theduplexes and are oriented toward the 5’-end of the modified 
strand; in contrast in (-)- trans-anti-BPDE-N2-dG oligo- 
nucleotide adducts, the pyrenyl residues tend to be oriented 
towards the 3’- end of the modified strands (Cosman et al., 
1992; de 10s Santos, et al., 1992). Our own results suggest 
that similar adduct orientations tend to be maintained even 
in single-stranded oligonucleotides, since analysis of the 
enzyme stall sites indicates that the pyrenyl residues are 
oriented toward the 5’-end in (+)-tkans- BPDE-N2-dG oli- 
gonucleotide adducts, and towards the 3’-end in the analogous 
(-)-trans adducts. While the sequence context of the modified 
oligonucleotideused in this work was ... TGBPDET ..., the NMR 
duplex studies were performed with a ... CGBPDEC ... sequence. 
However, we have observed that the stereoselective enzyme 
digestion effects are also observed in single-stranded oligo- 
nucleotides with a ... CGBPDEC ... sequence context (data not 
shown); therefore, these effects may be general, at least for 
pyrimidine-GBPDE-pyrimidine sequences. 

The stereoselective enzyme digestion results described 
suggest that these exonuclease digestion methods, coupled 
with identifications of the enzyme stall sites, can be useful in 
defining adduct orientations relative to the 5‘-3’ strand polarity 
in single-stranded oligonucleotides containing covalently bound 
bulky adducts. 

The enzyme blocks extend at most one base beyond the 
BPDE-modified deoxyguanosine either on the 3’-side (in the 
case of SVPD) or on the 5’-side (in the case of SPD) .  This 
corresponds approximately to the geometric dimensions of 
the pyrenyl ring system which is tilted either toward the 5’- 

A A A (+)BPDE 2 
C c (+)BPDE 

A (-)-BPDE 

T 

; (-)-BPDE 

.--.--.-.--...-- 
A A A A 
C C C C ‘3 !t A T C C 

T T 

DIFFICULT EASIER DIFFICULT EASIER 

FIGURE 9: Model describing opposite stereoselectivities of enzyme 
digestion of (+)- and (-)-truns-anti-BPDE+ligonucleotide adducts 
by the exonucleases SVPD and SPD. The dashed horizontal bars 
define the fragments that are most resistant to enzyme digestion, 
thus defining the enzyme stall sites (see text). The large vertical 
arrows indicate the direction of exonuclease digestion, while the small 
horizontal arrows indicate the most enzyme-resistant phosphodiester 
bonds. 

or the 3’-ends of the modified strands, as found in the NMR 
studies on duplexes (Cosman et al., 1992; de 10s Santos et al., 
1992). This inhibition of enzyme activities is probably due 
to a diminished ability of the enzyme to bind to the modified 
portion of the oligonucleotide, and/or to inhibited hydrolysis 
at the binding site. The results in Figures 5 and 6 show that 
at shorter digestion times ( 1  or 2 min) partially hydrolyzed, 
longer oligonucleotide fragments are present, but that these 
fragments are hydrolyzed more rapidly; thus after an additional 
digestion time (e.g., 30 min, lanes +4 and -9 in Figure 5 ,  or 
120 min, lanes +5 and -10 in Figure 6 )  only the most resistant 
fragments remain, depending on the enzyme and the enan- 
tiomeric BPDE adduct. These results suggest that the activity 
of the enzymes is also diminished when the BPDE residues 
are more than one or two bases away from the 5’-OH and 
3’-OH termini of the modified oligonucleotides. It should be 
emphasized that, upon increasing the enzyme concentrations 
and digestion time, both types of adducts can be completely 
digested to the mononucleoside levels (as demonstrated by 
the results shown in Figure 2) .  

Opposite Stereoselective Resistance to Digestion by the 
Same Enzyme of (+)-trans- and (-)-trans- Oligonucleotide 
Adducts. While both enzymes tend to stall at the same sites 
in either (+)-trans- or (-)-trans-oligonucleotide adducts, each 
type of adduct is digested at different rates by SVPD and 
SPD. This is clearly demonstrated in the case of SVPD in 
Figure 5, and in the case of SPD in Figure 6.  A simple model 
accounting for the stereoselective, opposite resistance to 
digestion of these two types of adducts can be proposed on the 
basis of the orientations of the pyrenyl residues relative to the 
5’-3’ strand polarity in (+)-anti-BPDE- and (-)-anti-BPDE- 
modified single-stranded oligonucleotides, as discussed above. 
The salient features of this model are summarized pictorially 
in Figure 9; the fragments with the greatest resistance to 
enzyme digestion are denoted by the dashed lines. The small 
horizontal arrows indicate the the most exonuclease-resistant 
phosphodiester bonds. 

(-)-trans-BPDE-N2-dG Adducts. With the bulky pyrenyl 
residues pointing toward the 3’-end, the progress of the SVPD 
enzyme digestion is impeded by the (-)-BPDE residue which 
meets it “head-on” as the enzyme progresses from the 3’-end 
of the modified oligonucleotide toward the 5’-end. According 
to this model, the progress of the enzyme SPD should be less 
impeded, since the digestion progresses in the 5’- 3’direction, 
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and the pyrene ring system points into the same direction 
toward the 3’-end. These predicted relative resistances to 
enzyme digestion are in agreement with the experimental 
observations (Figures 5 and 6). 

(+)-trans-BPDE-N2-dG Adducts. The above model 
predicts that the progress of hydrolysis, catalyzed by a given 
phosphodiesterase, is less impeded when the pyrene ring system 
points in the same direction as the progression of the enzyme. 
In (+)-trans adducts, the pyrene ring system points toward 
the 5’-end; it thus follows that SVPD enzyme digestion should 
be faster in the case of the (+)-trans-BPDE adducts than in 
the case of the (-)-tram-BPDE-oligonucleotide adducts, as 
is indeed observed (Figure 5). This model also predicts that 
SPD, which hydrolyzes DNA strands in the opposite direction 
than SVPD, that is, from the 5’- to the 3’-end, should digest 
the (-)-BPDE adducts faster than the (+)-BPDE adducts. 
This is indeed observed experimentally (Figure 6), thus 
supporting the model of relative enzyme digestion activities 
(Figure 9). 

CONCLUSIONS 

These observations, though obtained with simple exonu- 
cleases, suggest one type of mechanism for explaining 
differences in the enzymatic processing of (+)-trans-anti- 
BPDE-N2-dG and (-)-trans-anti-BPDE-N2-dG lesions in 
modified DNA. In adducts derived from the covalent binding 
of these two chiral anti-BPDE stereoisomers to DNA, the 
bulky pyrenyl residues are oriented in different directions 
relative to the DNA 5’ - 3’ strand polarity, thus affecting 
the functioning of direction-sensitive enzymes to different 
extents. 
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