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ABSTRACT. Four adducts that would result from trans opening at C-1 of bejgugnanthrene 3,4-diol
1,2-epoxide (Bf]JPhDE) isomers (i.e., DE-1 enantiomers, where the epoxide oxygen and benzylic hydroxyl
group are cis, and DE-2 enantiomers, where they are trans) by %aenMo group of dAdo, together

with the two cis opened NdAdo adducts of BffPhDE-1, were incorporated into two oligonucleotides at

the underlined site iN'ST TTAGAGTCTGCTCCC [context I(A)] and'SCAGATTTAGAGTCTGC [context

[I(A)]. After ligation of these, and the corresponding unsubstituted oligonucleotides, into single-stranded
M13mp7L2 bacteriophage and transfection into SOS-indisedherichia coliSMH77, base substitution
mutations induced by the different §PhDE-dAdo adducts were determined. These findings were
compared with data [Pohteet al. (1999)Biochemistry 381144-1152] for cis opened BJPhDE-2-

dAdo adducts in the same sequence contexts. In most cases, adducts with S absolute configuration at the
site of attachment of the nucleoside to the hydrocarbon had higher mutation frequenci€s6(h%)

than the corresponding adducts with R configuration (68%%). For adducts derived from @PhDE-

1, the predominant mutations were-A transversions in context I(A) and-AG transitions for most of

these adducts in context lI(A). For adducts derived from]B{DE-2, A—T base substitutions predominated

for most of the trans adducts, butAG mutations were favored by the cis adduct with S configuration

in either context. Thus, the structural feature that most dramatically affected mutagenic activity was the
configuration of the carbon at the attachment point, with S configuration mostly being associated with
greater mutagenicity than the R configuration. However, other structural variations and sequence context
also affected mutagenicity, indicating that a combination of structure and context effects define mutagenicity.

Polycyclic aromatic hydrocarbons (PAHSJuch as benzo-
[c]lphenanthrene (B]JPh), are widespread environmental
contaminants —3) that are known to require metabolic
activation to bay- or fjord-region diol epoxides (DH), 6)
for carcinogenic activity &, 7). For a given hydrocarbon,
four configurationally isomeric diol epoxides can be gener-
ated @). For B[c]PhDE, the DE-2 isomer is one of the most
tumorigenic diol epoxides described to dad. (
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1 Abbreviations: PAHSs, polycyclic aromatic hydrocarbonsg]Bh,
benzof]phenanthrene; BJPhDE-1, 3,4-diol 1,2-epoxide wherein the
benzylic hydroxyl group and the epoxide oxygen are cis]BiDE-2,
3,4-diol 1,2-epoxide wherein the benzylic hydroxyl group and the
epoxide oxygen are trans; 8PhDE-2R, B[c]PhDE-dAdo adduct with
R configuration at the adducted carbon;)CB[c]PhDE-25 dAdo
adduct with S configuration at the adducted carbog);(€ans BEJ-
PhDE-2R, trans BE]JPhDE-25, etc., the structures are defined in Figure
1; DMT, dimethoxytrityl; Bla]P, benzo§]pyrene; BR]JPDE, benzof]-
pyrene 7,8-diol 9,10-epoxide.

Trans opened adducts are the major products of reaction
of B[c]PhDE-2 isomers with DNA, and higher levels of dAdo
than dGuo adducts are obtain@3-(L3). Cis opened adducts
are minor products for the DE-2 isomers, but are more
substantial in the case of the DE-1 isomel8, (L1, 14, 15).
Thus, a given hydrocarbon can form several adducts in DNA,
and any one of these could be responsible for the mutations
(16, 17) in tumor suppressor genes or oncogenes required
for tumorigenesis1(8).

The development of site-specific mutation assays has
allowed the mutagenic effects of a single adduct to be
evaluated (reviewed in ref® and20). Both double-stranded
and single-stranded DNA vectors have been used in such
site-specific mutation studies for PAH diol epoxitBNA
adducts 21—33). The use of double-stranded vecto24-(

24) has resulted in fairly low mutation frequencies, because
of either strand-bias and/or the repair of the adduct. Use of
single-stranded vectors eliminates strand bias and repair, and
consequently, higher mutation frequencies are obtained. We
have previously used the single-stranded vector (M13mp7L2)
developed by Lawrence and colleagu&4, 35) to study the
mutagenic effects of cis and trans opened beslpyfene
7,8-diol 9,10-epoxide (BJPDE)-dAdo and -dGuo adducts
(30, 33) in several sequence contexts. To investigate the
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5 trans B[c]PhDE-1/S 6 trans B[c]PhDE-2/S 7 cis B[c]PhDE-1/S 8 cis B[c]PhDE-2/S

ContextI[(A):  5-TTTAGAGTCTGCTCCC

Context II(A):  5'-CAGATTTAGAGTCTGC

Ficure 1: Structures of adducts formed from trans and cis opening @PBDE isomers by the exocyclic amino group of deoxyadenosine
and the sequence contexts in which they were inserted. The adducts are labeled based on the diol epoxide from which they are derived. The
configuration of the carbon at the attachment to dAdo is indicated (R or S).

effects of different PAH residues on mutation frequency and oligonucleotide were removed from the column, and the
to establish a basis for determining general features that affectmodified dAdo residue was introduced manually by treatment
mutagenicity, we have extended this earlier work oa]B[  with 7—9 umol of a mixture of the appropriate phosphora-
PDE-dAdo adducts, derived from a parent compound with midite with 30-50 uL of 0.5 M 1H-tetrazole in acetonitrile
a planar structure, to studies withddPhDE-dAdo adducts,  for 16 h. Endcapping was omitted following the manual step.
derived from a parent compound with a nonplanar structure. After returning the support-bound oligonucleotide to the
The B[c]PhDEs, in contrast to BJPDE, react extensively  column, the remaining three residues were added by reaction
with dAdo as well as with dGuo residues in DNA, (13). on the synthesizer, the oligonucleotide was cleaved from the
The present study reports the mutagenicities in each of support by the standard procedure, and protective groups
two sequence contexts for six new DNA adducts formed were removed by ammonolysis (16 h, 58). The diaster-
from B[c]PhDEs through trans and cis opening of the epoxide eomeric, adducted oligonucleotides were separated by HPLC
ring at G by the exocyclic amino group of deoxyadenosine. (32) after removal of the 'sdimethoxytrityl protecting group.
Comparable data for the other two related adducts wasYields on coupling of the modified phosphoramidites,
reported in an earlier study of sequence context eff@ds (  estimated from the release of dimethoxytrityl alcohol on
Each adduct was placed at the fourth nucleotide from the detritylation immediately following the manual coupling step,
5-end in the two sequence contexts (see Figure 1 for were variable. In the best case, a coupling yield>&0%
structures and sequence contexts). The structural feature thagave a combined, isolated yield of 18850 units of the two
most dramatically affected mutagenic activity was the diastereomeric, adducted oligonucleotides after HPLC. Re-
configuration of the carbon at the point of attachment to the tention times and HPLC conditions are given in Table 1.
nucleoside residue. In most cases, the S configuration favoredtHomogeneity of the purified oligonucleotides was verified
mutagenicity extensively over the R configuration. by HPLC analyses of the separated isomers.

For all the context I(A) oligonucleotides and the context
MATERIALS AND METHODS [I(A) oligonucleotide containing the trans §PhDE-1 ad-
Oligonucleotide Synthesi§welve new oligonucleotides  ductsl and5, the mutagenicity of the R adducts is extremely
were prepared on a 2mol scale using 170 A controlled-  low relative to their diastereomeric S adducts, and even trace
pore glass (CPG) loaded witiN*benzoyl-3-O-(4,4- contamination with the S adduct could result in large errors
dimethoxytrityl)-2-deoxycytidine-3-succinic acid (86-95 in determining the distribution of specific mutations induced
umol/g). B-Dimethoxytrityl-3-diisopropylcyanoethylphos- by the R adduct. In context I(A), the transd#PhDE-2R
phoramidites corresponding to the cis and trans operfed N adduct,2, was found to be essentially nonmutagenic. The
dAdo adducts of each BJPhDE, in which the three free cis B[c|PhDE-2 R and S adductd,and8, in context I(A)
hydroxyl groups on the hydrocarbon moiety were protected (Table 2 and ref32) produced very different distributions
as their acetates, were chemically synthesiZ@ Hd.Y., of mutations, an observation inconsistent with the possibility
A.S.P., and D.M.J., in preparation). Each phosphoramidite that the mutations observed with the ciscBhDE-2R
was used as a diastereomeric mixture corresponding to eitheadduct arose largely from the S adduct present as a
cis or trans ring opening whcemicDE-1 or DE-2. Support-  contaminant. In contrast, the cis and transc|BhpDE-1
bound oligonucleotides containing the appropriate 12-baseadducts in context I(A) and the transd#PhDE-1 adduct in
sequence'3o the adduct were synthesized on an automated context II(A) gave similar distributions of mutations from
DNA synthesizer by standard methodology with modifica- the R and S diastereomets these cases, it was imperative
tions as described3®, 37). The CPG beads bearing the to examine more closely the possibility of trace contamina-
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Table 1: HPLC Retention Timésnd Configurational Assignments
for the Oligonucleotides

retention time (min)

adduct context I(A) context I1(A)
1 trans BE]JPhDE-1R 38.1 14.8
5trans BE]JPhDE-18 36.8 14.0
2 trans BEJPhDE-2R 15.7 15.1
6 trans BE]JPhDE-25 17.1 13.6
3cis B[cJPhDE-1R 18.0 30.8
7 cis B[c]PhDE-15 18.7 29.8

20n a Hamilton PRP-1 column, ¥ 305 mm, eluted at 3.0 or 3.5
mL/min with a linear gradient of acetonitrile in 0.1 M ammonium
carbonate buffer, pH7.5, that increased the acetonitrile concentration
from zero to 17.5% over 20 min, unless otherwise not€bnfigura-
tional assignments of adducts ai € the hydrocarbon are based on
enzymatic hydrolysis of the early eluting member of each pair of
diastereomeric oligonucleotides to the known, optically active nucleo-
side adducts (see textOn the Hamilton column eluted at 3.0 mL/
min with a linear gradient of methanol in 0.1 M ammonium carbonate
buffer, pH~7.5, that increased the methanol concentration from 0 to
50% over 50 mindOn a Hamilton column (Zm, 10 x 250 mm) eluted
at 3.0 mL/min with a linear gradient of methanol in 0.1 M ammonium
carbonate buffer, pH-7.5, that increased the methanol concentration
from 0 to 50% over 40 min.

tion of the oligonucleotide containing the R adduct with its

Pontea et al.

the early eluting member of each diastereomeric pair of
oligomers 82, 38). After isolation of the monomeric adducts
by HPLC (32), their absolute configurations were determined
by comparison of their CD spectra with those of the known
dAdo adducts from BfJPhDE [positive at~250 nm and
negative at~280 nm for the S adductd4 3)].

Aliquots of the unsubstituted and the adducted oligonucle-
otides were further purified by electrophoresis on a denatur-
ing 20% polyacrylamide geBQ, 32). After detection by UV-
light, gel slices containing the oligonucleotides were cut out.
The oligonucleotides were extracted with an ammonium
acetate and magnesium acetate solution (0.5 M and 10 mM,
respectively) overnight and then adsorbed to reversed-phase
Sep-Pak columns and recovered by elution with methanol
in water (60%). After drying, the eluate was dissolved in
water and the purity of the oligonucleotides determined on
32p-end-labeled aliquots.

Construction of Modified Vector DNA and Mutagenesis
Assay. Construction of modified vector DNA was as
described 30, 32). In brief, bacteriophage M13mp7L2 was
linearized withEcoRI (2 unitsiig of DNA at 30°C for 2.5
h) and then purified by phenol extraction. Ligation of
oligonucleotide sequences was principally as described by

more mutagenic S diastereomer, to assess the reliability ofLawrence and co-worker84). However, a uracil-containing

the mutation distributions produced by the R adduct. We

scaffold, in which the terminal sequences were complemen-

reexamined these R-adducted oligonucleotides by HPLC ontary to the M13 ends, and the middle sequence to the

a5um, 4.1 x 150 mm Hamilton PRP-1 column eluted at
0.25 mL/min with a linear gradient that increased the
proportion of acetonitrile in 0.1 M ammonium carbonate
buffer from zero to 25% in 20 min followed by a ramp to
50% acetonitrile over the next 10 min [addu&ts context
[I(A) and 3 in context I(A), or a linear gradient of methanol

oligonucleotide to be inserted, was usé&d,(32). In some
cases, the scaffold (2 pmol) was annealed with the M13 (1
pmol), followed by annealing with the phosphorylated
oligonucleotide (100 pmol). Most constructions, however,
followed an alternative protocol where the scaffold was
annealed with the phosphorylated oligonucleotide (50 pmol)

in the same buffer that increased the proportion of methanol followed by annealing with the M13. After ligation with T4

from zero to 100% in 50 min (addudt in context I(A)].
Integration of the resulting chromatograms gave a limit of

DNA ligase (30 units), the constructs were treated with
uracil-DNA-glycosylase (1 unit) to generate abasic sites in

<0.1% S isomer in each sample. Chromatographic traces ofthe scaffold, thereby making it susceptible to cleavage by

these three oligonucleotides, showing the very low level of

cellular endonucleases. The presence of adducts in the

possible contamination by their S diastereomers, are givenmodified vectors was verified by primer extension reactions

in the Supporting Information.
The configuration of the adduct in each oligonucleotide

(32). Thereafter, control- or adduct-containing vector was
transfected into competent (CaISOS-induced (40 J/n

was established by enzymatic hydrolysis to nucleosides of UV light) (35) Escherichia colSMH77 cells (20 ng of DNA/

Table 2: Base Substitutions for §PhDE Deoxyadenosine Adducts and Mutation Frequencies in Contexts I(A) and II(A)

sequence context

I(A) TTTAGAGTCTGCTCCC lI(A) CAGATTTAGAGTCTGC
mutation no. mutation no.
adduct AT A—G A—C MFio (%) AT A—G A—C MFio (%)

1trans BE]JPhDE-1R 10 1 0 0.22+ 0.13 20 32 4 0.380.10
2 trans BE]PhDE-2R 3 2 0 0.0540.04 33 4 0 1.4 0.46
3cis B[c|PhDE-1R 18 3 1 0.43+ 0.18 29 22 0 8.2 2.2
4 cis B[c]PhDE-2R° 38 15 4 0.62:0.16 39 41 2 5.6:1.2
5trans BE]JPhDE-15 137 11 6 24.6t 3.4 35 41 1 9.3t 2.0
6 trans BE]PhDE-25 73 19 1 14.9£ 2.8 31 11 1 1.9 0.57
7 cis B[c|]PhDE-165 88 15 4 9.86+1.8 24 46 1 52-1.2
8 cis B[c]PhDE-25° 39 67 2 31.9£51 29 146 0 56.%- 5.6

aIn the context I(A) control sequence 1-AT mutation was found in 16 539 plaques screened and in the context II(A);>& Anutations in
11 109 plagues. The background mutation frequency was thus less than 0.02%. The total numbers of plaques screened for context I(A):
B[c]PhDE-1R 5084; trans BfJPhDE-2R 9505; cis BE]PhDE-1R 5083; cis BEJPhDE-2R 9140; trans Bf|JPhDE-15 643; trans B§|PhDE-25
625; cis BE]PhDE-151093; and cis BfJPhDE-25339 plaques. Total numbers of plaques screened for context II(A): trafRHEIE-1R 14 742,

trans BE]JPhDE-2R 2570; cis BEJPhDE-1R 620; cis BE]PhDE-2R 1466;

trans Bf|JPhDE-15 824; trans Bf]PhDE-252297; cis BEJPhDE-18

1361; and cis BfPhDE-25 310 plaque8MF is total mutation frequency in perces2 x SE (for a 95% confidence interval3g). “Data from

ref 32
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~S 7 NG oligonucleotides after purification by HPLC and gel electrophoresis.
1S (A) Trans and cis BfJPhDE-1 adducts in contexts I(A) and II(A),
-2 ‘ ; ‘ . as shown; (B) trans B[PhDE-2 adduct in contexts I(A) and II-
. , as shown. Controls are unsubstitute -mers.
A h Control bstituted 16
Cis DE-2
20} CMEI® | ContextTia) exhibited a positive CD band at280 nm that was stronger
2N iR and shifted slightly to longer wavelength relative to the
0 S NS e corresponding bands of the S adducts. Although the CD
~_ L e N signals for the adducted context II(A) oligonucleotides were
250 300 350 250 300 350 quite weak throughout the wavelength range, context I1(A)

oligonucleotides with R adducts also showed positive CD

] ] ] ) ) signals in the 256280 nm region, whereas the correspond-
Ficure 2: Circular dichroism spectra of the synthesized oligo- ing S adducts had much weaker and/or negative CD bands
nucleotides containing cis and trans openedBfiDE adducts in

0.02 M phosphate buffer, pH 7, with ionic strength adjusted to 0.1 in this region. CD spectra .are .sensitive to Change§ in
M with NaCl. Spectra are normalized to 1.0 absorbance unit at S€condary structure of nucleic acids so the spectral differ-
260 nm. Absolute configurations were assigned by enzymatic ences between an adduct in context I(A) and the same adduct

hydrolysis to the known nucleoside adducts (see text). Previously jn context I1(A) may reflect conformational differences that
E)ubllshed spectra of the cis opened DE-2 addug®s gre shown may also affect mutagenesis.
or comparison. Upon HPLC analysis of the separatedddd S-adducted
oligonucleotides under essentially the same conditions
employed for their preparative separation, each oligonucle-
otide was chromatographically homogeneous. In cases where
extremely low levels of contamination by the S diastereomer
could significantly affect the results for the R diastereomer,
RESULTS rechromatography of the-Rdducted oligonucleotides indi-
cated that<0.1% of the S isomer was present.

Synthesis of the four oligonucleotides [context I(A) and  The adducts were further purified by gel electrophoresis
context lI(A), each containing a cis §PhDE-25or cis B[c]- to remove any shorter, modified sequences that could result
PhDE-2R-dAdo adduct] and the determination of their from failure of chain extension after coupling of the
mutagenicity in the system used here have been describechydrocarbon adduct. After this step, the 12 new adducted
(32). In the present study, we have prepared the remaining oligonucleotides were shown to be free of such contaminating
12 oligonucleotides corresponding to the two diastereomeric shorter sequences as well as unmodified oligonucleotide by
trans BE]JPhDE-2 adducts as well as the cis and trans dAdo gel electrophoresis of radiolabeled aliquots (Figure 3). The
adducts derived from B[PhDE-1 in the same two sequence electrophoretic mobility of the adducted oligonucleotides was
contexts (for structures, see Figure 1). The syntheses utilizedess than that of the unmodified control oligonucleotides, as
standard phosphoramidite methodology with diastereomeric expected
phosphoramidite mixtures, each corresponding to either cis The efficiency of ligation of oligonucleotides into the M13
or trans opening of either{/—)-DE-1 or (+/—)-DE-2, to bacteriophage vector ranged from 22 to 44% (estimated from
give (for a given sequence) a total of four pairs of the fraction of total DNA in the ligation reaction that was
diastereomeric oligonucleotides that were quite readily circular). The ligation efficiency for adducted oligonucle-
separated by HPLC (cf. Table 1). otides ranged from 73 to 88% of that for the corresponding

Circular dichroism spectra of the complete set of oligo- unsubstituted controls. Very minor differences of ligation
nucleotides, along with the configurational assignment for efficiencies were seen between the R and S adducted
each one, determined by enzymatic hydrolysis to nucleosidesconstructs (see Supporting Information for ligation efficien-
of the early eluting member of each diastereomer pair, are cies in each construct).
shown in Figure 2. Context I(A) oligonucleotides containing  The presence of adduct in an M13 construct consistently
B[c]PhDE adducts with R configuration at the point of resulted in lower yields of M13 progeny upon transfection
attachment of the base to the hydrocarbon consistentlyinto SOS-inducedE. coli than found with unadducted

Wavelength (nm)

50 uL or 20 ng of DNA/100uL), and the progeny were
screened for mutations by differential hybridization of
nitrocellulose filters containing the progeny M13 DNA, or
by sequencing, all as described earligd, (32).
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Ficure 4: Examples of polyacrylamide gel electrophoresis @{P]dATP-labeled primer extension products from reaction with M13
constructs and Sequenase. (A and B) Constructs with the trans andcfithBE-1 adducts in contexts I(A) and II(A), as shown. (C)
Constructs with the trans BJPhDE-2 adducts in context I(A) and cut M13 (90-mer control). Controls are constructs with unsubstituted
insert oligonucleotides. The cis §PhDE-15 in panel A, cis BEJPhDE-1R in panel B, and trans B[PhDE-25 in panel C are from a
constructs giving a high mutation frequency-B5%) shown as positive controls.

oligonucleotides. Progeny yields varied for different adducts  Owerall Mutation Frequenciedn most cases, the overall
and ranged from 11 to 50.5% of the plaque yields found mutation frequencies for adducts with S configuration (see
with the corresponding control constructs (see Supporting Figure 1 for structures) were greater, sometimes dramatically
Information for survival data for each experiment). In so, than those for adducts with R configuration. For adducts
general, low plaque yields coincided with high mutation with S configuration, mutation frequency ranged from 1.9
frequencies and vice versa. to 56.5% (Table 2), whereas the corresponding adducts with
Table 2 summarizes the mutation data collected for the R configuration exhibited frequencies of 0:68.2%. In the
12 new oligonucleotide constructs and includes, for com- ¢ase Of the trans BJPhDE-2 adducts in context I(A), the
parison, data obtained earlier for the cicBhDE-25 and adduct with S conflgyratlon was300-fold more mutagenic
B[c]PhDE-2R adducts (see Supporting Information for the than the _corres_pondmg R ‘_idd“‘?t- In only one case did the R
number of mutants and the mutation frequencies in eaChadduct give a higher mutation frequency than its correspond-
) . . i 0
experiment). For several constructs, mutation frequencies'ri‘g g atlj:)dhul:c):ltz[|ln5c05nt2eo>/<t I!ISAt))’I C'; Bi_ll_ihDEﬁlfdir?'z /ior’u?indt
were low (<1%) whereas for several others, very substantial cis BId] . 2%, Table 2]. These 1dings cate
frequencies were obtained. Although it is reasonable to that, for the B{:]Rh'dAdO adducts_, the co_nﬂguratlon_ at the
expect that mutation frequencies could vary substantially with %uf;rzgir:; SaLégiﬂtUted by dAdo is a major determinant of
specific adduct structure and sequence context, it was ThéJ majorit ofyrﬁutants recovered came from replication
important to establish that adduct was truly present in the jority b

constructs that aave particularly low mutation frequencies of the constructs that contained adducts with S configuration.
9 P y q " Within this set of constructs, cis opened DE-2 adducts were

For this reason, most of the constructs were used assybstantially more mutagenic than trans opened DE-2 ad-
templates in a primer extension assay using Sequenase 2.Qucts, particularly in context 11(A)¢30-fold). However, cis
in the presence ofo[-3?P]JdATP 32). The primer used was  opened DE-1 adducts were somewhat less active than trans
such that its extension on the cut M13 template yielded a opened DE-1 adducts. Cis opened adducts derived from DE-2
90-mer product. In constructs derived from unsubstituted gave much higher mutation frequencies than cis opened
control oligonucleotides, both the 90-mer and a 106-mer adducts derived from DE-1, whereas for trans opened
primer extension product were obtained as a result of someadducts, DE-1 adducts were somewhat more mutagenic than
ligation failure at each end of the oligonucleotide insert DE-2 adducts.
(Figure 4). In adduct-containing constructs, the primer  Sequence context effects on overall mutagenicity of the
extension products were 90-mer and 102-mer (elongation toB[¢]PhDE adducts (cf. re32) were also observed. For most
one base before the adduct site) oligonucleotides. In someadducts with S configuration, mutation frequency was higher
cases, insertion of a base opposite the adduct site was alsin context I(A) than in context 1I(A) (0.68-fold), whereas
noted (103-mer, Figure 4). However, in concert with earlier the mutation frequencies found for adducts with R config-
studies 82, 40), the polymerase was unable to extend the uration suggested that the converse applied to them [i.e.,
primer beyond the adduct site. The presence of products~2—28-fold greater activity in lI(A) than in I(A)].
resulting from termination by the adduct together with the  Frequencies of Indidual Base Substitution& summary
absence of 106-mers in all the adducted constructs indicatedof the frequencies for individual base substitutions is
that adduct was present in all the constructs, even in thosepresented in Figure 5. These data again illustrate the
that gave low mutation frequencies. differences in mutagenic activity for adducts with S and R



Configuration and BfJPhDE Adduct Mutagenicity

30 4

Context I(A)
504 £t
= * *
3 OA—>T
4095 BA—G
§ BA—C

=4
o

1t 23456738
20 A

10 4
DE-1 DE-2 DE-1 DE-2 DE-1 DE-2 DE-1 DE-2

trans

cis trans cis

R S

Context II(A)
50

Mutation Frequency (%)

o

40 1 *

bl
n

30 4

Fraction of Total Mutn.

20 4

bl
°

12345678
10 4

*
0 = M m W o

DE-1 DE-2 DE-1 DE-2 DE-1 DE-2 DE-1 DE-2

trans cis trans cis

R h

Ficure 5: Frequencies of base substitution mutations in contexts
I(A) and lI(A) for dAdo adducts resulting from trans or cis opening
of B[c]PhDE-1 and B§]PhDE-2. Inserts in these figures show the
distribution of each type of base substitution as a fraction of total
mutations. BEJPhDE-1 and B§]JPhDE-2 dAdo adduct structures
(1—8) are shown in Figure 1. (*) Data taken from Pamtet al.
(32.

configurations and show that they are particularly dramatic
in the context I(A) environment. Furthermore, this figure

Biochemistry, Vol. 39, No. 14, 20001141

Table 3: Total Mutation Frequency (%) for §PDE-dAdo
Adducts$

adduct

context I(A) context l1(A)

1trans BRJPDE-1/1R 37 8.0
2 trans BR]PDE-2/1R 58 19.5
3cis B[a]PDE-1/1(R 68.2 24.2
4 cis B[a]PDE-2/1R 49.3 9.5
5trans BR]PDE-1/1(6 44.4 10.7
6 trans Bp]PDE-2/1(6 50.7 5.6
7 cis B[a]PDE-1/1(6 28.1 13.0
8 cis B[a]PDE-2/1(6 26.5 17.0

a Data published previoushy30, 33.

dAdo adducts in the two sequence environments, context I(A)
and context lI(A) (Figure 1), and complements our previous
report on two cis opened dAdo adducts derived from]BJ[
PhDE-2 82). We have previously determined the mutagenic
activities in the same system for the eight dAdo adducts
derived from both cis and trans opening of the four isomeric
B[a]PDEs [(+)- and ()-DE-1 and DE-2] in the same two
sequences3(, 33) (Table 3). Together, these reports allow
comparisons of the mutagenic activities of all known diol
epoxide-dAdo adducts from both &Ph and BR]P in two
sequence contexts. In their reactions with DNA, the diol
epoxides derived from these two hydrocarbons represent
opposite ends of the range of observed base selectivifi#s (
For example, th&® S-diol SR-epoxide of BR]P reacts almost
exclusively (95%) with guanine in DNA4(,42), whereas

the corresponding B[Ph metabolite reacts more extensively
(66%) with adenineq, 10, 13), and its extent of DNA adduct
formation relative to hydrolysis to tetraols is much greater
than that of the corresponding &PDE. Although the
combined data set for the two hydrocarbons in two sequence
contexts is substantial, it nevertheless represents a relatively
narrow sampling of all possible variations in structure and

shows that sequence context has a major influence on thesequence context. However, within this data set, some
type of base substitution mutation that is preferred. Generally, significant observations relating to the effects of sequence

context I(A) seems to favorAT mutation whereas context
lI(A) favors A—G mutation. However, in certain cases,

context, hydrocarbon residue, and adduct stereochemistry on
both total and individual base substitution mutation frequen-

adduct structure overrides this effect. Thus, the constructscies have emerged.

containing the trans B[PhDE-25 adduct and the cis B[-
PhDE-25 adduct preferentially give AT and A—~G muta-
tions, respectively, regardless of sequence context.

In summary, the interplay of several factors is involved
in determining the mutagenic properties of the carcinegen

deoxyribonucleoside adducts examined in these investiga-

tions. Configuration at the site of carcinogemucleoside

bonding had a substantial effect on frequencies of mutation,

and this was more apparent in context I(A) than in context
II(A). Another major observation concerns the effect of

Effects of Sequence Conteixtr each of the eight B]P-
derived adducts3Q, 33), total mutation frequency was higher
in context I(A) than in context 1I(A). For the B[PhDE
adducts, all four adducts with R configuration were particu-
larly poor mutagens in context I(A), and consequently, for
five of the eight adducts studied, mutation frequencies were
greater in context II(A) than in I(A). For the B]JP adducts,
A—T transversion frequencies were higher in context I(A)
(~19-62% of total progeny; 7492% of observed muta-
tions) than in context 11(A)£3—19% of total progeny; 3%

sequence context on the types of base substitution mutation’ 8% Of observed mutations), and4G transition frequincies
recovered. The two contexts studied differ in that context fOF €ach adduct were higher in context I1(A)2—8.5% of

II(A) favors A—G mutations whereas context I(A) favors
A—T mutations even though structural effects override this

total progeny; 1365% of observed mutations) than in

context I(A) (~1—3.5% of total progeny; 28% of observed

tendency in some cases. Other effects on mutation frequencyMutations). Sequence context effects were similar for top B[
depend on structural features such as whether the adduct haBNDE-derived adducts to the extent that for most (seven of

arisen by cis or trans opening of the epoxide ring or whether
it is derived from DE-1 or DE-2.

DISCUSSION

eight) of these adducts,-AG transition frequencies were
greater in context 11(A) £0.1-47% of total progeny; 10
83% of observed mutations) than in context 1(A)Q.02—
20% of total progeny; 562% of observed mutations). Thus,

the most consistent sequence effect observed is that context

The present report describes the mutagenic activities in [I(A) seems to favor A~G mutation more than context I(A).

the single-stranded M13mp7L2 systeBd)(of six B[c|PhDE-

A more limited observation is that for all adducts with S
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configuration at the site of nucleoside attachment; A The effect ofinversion of configuration at all four chiral
mutation frequencies are greater in context I(A) than in carbon atomss examined by comparison of the mutagenic
context 1I(A). activity of a given S adduct with that of the corresponding

Effects of Hydrocarbon Residudn either sequence R adduct [e.g., trans DE-&/(5) versus trans DE-R (1),
context, the mutagenic activity of the cis dBPhDE-285 etc.; cf. Figure 1]. For BiJPDE adducts, relatively minor
adduct far exceeded that of any othec]BhDE adduct. This  (~3-fold) differences result from this inversion of configu-
particular adduct was the only gPhDE adduct that ration, whereas for BJPhDE adducts, huge differences (up
exhibited greater mutagenic activity than the corresponding to ~300-fold) are observed in context I(A), and largely reflect
B[a]PDE adduct. All of the other BJJPDE-derived adducts  the low mutagenicity of the 1R relative to the 1S adducts.
were more active than their §PhDE-derived counterparts, Some substantial differences fordfPhDE adducts are also
particularly in context I(A). In this sequence, all fourdp{ found in the context 11(A) environment, with adducts with
PhDE adducts with 1R configuration were extremely weak S configuration at €being more mutagenic than those with
mutagens; in several cases100-fold less active than the R configuration.
corresponding 10R BJPDE adducts. Somewhat similar conclusions arise if the effect of

Of the three possible base substitutions;>@ transver- inversion at both the carbon atom bonded to the nucleoside
sions were relatively rare and were the least frequently (C; or Cy) and its vicinal carbon atom (G or Cg) is
observed substitution mutations for dPhDE adducts in examined by comparing activities for trans DES26) with
context I(A), as well as for adducts from both hydrocarbons trans DE-1R (1), etc. Again, the BfJPDE adducts were not
in context II(A). The BEJPhDE adducts generally gave a particularly sensitive to these structural changes, whereas
higher percentage of AG transitions than their BJPDE most Bc]PhDER adducts were much less mutagenic than
counterparts in both sequence contexts. As previously notedtheir B[c]PhDES counterparts in both sequence contexts.
A—G mutations are also favored by context II(A) in Insummary, comparisons of structures that include changes
comparison with context I(A). As a result of these two in configuration at the point of attachment of the hydrocar-
factors, the BfJPhDE adducts in context lI(A) generally gave bon to the purine are largely dominated by the effects at
the highest overall percentage of-4G transitions (as high  this chiral center.

as 83% of total mutations in the case of ciBPhDE-25), Adduct Structure: Effects of Configuration at Carbons Not
whereas the B{|PDE adducts in context I(A) gave the lowest Bonded to the Purinélther effects of adduct structure can
percentage of these mutations. be probed by pairwise comparisons of adducts with the same

In summary, the mutagenicity of the @PhDE adducts  configuration at the site of attachment to the purine and
in the present system tends to be lower than that of thg B[  inversions of configuration at other chiral centers. For
PDE adducts and is much more sensitive to the stereochemexample, a given (cis or trans) DES4dduct differs from
istry of the adduct. Most notably, the huge difference in the corresponding DE-$/adduct (or DE-ZR from DE-1R)
frequencies for R versus S adducts in context I(A) for the only in that the two hydroxyl groups of the parent trans
B[c]PhDE adducts described herein was not observed fordihydrodiol are inverted. Thus, the effect on mutagenicity
the B[a]PDE adducts. of the presence of $4R-hydroxyl groups versus R34S

Adduct Structure: Effect of Configuration at the Carbon hydroxyl groups can be assessed by comparing data obtained
Bonded to the Purinadithin this series of DE adducts, itis  for 4 with 3, 7 with 8, 1 with 2, as well as6 with 5 (see
possible to analyze the effects of inverting the configuration Figure 1 for structures). Comparison of such adduct pairs
at G, of the B[c]Ph moiety or G of the B[a]P moiety, either indicates that the configuration of these hydroxyl groups has
with or without concomitant inversion at one or more of the only a modest effect on mutagenicity for most sucle]B[
other three chiral carbon atoms in the cyclohexene ring. PhDE and B§]PDE adduct pairs. The effects were generally

The mutagenicities of adducts thdiffer only in config- greater in context lI(A) than in context I(A).
uration at the carbon bonded to the purine., G for B[c]- Pairs of structures that differ only in the configuration of
PhDE adducts and ;¢ for B[a]JPDE adducts, can be the hydroxyl group vicinal to the purine substituent &re
compared by relating the activities of cis DESYJ7) with and2, 6 and7, 4 and1, and5 and8 (Figure 1). For B§]-
trans DE-1R (1), of cis DE-25 (8) with trans DE-2R (2), PDE adducts, the configuration of this hydroxyl group gt C
of trans DE-15 (5) with cis DE-1R (3), and of trans DE- had little effect on mutagenicity. For EJPhDE adducts,
2/S (6) with cis DE-2R (4) (see Figure 1). In such effects were more pronounced. For adducts with R config-
comparisons, BJJPDE adducts differ at most by a factor of uration at G, the R configuration at £(cis) increased the
~2, with the R configuration generally being more active mutation frequencies relative to the S configuration at C
than the S configuration. For PhDE adducts, because of (trans) by~5—14-fold. For the 1S adducts, the effects of
the low mutagenic activities of the R adducts, very large configuration at Gwere somewhat smaller. Since each pair
differences in activity (up to~600-fold) are observed in  of adducts compared consists of one cis and one trans opened
context I(A), with the mutagenic activity being markedly adduct, these observed effects could result either from the
lower for adducts with the R configuration. Cis opened absolute configuration of the vicinal hydroxyl group or from
adducts often display higher mutagenicity than trans openedthe cis versus trans orientation of this hydroxyl group relative
adducts (see below). However, in context I(A), the trans 1S to the purine.
adductss and6 are much more mutagenic than the cis 1R~ Comparisons of mutation data for addustsith 7, 6 with
adducts3 and4. Thus, in these cases, S configuration at the 8, 1 with 3, or 2 with 4 (Figure 1) illustrate the effect of
site of attachment of the purine rather than cis orientation inverting the configurations of all three hydroxyl groups. For
of the purine and its vicinal hydroxyl group seems to be the B[a]PDE adducts, the effects of such transformations on
dominant influence on the mutagenicity. mutagenicity were modest (up to 3-fold). ForcdBfhDE



Configuration and BfJPhDE Adduct Mutagenicity

Ficure 6: Differences in adduct structure betweeraBDE and
B[c]PhDE adducts. Common structural features are bold. Thg B[
PDE adducts additionally contain the naphthalene ring system
(indicated in lighter type) on the right side of the figure. The]B[
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nation because of conformational heterogenéity. (Notably
also, theT,, values of duplex oligonucleotides containing
10S-dAdo adducts of B4|PDEs are markedly depressed
relative to their 10R counterpartdd, 51), whereas oligo-
nucleotides containingR: and 1S-dAdo adducts of Bf]-
PhDE-2 exhibit identical melting point$2). These obser-
vations all suggest that the &B[a]P-dAdo adducts exhibit

a poor fit into duplex DNA, with resultant structural disorder
at the adduct site. Although it is difficult to extrapolate data

PhDE adducts consist of the bold structure together with the benzenel"0M double-stranded DNA to the structure at a replication

ring system shown (in lighter type) at the top of the figure.

fork, our most reasonable prediction a priori was thad]B[
PDE/S-dAdo adducts might show corresponding abnormali-

adducts, some more substantial effects were noted (up toties in their mutagenicity (either very high or very low) when

~30-fold), and configurations that corresponded to cis
opened adducts gave the greatest activity.

Overall, variations in configuration at the chiral carbons
of the hydrocarbon moiety that are not involved in bonding

compared to the BJPDE/R-dAdo adducts and/or to both
configurations of the BjjPhDE-dAdo adducts. Instead, the
adducts that are apparently anomalous because of their
extremely low mutagenicity are BJPhDER adducts. On

to the nucleoside result in changes in mutagenicity that arethe basis of the above criteria, these adducts were not

larger for the BEJPhDE adducts than for the BJPDE
adducts. Furthermore, the largest differences in activity
observed for BfJPhDE adducts coincide with configurational

expected to behave atypically. An unusual conformation with
a pseudoequatorial purine substituent has been repd®ed (
for the cyclohexene ring of the trans openedg]|BhDE-2/

changes that switch between trans and cis opened adductsR dAdo adduct in an oligonucleotide duplex (sequence

with higher mutagenicity generally being associated with the
cis opened adducts. Earlier studies of trans and @FB)E

adducts 25, 31) have also reported greater mutagenic
activities for cis adducts. Interestingly, studies of DNA repair

environment~CAC~). This conformation differs from that
of the B[c]PhDE-25 counterpart in the same sequengé) (
The generality of this unusual conformation, as well as its
possible relevance to biological activity, remains to be

of B[a]PDE adducts have indicated that cis adducts are moreestablished for other BJPhDER adducts and other sequence

readily repaired than the corresponding trans addut3s (
44).

contexts.
In summary, the mutagenic activity of §PhDE adducts

Our eventual goal is to understand the structural basis foris much more dependent on structural variables than the

the pronounced effect on mutagenicity of configuration at

mutagenic activity of Bf]PDE adducts. Consequently, the

the carbon atom bonded to the nucleoside that we havespread of mutation frequencies among the adducts derived

observed here for the first time with 8PhDE (but not BgJ-
PDE) adducts. As shown in Figure 6, both of these

from the eight isomeric BfJPDEs was less than a factor of
5 in both sequence contexts, whereas large differences among

hydrocarbons share some common structural features (heavyhese isomers were observed for the]BhDE adducts. For

lines). In addition to this structural overlay, thedfpDE

the B[c]JPhDE adducts, the configuration at the site of

adducts contain a naphthalene ring system well removed fromnucleoside attachment has profound effects on mutagenic

the bond joining the hydrocarbon residue to the purine ring,
whereas the RJPhDE adducts contain a benzo ring that is
close to this bond. This ring forms a hindered fjord region
which results in conformational differences between the
cyclohexene rings of the BJPh and BR]P adducts. For

activity. The Bp]JPDE adducts tend to be more mutagenic
than B[c]PhDE adducts, particularly in context I(A). ThedB{
PhDE adducts induce a larger fraction of& transitions
than the BR]JPDE adducts. For both sets of hydrocarbon
adducts, A-T base substitutions are more favored in context

example, the four cis and trans opened, DE-1 and DE-2 dAdol(A) than in context 1I(A), whereas AG mutations are more

adducts (as the nucleoside pentaacetates) derived frojn B[
Ph prefer more boatlike conformations than thei]B[
counterparts, as indicated by NMR coupling constah8; (
45). In double-stranded DNA, NMR solution structurd)

for trans openedrR-dAdo adducts derived from BIP (47,

48) and Bf]Ph (49) diol epoxides are similar in overall
characteristics; namely, the aromatic portion of the hydro-
carbon is intercalated toward thé-énd of the adducted
strand, the glycosidic torsion angle for the adducted dAdo
is anti, and nearly normal hydrogen bonding is maintained
between the modified adenine and its complementary thym-
ine. On the other hands-dAdo adducts derived from the
two hydrocarbons differ significantly from each other. For

example, it has been possible to determine solution structures

for oligonucleotides containing both trans open&i(30)-

and R (49)-dAdo adducts of Bf]PhDE-2 with a normal,
complementary T. In contrast, oligonucleotides with the
corresponding trans opened3@Ado adducts from B]-
PDE-2 have not been amenable to NMR structure determi-

favored in context lI(A). Although some trends are emerging
from these investigations, it will be necessary to resolve fully
the effects of individual variables, such as sequence context,
before the complex effects of the structural variables can be
understood.

ACKNOWLEDGMENT

We thank John E. Page for helpful advice and discussions
regarding this work and Dr. Christopher W. Lawrence for
M13mp7L2,E. coli SMH77 and advice in establishing the
mutation assay. We deeply regret the untimely passing of
our dear friend and colleague, Dr. Anthony Dipple, on May
26, 1999.

SUPPORTING INFORMATION AVAILABLE

Typical HPLC traces of purified, adducted oligonucle-
otides, as well as tables listing mutations, survival and
ligation efficiencies in the various experiments. This material



4144 Biochemistry, Vol. 39, No. 14, 2000

is available free of charge via the Internet at http://
pubs.acs.org.

REFERENCES

10.

11.
12.

13.

14.
15.
16.

17.
18.
19.

20.
. Mackay, W., Benasultti, M., Drouin, E., and Loechler, E. L.

22.
23.
24.
25.

26.

27.

. Harvey, R. G. (1997pPolycyclic Aromatic Hydrocarbons

Wiley-VCH, Inc., New York.

Carmichael, P. L., Jacob, J., Grimmer, G., and Phillips, D. H.
(1990) Carcinogenesis 112025-2032.

Lijinsky, W. (1991)Mut. Res. 259251-261.

Sims, P., Grover, P. L., Swaisland, A., Pal, K., and Hewer,
A. (1974) Nature 252 326-328.

Jerina, D. M., and Daly, J. W. (1976) Drug Metabolism-
from Microbe to Man(Parke, D. V., and Smith, R. L., Eds.)
pp 13-32, Taylor & Francis, London.

Levin, W., Chang, R. L., Wood, A., Thakker, D. R., Yagi,
H., Jerina, D. M., and Conney, A. H. (1986ancer Res. 46
2257-2261.

. Levin, W., Wood, A. W., Chang, R. L., Ittah, Y., Croisy-

Delcey, M., Yagi, H., Jerina, D. M., and Conney, A. H. (1980)
Cancer Res. 403910-3914.

. Buening, M. K., Wislocki, P. G., Levin, W., Yagi, H., Thakker,

D. R., Akagi, H., Koreeda, M., Jerina, D. M., and Conney, A.
H. (1978)Proc. Natl. Acad. Sci. U.S.A. 75358-5361.

. Dipple, A., Pigott, M. A., Agarwal, S. K., Yagi, H., Sayer, J.

M., and Jerina, D. M. (1987\ature 327 535-536.
Pruess-Schwartz, D., Baird, W. M., Yagi, H., Jerina, D. M.,
Pigott, M. A., and Dipple, A. (1987Cancer Res. 474032
4037.

Einolf, H. J., Amin, S., Yagi, H., Jerina, D. M., and Baird,
W. M. (1996) Carcinogenesis 1722372244,

Jerina, D. M., Sayer, J. M., Agarwal, S. K., Yagi, H., Levin,
W., Wood, A. W., Conney, A. H., Pruess-Schwartz, D., Baird,
W. M., Pigott, M. A., and Dipple, A. (1986) imBiological
Reactie Intermediates ll(Kocsis, J. J., Jollow, D. J., Witmer,
C. M., Nelson, J. O., and Snyder, R., Eds.) pp-B0, Plenum
Press, New York.

Agarwal, S. K., Sayer, J. M., Yeh, H. J. C., Pannell, L. K.,
Hilton, B. D., Pigott, M. A., Dipple, A., Yagi, H., and Jerina,
D. M. (1987)J. Am. Chem. Soc. 102497-2504.

Agarwal, R., Canella, K. A., Yagi, H., Jerina, D. M., and
Dipple, A. (1996)Chem. Res. Toxicol., $86—592.

Szeliga, J., and Dipple, A. (1998hem. Res. Toxicol. 11
1-11.

Bigger, C. A. H., Strandberg, J., Yagi, H., Jerina, D. M., and
Dipple, A. (1989)Proc. Natl. Acad. Sci. U.S.A. 8@291—
2295.

Bigger, C. A. H., St. John, J., Yagi, H., Jerina, D. M., and
Dipple, A. (1992)Proc. Natl. Acad. Sci. U.S.A. 8968-372.
Peters, G., and Vousden, K. H. (19@%cogenes and tumor
suppressorsiRL Press, Oxford.

Singer, B., and Essigmann, J. M. (19€8rcinogenesis 12
949-955.

Loechler, E. L. (1996Larcinogenesis 1,7895-902.

(1992) Carcinogenesis 131415-1425.

Jelinsky, S. A., Liu, T. M., Geacintov, N. E., and Loechler,
E. L. (1995)Biochemistry 3413545-13553.

Shukla, R., Liu, T. M., Geacintov, N. E., and Loechler, E. L.
(1997) Biochemistry 3610256-10261.

Lavrukhin, O. V., and Lloyd, R. S. (199®)ancer Res. 58
887—-891.

Chary, P., Latham, G. J., Robberson, D. L., Kim, S. J., Han,
S., Harris, C. M., Harris, T. M., and Lloyd, R. S. (1995)
Biol. Chem. 2704990-5000.

Moriya, M., Spiegel, S., Fernandes, A., Amin, S., Liu, T. M.,
Geacintov, N., and Grollman, A. P. (199B)ochemistry 35
16646-16651.

Min, Z., Gill, R. D., Cortez, C., Harvey, R. G., Loechler, E.
L., and DiGiovanni, J. (1996Biochemistry 354128-4138.

Pontea et al.

28. Hanrahan, C. J., Bacolod, M. D., Vyas, R. R., Liu, T,
Geacintov, N. E., Loechler, E. L., and Basu, A. K. (1997)
Chem. Res. Toxicol. 1369-377.

29. McNees, A. G., O'Donnell, M., Horton, P. H., Kim, H. Y.,
Kim, S. J., Harris, C. M., Harris, T. M., and Lloyd, R. S. (1997)
J. Biol. Chem. 27233211-33219.

30. Page, J. E., Zajc, B., Oh-Hara, T., Lakshman, M. K., Sayer,
J. M., Jerina, D. M., and Dipple, A. (1998jochemistry 37
9127-9137.

31. Fernandes, A., Liu, T. M., Amin, S., Geacintov, N. E.,
Grollman, A. P., and Moriya, M. (1998Biochemistry 37
10164-10172.

32. Ponte, I., Sayer, J. M., Pilcher, A. S., Yagi, H., Kumar, S.,
Jerina, D. M., and Dipple, A. (199Biochemistry 381144~
1152.

33. Page, J. E., Pilcher, A. S., Yagi, H., Sayer, J. M., Jerina, D.
M., and Dipple, A. (1999Chem. Res. Toxicol. 1258-263.

34. Banerjee, S. K., Christensen, R. B., Lawrence, C. W., and
LeClerc, J. E. (1988Proc. Natl. Acad. Sci. U.S.A. 88141~
8145.

35. Gibbs, P. E. M., and Lawrence, C. W. (19%B)cleic Acids
Res. 214059-4065.

36. Pilcher, A. S., Yagi, H., and Jerina, D. M. (1998 Am. Chem.
Soc. 120 3520-3521.

37. Lakshman, M. K., Sayer, J. M., and Jerina, D. M. (1992)
Org. Chem. 573438-3443.

38. Sayer, J. M., Chadha, A., Agarwal, S. K., Yeh, H. J. C., Yagi,
H., and Jerina, D. M. (1991). Org. Chem. 5620—29.

39. Snedecor, G. W., and Cochran, W. G. (19&atistical
Methods lowa State University Press, Ames.

40. Christner, D. F., Lakshman, M. K., Sayer, J. M., Jerina, D.
M., and Dipple, A. (1994Biochemistry 331429714305.
41. Remsen, J., Jerina, D., Yagi, H., and Cerutti, P. (1977)

Biochem. Biophys. Res. Commun, 334—940.

42. Cheng, S. C., Hilton, B. D., Roman, J. M., and Dipple, A.
(1989) Chem. Res. Toxicol., 334-340.

43. Zou, Y., Liu, T.-M., Geacintov, N. E., and Van Houten, B.
(1995) Biochemistry 3413582-13593.

44, Hess, M. T., Gunz, D., Luneva, N., Geacintov, N. E., and
Naegeli, H. (1997Mol. Cell. Biol. 17 7069-7076.

45, Jerina, D. M., Chadha, A., Cheh, A. M., Schurdak, M. E.,
Wood, A. W., and Sayer, J. M. (1991) Biological Reactie
Intermediates IMWitmer, C. M., Snyder, R., Jollow, D. J.,
Kalf, G. F., Kocsis, J. J., and Sipes, |. G., Eds.) pp-5333,
Plenum Press, New York.

46. Geacintov, N. E., Cosman, M., Hingerty, B. E., Amin, S.,
Broyde, S., and Patel, D. J. (199Chem. Res. Toxicol. 10
111-146.

47. Schurter, E. J., Sayer, J. M., Oh-hara, T., Yeh, H. J. C., Yagi,
H., Luxon, B. A, Jerina, D. M., and Gorenstein, D. G. (1995)
Biochemistry 349009-9020.

48. Zegar, I. S., Kim, S. J., Johansen, T. N., Horton, P. J., Harris,
C. M., Harris, T. M., and Stone, M. P. (199B)jochemistry
35, 6212-6224.

49. Cosman, M., Fiala, R., Hingerty, B. E., Laryea, A., Lee, H.,
Harvey, R. G., Amin, S., Geacintov, N. E., Broyde, S., and
Patel, D. (1993Biochemistry 3212488-12497.

50. Cosman, M., Laryea, A., Fiala, R., Hingerty, B. E., Amin, S.,
Geacintov, N. E., Broyde, S., and Patel, D. J. (1995)
Biochemistry 341295-1307.

51. Sayer, J. M., Shah, J. H., Liang, C., Xie, G., Kroth, H., Yagi,
H., Liu, X., Yeh, H. J. C., and Jerina, D. M. (199Bblycyclic
Aromat. Compd. 13in press).

52. Laryea, A., Cosman, M., Lin,<M., Liu, T., Agarwal, R.,
Smirnov, S., Amin, S., Harvey, R. G., Dipple, A., and
Geacintov, N. E. (1995Chem. Res. Toxicol., 8144-454.

BI991719Q



