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ABSTRACT: Diastereomeric Rtsubstituted dAdo adducts (cis@PhDE-2/R and cis BE]JPhDE-2/1S) that
correspond to cis-opening at C-1 of the enantiomeric befognanthrene 3,4-diol 1,2-epoxides in which

the epoxide oxygen and the benzylic hydroxyl group are trans (DE-2) were synthetically incorporated
into oligonucleotide 16-mers. Each adduct was placed at the fourth nucleotide frorrethe &f each of

two different oligonucleotide sequences derived fromEheoli supFgene. Each adduct was also placed

in two additional oligonucleotide sequences that were constructed by interchanging the adduct site and
the immediately adjacent nucleotides between the two original sequences. These oligonucleotides were
designed for use in site-specific mutation studies, with a single-stranded bacteriophage M13mp7L2 vector,
to determine if the effects of sequence context on types and frequencies of base substitution mutations
are attributable only to nucleotides immediately adjacent to these polycyclic aromatic hydrocarbon diol
epoxide-dAdo adducts, or whether more distant nucleotide residues also affect the mutagenic response.
In SOS-inducedEscherichia coliSMH77, total base substitution mutation frequencies for the ot B[
PhDE-2/R—dAdo adduct were relatively low (0.65.6%) compared with those for the cisdiPhDE-
2/1S—-dAdo adduct (11.956.5%). Depending on sequence context, Cis]|BiDE-2/]R—dAdo gave
predominantly A>T or a more equal distribution of AT and A—~G mutations whereas cis §PhDE-
2/1S—dAdo gave either predominantly-AT or predominantly A~G base substitutions. Our results clearly
indicate that nucleotides that are distal as well as those that are proximal to the adduct site are capable of
influencing both the mutation frequency and the distribution of base substitution mutations.

Polycyclic aromatic hydrocarbons (PAHSre products Site-specific mutation studies using single- or double-
of incomplete combustion of fossil fuels, are present in stranded DNA vectors have been used to investigate both
cigarette smoke and in broiled meat, and are consequentlyquantitative and qualitative aspects of mutations arising from
widespread environmental pollutants [reviewed 1r-8)]. individual PAH diol epoxide-deoxyribonucleoside adducts
PAHSs are carcinogenic after metabolic activation to bay- [reviewed in (0, 11]. The PAH diol epoxide-deoxyribo-
region or fjord-region diol epoxideg{7) that are reactive  nucleoside adducts studied most extensively so far have been
toward DNA and are, therefore, mutagen®).(Mutations  those derived from the diol epoxides of bergpfrene (12—
in oncogenes or tumor suppressor genes, which are require@0), though adducts derived from bealgnthraceneZ1) and
for the carcinogenic proces8)( could arise from reactions  dibenzp,jlanthracene 22) have also been examined. As
of these metabolites with cellular DNA. found for other carcinogenDNA adducts 23—25), some
of the benzaogpyrene diol epoxide adduct data indicate that
the sequence in which an adduct is located influences both
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through a contract with Advanced BioScience Laboratories. the types and frequencies of mutations that arist (4-
*National Cancer InstituteFrederick Cancer Research and Develop- 18, 20.

ment Center. For example, in a system using a double-stranded vector,
® National Institutes of Health. the trans-opened benzdpyrene DE-2-dGuo adduct (with

I State University of New York College at Buffalo. . . ; .
1 Abbreviations: PAHs, polycyclic aromatic hydrocarbonsc]Bh, 10S configuration at the site of attachment to the nucleoside)

benzof]phenanthrene; DE-1, diol epoxide where the benzylic hydroxyl either gave preferential 8T mutations in a SCTGCAG
group and the epoxide oxygen are cis or syn; DE-2, diol epoxide where context (2), preferential G-A mutations in a 5GACGC-

the benzylic hydroxyl group and the epoxide oxygen are trans or anti; sotrib it
B[c]PhDE-2/1R, B[c]PhDE-dAdo adduct with R configuration at the CGTCATCC context {8), or a more even distribution of

adducted carbon; BI[PhDE-2/1S, dAdo adduct with $ configuration base substitutions in &-&5CGGCCAAAG context (4).
at the adducted carbon; DMT, dimethoxytrityl. Using a single-stranded vector and trans-opened adducts from
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OH

: dAdo| . OH

cis B[c]PhDE-2/1R cis B[c]PhDE-2/1S

ContextI(A):  S-TTTAGAGTCTGCTCCC
ContextII(A):  5-CAGATTTAGAGTCTGC
ContextIII(A):  S“TTGATAGTCTGCTCCC

Context IV(A):  5'-CATAGTTAGAGTCTGC

Ficure 1: Structures of the adducts formed from cis-opening of
each enantiomer of benzjphenanthrene diol epoxide-2 @&{
PhDE-2) by the exocyclic amino group of dAdo residues in DNA
and the sequence contexts in which they were inserted.

each of the four isomeric benzajpyrene diol epoxides,
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on the immediately adjacent nucleotides or if the sequence
environment into which the adduct-containing triplet was
placed substantially affected the mutational properties of the
adduct. We found that both the immediately adjacent
nucleotides and nucleotides beyond these immediate neigh-
bors are important determinants of adduct mutagenicity.

EXPERIMENTAL PROCEDURES

Materials.Restriction enzym&cadRl, T4 DNA ligase, T4
polynucleotide kinase, Sequenase version 2.0 Sequencing Kit,
and [-%?P]JATP or [0-3?P]dATP were purchased from
Amersham Corp. UracitDNA glycosylase, 2x Prehybrid-
ization/Hybridization solution, unmodified oligonucleotide
16-mers, and 56-mer scaffolds were from Gibco/BRL, and
exonuclease lll was from New England Biolabs, Inc. ABI-
PRISM Dye Terminator Cycle Sequencing Ready Reaction
Kits were obtained from Perkin-Elmer. QlAprep spin M13
Kit and QIAprep 8 M13 Kit were from Qiagen In&. coli
SMH77 [F lacZ AM15, pro*, A(pro-lac), leut] and
bacteriophage M13mp7L2 were kind gifts from C. W.
Lawrence (University of Rochester, Rochester, NY).

context-dependent variations in frequencies of individual base ~ Oligonucleotide SynthesisRecently we described an
substitution mutations at adducted guanines were also noted@minohydroxylation procedure in which racentians-7,8-

though G-T was the most prominent chand). Although
less data are available for hydrocarbatAdo adducts than
for hydrocarbor-dGuo adducts, Latham et al23) have
found that mutation frequencies for styrene oxiddo
adducts vary with sequence context, and Page e2@la{so

dihydroxy-7,8-dihydrobenza]pyrene was converted in
one step to a diastereomeric pair of deoxyadenosine adducts
corresponding to cis-opening of benalgyrene diol
epoxide-2 27, 28. We have now applied this approach to
the conversion of+f)-trans-3,4-dihydroxy-3,4-dihydrobenzo-

found context-dependent changes in frequencies, as well adclphenanthrene29, 30 with 3',5-di-O-tert-butyldimeth-

in mutation types, for benza]pyrene diol epoxide-dAdo

ylsilyl-dAdo to produce a diastereomeric mixtureN#[1S

adducts. Thus, sequence context clearly affects mutation(2S3R4Strihydroxy-1,2,3,4-tetrahydrobenzgphenanthryl)]-
frequencies and types of base substitutions found in site-3',5-bis-O-(tert-butyldimethysilyl)-2-deoxyadenosine and
specific mutation studies. However, little is known about the N*-{1R-(2R3S4R trihydroxy-1,2,3 4-tetrahydrobenzijthenan-
distance over which sequence changes can affect adducthryl)]-3',5-bis-O-(tert-butyldimethysilyl)-2-deoxyadenos-

mutagenesis. For example, are effects on mutagenesigne. Acetylation of the hydrocarbon hydroxyl groups with
restricted to the nucleotides immediately adjacent to the Pyridine/acetic anhydride, removal of the silyl protecting
adduct, or can nucleotide changes more distant from thegroups on the sugar with pyridine/HF, and conversion
adduct also affect the mutational response? into 5-dimethoxytrityl-3-diisopropylcyanoethylphosphor-
The present experiments were designed to determine ifamidites as previously describe8lj provided the desired
sequence context effects on types of base substitutionMixture of diastereomers ready for incorporation into oli-
mutations and on base substitution mutation frequencies aregonucleotides. Details of the synthesis will be published

limited to nucleotides immediately adjacent to PAH diol
epoxide-dAdo adducts. In this report, the two dAdo adducts
at the exocyclid\8-amino group that would arise from cis-
opening of each enantiomer of bendphenanthrene 3,4-

separately (Yagi et al., in preparation).
Oligonucleotides were prepared a 2 or 2.5umol scale

using 170 A controlled-pore glass (CPG) loaded with

benzoyl-5-0O-(4,4-dimethoxytrityl)-2-deoxycytidine-3suc-

diol 1,2-epoxide-2, in which the benzylic 4-hydroxyl group cinic acid (86-95umol/g). Support-bound oligonucleotides
and epoxide oxygen are trans (referred to in this paper ascontaining the appropriate 12-base sequendte thie adduct

cis B[c|PhDE-2/R and cis BE]JPhDE-2/1S, see Figure 1 for ~ were synthesized on an automated DNA synthesizer by
structures), were incorporated as the fourth nucleotide from standard methodology with modifications as descrit3), (

the B-end of each of four different sequence contexts. The including the use of a nonaqueous oxidant. The CPG beads
Context I(A) and Context II(A) sequences were derived from bearing the oligonucleotide were removed from the column,
the E. coli supFgene and have been used previously in and the modified dAdo residue was introduced manually by
studies of benz@|pyrene diol epoxide dAdo adductsZ0, treatment with Gimol of the above mixture of diastereomeric
26). The other two sequences used were identical to the firstphosphoramidites and 5L of 0.5 M 1H-tetrazole in

two sequences except that the adduct and the immediatelyacetonitrile for 16 h. End-capping was omitted following the
adjacent nucleotides on either side from Context II(A) manual step. After returning the support-bound oligonucle-
replaced their counterparts in Context I(A) to yield Context otide to the column, the remaining three residues were added
III(A) and this triplet from Context I(A) was placed into by reaction on the synthesizer, the oligonucleotide was
Context I1(A) to yield Context IV(A) (Figure 1). With this  cleaved from the support by the standard procedure, and
experimental design, it was possible to determine if the protective groups were removed by ammonolysis (16 h, 58
mutational properties of a given adduct were dependent only °C). Typical yields on manual coupling of the modified
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Table 1: HPLC Retention Times and Configurational Assignments
at C-1 of the Adduct for the Modified Oligonucleotides

configuration

context Rt (miny atC-1 parent DE
I(A) 16.2 R (-)-(RSSR
17.4 S (+)-(SRR$
1(A) 13.0 S (+)-(SRR%
14.3 R (—)-(RSSR
H(A) 38.1¢ R (-)-(RSSR
39.4 S (+)-(SRR$
IV(A) 17.0 R (-)-(RSSR
18.8 s (+)-(SRR$

a Retention times on a Hamilton PRP-1 columnx B05 mm, eluted
at 3 mL/min with a linear gradient of acetonitrile in 0.1 M ammonium
carbonate buffer, pH-7.5, that increased the acetonitrile concentration
from 0 to 17.5% over 20 min, unless otherwise notedonfigurational

designations for the tetrahydro benzo-ring carbons, proceeding around

the ring from C-4 (benzylic hydroxyl substituent) to C-1 (benzylic
epoxide).c On a Beckman Ultrasphere;£column (54, 4.6 x 250
mm) eluted at 1.2 mL/min with a linear gradient of acetonitrile in 0.1
M ammonium carbonate buffer, pH-7.5, that increased the aceto-
nitrile concentration from 5 to 11% over 40 min.

phosphoramidite were’50%, as estimated from the release
of dimethoxytrityl (DMT) alcohol on detritylation after this

Pontea et al.

x 250 mm) eluted at 1.2 mL/min isocratically with 5%
methanol in 50 mM sodium phosphate buffer, pH 7.0 (solvent
A), for 8 min, followed by a linear gradient of solvent B
(10% water in MeOH) that increased the percent of solvent
B to 10% over the next 7 min and a second gradient that
increased the proportion of solvent B to 100% over the
following 15 min]. The nucleoside adducts (280 min)
were isolated, and their absolute configurations were deter-
mined by comparison of their CD spectra with those of the
known cis dAdo adducts from BJPhDE-2, which exhibit a
positive band at-250 nm and a negative band-a280 nm

for the 1Sadduct and bands of the opposite signs for tRe 1
adduct 84).

Typically, enzymatic hydrolysis of oligonucleotides was
as follows. Approximately 2260 units of oligonucleotide
were treated fo3 h at 37°C with bovine pancreatic DNase
[ (0.15 mg) in 27QuL of Tris-HCI buffer, pH 7.0, containing
10 mM MgChk. The pH was then adjusted t69.0 by
addition of 25uL of 1 M Tris base, snake venom phos-
phodiesterase~0.05 unit) was added, and digestion was
allowed to proceed for 2 dayk. coli alkaline phosphatase
(3 units) was then added, and the incubation was continued
for 3 h. Under these conditions, the early-elutingS)(1

step. In our experience, the diastereomeric oligonucleotidesdiastereomer of Context 11(A) was hydrolyzed essentially

derived from the enantiomeric diol epoxides were consis-
tently separated better by HPLC after removal of the 5
DMT protecting group. Thus, this group was generally

completely to the nucleoside adduct (29.0 min) witf 1
configuration based on its CD spectrud4). In contrast,
under the same conditions, the major adduct-containing

removed either on the synthesizer or by treatment (80% aceticspecies obtained from the early-elutingR{1diastereomer
acid in water) of the product mixture obtained after cleavage of Context I(A) was a product of incomplete digestion that

from the support and ammonolysis of the protected oligo-
nucleotide. In one case [Context II(A)], the detritylated, crude
oligonucleotide mixture contained an impurity that eluted
close to the early-eluting adducted oligonucleotide, and
therefore preliminary HPLC purification of the diastereo-
meric 3-DMT oligonucleotides was required (Hamilton
PRP-1 column, 7x 305 mm, eluted at 3 mL/min with a
gradient that increased the percent of acetonitrile in 0.1 M
ammonium carbonate buffer, pH 7.5, from 15 to 32.5% over
35 min). The desired pair of ®HMT-substituted, adducted
oligonucleotides, which coeluted &t16 min, was isolated,

eluted at 25.9 min, earlier than expected for a monomeric
adduct; concomitantly, recovery of thymidine from the early-
eluting Context I(A) diastereomer was approximately 50%
of that expected. The isolated adduct-containing peak was
resistant to further digestion by snake venom phosphodi-
esterase, but treatmer®g) with ~0.8 unit of bovine spleen
phosphodiesterase (0.2 M sodium succinate, pH 6.0, 4 h, 37
°C), followed by alkaline phosphatase as above, resulted in
its complete hydrolysis to thymidine and the expected
monomeric adduct (29.2 min) whose CD spectrum indicated
1R configuration 84). Enzymatic digestion of the late-eluting

detritylated, and rechromatographed. HPLC conditions and diastereomers of Contexts I1(A) and II(A) with 3 times the
retention times for the adducted oligonucleotides with a free quantity (0.15 unit) of snake venom phosphodiesterase led

5'-hydroxyl group are given in Table 1. Typically, 2@0
Asso Units of each isomer were obtained after HPLC
purification.

Aliquots of adducted and unadducted oligonucleotides
(~0.5 Az unit) were purified further by electrophoresis on
a denaturing 20% polyacrylamide g&0j. The oligonucleo-

to a similar result. The Context II(A) diastereomer witR 1
configuration was incompletely hydrolyzed, whereas the
Context I(A) diastereomer withSconfiguration was fully
hydrolyzed.

Subsequently, the early-elutingR)Ldiastereomers from
Contexts IlI(A) and IV(A) were hydrolyzed for 3 days with

tides were detected under UV light, and the corresponding a total of 0.2 unit of snake venom phosphodiesterase added
band was cut out. The oligonucleotides were eluted overnightin two portions at time zero and after 1 day. These hydrolysis

with 0.5 M ammonium acetate and 10 mM magnesium

mixtures were chromatographed on a Beckman Ultrasphere

acetate and then adsorbed to reversed-phase Sep-Pak caGis column (4.6x 250 mm) eluted at 1.2 mL/min with a

tridges and recovered by elution with 60% MeOH ip(H

(1 mL). After drying, the eluate was resuspended yOH
(150uL). The purity of these products was then determined
by polyacrylamide gel electrophoresis #P-end-labeled
aliquots.

Configurations of the adducts at the point of attachment
of the hydrocarbon to Nof dAdo in these oligonucleotides
were determined after enzymatic hydrolys38)(to nucleo-
sides (see below). The digests from Contexts I(A) and 11(A)
were subjected to HPLC [DuPont Zorbax ODS column (4.6

linear gradient of methanol in water that increased the percent
of methanol from 25 to 65% over 5 min, followed by a
second linear gradient that increased the percent of methanol
to 95% over the next 7.5 min; only the latest-eluting peak
from the digest (8.9 min, monomeric nucleoside adduct) was
isolated for CD measurement. No attempt was made to assess
the extent of hydrolysis.

Ligation of Oligonucleotides into M13 Vector DNAhe
vector DNA, M13mp7L2, was linearized witkcoRI (2
unitsjtg of DNA at 30°C for 2.5 h) and then purified by
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phenol extraction. Ligation of the oligonucleotide insert control- or adduct-containing vector (either 20 ng of DNA
sequences into the cut M13 was in principle as described by50uL or 20 ng of DNA/100QuL of competent cells per plate),
Lawrence and co-worker86€) but used a uracil-containing  mixed with top agarose, poured ontox2YT agar plates,
scaffold R0). The 20 bases on each end of the scaffold were and grown overnight at 37C.

complementary to the M13 terminal sequences, and the petection of Wild-Type or Mutant Progeny13 DNA
middle 16 bases were complementary to the given insertfom each plate was transferred to four nitrocellulose filters
sequence. Some ligation reactions involved annealing the 56-and immobilized by baking the filter2 h at 80°C in a
mer uracil-containing oligonucleotide scaffold (2 pmol) with  yacuum oven. The filters were washed wittk3SSC, 0.1%
the cut M13 (1 pmol) in 25 mM NaCl at 37C for 15 min  SpS for 1.5-2 h and prehybridized foe 1.5 h at 37°C.
followed by cooling to room temperature over at least 2 h. Hybridization with radiolabeled probes (1 ng/mL hybridiza-
Phosphorylated unmodified or adducted oligonucleotide tion solution), complementary to the DNA surrounding the
insert (100 pmol) was added, the solution was kept at room- adduct site and containing A, C, T, or G opposite the adduct
temperature overnight, and T4 DNA ligase (30 units) was sjte [5-TCTAA(C/A)B(A/C)TGCAC for the 5-CA(T/G)-
then added. Ligation reactions were left at°TB overnight A(GIT)TTAGAGTCTGC sequences andGAGACT(C/A)-
after which uraci-DNA glycosylase (UDG, 1 unit) was  B(A/C)AACAC for 5'-TT(T/G)A(G/T)AGTCTGCTCCC
added and the solution was incubated at@G7or 1 h. UDG where the base labelddl was either T, A, G, or C], was
generates abasic sites in the scaffold and makes it susceptiblgtarted at 37C followed by slow cooling to room temper-
to cleavage by cellular endonucleases. Most ligation reactionsatyre overnight with constant agitation. The filters were then
followed an alternative protocol of annealing phosphorylated washed with 6x SSC (4x 30 min) at room temperature
oligonucleotide insert 16-mers (50 pmol) with scaffolds (2 followed by a 30 min wash at the stringent temperature [35.5
pmol) in 25 mM NaCl at 50C for 5 min followed by slow  °C for the 8-CA(T/G)A(G/T)TTAGAGTCTGC sequences
cooling overnight. The linearized M13 DNA (1 pmol) was gnd 38 °C for the E’T—TT(T/G)A(G/T)AGTCTGCTCCC
then added, and the prOtOCOI above was followed thereaﬂ:er.sequences] and exposed to auﬂ)radiography films Overnight
Ligation efficiencies were estimated after subjecting the \ith an intensifying screen at70 °C. Occasionally, these
ligation products {100 ng) to agarose gel electrophoresis probes did not give a clear result for some plaques, and in

(20) and transferring the DNA to nitrocellulose filters by such cases, the assignment was made by Sequencing_
Southern blotting. A radioactive probé{8GCGAAAGGGG-

GATGTGC, 1 ng/mL hybridization solution) that was RESULTS
complementary to M13 sequence was used to detect closed
circular and linear DNA, and a phosphorimager (Molecular ~ The strategy used to evaluate the influence of immediately
Dynamics) was used to quantify these products. adjacent nucleotides on the mutagenic properties of hydro-
Primer Extension ReactionScaffold in ligation mixtures ~ carbon-deoxyribonucleoside adducts was to determine mu-
was digested with exonuclease 11l (0.1 unit) diluted 1:500 tagenicity for both cis BfjPhDE-2/1S and cis BE]JPhDE-
in ligase dilution buffer (20 mM Tris-HCI, pH 7.6, 1 mM  2/IRin each of the four oligonucleotide 16-mer sequences
EDTA, 5 mM DTT, 60 mM KCI, 50% glycerol) at 37C shown in Figure 1. Although trans-opensétdAdo adducts
for 30 min followed by inactivation of the enzyme at 70 and oligonucleotides of B[PhDE-2 have been described
for 20 min. From these solutions, aliquots equivalent to 15 (38—41), the present report describes the first synthesis of
fmol of M13 DNA in 11 uL of ligation reaction buffer (66  oligonucleotides containing cis-openiiétdAdo adducts of
mM Tris-HCI pH 7.6, 6.6 mM MgGJ, 10 mM DTT, 66uM this diol epoxide. A novel aminohydroxylation procedu2& (
ATP) were annealed with primer,-BGCGAAAGGGG- 28) for bond formation between Nof a protected dAdo
GATGTGC (0.1 pmol), for 10 min at 37C, transferred to ~ derivative and £)-trans-3,4-dihydroxy-3,4-dihydrobenzo-
room temperature for 23 min, and then kept on ice. [c]phenanthrene2, 30 provided an extremely facile and
Nucleoside triphosphates and Sequenase (4 units) to initiateefficient method to accomplish the crucial step in construct-
reactions were added sequentially such that the final solutioning the appropriate adducted phosphoramidite for solid-phase
was 56 mM Tris-HCI, pH 7.6, 12 mM MgGl25 mM NaC}, synthesis of the desired oligonucleotide sequences. Since a
11.5 mM DTT, 0.8uM each of dCTP, dGTP, and dTTP, racemic diol was used in this synthetic step, diastereomeric
and 0.2uM [a-32P]dATP (10xCi), all in a total volume of oligonucleotide pairs were produced, and these were sepa-
19.4uL. Solutions were held at 37C for 30 min. Reactions ~ rated by HPLC.
were terminated by the addition of /- of stop solution The configuration at the point of attachment of the
(95% formamide, 20 mM EDTA, 0.05% Bromophenol Blue, hydrocarbon residue to dAdo in each oligonucleotide was
0.05% Xylene Cyanol Blue) and analyzed by electrophoresis established from the circular dichroism (CD) spectra of the
on 6% denaturing polyacrylamide gels at 80 W for 1.7 h. adducted nucleosides obtained from enzymatic hydrolysis
Gels were dried and exposed to X-ray films. Aliquots (0.75 of the oligonucleotides to nucleosides. It was noted in the
pmol of DNA in 15 uL of ligation buffer) of exonuclease course of hydrolyses of Contexts I(A) and II(A) that, in
Il digested unadducted ligation mixtures were sequenced contrast to the $-diastereomers, theRidiastereomers of cis-
using the same primer (2 pmol), a Sequenase version 2.0opened BfJPhDE-2-dAdo adducts in these single-stranded
Sequencing Kit, andof-*2P]dATP. These reactions were oligonucleotides strongly resisted digestion with DNase |,
analyzed on the same gels as the primer extension reactionssnake venom phosphodiesterase, and alkaline phosphatase,
Transfection of E. coli with M13 DNA. E. caBMH 77 but the products obtained after this incomplete hydrolysis
cells were SOS-induced by irradiation with 40 3/dV at 1 were readily digested to the monomer level by spleen
J m2 st immediately before they were made competent phosphodiesterase. In concert with this observation, resistance
by the CaCJ method 87). The cells were transfected with  of dAdo adducts to enzymatic release from DNA by digestion
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Context I(A) Context II(A) Context III(A) Context IV(A)
Context IA)- -+ Context II(A) TTTAGA(G) CAGATT(T) TTGATAg) CATAGT(T
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\\){/ ~ NS FiIGURE 3: Polyacrylamide gel electrophoresis of end-labeled
/ I_S L L oligonucleotides after purification by HPLC and gel electrophoresis.
220 250 300 350 220 250 300 350 See Figure 1 for complete 16-mer sequences and structures of cis
Wavelength (nm) B[c]PhDE-Z/:IS and cis BEJPhDE-2/R. Controls are the unmodi-
fied 16-mer sequences.
Ficure 2: Circular dichroism spectra of the synthesized oligo-
nucleotides containing cis-openedcBfhDE-2 adducts in 0.02 M Context I(A) ContextII(A)  Context ITI(A) Context IV(A)
phosphate buffer, pH 7, with the ionic strength adjusted to 0.1 M TTTAGAG =~ CAGATTT TTGATAG ~ _CATAGTT
with NaCl. Spectra are normalized to 1.0 absorbance unit at 260 °
nm. Absolute configurations were assigned by enzymatic hydrolysis T » o « H L) T w
of both diastereomers of Contexts I(A) and 11(A), and of gzely- § a 8§ o a o & &
elutingdiastereomers of l1I(A) and IV(A), to the known nucleoside - 88 _ 8 8= _ 88 818
adducts (see text). £ EE £ £ 5 £ 88 £8 &
. . . § T8 5§ T 8 g 5 88 5 8¢
with snake venom phosphodiesterad®) (has previously C @@ 0@ @I O @@ O D@
been found to be greater for DNA containingcBthDE— 106-MER —> - - -

dAdo adducts with R configuration at the site of adduct  102-mer —
attachment than for those witlSXonfiguration 85).

The CD spectra of the single-stranded oligonucleotides
(two diastereomers of each sequence) are shown in Figure 9%-MER— = & = & & & . - a9 8w
2. Unlike oligonucleotides containing dAdo adducts of 1 2 3 4 5 & 7 8 9 10 11 12 13
benzop]pyrene diol epoxides, whose CD spectra generally Figure4: Polyacrylamide gel electrophoresis products frori3P]-
exhibit long-wavelength pyrene bands which are positive for dATP-labeled primer, after primer extension reaction of M13
10R and negative for 1Babsolute configuration at the point  vectors containing Contexts-IV(A) using Sequenase; unmodified,
of attachment of the hydrocarbon to the ba28),(the present ~ CiS BICIPhDE-2/R adducted, and cis B[PhDE-2/1S adducted
B[c]PhDE-modified oligonucleotides exhibited no features oligonucleotide, as shown.
that were a priori clearly diagnostic of the configuration of
the adducts. However, after assignment of configuration by
enzymatic hydrolysis, relationships between absolute con-
figuration and the CD spectra of the oligonucleotides became
apparent. Notably, theRLoligonucleotide adducts consis-
tently displayed a more intense, positive band-@B0 nm,

-
L
L}
L]
L
L ]
L
-

Ligation of the unadducted 16-mers into the bacteriophage
vector M13mp7L2 occurred with 2040% efficiency (based
on the amount of circular DNA as a fraction of the sum of
linear and circular DNA). Ligation efficiencies for the &{
PhDE-dAdo adduct-containing constructs were somewhat

analogous to the positive band observed in this region for lower (~80-95% of those for the unadducted oligonucle-

the monomeric nucleoside adducdd as well as a positive otides). The presence of the oligonucleotide 16-mer in the
shoulder near 300 nm. M13 DNA constructs was verified by primer extension

After purification by HPLC and gel electrophoresis, all éactions. The primer used was complementary to bases
adducted oligonucleotide 16-mers and the unsubstituted®365-6348 of the M13mp7L2 genome, and since the
control sequences were essentially homogeneous, as dem¥113mp7L2 was cut witfEccRI at base 6275, extension of
onstrated by the electrophoretic analysis of end-labeledth® primer to theEcoRI cut yielded a 90-mer product.
aliquots (Figure 3). The presence of the ci]BhDE-2— Extension to the end of the 16-mer insert gave a 106-mer,
dAdo adducts reduced the electrophoretic mobility of the and extension to the BPhDE-dAdo adduct site gave a
adducted oligonucleotides in relation to the unmodified 102-mer product, as shown in Figure 4. Whereas primer
control oligonucleotides, but all eight adducted oligonucle- €xtension, using constructs containing the unsubstituted
otides had similar mobilities. However, in Context I(A), the oligonucleotides as templates, led primarily to the formation
oligonucleotide with $configuration at the point of attach-  of both 90-mers and 106-mers, resulting from some failure
ment of dAdo to the hydrocarbon moved a little slower than Of ligation at each end of the insert, all PhDE-dAdo
the corresponding oligonucleotide wittRIconfiguration, adduct-containing constructs resulted in formation of only
whereas in Context II(A), this situation was reversed. 90-mers and 102-mers. The absence of 106-mers indicated
Relative retention times on reverse-phase HPLC for eachthat all constructs contained thediphDE-dAdo adduct and
pair of diastereomeric oligonucleotides were sequence-that, in all cases, this caused complete failure of the
dependent (see Table 1). In most cases, the oligonucleotidepolymerase to progress beyond the adduct. In fact, the
containing a R adduct eluted ahead of those containing a polymerase largely failed to incorporate a nucleoside opposite
1S adduct, but the pair of adducts having the sequence ofthe adduct, as has been reported for besipgfene diol
Context lI(A) exhibited the reverse order of elution. epoxide-dAdo adducts under similar condition26j.
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Table 2: Base Substitution Mutations for the ci<BhDE-2/IR and cis BE]JPhDE-2/1S Adducts and Mutation Frequencies in Four Different
Sequence Contexts

cis B[c]PhDE-2/R cis B[c]PhDE-2/1S
sequence context AT A—G A—C MFiof? A—T A—G A—C MPFiof?
I(A) TTTAGAGTCTGCTCCC 38 15 4 0.62+ 0.16 39 67 2 31.%+51
lI(A) CAGATTTAGAGTCTGC 39 41 2 5.6+ 1.2 29 146 0 56.5% 5.6
I(A) TT GATAGTCTGCTCCC 41 14 7 3.6+:0.90 37 107 4 455 5.5
IV(A) CATAGTTAGAGTCTGCU' 25 0 0 0.65+ 0.25 40 2 5 11.9+ 3.3

2 No mutations were found in the TATAGTCTGCTCCC or in the CAAGTTAGAGTCTGC control sequences in the 2460 and 2525 plaques
screened, respectively. For the TAGAGTCTGCTCCC control sequence, Al mutation was found in 10 741 screened plaques and-1GA
mutation in 6458 screened GMTTTAGAGTCTGC controls. Thus, the background mutation frequency was less than 0.04% in all cases. Total
number of plaques screened: TAGAGTCTGCTCCC sequence, 9140 for the dnd 339 for the $adduct; CASATTTAGAGTCTGC, 1466 for
the IR and 310 for the § TTGATAGTCTGCTCCC, 1720 for theRand 325 for the $ and finally, for the CAAGTTAGAGTCTGC sequence,

3845 for the R and 395 for the $ adduct.” MFy is total mutation frequencies in percefit (2 x the standard error) (for a 95% confidence
interval) 60). ¢ From the B adduct, one deletion of the adduct was fouhBrom the R adduct, one deletion of the adduct was found.

When the M13 constructs were transfected into SOS- 50 ¢ cis Blc]PhDE-2/1R

inducedE. coli, the adducted constructs consistently gave Context IV(A). 5_CATAGTTAGAGICTGC
fewer plaques than the control constructs. In addition, the a0 | Context [(A):  5“TTTAGAGTCTGCTCCC
progeny yield was generally lower for constructs containing oy G S A
the cis BE]JPhDE-2/1S adducts (13-23% of unadducted I B

control) than for constructs containing the ci<BhDE-2/
1R adducts (1840% of unadducted control). The adducts 20
that led to the lower progeny yields gave rise to the higher
mutation frequencies, as shown in Table 2. The total base
substitution mutation frequencies for constructs containing
the cis BE]PhDE-2/IR adduct were relatively low (0.62
5.6%) compared with those for constructs containing the cis
B[c]PhDE-2/1S adduct (11.9-56.5%). The increased mu-
tagenicity of the $adduct over the R adduct ranged from

a high of~50-fold in Context I(A) to a low of~10-fold in
Context II(A). However, for either adduct, mutation fre- a0 |
quency was higher when the adduct was in a IGBAIT
context [i.e., in Contexts II(A) or llI(A)] than when it was 30 |
in aTAG context [Contexts I(A) or IV(A)], suggesting that
the immediately adjacent nucleotides were influential in 20 |
determining mutation frequencies.

The frequency data for each adduct in the various sequence  ° 1
contexts present a less clear picture. For the cg3MB[DE-
2/1R adduct, mutation frequencies in the tWé G sequence 0
contexts were very similar (0.65 and 0.62%, respectively),
and they were somewhat higher in the t@AT sequence
contexts (3.6 and 5.6%, respectively). Thus, these data are-IGURE 5: Mutation frequencies of base substitution mutations of

consistent with a fairly prominent role for the immediately mecgirieigihlea)zﬁger?gg %&Egﬁﬂg%ﬁ{g ngS:sgiﬂggistu-
adjacent nucleotides in determining the overall mutation o -c ot e cis BEJPhDE-2/R~ and cis BEJPhDE-2/55—dAdo

For the cis BE]JPhDE-2/1S adduct, mutation frequencies
were more disparate. In the tW®AT contexts [lI(A) and B[c]PhDE-2/1S adduct than for those containing the cis
II(A)], they were 45.5 and 56.5%, and in the tWIGAG B[c]PhDE-2/RR adduct.
contexts [I(A) and IV(A)], they were 11.9 and 31.9%. Frequencies and distributions of individual base substitu-
However, comparison of mutation frequencies for either tion mutations are summarized in Figure 5. Thus, for the cis
adduct in constructs with the same distal sequences [i.e.,B[c]PhDE-2/R adduct, A~T mutation frequencies were
Contexts I(A) and IlI(A) and Contexts II(A) and IV(A)] similar in the two TAG-containing sequences. Though
suggests that in no case do the distal sequences play asomewhat higher than the latter;A' mutation frequencies
dominant role in determining mutation frequencies. Overall, were also similar in the tw@AT-containing sequences,
therefore, the implication of the frequency data is that the suggesting that the immediately adjacent nucleotides might
immediately adjacent nucleotides have a substantial effectexert a dominant effect. However, the frequencies for@
on mutation frequency (frequencies fGAT were always transition mutations were different in each of the four
higher than forT AG for a given adduct) but that the effect contexts.
of these immediately adjacent nucleotides can be modulated For the cis BEJPhDE-2/1S adduct, A~T mutation freg-
by nucleotide sequences distal to the adduct. This modulatinguencies were similar in all four sequence contexts, indicating
effect is greater perhaps for constructs containing the cisthat neither proximal nor distal sequence context exerted a
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dominant effect. In contrast, the frequency of~& muta- used for vector replication, or in one case, double-stranded
tions was different for each sequence context, but this againM13 was replicated in a human cell extrad8). Lloyd and
suggests that neither the proximal nor the distal context colleagues have used a repair-deficiéntoli strain and have
differences dominated the observed mutagenesis. studied trans-opened benajgyrene diol epoxide-% or -2—

The distributions of base substitution mutations (insert in dAdo adducts and cis-opened bergp{rene diol epoxide-
Figure 5) for the cis BfPhDE-2/R adduct were similar in ~ 2—dAdo adducts in a'SCGGACAAGAAG sequence and
Context I(A) and Context ll(A), i.e., two contexts with the ~found only A~G mutations {3). The mutation frequencies
same sequences distal to the adduct. Contexts I(A) and l1i(A) Were relatively low but were highest for the cis adducts (up
also resulted in similar distributions of mutations for the]B[  t0 1.2%). They also reported different mutagenic responses
PhDE-2/85 adduct. Thus, constructs containing tHeT5 - in repair-deficient and repair-proficieri. coli strains for
(T/IG)A(GIT)AGTCTGCTCCC sequence contexts gave simi- benzp]anthracene diol epoxide adducts in the same sequence
lar distributions of base substitution mutations, indicating (21)- Again, A—~G mutations predominated. Min et ab2)
that the effect of the distal nucleotide sequence was greatefused different repair-deficient and repair-proficient strains
than that of the nucleotides immediately adjacent to the of E. coliand reported a similar response in both strains for
adducts in this regard. A similarity in base change mutation trans-opened diberafJanthracene diol epoxide-dAdo
distribution was not observed for the CWG)A(G/T)- adducts in aSCTCACGCTTCT sequence, i.e., eXClUSively
TTAGAGTCTGC sequences [Context [I(A) and Context A—T base substitution mutations (though a few deletions
IV(A)], however. For example, for the cis, §PhDE-2/R of the C 3 to the dAdo adduct were also found in the repair-
adduct, 0n|y A>T Changes were found in one case, and there deficient Strain; mutation frequenCieS were about 1.2% in
was an equal distribution of AT and A—G changes inthe ~ SOS-induced cells). In Page et &0, trans-opened benzo-
other. For the cis BJPhDE-2/1S adduct, the major base [alpyrene diol epoxide-dAdo adducts (DE-1/1 DE-1/1(R,
change was A-T in Context IV(A) and A~G in Context ~ DE-2/105 and DE-2/1®) ina 3-TTTAGAGTCTGCTCCC

lI(A). Thus, for the CA[T/G)A(G/T)TTAGAGTCTGC  Sequence [Context I(A)] gave mostly-AT base substitu-
contexts, the changes in immediately adjacent nucleotidestions. In a >CAGATTTAGAGTCTGC sequence [Context
were associated with substantial changes in mutation distri-/I(A)], these four adducts still gave mainly-AT mutations,
bution with TAG favoring A—T transversions anGAT but in this sequence, they also resulted in substantially more
favoring A—G transitions. A—G mutations. _

In summary, these findings indicate that for tteadduct, In the present study, the cis §PhDE-2/R—dAdo adduct

the nucleotides immediately adjacent to the adduct have 93V€ either pre.dor_ningntlyvécT transversion mutation§ or
profound effects on the overall mutation frequency, whereas amore equal_d|str|but|on of AT and A~G base SUbSt'.tu'
ons, depending on the sequence context used. The dis B[

neither these nucleotides nor the sequence distal to the addu .
independently has an overwhelming effect in the case of the hDE'Z./B_dAdO adduct.was_ more mutagenic and gave
predominantly A-T mutations in one sequence context but

1Sadduct. With regard to the frequencies of individual base domi | G b bstituti in th her th
change mutations, a substantial effect of the nucleotidesPredominantly A_’ ase substitutions In the other three.
As mentioned in the introduction, a similar diversity in

immediately adjacent to the adduct was noted forRA i ;
changes arising from theRladduct, but the frequencies of ~€SPONse has been reported for beajmfrene diol epoxide
dGuo adducts in different sequence context®, (14, 18.

A—G mutations, the only other substantial frequency S | hat th ‘ i ol |
encountered, were not substantially dominated by either the everal reports suggest that the conformation of oligonucle-
otides containing benza]pyrene diol epoxide-deoxygua-

proximal nucleotides or the distal nucleotides and they, . d4d h
therefore, depended on the combined effects of proximal angn©Sine adducts may vary with sequence contést-61),

distal sequences. For botR and Sadducts, the distribution ~ 2nd Presumably Si”_‘"ﬁ“ bCO”fOrr]f't‘)?“gng' dle_pendelnce_ don
of base substitution mutations was similar when the distal S€dUence context might be exhibited by oligonucleotides

nucleotide sequences were the same in Contexts I(A) andcr?mgi.?fmg BE]SQDEdAde adducts. !_ohe%hler has afgluefd
Il(A) despite differences in the nucleotides immediately thatdifferent adduct conformations might be responsible for

neighboring the adducts. However, for Contexts I1(A) and different mutations arising_in different sequence contexts
IV(A), despite having the same distal nucleotide sequences,(52)' If thl_s latter conc_ept is correct, sequence-dependent
one orientation of the immediately neighboring nucleotides C'@nges in conformation could account for some of the
skewed the distribution of mutations in favor of—AT findings reported herein. _ _

transitions whereas the reverse orientation altered the dis-_ N0 Studies on the conformation of cis-opened]BhDE-
tribution to emphasize AG transversions (Figure 5). Thus, 2_JdAdo adducts in DNA have been reported, though some
analysis of the present data indicates that sequence context!MR data are available for the corresponding trans-opened
effects on mutation are attributable to the combined effects BICIPhDE-dAdo adducts in double-stranded oligonucle-
of proximal and distal sequences, but that, in some circum- ©tides [reviewed in§3, 54]. However, all dAdo adducts

stances, either the proximal or the distal sequences can hav/ith bulky PAHSs studied so far, including a cis adduct from
an apparently dominant effect. benzop]pyrene diol epoxide §4), have shown modified

classical intercalation in @AC sequence. The PAHJAdO
DISCUSSION adducts withR configuration at the site of attachment to the
adenine component were inserted at tHesifle of the
Only a few site-specific mutation studies using PAH  modified adenine, and the ones wigiconfiguration were
dAdo adducts have been reported previoudlg, (20-22, inserted at the'sside. If the cis adducts from BJPhDE-2
43). Most of these used some version of the M13mp7L2 follow this pattern, the cis BJPhDE-2/1R adduct would be
vector system44), but different bacterial strains have been intercalated on the'side of the adenine, and the ciscB[
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PhDE-2/5 would be intercalated on the'-8ide of the within the 16-nucleotide sequence that was varied. It will
adenine. If these conformations persist in the replication be important to determine if sequence changes throughout
complex, encounters with polymerase during replication this window will be able to influence mutation.

would be different for each adduct isomer, and perhaps it is

reasonable that orientation of the hydrocarbon residue to theACKNOWLEDGMENT
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