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ABSTRACT: We have investigated the mutagenic potential of site-specifically positioned DNA adducts
with (+)- and )-cis-anti stereochemistry derived from the bindingr@ft8-dihydroxy19,10-epoxy-
7,8,9,10-tetrahydrobenzpyrene (BPDE) td\2-2'-deoxyguanosine (Cor G,) in the sequence context
STCCTCCTG G,CCTCTC. BPDE-modified oligodeoxynucleotides were ligated to a single-stranded
DNA vector and replicated iEscherichia colior simian kidney (COS7) cells. The presence -bj-(or

(—)-cis adduct strongly reduced the yield of transformantg.icoli, and the yield was improved by the
induction of SOS functions. Both adducts were mutagenl€.iooliand COS cells, generating primarily

G — T transversions. Iit. coli, the (—)-cis adduct was more mutagenic than thg-€is adduct, while

in COS cells, both adducts were equally mutagenic. These results were compared with those obtained
with stereoisomeric)- and ()-trans adducts [Moriya, M., et al. (199®iochemistry 3516646-

16651). InE. coli, cis adducts, especially-{-cis adducts, are consistently more mutagenic than the
comparable trans adduct. In COS cells, trans adducts yield higher frequencies of mutations than the two
cis adducts and, with the exception of the high-mutation frequency associated with)thrar{s adduct

at G, relatively small differences in mutation frequencies are observed for the three other addugts. In
coli, mutation frequency is a pronounced function of adduct stereochemistry and adduct position. These
findings suggest that the fidelity of translesional synthesis across BPDE-dG adducts is strongly influenced
by adduct stereochemistry, nucleotide sequence context, and the DNA replication complex.

Polycyclic aromatic hydrocarbons (PAHgYe ubiquitous enantiomer §—9), while in bacteria the relative mutagenici-
environmental pollutants that can be activated by cellular ties of the two enantiomers depend on the test system utilized
multifunction oxidases to produce a variety of oxygenated (6, 8).
metabolitesl). The diol epoxide derivatives bind covalently The tumorigenic activities of BPDE correlate with the

to cellular DNA, thus inducing mutations and initiating  tormation of covalent adducts with cellular DNAG, 11).
tumorigenesis in animal model systergs (Benzoplpyrene gy BpDE enantiomers react with native DNA by binding

(BP), one of the most widely studied PAH compoun8k (  reqominantly to the exocyclic amino group cfdzoxygua-
is metabolized to oxygenated derivatives, including the nosine residues (dG) by trans or cis additionN8dG to

biologically important {)-enantiomer ofr7,t8-dihydroxy— the C10-position ofant-BPDE (L2—15). While trans
19,10-epoxy-7,8,9,10-tetrahydroberaiplyrene @nti-BPDE, addition is dominant, smaller quantities@$-N-dG as well
or BPDE). The {)-7R,859S10R-enantiomer [{)-anti asN®-2'-deoxyadenosine adducts also are forms).(
BPDE] is more tumorigenic than the-§{-7S8R9R,10S i ) '
enantiomer [¢)-anti-BPDE] when applied to mouse skin ~ When cells are treated with BPDE, a variety of DNA
and in the newborn mouse lung modél%). In mammalian adducts is produce.d.. Due to the stereochemical diversity
cell systems,{)-anti-BPDE is more mutagenic than the )¢ of these adducts, it is not feasible to relate the observed
mutagenic spectra and mutagenic specificities to a particular

f This research was supported by NIH Grants ES04068 and CA17395type of lesion. Nevertheless, useful observations have been
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Ficure 1: Structures of{)- and (~)-anti-BPDE and stereochemical characteristics of th& (t0)-trans-, 10R-(+)-cis-, 10R-(—)-trans.,
and 1@ (—)-cis-anti-BPDEN?-dG adducts.

Site-specific mutagenesis experiments in which a single MATERIALS AND METHODS
adducted base is embedded in a defined sequence context
represent an important tool for correlating adduct structure BPDE-Modified OligonucleotidesOligonucleotides (se-
with mutagenic potential 24—26). In the early 1990s, quencel) containing {-)- or (—)-cis-anti-BPDEN*-dG at
oligonucleotides site-specifically modified with stereochemi- Gi or G; were prepared as previously report@8,(34) with
cally defined BPDEN?-dG lesions became available. Sev- minor modifications in the procedure. Briefly, racemic
eral site-specific mutagenesis studies with BPDE adducts inBPDE, synthesized as described by Yagi et &@5),(was
cells have been published; these include investigations ofadded to a 1.5 mM solution of oligonucleotitién 50 mM
anti-BPDEN2-dG adducts embedded in different sequence triethylammonium acetate (TEAA) buffer solution (pH 7)
contexts 27—33). to yield a 0.25 mM BPDE solution. The solution was

In a previous study, we compared the mutagenic potentialsincubated for 16 h at 20C. The 7,8,9,10-tetrahydroxytet-
of (+)- and ()-trans-antiBPDEN?-dG lesions positioned  rahydrobenzalpyrene (tetraol) hydrolysis products were
at G or G, of codons 60 and 61, respectively, in the then extracted with water-saturated ether. This cycle was
noncoding strand of the human c-tias 1 protooncogene  repeated five times to increase the overall BPDE-oligonucle-

(29): otide adduct yield. BPDE-modified oligonucleotides were
separated from the unmodified oligonucleotides using three
63 _62 _61 _ 60 separate reversed-phase HPLC steps. In the first step, a
5'-TC CTC CTG, G,CC TCTC I semipreparative 75 A poly(styrene-divinylbenzene) PRP-1

column (Hamilton Co., Reno, NE) was used to separate

These modified sequences were incorporated into a Sing|e_BPDE-modified oligonucleo_tides into three fractions using
stranded shuttle vector and introduced iB&cherichia coli & 15 10 90% methanol-sodium phosphate buffer (20 mM,
or simian kidney (COS7) cells. The mutation frequencies PH 7.0) gradient in 90 min (2 mL/min). Aliquots of the
and specificities for the four site-specific DNA adducts were three fractions were combined and subjected to reversed-
then analyzed. The most abundant mutations observed weréhase HPLC separation using a C-18 column1260 mm)
G — T transversions; mutation frequencies depended stronglyand an 11 to 14% acetonitrile-TEAA buffer (50 mM, pH
on the host cell, adduct stereochemistry, and position of the 7.0) gradient (90 min, 2 mL/min). Each fraction was
lesion in sequenck collected and subjected to further purification using a».6

An important unresolved question is whether minor BPDE- 250 mm C-18 column and a 18 to 28% 20 mM sodium
DNA adducts, such as theis-ant-BPDEN?-dG lesions,  phosphate buffer gradient (90 min, 1 mL/min). The stere-
might contribute significantly to overall mutagenicity and/ ochemical properties of the BPDE-modified oligonucleotides
or different mutagenic specificities when cells are exposed were determined by digesting each to the nucleoside level
to racemicanti-BPDE (7, 12—15). If this were the case,  With snake venom phosphodiesterase and bacterial alkaline
minor BPDE-DNA adducts would assume greater signifi- phosphatase3@). BPDE-modified deoxyguanosines were
cance than their relative abundance might suggest. Toseparated from the unmodified nucleosides using a C-18
compare the mutational frequencies and specificities of column and 0 to 85% methanol-20 mM sodium phosphate
stereoisomericis andtrans-anti-BPDEN?-dG lesions within buffer gradient eluted at a flow rate of 1 mL/min over 120
the same sequence conte3®)( we established the mutagenic min. The stereochemical properties of tueti-BPDEAN?-
potential of (F)- and (-)-cis-anti-BPDEN?-dG adducts dG adducts in each fraction were identified by circular
(Figure 1) at G and G in sequencé. dichroism (CD) and by coelution techniques usiAg-Cis-
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EcoRV.
N
—» | Transformation of SOS-induced E. coli —‘
n T e \
‘ Transfection of COS |
[ Recovery of plasmid ' — Fransformation of E. coli |—> I Oligonucleotide hybridization
TCCTCCTG,;G,CCTCTC
5/ ——GAGAGAATTCGAGCTCGGTACCAGCGAT ATCGCTTGCAGGGGCCCTCGAGATC--3/

CTTAAGCTCGAGCCATGGTCGCTAAGGAGGT T T GGAGAGTAGCGAACGTCCCCGGGAGCTC
AGGAGGT T T GGAGAG (scaffold probe)

(Probes for G) (Probes for G;)
CCTCCTGGCCTC CCTCCTGGCCTC
CCTCCTCGCCTC CCTCCTGCCCTC
CCTCCTAGCCTCT CCTCCTGACCTCT
CCTCCTTGCCTCT CCTCCTGTCCTCT
TCCTCCTAGCCTCT TCCTCCTGACCTCT

Ficure 2: (A) Experimental procedure. See text for explanation; (B) sequences of gapped region, 61-mer scaffold, modified 15-mer and
probes for mutation analysisis-BPDE-dG adduct is located aty@r G,. Targeted events are determined with a set of probes far G,.
The underlined 15-mer that contains three base mismatches to the 15-mer insert is used to detect plasmid derived from the 61-mer scaffold.

and ()-cis-anti-BPDEN?-dG standards prepared by the Bacterial transformants of AB1157 and DH10B (the latter
methods described by Cheng et dl5) were obtained from COS experiments) were inoculated

The precise site of modification,;®r G, was established  individually to a 96-well plate. Afte6 h of incubation at
by the Maxam-Gilbert method as described previoushg( 37 °C, bacterial culture was spotted onto filter paper on an
34). Site-specifically modified oligonucleotides were repu- agar plate containing ampicillin (1Q@/mL). The plate was
rified using a denaturing 20% p0|yacry|amide ge| S|ng|e incubated at 37C overnight. Plasmid DNA was fixed onto
bands were visualized by UV shadowing. The bands were the filter and hybrldlzed with one of the radioactive probes
cut out and the DNA extracted with TE buffer (10 mM Tris- shown in Figure 2B to determine the base at the site of the

HCl and 1 mM EDTA), followed by HPLC purification to ~ DNA adduct. Progeny derived from 61-mer was detected
remove salts and urea. with the probe (Figure 2B, underlined) that contained three

base mismatches (TTT/TG,) to the 15-mer insert. Ex-
amples of autoradiograph of hybridization have been pre-
sented elsewheret().

Construction of Modified Vectors and Mutagenesis Assays.
Experimental procedure for site-specific mutagenesis has
been described in detail previousig&—38) and is shown
schematically in Figure 2. In brief, BPDE-modified oli- RESULTS
godeoxynucleotides were ligated to the single-stranded (ss)
shuttle vector pMS2. This vector contains the ColE1, f1, Characterization of BPDE-Modified Oligodeoxynucle-
and SV40 origins of replicatior8g). Single-stranded pMS2  otides. The isolation and characterization of oligodeoxy-
was prepared from JM109 harboring this plasmid with the nucleotides witltrans-anti-BPDEN?-dG lesions at Gor G,
aid of the helper phage, VCSM13 (Stratagene). ssDNA wasembedded in sequende have been described®q, 34).
hybridized with a 61-mer and then digested wighdRV. Similar procedures were used to purify and characterize
The site for this enzyme is located in the hairpin region of oligodeoxynucleotides modified wittis-anti-BPDE-N2-dG.
ssDNA, and the linearization of ssDNA in the presence of  Oligonucleotides containing cis adducts were obtained in
the 61-mer creates gapped ssDNA (Figure 2A). Modified lower yields than those with trans adduct stereochemistry.
or unmodified 15-mer was hybridized to the gap and ligated Following enzymatic digestion of oligonucleotides to the
to the vector with T4 DNA ligase. The hybridized 61-mer nucleoside level and separation of BPREAG nucleoside
was then removed by digesting with exonuclease 11l and T4 adducts from unmodified 'zZhucleosides, CD spectra of
DNA polymerase in the absence of dNTP. The ssDNA BPDEN?-dG adducts were obtained as shown in Figure 3.
construct was introduced into SV40-transformed simian For the two samples derived from digestion of BPDE-
kidney cells (COS7) by the Lipofectin method (GIBCO/ modified oligonucleotides, the signal/noise ratio was lower
BRL). Progeny plasmid was recovered 48 h after transfec- than for the ¢)-cis- and )-cis-anti-BPDE-N2-dG mono-
tion by the method of Hirt39), and then used to transform nucleoside adduct standards. This is due to the fact that a
E. coliDH10B (GIBCO/BRL) for mutational analysis. For minimum amount of the modified oligonucleotides was
experiments irk. coli, AB1157 that had been pretreated with digested in order to conserve precious materials. The CD
UV at 20 J/n? to induce SOS functions was transformed spectra of the {)-cis- and ()-cisBPDEN?-dG adducts,
with the DNA construct by the method of Chung et &), derived from digestion of the modified oligonucleotides, are
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Ficure 3: CD spectra of 1B-(+)-cis- (top) and 1&(—)-cis-anti-
BPDEN?-dG (bottom) mononucleoside adducts. Dotted lines:
Mononucleoside adducts from enzyme digests of BPDE-modified
oligodeoxynucleotides. Solid lines:+§- and (-)-cis-anti-BPDE-
N2-dG mononucleoside adduct standards.
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was reproducible. The reduced numbers of transformants,
probably due to the inhibitory effects on DNA synthesis,
were increased following induction of SOS function; relative
survival increased-738-fold, depending on the position and
stereochemical configuration of the adducts. The reduction
of the number of transformants by the two stereocisomeric
adducts was similar except at,Gvhere the {)-cis adduct
was 7 times more inhibitory than the-J-cis adduct.

Mutagenic Potential of ) and (—)-cis-anti-BPDE-N-
dG Adducts. Results of mutagenesis experiments with the
(+)- and )-cis-anti-BPDEN?-dG adducts, @+c), Gy(+c),
Gi(—c), and G(—c) are summarized in Table 2. Mutation
frequencies for each specificity are arranged as bar graphs
in Figures 5 and 6, along with previously acquired data for
the stereoisomericH) and ()-trans-anttBPDEN?-dG
adducts, @+t), Gx(+t), Gi(—t), and G(—t) (29).

In E. coli, targeted mutation frequencies for the two cis
adducts, studied in two different sequence contexts in the
presence of SOS induction, varied from less than-24@%.

In the absence of SOS induction, mutational analysis was
very limited for the modified constructs excepi(&c) due

to the low yield of transformants, and the results were not
included in Table 2. Lowest and highest values were
observed for the<)-cis adduct located at and the ¢)-

cis adduct at G respectively. G— T transversions
predominated at Gand G for both stereoisomeric adducts,
but some G— A and a few G— C mutations also were
observed. The-)-cis adduct was significantly more mu-
tagenic than the)-cis adduct at both Gand G. The
mutation frequency was higher at; an at G for both
adducts.

In COS cells, mutation frequencies ranged from 5 to 12%,
and the effects of absolute configuration and adduct position

in good agreement with those of the two adduct standards@'® less marked than i. coli. Mutation frequencies for
(heavy lines), thus establishing the stereochemistry of thesePoth adducts were somewhat higher ai Ban at G.

adducts.

Sites of modification at Gor G, were determined by the
Maxam—Gilbert method; results are summarized in the gel
autoradiograph shown in Figure 4. Individual oligonucle-
otide samples are labeled(@c), G)(+c), Gi(—c), and G-
(—c) to denote oligonucleotide sequences with)-Cis- or
(—)-cis-anti-BPDEN?-dG lesions at Gor G,. Besides the

Mutational specificity is similar to that observed k coli
with G — T transversions predominating; furthermore, lesser
amounts of G~ A transitions and G~ C transversions also
were observed. TheH)- and (-)-cis stereoisomeric adducts
were comparably mutagenic at the éhd G sites.

DISCUSSION

main intense bands indicated (A, B, and the arrows in Figure Comparisons of Mutagenic Effects Induced by cis- and
4), other less pronounced bands are also evident. Thesdrans-anti-BPDE-R-dG Adducts. The two stereoisomeric
secondary bands are not present in the untreated oligonucle10R-(+)-cis- and 1(R-(—)-trans-anti-BPDEN?-dG adducts

otides (lanes Gand G) and are due to nonspecific Maxam
Gilbert reactions at sites other than G that occur with finite
probabilities.

Transformation of E. coli. Table 1 records the number

have the same absoluteR 6onfiguration at the BPDE-C10-
N?-dG linkage site (Figure 1). Similarly, the $G—)-cis-
and 1G5 (+)-trans-anti-BPDEN?-dG adducts have the op-
posite absolute configuration at the BPDE-C182-dG

of transformants obtained with each construct in the presenceinkage site. Each I®and 1Gadduct pair differs by virtue

or absence of induced SOS functions. Since large fractionsOf @ mirror image relationship between the three OH

of transformants obtained in the absence of SOS inductionSubstituents at the chiral C7, C8, and C9 carbon atoms of
contained progeny plasmid derived from the parental pMS2 BPDE (Figure 1).

vector, the numbers of transformants (Table 1) were corrected We have previously studied the mutagenic potential of
(+)- and ()-trans-anti-BPDEN?-dG adducts Z9) under

for those having the sequence of the ligated oligonucleotide.

Regardless of their position;-§-cis adducts strongly reduced
the yield of transformants recovered from noninduced cells.

The G(+)-cis adduct also decreased the number of trans-

formants strongly, but with a stereochemically identical
adduct positioned at { the fraction of transformants
recovered is 16 times higher. This result with){cis adduct

conditions similar to those reported in this paper. Mutational
frequencies and specificities of the four stereoisomemit
BPDEN?-dG adducts are compared in Figures 5 and 6.

In COS cells, the two trans adducts are more mutagenic
than the two cis adducts. The $0+)-trans adduct at &
exhibits the highest mutation frequency, giving rise pre-
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(+) - Cis (+)-Cis  ()-Cis  (-)-Cis
M/G M/G M/G M/G M/G

UM UM

Ficure 4: Autoradiograph of MaxamGilbert (M/G) sequencing gel. UM: unmodified oligonucleotid&s; and G denote oligonucleotide
sequencd with the BPDE residue positioned at the two indicated deoxyguanosines, respectively. The lanes labeled GMshGw

single bands due to the intact oligonucleotid&he lanes labeled M/G contain fragments resulting from Max@&itbert “G” reaction that
causes cleavage at deoxyguanosine residyes G, in sequencé. The lane “M/G UM” shows bands due to the intact sequdnaed the

two fragments 5-d(TCCTCCT) (A) and 5-d(TCCTCCTG) (B). In the two lanes labeled “M/@',Ghe highest-mobility band (lowest)
exhibits the same mobility as the fragment A in lane “M/G UM”; therefore, this band is identified as fragment A. Lower-mobility G-cleavage
fragments are observed in each of these two lanes (arrows) forHheig and ¢)-cis adducts, and are attributed to BPDE-modified
fragments B because their mobilities are lower than the mobility of B; the BPDE residue is thus positioned at tharsiiee€e two
oligonucleotides. In the lanes labeled “M/G'"Gthe two fragments have the same mobilities as the unmodified fragments A and B in lane
“MIG UM”; therefore, the BPDE residue is positioned at the siteilGthese {)-cis and ()-cis oligonucleotide adducts.

uration alone is not a major determinant of mutational

Table 1: Transformation oE. coli AB1157 with DNA Constructs o -
frequency or specificity. For example, the-&T mutation

construct infu%?on ”°r',§fot{i2?fs°tiﬂ"§'}§f)° frequencies are comparable for theSI&-)-trans- and the
control Z 13788 (100) 10R-(—)-trans adducts at GGwhile at G, the 1&-(—)-cis-

+ 6548 (100) and 10R-(+)-cis-anti-BPDEN?-dG adducts also exhibit
Gi(+o) n ngf g%) similar G— T mutation frequencies. The exceptionally high
Ga(+0) - 181 (1) mutagenicity of the 18(+)-trans adduct at &thus is
Gi(—0) f 23?3 ((2)8) associated with 19stereochemistry as well as the absolute

+ 3097 (47) configurations of the OH groups in the BPDE residue. With
Ga—0) N e 823) the exception of thef)-trans adduct at &§mammalian DNA

: - polymerases in COS cells are not particularly sensitive to
aNumbers are corrected for those with a 15-mer insert. the stereochemical characteristics of &rgi-BPDEN>-dG

dominantly to G— T transversions at that site. Figure 6 lesions. However, a base-sequence effect is observed since
clearly shows that the Bor 10S absolute adduct config-  there is a greater number of-6 A transitions and G- C
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Table 2: Mutagenicity of ) or (—)-cis-BpdeN>-dG
no. of targeted events (BPDE-d& G, T, A, or C)

construct host G T A C untargeted mutations  targeted mutation freqtignhgy
Gy(+c)  ABLI57UWP 62 (77 15 (19) 2(2) 2(2) 23
Cos7 142 (94) 6 (4) 2 (1) a1) 5
Ga(+c)  ABL157UV 76 (100) <13
COSs7 120 (87) 13 (9) 3(2) eel) 12
Gy(—c) AB1157UV 43 (60) 24 (33) 4 (6) 1(1) 40
COSs7 194 (92) 15(7) 1(0.5) f0.5) 8
Go(—C)  AB1157UV 57 (85) 7 (10) 3(5) 15
COSs7 159 (85) 17 (9) 4(2) ) 11

aThe total number of targeted mutants divided by the effective number of transformants analyzed. Progeny derived from scaffold was omitted

from this calculation® SOS-induced AB1157.Percentage! TCCTCtTGGCCTCTCE TaCTCCTGGCCTCTC and aCCTtCTGGCCTCTQaCTC-
CTGGCCTCTCS Four mutants with TTICTCCTGGCCTCTC and one mutant each with TCtTCCTGGCCTCTC, TtCTtCTGGCCTCTC, or
TtCTCCgGGCCTCTC (mutations are shown in lowercase).

50 50
(A) E. coli, G4 (A) Cos, G,
>.40 B >‘4() -
3 =
F30F g 30}
S S
S 20f 18.5 20}
s 3
=2 ES
10F 10
1 0 2.5 0.51.4 0 2.5
+— —+ +—  —+ +— —+
tc tc tec tc tc tec
G—T G— A G —C
50 50
(B) E. coli, G, (B) Cos, G,
4ot 540 F w
e 2
g g
g0} g 30
T2} B 20
Q ®
= 10} 10 73 o
o HHH - AL g 0 - g 0 4% 0 0 0 0 é 0 L m
+— -+ +—- —+ + - —+ +- —+ +—- —+ +—- — +
108 10R 10S 10R  10S 10R 108 10R 108 10R  10S 10R

FiIGURE 5: Frequencies of G~ T, G — A, and G— C mutations FIGURE 6: Frequencies of G~ T, G— A, and G— C mutations
(expressed as a percentage of all replication events that result in(éxpressed as a percentage of all replication events that result in
no mutation, or targeted base substitution mutations) induced by N0 mutation, or targeted base substitution mutations) induced by
stereoisomerianti-BPDE-N2-dG at positions @or G, in sequence  Sterecisomerianti-BPDE-N*-dG at positions Gor G, in sequence

| in SOS-induced. coli. The plus and minus signs refer to adducts | i COS cells. All other symbols and designations as in Figure 5.
generated from-)- or (—)-anti-BPDE, respectively, while t and ¢ ]

refer to trans and cis adduct stereochemistry at the linkage site Among the trans adducts, the30+)-trans-anti-BPDE-N*
(Figure 1); the absolute configurations @6r 10R) are indicated dG adduct is highly mutagenic only at Gyenerating G~

at the bottom. T transversions. The B3(+)-cis adduct generates an equal
transversions at $5(GG,C) than at G (TG,G sequence  frequency of G— T transversions at the same site. Thus,
context). differences in the 1R and 1G5 absolute configurations at

In contrast to the somewhat greater mutation frequenciesthe adduct linkage site do not significantly affect-& T
of the two trans adducts relative to the two cis adducts in mutation frequencies at,G On the other hand, frequencies
COS cells, the two cis adducts are clearly more mutagenicof G — T transversions at Gare more than 30 times greater
in E. coli than their trans adduct counterparts (Figure 5). for the 1(&(—)-cis adduct than for the B3(—)-trans adduct
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(Figure 5); configurations of the OH substituents are identical to allow for error-prone or correct bypass of the lesion. No
in the two adducts that differ only in the opposite orientations doubt, the conformational details and the dynamics of the
of the dG residues about the chiral C10 carbon center. At conformational flexibility depend on the stereochemical
G,, only the (-)-cis adduct gives rise to significant number properties of the lesions and probably also in the base
of G — T and G— A mutations. Overall, the effects of sequence context in which the lesions are embedded.
adduct stereochemistry and position are much more stronglyElucidation of these complex factors, particularly in the
pronounced irk. coli than in COS cells. presence of different polymerases, remains a challenging and
It is evident from this work and our previous stud3g) formidable task. Nevertheless, it is clear that these inter-
that in any given host, mutational events are influenced by dependent parameters determine translesional events across
adduct stereochemistry and sequence context. Our result8PDE-DNA adducts in different sequence contexts.
also indicate that the mutagenic potentials of stereochemically With the addition of the partner base dC at the end of the
identical anti-BPDE-N?-dG lesions embedded in the same growing strand opposite thetj-trans-anti-BPDEN?-dG
sequence context depend markedly on the DNA polymeraseadduct, the bulky BPDE residue no longer stacks with the
involved. This suggests that the interaction between the terminal bases on the growing DNA strarib)land assumes
(stereochemically definedanti-BPDEN?-dG adduct and a conformation similar to the minor groove structure
DNA polymerase is not uniform, leading to the differences observed in double-stranded DNA7). In this orientation,
in mutation frequencies observedtn coliand COS cells.  the BPDE residue should interfere less strongly with the
BPDE Reactiity, DNA Repair, and Mutation Hot Spots. insertion of the next dNTP residue opposite the flanking base
Itis recognized that certain bases in DNA undergo mutations on the 5 side of the BPDE-modified dG on the template
much more frequently than the same bases in other sequencstrand. However, because the normal conformation of the
contexts, giving rise to characteristic “fingerprints” for ss/ds junction is compromised by the presence of the bulky
specific carcinogendl(, 42). Several factors may contribute BPDE residue, the rate of DNA synthesis should still be
to mutational hotspot phenomena including reactivity hotspots, slowed.
sequence-dependent error-prone polymerase bypass, and Comparison with Other Site-Specific Mutagenesis Studies.
sequence-dependent excision of adducts by repair enzymeswWhen thesupF gene in pUB3 was treated with+-§-anti-

In our model system, the single-stranded vector minimizes BPDE and subsequently introduced irio coli, hot spots
DNA repair 36). of mutations most frequently were detected at tandem GG
The cis adducts are more mutagenic than trans adducts irsequences. A strong hot spot of mutation was found;a G

E. coli; overall, they are only somewhat less mutagenic than in the sequence conteXGCG,15G116CCAAAG (Il), while

the trans adducts in COS cells (Figures 5 and 6). It is clear few mutations were observed at/&(22). Interestingly, mu-
that contributions of the less abundant cis adducts to thetational hot spots in runs of two guanines; 5GG- - - -
overall mutagenic burden o&nti-BPDE should not be  were also observed at the HPRT locus in V-79 c&|Q),
neglected. Differential rates of DNA excision repair may but the highest mutation frequencies were found at thé 3
play a particularly important role. Zou et al43) found rather than the'sG. These findings are consistent with our
thatcis-anti-BPDEN?-dG lesions are excised in vitro by the  studies of the )-trans and ()-cis-anti-BPDEN?-dG

E. coli Uvr(A)BC exinuclease system in"&CG*C sequence  adducts, both being produced by the reaction of dG with
context (the asterisk indicates the modified dG residue) at a(+)-anti-BPDE. InE. coli, adducts at Gare more mutation

rate 2-3 times faster than thérans-anti-BPDEN?-dG prone than at @ whereas in COS cells, the mutation
adducts. Human DNA repair enzyme complexes excise thefrequency is higher at &han at G.
two cis adducts from the saff€G*C sequence context at In site-specific mutagenesis experiments with)-frans

rates 10 times faster than the stereoisomeric trans adductanti-BPDEN?-dG adducts inE. coli (ES87), G— T
(44). If similar differences exist in other sequence contexts, transversions were observed almost exclusively in the
then the mutagenic burden of cis adducts in vivo should be sequence conteXTGC (27). In other studies with the same
significantly lower than that of theeans-anti-BPDEN?-dG adduct at Gs in sequencell in E. coli, the dominant
adducts. mutations were G~ T transversions accompanied by smaller
Effects of Adduct Conformationith the ()-trans-anti- numbers of G— A and G— C mutations 28); with the
BPDEN?-dG lesion positioned at a single strand-double same adduct at {g;, the overall mutation frequency was3
strand junction (ss/ds), but without a partner base oppositetimes lower, but the mutational specificity was similar.
the modified dG residue in the growing DNA strand, the Hanrahan et al.30) studied the replication of theH)-trans
bulky hydrophobic BPDE residue stacks with the terminal anti-BPDEN?-dG adducts at Gs and G in sequencel
base on the complementary strad8)( In this conformation, using an M13 DNA vector inE. coli (DL7); following
the BPDE residue fills space normally occupied by the replication in SOS-induced cells, 40% base substitutions
aromatic portion of the '2deoxynucleotide triphosphate (mainly G— T) occurred at @sand only 12% at @ These
(dNTP) in the DNA ss/ds junction-polymerase replication results are in qualitative agreement with &urcoli (AB1157)
complex. Since the dNTP residue is prevented from forming site-specific mutagenesis experiments in the sequence context
normal hydrogen bonds with the modified dG residue, the TG,G,C (Figure 5). However, there are some differences:
BPDE residues constitute a strong block to DNA synthesis. the ratio of G/G, mutation frequency (G~ T) was>20 in
For DNA synthesis to occur, the BPDE residue must swing our case, and the fractions of-6 A and G— C mutations
away from its carcinogen-base stacked positidd) @nd were smaller than those reported by Jelinsky et2d) and
allow insertion of a dNTP opposite the modified dG. Hanrahan et al.30). The relatively small differences could
Polymerase bypass of these bulky lesions implies that somebe associated with differences in sequence context or the
sequence-dependent flexibility must exist at these junctionsdifferent E. coli strains.



Stereochemical Effects of DNA Adducts

The mutation frequencies of the-)-trans, (—)-trans.,
(+)-cis-, and )-cis-anti-BPDEN2-dG in a¥CGyu4l se-

quence context of theug- gene was studied by Shukla et

al. 31, 32. While G — T transversions dominate in
sequence contexfSsTG*C (27), *CG*G and GG*C (28,
30), °TG*G and GG*C (29, and this work), G— A
transitions dominate in the case of theSl&)-trans- and
(—)-cis adducts with much smaller amounts of&T and
G — C base substitutions observed in #@Gy44T sequence
context B2). In the case of the B®(—)-trans and (t+)-

cis-anti-BPDEN?-dG adducts, nearly comparable numbers
of G— T, G— A, and G— C mutations were observed.
One major difference between these results and ours, in

addition to mutational specificity (Figure 5), is that)¢trans

adducts are practically nonmutagenic in our sequence context

in E. coli. Furthermore, the 1R(+)-cis and 1&(—)-cis

adducts are much more mutagenic than the two trans adducts

(Figure 5); thus, theR and S grouping of the mutational
frequency and specificity observed by Shukla et2®) does

not prevail in the TG*G and GG*C sequence contexts in

our E. coli system.

This study clearly indicates that base sequence effects and
adduct stereochemistry play critical roles in site-specific

mutagenesis experimentshn coli. Site-specific mutagen-
esis studies witlanti-BPDEN?-dG adducts in mammalian

cells 29, this work) show that, with the exception of the

unusually high mutation frequency (6 T) of the (+)-trans
anti-BPDEN?-dG adduct at & (Figure 6), the effects of

adduct stereochemistry appear to be less important in COS

cells than inE. coli.

SUMMARY AND CONCLUSION

In any given host, mutagenic events induced ati-

BPDEN?-dG adducts are influenced by the bases flanking

the lesions. Interactions between thati-BPDEN2-dG

adducts of a particular conformation and various DNA
polymerases are not uniform, leading to differences in

mutational events i. coliand in mammalian (COS) cells.

These effects may reflect differences in the structures of the
replication complex. On the basis of our studies and those
of others, we conclude that the fidelity of translesional
synthesis pasanti-BPDEN?-dG adducts is determined by

a complex interplay between DNA adduct stereochemistry,
flanking bases and properties of the DNA replication

complex.
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