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The suspected major mutagenic adduct of benzo[a]pyrene,
(+)-anti-B[a]P-N°-Gua, is built into the unique Pst¢I
recognition site of the Escherichia coli plasmid, pUC19, in
order to study its mutagenic potential. The adduct can either
be at G,3;, which is replicated during leading strand DNA
synthesis, or at Gy, which is replicated during lagging
strand DNA synthesis. The DNA strand complementary to
the strand containing the (+)-anti-B[a]P-N>-Gua adduct is
saturated with UV lesions to minimize its potential to generate
progeny. Although all in-frame mutations could have been
detected, a Gu3; — T transversion mutation is virtually
exclusively obtained at a frequency of ~0.04% per adduct
following transformation into Uvr* E.coli when SOS is not
induced, and ~0.18% when SOS is induced. The mutation
frequency of the adduct in a Uvr~ background is estimated
to be ~0.2% when SOS is not induced, and ~0.9% when
SOS is induced. The absence of Ggg — T mutations is
rationalized. G — T mutations from (+)-anti-B[a]P-N*-Gua
are compared to the mutational specificity of the ultimate
mutagenic form of activated benzo[a]pyrene.

Introduction

Mutagenic processes are fundamental to cancer causation as
evidenced by the observation that oncogenes are derived
from their normal cellular counterparts (protooncogenes) via
mutations (1). Mutagenic events can occur spontaneously or
can be induced by exogenous agents (2). Many potent mutagens/
carcinogens are bulky and three-dimensionally complex, such as
benzo[a]pyrene (B[a]P*), aflatoxin B; (AFB,), 2-aminofluorene
(2-AF), 2-acetylaminofluorene (2-AAF) and cis-diammindi-

*Abbreviations: B[a]P, benzo[a]pyrene; (+)-anti-BPDE, (+)-r-7,t-8-dihydroxy-
-9,10-epoxy-7,8,9, 10-tetrahydrobenzo[alpyrene (anti) (Figure 1); (+)-anti-
B[a]P-N2-Gua, the trans additional product between the C10 position of
(+)-anti-BPDE and the N2 position of guanine (Figure 1); cis-DDP(GpG), the
N(7)Gua-N (7)-Gua diadduct of cis-diammindichloroplatinum(I); cis-DDP(ApG),
the N(7)Ade-N(7)-Gua diadduct of cis-DDP; AF-C8-Gua, the C(8)-Gua adduct
of 2-aminofluorene; AAF-C8-Gua, the C(8)-Gua adduct of 2-acetylaminofluorene;
AFB;-N7-Gua, the N(7)-Gua adduct of aflatoxin B;; 5’—pT(B[a]P—N2)GCA—3’,
an oligonucleotide containing (+)-anri-B[a]P-N2-Gua; (+)-anti-B[a]P-N*-Gua-
pUC19, the plasmid pUC19 with 5'-pT(B[a]P-N2)GCA-3' ligated into the Psr1
recognition site; C-pUC19, the plasmid pUC19 with 5'-TGCA-3’ ligated into
the PstI recognition site; IPTG, isopropyl 8-p-thiogalactopyranoside; X-gal,
5-bromo-4-chloro-3-indoyl 3-p-galactopyranoside; , PstI* (blue); MP,
Pst1™ (blue); M¥, PstI~ (white); M'™, PstI~ (light blue); M™, Pst1~ (faintly
blue)—the latter five abbreviations are presented more thoroughly in Table II;
R, is defined in equation (1) (Materials and methods); R;_  is defined in equation
(2a) (Materials and methods); MF, +_E}% is defined in equations (3) and (4)
(Materials and methods) and MFEET is defined in equation (5) (Materials and
methods); MF, mutation frequency; +ER, excision repair proficient cells
(AB1157); —ER, excision repair deficient cells (AB1885); ds, double strand.
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chloroplatinum(II) (cis-DDP), and understanding the mechanisms
by which they induce mutations is only now becoming possible
GB-7.

B[a]P, a polycyclic aromatic hydrocarbon, reacts with DNA
following activation to its corresponding 7,8-diol-9,10-epoxide
(BPDE) (reviewed in refs 8 and 9). The majority of adducts
in vivo are thought to be derived from the (+)-anti-isomer of
BPDE (Figure 1) (8,9), though this may not always be the case
(10—12). The most prevalent adducts derived from the racemic
mixture of (=)-anti-BPDE are B[a]P-N2-Gua (Figure 1)
(8,9,13—15) and B[a]P-NG—Ade (16), where trans addition to
the epoxide prevails, as well as B[a]P-N(7)-Gua (17,18), which
has not been carefully characterized. In addition, evidence exists
for the formation of cytosine adducts (19,20).

The adducts of (+)-anti-BPDE are reported to block DNA
replication (21), and induce homologous (22) and illegitimate
recombination (23). In addition ( &)-an#i-BPDE is mutagenic and
induces both base pairing and insertion/deletion mutations
(24—35). The mutational specificity of the racemic mixture of
(x)-anti-BPDE in bacteria has been determined in several
systems; the most prevalent mutations are GC — TA and
AT — TA (27—29). Mutational spectra for ( & )-anti-BPDE have
been determined in human cells using a shuttle vector system,
(30), and in CHO cells (31,32) and human cells (33 —35) using
endogenous target genes, where the specificity is reasonably
similar to that determined in bacteria, though GC — CG
mutations appear to become more prevalent. Mutations induced
in the Ha-ras oncogene at the 61st codon have been determined
with cells in culture (36). Finally, GC — TA and AT — TA
mutations in Ha-ras have been identified in tumors derived from
animals treated with B[a]P (1, 37—39).

Although much information is known about both the adducts
and the mutations arising from BPDE, the relationship between
these two is poorly understood. During the last several years it
has become possible to study the biological consequences of
individual DNA adducts because of the development of techniques
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Fig. 1. Structures of (+)-anti-BPDE, (—)-anti-BPDE, and the adduct,
(+)-anti-Bla]P-N*-Gua (trans addition).
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to construct DNA vectors that contain adducts of defined chemical
structure at known genome locations (reviewed in 3; 4 —7,40).

Considerable attention has been focused upon the major adduct
of BPDE, formed at NZ-Gua, in relationship to carcinogenesis,
with the implicit assumption that this adduct is capable of inducing
mutations in vivo. In an effort to begin to evaluate this crucial
assumption we have undertaken site-directed studies (Figure
2; 40) on the mutations induced by (+)-anti—B[a]P—N2—Gua.
We show that a targeted G — T mutation predominated in
Escherichia coli and is enhanced ~4-fold following SOS in-
duction.

These results are discussed in the light of the mutational
specificity of BPDE. The most striking comparison is that in
random mutagenesis studies with (+)-anfi-BPDE only GC — TA
mutations are obtained in 5'-TG-3' sequence contexts. The results
reported herein are for a (+)-anti-B[a]P-N*-Gua adduct in a
5'-TG-3' sequence context, which also gave only G — T
mutations. This suggests that (+)-anti-B[a]P-N*-Gua could be
principally responsible for the mutations from (+)-anti-BPDE,
at least in the sequence context used in this study.

Materials and methods

(+)-anti-BPDE was handled as described previously (40). All materials, including
the synthesis of 5'-pT[B[a]P-N2]GCA-3", which is the oligonucleotide contain-
ing (+)-anti-B[a]P-N?-Gua, as well as the basic procedures (Figure 2) have been
described previously (40). All restriction digests were performed in the
manufacturer’s recommended buffers (40), and all units are as defined by the
manufacturer (40).

Bacterial strains

AB1157 and ABI1885 cells (uvrBS5) (41) were obtained from Dr G.Walker,
Massachusetts Institutes of Technology. NR8044 is an opal suppressor, lacZAM15
strain that was obtained from Dr J.Essigmann, Massachusetts Institutes of
Technology. DH5-« cells (42) were obtained from Dr D.Tolan, Boston University.

Gapped duplex construction

pUC19 (500 ug) was treated with PstI (1200 units) to give linear DNA with a
four base, 3'-overhanging end of sequence, 5'-TGCA-3' (Figure 2; step 1). These
four bases were removed in a blunt-ending reaction by incubation with 34 units
of T4 DNA polymerase for 30 min (Figure 2; step 2) to remove ~ 70 bases (as
estimated by methods described previously; see ref. 40) from both 3’-ends (10 mM
Tris—HCl/1 mM EDTA/10 mM MgCl,, pH 8.0; 5 ml) After 30 min, an
additional 34 units were added with dATP, dCTP, dGTP and dTTP (120 uM
each). DNA synthesis proceeded for 30 min (37°C) after which the solution was
made 9 mM EDTA (pH 8.0), cooled on ice and precipitated with ethanol.

pUC19 (500 ug) was cleaved with Scal (step 3 in Figure 2; New England
Biolabs; 3000 units) and irradiated with UV light (step 4 in Figure 2; 4800 J/m”
in 10 mM Tris—HCI/1 mM EDTA, pH 8.0). pUC19, itself, when irradiated
in parallel and transformed into AB1157 cells, gave a surviving fraction of
<107°. This represents a saturating dose of UV light, and we estimate that > 14
pyrimidine dimers and 5 [6—4] lesions were induced per strand (43). UV-irradiated
pUC19 was stored for 6 months and shown to continue to have a surviving fraction
of <107%, which demonstrated that, upon prolonged storage, the UV lesions
do not become converted into adducts that are less lethal.

Scal- and PstI-digested DNA (225 pg of each) were mixed (188 mM
KCl/13 mM Tris—HCI, pH 7.5; 10 ml) and denatured/renatured (Figure 2; step
5) to give gapped duplexes as described previously (40). In fact four species are
generated as indicated in Figure 2. (We note that plasmids are represented both
as ovals and circles in Figure 2 for convenience; and that, for example, step 6A
implies step 6 in pathway A.) There are two gapped duplexes missing the bases,
5'-TGCA-3’ in either the (+) strand (pathway A in Figure 2) or the (—) strand
(pathway B in Figure 2), as well as starting material, which includes linear
PstI-cleaved plasmids that were blunt ended (pathway C in Figure 2) and linear
Scal-cleaved plasmids that have UV lesions (pathway D in Figure 2). Each of
these four species represented ~25% of the mixture. This mixture was purified
by CsCl density gradient centrifugation, ethanol precipitated and resuspended in
10 mM Tris—HCl/1 mM EDTA/50% glycerol (pH 8.0) and stored at —20°C.

Construction of (+ )-anti-B[a]P-N*-Gua-pUC19

Approximately 2.9 ug of gapped duplexes (which also contained ~2.9 ;Lg of linear
DNA) was mixed with 0.56 ug (473 pmol) of purified 5'-pT(B[a]P-N“)GCA-3’
(an ~250-fold molar excess) in the presence of 1.5 mM ATP; T4 DNA ligase
(2000 units) was added and incubated at 17°C (step 6 in Figure 2). At 7 and
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Fig. 2. Strategy for situating (+)-anti-Bla]P-N*-Gua in the PstI recognition
site of pUCI19 to give (+)-anti-B[a]P-N?-Gua-pUC19 (panel a), which is an
equal mixture containing an adduct either at Gy3; or Gy3g (panel ¢), and the
mutant enrichment strategy (panel b). (a) Denaturation/renaturation (step 5)
led to the formation of a (+)-strand gapped duplex and a (—)-strand gapped
duplex, as well as linear DNA, where the latter is merely the starting
material for step 5, which is either linear PstI/blunt or Scal/UV. Scal-
cleaved pUC19 is indicated by dashed lines to show that it was UV
irradiated and was less viable as a result. The large shaded box shows
(+)-anti-B[a]P—N2—Gua-pUC19, which was formed by the ligation (step 6)
of the oligonucleotide 5’-T[B[a]P—N2]GCA-3’ (cross-hatched box with an
asterisk), into a gapped duplex in either the plus or minus strands. Plus and
minus signs indicate the strand being copied during leading and lagging
strand DNA replication respectively. Linear pUC19 that was cleaved with
Pst1 and blunt-ended can blunt-end ligate to form circular DNA missing
four bases at the PstzI recognition site. Linear pUC19 that was cleaved with
Scal and UV-irradiated also could blunt-end ligate to form circular DNA.
(b) Following steps 7—9 (Materials and methods), plasmid DNA (designated
RO) was obtained, which is a mixture derived from pathways A—C.
Pathway D gives virtually no progeny because both DNA strands contain
UV damage. Following steps 10 and 11, RO DNA: (i) from pathways A
and B generated colonies that appeared either dark blue (both Pst* and
Pst™) or light blue (PstI7); and (ii) from pathway C generated colonies that
appeared white (Pst™). In steps analogous to pathway C, progeny plasmids
that appeared faintly blue or dark blue (both PsrI™) could also be generated;
these are due to 5 bp deletions and 6 bp deletions respectively in the PstI
site (Materials and methods). (¢) Ligation of 5’~pT[B[a]P—N2]GCA—3’ into
the (+)-strand results in the adducts being at position Gy3;. Ligation of
5'—pT[B[a]P~N2]GCA—3’ into the (—)-strand results in the adducts being at
position Gysg.



18 h, equivalent amounts of ligase and ATP were added again (final volume
344 pl). The reaction was stopped after a total of 24 h. The mixture was drop
dialyzed (40) against 10 mM Tris—HCl/1 mM EDTA (pH 8.0) for 2 h and the
products purified by gel exclusion chromatography (Sepharose CL-4B). The
material in the void volume was stored in 10 mM Tris—HCl/1 mM EDTA/20%
glycerol (pH 8.0) and is designated (+)—anti—B[a]P—Nz-Gua-pUC19.

To ensure that any gapped duplexes remaining after ligation did not give rise
to wild-type progeny during transformation, the (+)-anti-B[a]P-N?-Gua-pUC19
ligation mixture was incubated with DNA polymerase I Klenow fragment and
dATP, dCTP, dGTP and dTTP. Gapped duplexes filled in by this procedure
are cleavable by Pst1, which reduces their transformation efficiency by >98%
(data not shown). Following PstI digestion, the DNA was purified with an ELUTIP
according to the manufacturer’s (Schleicher and Schuell) procedure. The material
was ethanol precipitated and resuspended in 10 mM Tris—HCl/1 mM EDTA/50%
gl%/ccrol (pH 8.0; 20 pl) and stored at —20°C. The final yield of (+)-anti-B[a]P-
N*-Gua-pUC19 was estimated as described previously (40) to be ~16% and
was ~ 6-fold lower than the yield for C-pUC19 (98 %), which is a control plasmid
constructed similarly by the ligation of the unadducted oligonucleotide,
5'-TGCA-3’, into the same gapped duplex.

Transformations of (+)-anti-Bla)P-N?-Gua-pUCI9 into E.coli

Transformation was conducted by electroporation (44). When SOS induction was
studied, it was accomplished by the method of Fuchs (45); either AB1157 or
ABI1885 cells were suspended in 10 mM MgSO, (following harvesting) and
irradiated with UV light (Ultraviolet Products, Inc., Model UAG-54) at 24 or
1.5 J/m? respectively, which gave a cell survival fraction of 40 or 22%
respectively. Thereafter, the cells were pelleted and resuspended in ice-cold distilled
water twice according to the protocol for transformation by electroporation (44);
the procedure took ~ 90 min. Competent cells (40 ul) were mixed with plasmid
DNA, of which ~5 ng was adduct containing (+)~anti—B[a]P—N2—Gua—pUC19,
and transformed by electroporation (BioRad Gene Pulsar; 2500 V, 100 ohms,
25 pF using a 0.2 cm gapped cuvette) as indicated in step 7 of Figure 2.

It is unlikely that electroporation affects the adduct. In a separate experiment,
5'-pT[B[a]P-N?JGCA-3’' was subjected to electroporation using conditions
identical to those cited above. There was no evidence for degradation of the
oligonucleotide when analyzed by methods described previously (40). For ex-
ample, 5'-pT[B[a]P-N?]JGCA-3' gave no discernible breakdown products at the
level of ~1% as assessed by the appearance of unexpected 32p_containing bands
following polyacrylamide gel electrophoresis or 32P-containing peaks following
HPLC analysis.

Following a 2 h recovery (37°C in 1 ml of LB) after electroporation, a fraction
of the transformation mixture was plated to determine the total number of
transformants; ~2.5 X 10® and ~10 x 10° colonies were obtained from
(+)-anti-B[a]P-N>-Gua and C-pUCI9 respectively; SOS induction did not
significantly alter the yield (see Results). (It was impossible at this stage to
obtain information about the relative numbers of colonies that appeared blue,
white, etc., because AB1157 and AB1885 cells are not designed for a-
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complementation.) LB (20 ml; 100 ug/ml ampicillin) was added to the remainder
of the cells, which were grown overnight (Figure 2; step 8). One ml of this mixture
was added to 40 ml of LB (100 ug/ml ampicillin) and grown overnight. Plasmid
DNA (~ 100 pg) was isolated from these cells and was purified by CsCl density
gradient centrifugation (Figure 2; step 9). It is designated RO DNA, to indicate
that it has not been subjected to mutant enrichment (see below). RO DNA was
transformed by electroporation into DHS5-« cells and plated (Figure 2; steps 10
and 11). Greater than 95% of the colonies appeared either blue or white at this
stage, though ultimately light blue and faintly blue colonies were also definitively
identified (see below). The ratio of blue to white colonies was determined for
each sample (R;, where ‘i’ indicates initial; Table I), and light blue and faintly
blue colonies were scored as white, initially.

Mutant enrichment procedure

Progeny plasmids from the adduct in (+)-anti-B[a]P-N 2_Gua-pUC19 ligations
(i.e. following pathways A and B in Figure 2) gave a mixture of blue and light
blue colonies following step 11 in Figure 2. The majority of the blue colonies
from all of the transformations was PstI* wild-type. (We note that the
designation PstI° is more correct than PstI™, but the latter is easier to understand
in the context of this study.) PstI treatment of RO DNA gave DNA designated
R1 (Figure 3; step 1), which when retransformed and plated (Figure 3; step 2)
preferentially gave colonies from mutant (PstI”) DNA, because PstI™ DNA was
linearized, which decreased its transformation efficiency. (We note that on some
occasions R1 DNA was transformed into cells that were grown overnight and
plasmid DNA was isolated from these cells; this is also designated R1 DNA,
but could be stored as a permanent stock.) One round of PstI enrichment was
sufficient to remove wild-type DNA from transformations with (+)-anti-B[a]P-
N?-Gua-pUC19, while two rounds of enrichment were required for C-pUC19.
We note that if, prior to transformation, linearized (i.e. PstI-cleaved) plasmids
were heated for 5 min at 65°C and placed on ice, then the yield of transformants
was decreased significantly. Thus, this step was included in all cases.

In addition to mutants derived from the adduct in (+)~antifB[a]P-N2—Gua—
pUC19, several mutations were isolated that can be attributed to side-reactions
in the genetic engineering protocol. These gave rise to white, faintly blue and
dark blue colonies as indicated after step 11C in Figure 2(b). All of these mutations
are discussed below, beginning with those derived from genetic engineering
side-reactions. A key to the relationship between colony color and the nature of
the plasmid in the colony is given in Table II. Table II also lists an estimate of
the approximate percentage that each plasmid contributed to the original trans-
formation of (+)-anti-Bla]P-N 2_Gua-pUC19 into SOS induced AB1157 cells.

White mutants

During the ligation of 5’—pT(B[a]P—N2)GCA—3’ into the gapped duplexes (i.e.
steps 6A and 6B in Figure 2), a competing reaction occurred (46 —48). Following
denaturation/renaturation (step 5 in Figure 2), ~50% of the DNA gave gapped
duplexes, which is represented as the two species above pathways A and B in
Figure 2. However, ~50% of the DNA re-forms linear molecules, which is

Table I. Analysis of progeny plasmids derived from (+)—anti-B[a]P-Nz—Gua-pUC19 and C-pUC19 in Escherichia coli

Results in AB1157 cells (uvr™)

Results in AB1885 cells (uvrB5)

) - [R(AB1157)]¢ -

a c X a _— -
R(ABL1157) Rg_1 MFGER R,(AB1886) (R(AB1886)] MF GER
(+)-anti-Bla)P-N*-Gua-pUCI9

+S0sf 0.087 57/358 000 0.18 x 1072  0.018 4.9 0.87 x 1072
—S0S 0.093 15/369 000 0.044 x 1072 0.017 5.4 0.24 x 1072
C-pUCI9

+S0sf 0.69 0/491 000 <030 x 1077 044 1.5 <0.45 x 1073
-80S 0.71 2/848 000 033 x 107° 037 1.7 0.55 x 1075

4R, = [(WT® + MP)[MY + M™ + M™] is equation (1) (Materials and methods), where the symbols are found in Table II. Importantly, M b indicates
plasmids with G,3; — T mutations. R(AB1157) was determined in AB1157 cells, while R(AB1885) was determined in AB1885 cells. R; is the average of

four determinations.

bRc_T = [M™)/MY + M® + M™] s equation (2b) (Materials and methods), and is the ratio of G43; — T mutations (i.e. M™) to total plasmids following
the mutant enrichment procedure that eliminated wild-type, PstI* plasmids (i.e. wTb). G,37 — T mutations were determined by methods 1 and 2 (Figure 3),

while the denominator was estimated by counting representative plates.

CMFGER is the mutation frequency for G,3; — T mutations in excision repair proficient cells (i.e. AB1157) and can be calculated from the ratios R; and

Rg_t according to equation (4) (Materials and methods).

9dThis value is merely the ratio R(AB1157)/R,(AB1885), where the values for R(AB1157) and R;(AB1885) come from the first and fourth columns

respectively.

*MFGER, which is the mutation frequency for G,3; — T mutations in excision repair deficient (i.e. AB1885) cells, is calculated according to equation (5)

(Materials and methods).
fSOS induction is described in Materials and methods.
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represented as the top drawings in pathways C and D in Figure 2, and which
can blunt-end ligate. During ligation, the PstI cleaved/blunt-end, linear DNA
circularizes (Figure 2; step 6C) and ]J_Fon transformation (Figure 2; step 7C)
generated progeny that were missing 2 A%%%Zg: from the PstI site and thus were

both PstI insensitive and ultimately gave white colonies because of the 4 bp
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Fig. 3. Mutant isolation procedure. RO DNA, which is a mixture of species
(see step 9 in Figure 2), was treated with PstI. Pst1t wild-type plasmids in
the mixture were linearized by PstI treatment (step 1), while PstI™ mutant
plasmids remain closed circular; this mixture is designated R1 DNA.
Linearized plasmids do not transform efficiently, so after step 2 colonies are
enriched for plasmids that contain PstI~ material. Two methods were used
to isolate a G43; — T mutation. Colonies containing this mutant plasmid
were detectable by a phenotypic screen (see Results), because they appeared
light blue in an opal suppressor strain. Method 1: all light blue (as well as
faintly blue colonies) were picked (step 3a), regrown (step 4a) and subjected
to colony hybridization with an oligonucleotide complementary to the

Gy3; — T mutation (step Sa). Positive colonies were confirmed by DNA
sequencing (step 6a). Method 2: the same plates used in method 1 (i.e.
after step 2 in Figure 3) were also subjected to colony hybridization using
the G437 — T specific oligonucleotide probe (step 3b). Plugs of agar were
collected from the regions of the plates where positive signals were
detected. Colonies were grown on plates (step 4b) from these plugs and
screened using the same probe (step 5b). Positive colonies were confirmed
by DNA sequencing (step 6b).

frameshift mutation in the lacZ’ fragment of pUCI9 (i.e. after step 11C in
Figure 2). Numerous white mutants were shown to be 4 bp deletion mutations
by DNA sequencing during the course of this study. This kind of side-reaction
has been noted in a number of site-directed mutagenesis studies (46—48). Dur-
ing ligation, the Scal-cleaved/UV-irradiated, linear DNA also circularizes (Figure
2; step 6D), but upon transformation (Figure 2; step 7D) generates virtually no
progeny because both DNA strands contained UV damage, which was establish-
ed to reduce viability by > 10%-fold.

Faintly blue mutants. Five-base deletion mutants with end-points at the PstI
cleavage site were also detected at a frequency of ~5%. Mutants of this type
were recently detected in a similar site-directed study involving a cis-DDP adduct
with an M13mp19 vector (L.N.Naser-Bradley and J.M.Essigmann, personal
communication). If some of the molecules in the blunt-ending reaction (Figure
2; step 2) had an additional base removed from their 3’ end via nibbling with
T4 DNA polymerase, then ligation (step 6C in Figure 2) would recircularize these
molecules to give material missing 5 bp in the PstI recognition site. One 5 base
deletion was missing bases 435 —439 in the PstI recognition site, while a second
was missing bases 436—440 in the Pst] recognition site. The former was generated
~ 12 times more frequently than the latter as shown by DNA sequencing.

In principle, 5 bp deletion mutants should ultimately generate white colonies
(i.e. after step 11C in Figure 2) because their reading frame is —2; in fact, they
appear faintly blue. Based upon the sequence of pUC19, the first stop codon
encountered in the 5 bp deletion mutants is opal and is located upstream of the
important coding region in lacZ'. This result forced us to conclude that opal stop
codons permit ribosomes to re-engage mRNA after termination and do so in-
frame. Such effects have been reported and this and other unusual effects in transla-
tion are often associated with opal stop codons (49,50).

Dark blue mutants. Following mutant enrichment by PstI digestion of RO DNA
from transformations with both (+)—anti—B[a]P—N2-Gua—pUC19 and C-pUCI19
(Figure 3; step 1), dark blue mutants were obtained (Figure 3; step 2). Genetic
engineering-derived, 6 bp deletion mutants with end-points at the PstI cleavage
site were occasionally identified; 15 were obtained during the course of all of
the work described herein. These are in-frame deletions that result in dark blue
colonies. We attribute the formation of these mutants to the same mechanism
that led to the formation of the faintly blue, 5 base deletion mutants via pathway
C in Figure 2.

Following mutant enrichment by PstI digestion of RO DNA from transformations
with (+)—anti—B[a]P—NZ-Gua—pUC19 (i.e. after step 2 in Figure 3), one dark blue
mutant not attributable to genetic engineering side reactions was isolated and
sequenced; it was a Gy3; — C mutation.

Light blue mutants. A G43; — T mutation during leading strand replication of
(+)—anti—B[a]P-N2—Gua generates an opal stop codon in the lacZ’ fragment,
which is pathway A in Figure 2. Colonies containing this mutant plasmid were
detectable by a phenotypic screen, i.e. they appeared light blue in the opal
suppressor strain, NR8044 (Figure 2; step 11A). Two methods were used to isolate
Gy3; — T mutations and both began with transformation and plating of R1 DNA
(Figure 3; step 2). (G437 — T mutations also appeared light blue in non-opal
suppressor strains, but were darker in hue than the 5 bp deletion mutants in the
opal suppressor strain, presumably because suppression augments ribosome restart.)

Method 1. All light blue (as well as faintly blue) colonies were picked (Figure 3;
step 3a). These colonies were regrown (Figure 3; step 4a) and subjected to colony
hybridization (51) with the oligonucleotide 5'-TCGACCTTCAGGCATG-3’,
which is complementary to the G,3; — T mutation (Figure 3; step 5a). Figure
4(a) shows an example of colony hybridization. Colonies were confirmed by
double-stranded (ds) DNA sequencing (Figure 3; step 6a) using the dideoxy-
nucleotide method (ref. 52 with slight modification).

Method 2. To guarantee that no G437 — T transversion mutations were missed
using method 1, colony hybridization was conducted directly on the same plates
from which the light blue mutants were picked in method 1. Light blue colonies

Table IL. Key to the nature of the observed mutations when (+)-anti-B[a]P-N?-Gua-pUC19 was transformed into SOS-induced AB1157 cells

B[a]P adduct pathways

Genetic engineering pathways

Colony color  PstI sequence  Symbol ~% of trans.?  Source Colony color  PstI sequence Symbol  ~ % of trans.  Source

1. dark blue  wild-type wT° 8 no mutation 1. white mutant MY 87 4 base deletion
2. light blue  mutant M® 0.2 Gy — T 2. faintly blue  mutant M® 5 5 base deletion
3. dark blue  mutant M® <0.01 Gy7 — C 3. dark blue mutant MP ~0.02 6 base deletion

3Estimated percentage of transformants after step 6 in Figure 3 based upon all of the results. WT® is from R, in Table I. M 1b s estimated based upon
MFGER in Table 1. MP is estimated from that fact that only one G,3; — C mutation was detected compared to 57 Gy37 — T mutations (Table I). MY is
from R, in Table 1. M™ is from the fact that ~24/25 of the (light blue + faintly blue) colonies picked in step 3a in Figure 4 proved to be faintly blue and
not light blue. MP is estimated based on the fact that only four of these mutants were obtained throughout the work with (+)-anti-B[a]P-N2-Gua-pUC19

transformed into SOS-induced AB1157 cells.
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were picked, but not obliterated, and method 1 followed (i.e. steps 3—6A in
Figure 3). Subsequently, the same plates from step 2 in Figure 3 were also subjected
to colony hybridization using the Gy3; — T specific oligonucleotide probe
(Figure 3; step 3b). An example of a colony hybridization involving an entire
plate is shown in Figure 4(b). Plugs of agar were collected from the regions of
the plates where positive signals were detected. Colonies were grown from these
plugs (Figure 3; step 4b) and rescreened using the Gy3; — T oligonucleotide
probe (Figure 3; step 5b). Positive colonies were corroborated by DNA sequencing
(Figure 3; step 6b).

Mutants were collected 3, 2, 2 and 1 times with (+)—anti—B[a]P—N2—Gua-
pUCI19 (+S0S), (+)-anti-B[a]P-N?-Gua-pUC19 (—SOS), C-pUC19 (+SOS)
and C-pUC19 (—SOS) respectively. In one instance with (+)-anti-B[a]P-
Nz—Gua—pUC19 (+S0S), 23 mutants were isolated by method 1, and no mutants
were uniquely identified by method 2, while in another instance with (+)-anti-
BP—NZ-Gua-pUCI‘) in SOS-induced cells, 23 mutants were isolated by method
1, and three mutants were uniquely identified by method 2. These results sug-
gested that method 1 alone was reasonably reliable, and it was used alone in one
case each with ( +)—anti—B[a]P—Nz-Gua—pUC19 (+S0S), (+)—anti—B[a]P—N2-Gua—
pUC19 (—S0S) and C-pUC19 (+SOS), but not with C-pUC19 (—SOS).
Mutation frequency calculation
The only mutation that occurred at a reasonably high frequency was a Gy37 — T
mutation, and the method to calculate its mutation frequency is described. We
use the results from the transformations with (+)—am‘i—B[a]P—NZ—Gua-pUC19
into SOS induced, AB1157 cells as an example, but essentially all of the
calculations are similar.

Fig. 4. Oligonucleotide (5'-[2P]-TCGACTTCAGGCATG-3') blotting of
colonies to isolate G43; — T mutations. (a) The top panel shows colony
hybridization after step 5a in Figure 3 (method 1). Light blue and faintly
blue colonies were isolated from plates (Figure 3; step 3a) and regrown
(Figure 3; step 4a), transferred to nitrocellulose filters and blotted (Figure 3;
step 5a). Standards are shown in the three boxes: in all cases the strongest
signal is G43; — T mutation; the intermediate signal is wild-type (i.e.
PstI*); and the weakest signal is the 5 bp deletion mutation. One positive
colony (out of 25) is apparent and is indicated by the arrow. (b) The bottom
panel shows colony hybridization after step 3b in Figure 3 (method 2).
Approximately 2000 colonies on a plate were transferred to a nitrocellulose
filter and blotted with the oligonucleotide probe that was specific for the
G,3; — T mutation (Figure 3; step 3b). Two colonies appeared positive;
plugs were removed from the original plate, grown (Figure 3; step 4b) and
subjected to colony hybridization (Figure 3; step 5b). A representative
positive colony was picked and its plasmid DNA isolated for DNA
sequencing (Figure 3; step 6b). One of the original colonies proved to be a
Gy37 — T mutant (larger arrow), while the other was a false positive
(smaller arrow).

Mutagenesis by (+)-anti-B[a]P-N?-Gua

The ratio of blue to ‘white’ colonies, R(AB1157) = 0.087 (Table I), was
ascertained following step 11 in Figure 2 and is the average of four determinations.
Ri(AB1157) can be expressed mathematically as

R,(AB1157) = (blue)/(white + light blue + faintly blue)
= [WI° + MP)IMY + M"™ + M™) M

where WTP represents blue (PstI*) colonies, M® represents blue (PstI™)
colonies, MY represents white (PstI™) colonies; M™ represents light blue (PstI™)
colonies, which have a Gy3; — T mutation; and M™ represents faintly blue
(Pst17) colonies (Table II). We note that light blue and faintly blue mutants
appeared closer to white than blue in color and thus were included in the
denominator of equation (1).

Rg_ represents the ratio of G43; — T mutations (i.e. M 18y to total mutations
following the mutant enrichment procedure (Figure 3) that eliminated wild-type,
PstT* plasmids (i.e. WT®), and can be expressed as

Rg_t = [MP)[MY + M"® + M + MP) (2a)
From Table I, (M¥ + M™ + M™) > (M), then
Rg_1 = [M®V[MY + M® + M™) (2b)

A total of 358 000 colonies, which was determined by counting representative
plates, were screened by methods 1 and 2 (see above) and 57 Gy37 — T
mutations were isolated (Table I).

MFG'*_E$ is the mutant frequency for G43; — T mutations in excision repair
proficient cells (i.e. AB1157) and can be expressed as

MFEER = [MPY[WT® + MP + M"™) ©)

By solving equation (1) for [WT® + MP®] and equation (2b) for M™, and substi-

tuting these quantities into equation (3), MFZE} can be expressed in terms of

the ratios, R; and Rg_.1, which are experimentally determinable.
MFEE: = [Ro-1l/IR + Ro_1) @
From the values in Table I,
MFEER = 0.0018 = [57/358 000]/[0.087 + (57/358 000)]

MF GER. which is the mutation frequency in excision repair deficient cells (i.e.
AB1885), can be estimated according to

MFGER = MFEER X R(AB1157)/R(ABI885) )
From the values in Table I,
MFGER = 0.0087 = 0.0018 x 0.087/0.018

The rationale for this calculation is given in the Discussion, but hinges on the
notion that DNA repair increases the yield of wild-type progeny plasmids in going
from Uvr™ to Uvr* cells, but does not affect the probability that unrepaired
(+)-anti—B[a]P—N2—Gua adducts will be misreplicated to generate mutations.
MFGER was calculated similarly for C-pUC19 (—SOS) and C-pUC19
(+S0S), but these values are probably not sensible, given that the Gy37 — T
mutations from C-pUC19 are not likely to be derived from an adduct.

Results

Construction of (+ )-anti—B[a]P-NZ—Gua-pUC] 9

The major adduct derived from (+)-anti-BPDE involves trans
addition to give (+)—anti—B[a]P-N2—Gua (Figure 1). This adduct
was inserted into the unique Pst] site of pUC19 to give a plasmid
designated (+)-anti-Bla]P-N>-Gua-pUC19 (Figure 2), using
methods virtually identical to those used by us previously (40;
Materials and methods). The following should be noted.

I Fi§ure 2(a) shows that the construction of (+)-anti-B[a]P-
N*-Gua-pUC19 hinges on the ligation of the oligonucleotide
5"—pT[B[a]P-N2]GCA—3’ into a gapped duplex. The adduct
in (+)—anti—B[a]P—N2—Gua—pUC19 can either replace Ggs7 in
one strand (pathway A) or Gysg (pathway B) in the comple-
mentary strand (Figure 2; step 6). These species are shown
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more explicitly in Figure 2(c). G437 and G334 are encountered
during leading strand and lagging strand DNA synthesis
respectively.

2. UV damage was included in the DNA strand that did not
include the (+)-anfi-B[a]P-N>-Gua adduct in order to
minimize the problem of strand bias (4,5,53), which is
discussed below. The UV damage is represented by the dashed
lines in Figure 2.

3. The PstI site in pUC19 is in a lacZ’ gene, which permits
a-complementation to give S-galactosidase activity in ap-
propriate cells (54). B-galactosidase activity can be monitored
by the inclusion of the gratuitous inducer IPTG and the
substrate, X-gal, which when cleaved gives colonies a blue
color.

Transformation with (+)-anti-B{a]P-N*-Gua-pUCI9
(+)-anti-B[a]P-N>-Gua-pUC19 and C-pUC19, which is a
control plasmid constructed identically but with no adduct, were
transformed (Figure 2b; step 7) into E.coli AB1157 (uvr™) and
ABI1885 (uvrB5) cells using electroporation (44), which appears
not to induce SOS (L.N.Naser-Bradley and J.M.Essigmann,
personal communication) or damage the adduct (Materials and
methods). (At this stage, information dependent upon lacZ’
a-complementation could not be obtained because AB1157 and
AB1886 cells are Lac™.) Ampicillin-resistant cells were grown
overnight (Figure 2b; step 8) and plasmid DNA was isolated from
these cells and served as the permanent record of the experiment
(Figure 2b; step 9). This DNA is designated RO DNA (for ‘round
0’) and represents a mixture of plasmids generated from pathways
A—C in Figure 2.

Analysis of transformants from RO DNA derived from (+)-anti-
Bla]P-N*-Gua-pUC19 and C-pUCI9

DH5-alpha cells were transformed with RO DNA and plated
(Figure 2; steps 10 and 11). Figure 2(b) explicitly includes steps
leading to the generation of mutant progeny plasmids from the
bypass of (+)-anti-B[a]P-N*-Gua, which is represented by
pathways A and B. Unfortunately, progeny plasmids attributable
to genetic engineering side reactions were also formed (Figure
2b; pathway C) as discussed below. In the case of Figure 2, the
designation step 6A implies step 6 in pathway A, etc. (For
convenience plasmids are represented as both ovals and circles.)

Colonies appeared either dark blue, white, light blue or faintly
blue after step 11 in Figure 2. Each colony color contains slightly
different progeny plasmids and Table II provides a key, while
a thorough discussion of the nature and characterization of each
is presented in Materials and methods.

The vast majority of the dark blue colonies derived from
transformations with (+)—anti—B[a]P—Nz—Gua—pUC19 (or
C-pUC19) contained no mutations at the genome location in
pUCI19 originally occupied by the adduct, i.e. they were PstI*
and wild-type. This was established by DNA sequencing and PszI
digestion (see below).

White colonies arose from cells containing a plasmid derived
via a genetic engineering side reaction, which can be understood
by following steps 5—11 in pathway C of Figure 2 (Materials
and methods). It is important to note that plasmids following
step 6C in Figure 2: (i) are missing four base pairs from the
Pst1 recognition site, which makes them PstI~, and which
results in a lacZ' frameshift mutation that prevents
o-complementation; and (ii) have neither a (+)-anti-B[a]P-
N*-Gua adduct nor UV damage in either strand, which is
significant (see below). Frameshift mutants obtained by analogous
steps have been observed in other site-directed studies (46 —48)
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and actually have proven useful as internal standards in the
calculation of mutation frequency.

Colonies that were faintly blue were shown to contain progeny
plasmids with a 5 bp deletion, and were generated by a slight
variation on pathway C in Figure 2 (Materials and methods).
Pathway D (Figure 2) does not efficiently generate progeny
plasmids following transformation because UV damage is located
in both strands.

Table I gives the initial ratio, R;, of blue to ‘white’ colonies
following transformation of RO DNA into both Uvr™ and Uvr~
cells (i.e. following steps 10 and 11 in Figure 2). (At this stage
it is difficult to distinguish between white, faintly blue and light
blue colonies; thus ‘white’ here merely means ‘not dark blue’.
Mathematically, this is expressed correctly in equation 1.)

During construction of C-pUC19, pathway C in Figure 2 also
occurred and also ultimately generated colonies that appeared
white. This pathway must be fairly significant because ~60%
of the colonies were white based upon R; for C-pUC19 (Table
I). The reason for this is readily understandable. White colonies
came from plasmids with no UV damage in either strand (Figure
2; pathway C). In contrast, C-pUC19 itself, which generates blue
colonies via pathways A and B in Figure 2 (though there was
no adduct in the oligonucleotide), had UV damage in one of its
strands, which decreased its ability to generate progeny. In fact
in two similar studies with M13mp19 vectors constructed virtually
identically to C-pUC19 except that no UV damage was present
(27, M.Benasutti and E.L.Loechler, unpublished data), the
fraction of white colonies was <5%. While not a direct
comparison, this suggests that the yield of blue colonies via
pathways A and B is artificially low compared to the yield of
white colonies via pathway C because the former has UV damage
in one strand while the latter has UV damage in neither strand.

The blue/white ratio (Table I) for transformations with
(+)-anti-B[a)P-N*-Gua-pUC19 [R(AB1157) = 0.087; Table
I] is ~7.8-fold lower than with C-pUC19 in AB1157 cells
[R(AB1157) = 0.69; Table I]. Because the genetic engineering
reaction that generates the white colonies (Figure 2; pathway
C) was expected to occur identically in the construction of
(+)-anti-B[a]P-N>-Gua-pUC19 and C-pUCI19, the ~7.8-fold
difference is likely to reflect a difference in the yield of blue
colonies. This is attributed to the fact that the ligation efficiency
of adduct-containing oligonucleotide 5'-T[B[a]P-N*]GCA-3'
into gapped duplexes to give (+)-anti-B[a]P-N*-Gua-pUC19
was ~6-fold lower than for the ligation of unadducted
5'-TGCA-3’, to give C-pUC19 (steps SA and 5B in Figure 2;
Materials and methods). Several other studies using short adduct-
containing oligonucleotides have also observed that the presence
of an adduct decreased the ligation efficiency (46—48). (We note
that steps were taken to ensure that no gapped duplexes that could
generate wild-type progeny remained in the ligation mixture;
Materials and methods.)

The fact that the blue/white ratio for (+)-anti-B[a]P-N*-Gua-
pUCI19 decreased in going from AB1157 (uvr™) cells to
ABI1885 (uvrBS5) cells (Table I) demonstrated that wild-type
progeny were generated from (+)-anti-B[a]P-N*-Gua-pUC19
itself, and not from a contaminating plasmid with no adduct. The
effect of SOS induction on progeny yield from (+)-anti-B[a]P-
N%-Gua-pUC19 is addressed in the Discussion.

Strand bias. In a situation where one DNA strand contains a
lesion(s) from a bulky mutagen/carcinogen, while the com-
plementary strand does not, progeny plasmids are preferentially
derived from the strand with no lesion(s) (4,5,53). In order to
minimize the generation of progeny plasmids from the strand not



containing the (+)-anti-Bla]P-N 2.Gua lesion, UV damage was
introduced into it (Figure 2; step 4). A saturation dose of UV
light was used and we estimate that > 14 pyrimidine dimers and
five [6—4] lesions were induced per DNA strand (43).

In spite of this, strand bias was not completely eliminated based
upon the results with C-pUC19. The blue/white ratio (R;)
increased ~ 1.6-fold in going from AB1885 (Uvr™) to AB1157
(Uvr*) cells independent of SOS induction [i.e. comparing
R,(AB1885) versus R,(AB1157) in Table I]. Blue colonies were
derived from C-pUC19, which had UV damage in one strand
(i.e. pathways A and B in Figure 2), while white colonies were
derived from DNA containing no UV damage (i.e. pathway C
in Figure 2). The simplest interpretation of these results is that
in Uvr" cells ~40% (=0.6/1.6 X 100%) of progeny from
C-pUC19 were-generated from the strand containing UV damage.
(It is also possible that DNA repair of UV damage in one strand
enhanced replication of the other strand.) While this value is
higher than hoped, the consequences did not prevent us from
isolating mutants from the adduct in (+)-anti-B[a]P—N2—Gua—
pUC19, and the situation was an improvement over not having
damage in the strand not containing the adduct (4—6, 53).

Isolation of mutants from (+)-anti-Bla]P-N*-Gua-pUCI9
transformed into SOS induced ABI1157 cells

RO plasmid DNA (i.e. after step 9 in Figure 2) contained progeny
DNA from a variety of sources, and included PstI* (i.e.
wild-type) progenzf plasmids derived from replication bypass of
(+)-anti-Bla]P-N“-Gua. PstI treatment of RO DNA (Figure 3;
step 1) gave a mixture (designated R1 DNA) in which PstI*
plasmids were cleaved and linearized, and therefore did not
transform efficiently. Thus, following transformation of R1
plasmid DNA (Figure 3; step 2), only colonies containing mutant
Pst1™ plasmids were found (Materials and methods).

Following this mutant enrichment procedure, the colonies
from the (+)-anti-B[a]P-N*-Gua-pUC19 (SOS-induced) sample
were principally (>99%) white (Table I), and attributable to
the genetic engineering side reaction depicted as pathway C
in Figure 2.

All in-frame PstI™ mutants were in principle detectable. For
example, G437 — A, G437 - C, G438 — A, G438 — T and
Gy3g — C mutations are PstI” and would generate dark blue
colonies. (G437 — T is a special case and is discussed in the
next paragraph.) In all of our work, one single dark blue mutant
was identified and its plasmid was shown by DNA sequencing
to have a G437 — C mutation. This is one position originally
occupied by the adduct (Figure 2c) and sug;ests that this mutation
was indeed caused by (+)-anti-B[a]P-N“-Gua.

A small fraction of the colonies appeared light blue and were
isolated for analysis. Similarly all colonies that appeared even
faintly blue were also isolated. Light blue colonies arose from
a plasmid with a Gy3; — T mutation induced by (+)-anti-
Bla]P-N*>-Gua during leading strand DNA synthesis. This
mutation changed a 3::7 &3’ codon (where G indicates the site
of the adduct) into an in-frame opal stop codon (i.e. 373842,
which gave light blue colonies when plated on an opal suppressor
strain due to partial suppression (46,47). The light blue colonies
(as well as faintly blue colonies) were collected (Figure 3; step
3a), regrown on a plate (Figure 3; step 4a) and subjected to col-
ony hybridization using a 16 base oligonucleotide specific for
the G437 — T mutation in the PstI recognition site (Figure 3;
step 5a). Figure 4(a) shows typical results where one out of 25
colonies gave a positive signal. Plasmids were isolated from
positive colonies and the G437, — T change was confirmed by
DNA sequencing (Figure 3; step 6a).

Mutagenesis by (+)-anti-B[a]P-N*-Gua

Initially plasmids from non-hybridizing colonies were also
sequenced. In large part these proved to be 5 bp deletion
mutations in the PstI site. These were consistently faintly blue,
and were attributed to a side-reaction in the genetic engineering
protocol that is a slight modification of pathway C in Figure 2
(Materials and methods). Occasionally, 4 bp deletion mutants
were also isolated by this procedure, which indicates that we were
conservative in what we chose as a ‘light blue’ or ‘faintly blue’
colony. [We note that we had originally thought that having a
phenotypic screen for the Gg3; — T mutations (i.e. their light
blue colony color) would prove to be an advantage. However,
the unexpected finding that 5 bp deletion mutants appeared faintly
blue confounded the search for the G43; — T mutants.] After
~200 of the plasmids from non-hybridizing colonies were
sequenced, we stopped sequencing every one, and merely
spot-checked ~10% of them. A second method was used to
corroborate that all G43; — T mutants had been isolated (i.e.
method 2 of Figure 3; Materials and methods).

Mutants were collected three times for transformations of
(+)—anti—B[a]P—Nz—Gua—pUC19 into SOS induced cells, and the
fraction of G437 — T mutations was similar in each case. A total
of 57 G4; — T mutations were identified out of ~358 000
colonies (see Rg_ in Table I). The composite results were used
to calculate the mutation frequency, MFEER =~0.18% (based
upon equation 4; Materials and methods), where ‘+ER’ refers
to the transformation of cells that are excision repair proficient
(i.e. AB1157 cells).

Isolation of mutants from (+ )-anti-Bla]P-N*-Gua-pUCI9
transformed into SOS uninduced AB1157 cells

The procedures described above were also used to isolate
mutations from the transformation of (+)-ann‘-B[a]P—N2—Gua—
pUC19 into non-SOS-induced cells. Only G43; — T mutations
were detected. MFGER =0.04% was estimated (Table I).

Isolation of mutants from C-pUCI9 transformed into both
SOS-induced and uninduced cells

Finally, no mutants, including no Gy3; — T mutations
(<~03 X 10_5), were found from transformations of
C-pUC19 into SOS-induced cells. In contrast, the Gy37 — T
mutation was observed at a low frequency (~0.3 X 1079)
from transformations of C-pUC19 into non-SOS-induced cells
(Table I).

Discussion

Gg37 — T mutations came from (+)-anti-B[a]P-N*-Gua adducts
in (+)-anti-Bla]P-N*-Gua-pUCI9

We studied the mutations induced by (+)-anti-B[a]P-N 2.Gua in
a Pst1 sequence context using methods that would have permitted
us to detect any base pairing mutation that might have been
induced by the adduct located at either Gy3; or Guss. The
overwhelmingly dominant mutation detected was a Gg37; — T
transversion mutation, which appeared at a frequency of ~0.18%
in Uvrt, SOS-induced cells (Table I). Six arguments suggest
that this mutation is indeed derived from (+)-anti-Bla]P-
N?-Gua, and that its frequency of appearance is reasonable.

1. The oligonucleotide containing (+)-anti-B[a]P-N*-Gua (i.e.
5'-TG(B[a]P-N*)CA-3') was extensively purified and its
purity established; no other adduct-containing oligonucleotides
were detected at the <0.1% level (40). Thus, the likelihood
that a contaminating adduct is responsible for the mutation
is remote.

2. The G457, — T mutations were isolated at a frequency ~ 10°
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higher from transformations with (+)-anti—B[a]P—N2—Gua—
pUC19 than from C-pUCI19 (Table I). Nevertheless, this
mutation was observed with C-pUC19 in SOS-uninduced cells.
The following points argue that the source of the G437 — T
mutants in experiments with (+)—anti—B[a]P—Nz—Gua—pUC19
could not possibly be the presence of a small fraction of a
contaminating plasmid in the starting material that contained
the G437 — T mutation: (i) no such mutants were isolated
when C-pUC19 was transformed into SOS-induced cells; (ii)
the absolute number of Gy37 — T mutants isolated from
(+)-anti-B[a]P-N>-Gua-pUC19 was always much higher than
from C-pUC19; and (iii) (+)-anti-B[a]P-N?-Gua-pUC19
gave more mutants in SOS-induced cells. Finally, in a separate
experiment, (+)-anti-B[a]P-N>-Gua-pUC19 was constructed
and transformed into SOS-induced AB1157 cells; 61
Gy3; — T mutants were isolated, and MFZE} =~0.46% (and
MFGER ~1.8% as explained below) were calculated. [We
note that variation in the 2- to 3-fold range has been observed
by others in similar studies with adducts constructed by site-
directed means (48; L.N.Naser-Bradley and J.M.Essigmann,
personal communication).] This result corroborates the data
in Table I and supports the notion that the mutations are
indeed derived from the (+)-anti-B[a]P-N*-Gua adduct in
(+)-anti-B[a]P-N*-Gua-pUC19.

3. The mutation reported herein for (+)-anti-Bla]P-N>-Gua,
which is G — T, is not unexpected for this adduct because
this mutation dominates the mutational specificity of BPDE
(27—35) and this is the major adduct of BPDE. In the final
section of this paper, data are presented that reinforce this con-
clusion.

4. In a separate study, we have determined the mutations induced
by the pure stereoisomers, (+)-anti-BPDE, in a supF gene
using a plasmid-based system, which we have recently
developed for E.coli (55). G — T mutations were obtained
in SOS-induced, Uvr* cells at a frequency of ~0.02—0.2%
per adduct depending upon the site. This is in the range
observed for (4)-anti-B[a]P-N*-Gua in this site-directed
study.

5. The fraction of wild-type progeny generated from (+)-anti-
B[a]P—N2-Gua-pUC19 decreased ~5-fold in going from
Uvr* to Uvr™ cells (Table I). If we assume that excision
repair enhances the yield of wild-type progeny, but does
not affect the probability that an unrepaired (+)-anti-
B[a]P-N*Gua adduct will give a mutation—a reasonable
assumption—then the mutation frequency per adduct in Uvr~
cells (i.e. MFGER) is estimated to be ~1% (Table I). This
value is in reasonable agreement with an estimate of MF ~3%
per adduct derived from (+)-anti-BPDE in Uvr~ Salmonella
cells (58). Obviously, we are interested in confirming this
result experimentally; however, the results of others (6,59,60)
suggest that SOS induction in Uvr™~ cells may not always be
straightforward, which may preclude a direct investigation.
In fact, our method to estimate MFGEY may prove to be
preferable, at least for studies involving plasmids, because full
SOS induction is possible in Uvr™ cells and the assumption
mentioned above is reasonable.

6. The mutation frequency per adduct has been estimated to
be ~1-3% for a variety of bulky adducts, including
cis-DDP(ApG) (5), AF-C8-Gua (6), AFB,-N7-Gua (60) and
cis-DDP(GpG) (L.N.Naser-Bradley and J.M.Essigmann,
personal communication). Thus, a value of ~1% for
(+)-anti-B[a]P-N>-Gua seems reasonable since it is in the
range observed for other bulky adducts.
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Two concerns: no mutation from adducts at G ;g and frameshift
mutagenesis

We made the decision to use a short, adduct-containing
oligonucleotide, because it provided better resolution of products
during HPLC purification; in fact we established that our
oligonucleotide was >99.9% pure (40). We also decided to use
a plasmid-based, as opposed to a phage-based (or phagemid-
based), vector so that replication had to occur via a process
that closely mimics chromosomal leading/lagging strand DNA
synthesis. The inevitable consequence of these two decisions was
that (+)-anti-B[a]P-N*-Gua-pUC19 was actually a mixture of
two species with an adduct at either Gy3; or Gyzg (Figure 2c).
This was not problematic in another study using a phage vector
(46). However, this led to one confounding result: only mutations
at Gy3; were obtained from ( +)-anti-B[a]P-N?-Gua adducts,
in spite of the fact that (+)-anti-B[a]P-N>-Gua-pUC19 was
expected to be an equal mixture of plasmids with the adduct
either at Gu3; or Gysg. Several rationale for this observation
are considered.

It is possible that ligation of the (+)-anti-B[a]P-N>-Gua-
containing oligonucleotide occurred unequally and, in fact, no
(+)-anti-B[a]P-N*>-Gua adducts were located at Gy3g. While a
formal possibility, this seems unlikely given both the symmetry
of the ligation reaction (Figure 2), and that this kind of differential
ligation has never been reported, especially in analogous
cases (46).

Preferential repair of (+)—anzi—B[a]P—N2—Gua in the tran-
scribed strand cannot be the explanation, because the G437 — T
mutations must come from an adduct remaining in the transcribed
strand.

A consideration of the models presented in Figure 5 suggests
that preferential mutagenesis at Gy3; is reasonable given the
nature of leading/lagging strand DNA replication and the presence
of the UV lesions. A (+)-anti-B[a]P-N?>-Gua adduct at Gy is
replicated during leading strand DNA synthesis (Figure 5a),
in which case the UV lesions are not encountered prior to
encountering the (+)—anti—B[a]P—N2-Gua adduct. In contrast the
adduct at Gys3 is replicated during lagging strand DNA synthesis
(Figure 5b), which of course requires successful initiation of

2.
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' | 1 | '
5+ —Gasq 3 2—@ g
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Fig. 5. Rationale for why Gy37 — T, but not G433 — T, mutations were
detected in the study of mutagenesis by (4)-anti-Bla]P-N2-Gua-pUC19.

(a) Replication of the adduct at G,37 occurred during leading strand DNA
synthesis; there are no UV lesions in this strand. (b) Replication of the
adduct at Gysg occurred during lagging strand DNA replication, which can
only occur following efficient initiation of leading strand DNA synthesis.
Leading strand DNA synthesis requires the synthesis of an ~600 nucleotide
RNA primer, which is processed by RNase H at the ColEI origin of
replication (arrow) to provide a primer for the initiation of DNA synthesis
(56,57), which must proceed ~400 nucleotides before the Cyt
complementary to Gysg is encountered. Both of these steps may be inhibited
by the presence of the UV lesions in the strand being replicated during
leading strand DNA synthesis.



leading strand synthesis. In the latter case, there are numerous
UV lesions in the DNA strand that serves as the template during
leading strand replication (Figure 5b). The ColEI origin in pUC19
is ~400 bp from Gu3g (54), so it seems reasonable to imagine
that at least 400 nucleotides must be replicated on the leading
strand before lagging strand synthesis of G435 can begin. UV
lesions may also block I€ading strand replication if they block
the synthesis of the RNA primer required to initiate leading strand
DNA replication. This transcript is ~ 600 nucleotides in length
and terminates at RNase H sites in the ColEI origin of pUC19
(56,57). Consequently, it seems reasonable to conclude that
> ~40% of pUC19—in which there is expected to be > ~8
UV lesions prior to transformation—must either be transcribed
or replicated during leading strand synthesis prior to the initiation
of lagging strand synthesis that could ultimately result in the
bypass of the (+)-anti-B[a]P-N*-Gua adduct at G3g. Thus, it
seems inevitable that the probability of the replication apparatus
ever encountering Gy3g must be less than Gy3; and that the
number of mutations from the former would be expected to be
lower. (We note that if leading and lagging strand DNA synthesis
are tightly coupled, then this inference might not be correct.
However, the phenomenon of strand bias could not exist if leading
and lagging strand DNA synthesis were absolutely coupled.)
Furthermore, if it takes longer on average for the replication
apparatus to encounter Gusg, then there would also be more
time for the adduct at Gysg to be repaired (at least in Uvr*
cells), which would also decrease the probability of mutagenesis
at Gysg.

Frameshift mutations induced by (+)-anti-B[a]P-N*-Gua
would generate white colonies. Unfortunately, the high frequency
of white colonies derived from genetic engineering side reactions
(i.e. pathway C in Figure 2) precluded an evaluation of frameshift
mutagenesis in our study. However, other studies by us (55)
and others (25) have suggested that BPDE induces frameshift
mutations primarily in runs of G:C base pairs.

Effects of (+)-anti-Bla]P-N*-Gua on genome survival

The ~5.1-fold decrease in progeny in going from Uvr™ to
Uvr~ cells (Table I) demonstrates that (+)-anti-B[a]P-N>-Gua
is repaired in Uvr' cells, and that the progeny yield from
repaired vectors is higher than from non-repaired vectors, an
obvious conclusion. This implies that (+)-anti-B[a]P —Nz-Gua
blocks DNA replication and thereby contributes to lethality.
C-pUC19 gave ~1.6-fold more wild-type progeny in Uvr®
than Uvr~ cells (for reasons elaborated in Results), which
implies that excision repair of the UV damage found in one strand
of C-pUC19 can increase progeny yield. Thus, the ablht%/ of a
single, site-specifically mcorporated (+)-anti-B[a]P-N~-Gua
adduct to decrease progeny yield is estimated to be ~3.2
(= 5.1/1.6). If we assume that the majority—though clearly not
all—of the (+)-anti-B[a]P-N?>-Gua adducts are repaired in Uvr*
cells, then this single adduct appears to reduce replication
efficiency to ~0.31 (i.e. 1/ ~3.2). This assumption is reasonable
because the close correspondence between ligation yield and
progeny yield (Results) would not have been observed if the
majority of the (+)- ann Bga]P—N -Gua adducts were not
repaired in (+)-anti-B[a]P-N--Gua-pUC19.

SOS induction did not mcrease R,(AB1157), which is the ratio
of blue/white colonies, for (+)-anti-B[a]P-N*-Gua-pUC19 in
Uvrt cells (Table I), where an increase in R, would have
indicated an increase in blue, wild- type 2progeny derived from
enhanced bypass of (+)-anti-Bla Gua following SOS
induction. This result is sensible because the majority of the

Mutagenesis by (+)-anti-B[a]P-N?-Gua

(+)-anti-Bla]P-N*-Gua adducts in (+)-anti-B[a]P-N*-Gua-
pUC19 were repaired as described in the previous paragraph.
However, SOS induction also did not increase R, for (+)-anti-
Bla]P-N? -Gua-pUC19 in Uvr~ cells (Table I) This could
indicate either that SOS induction does not enhance survival for
this adduct (at least as we have studied it), or that SOS induction
does not occur efficiently in Uvr~ cells as discussed above.
In this regard, we note that in our studies in E.coli with a
plasmid randomly adducted with (+)-anti-BPDE, SOS induction
did not appear to enhance the yield (i.e. survival) of progeny
plasmids (55).

Role of (+ )-anti-Bla]P-N*-Gua adducts in mutagenesis by (+)-
anti-BPDE

All detailed mutational studies with BPDE (27—35) have
employed a mixture of the enantiomers (+)-anti-BPDE and
(—)-anti-BPDE, which precludes a deﬁmnve comparison to our
results for the pure (+)-anti-Bla]P- N2-Gua adduct. However,
GC — TA transversion mutations are the major mutation from
(%)-anti-BPDE, which means that B[a]P- N2-Gua adducts could
in principle be responsible.

To evaluate this issue more definitively, we consider again our
studies of the mutations induced by the pure stereoisomer,
(+)-anti-BPDE, in a supF gene in E.coli (55). It is beyond the
scope of this discussion to present the entire data set, but a
comparison to the data for base pairing mutational specificity at
G:C base pairs is germane. Overall, GC — TA mutations
predominate (71% of the base pairing mutations at G:C base
pairs), but GC — CG (18%) and GC — AT (11%) mutations
are also found, which is comparable to what has been obtained
with (+)-anti-BPDE (27 —35). One striking result is that (to date)
only GC — TA (i.e. 12/12; 100 %) mutations have been detected
when a Gua undergoing mutation is flanked on its 5’ side by a
Thy (i.e. in 5'-TG-3’ sequences). This is in contrast to the
situation in 5'-AG-3’, 5'-CG-3’ and 5’-GG-3' sequences, where
GC — TA mutations occur preferentially, but GC — CG and
GC — AT mutations are also observed. This suggests that—by
some mechanism—mutational specificity may be restricted by
the presence of the Thy residue in a 5'-TG-3’ sequence.

Based upon the discussion in the previous paragraph, the results
from our random mutagenesis studies with (+)-anti-BPDE in
supF are consistent with the results presented herein, where
G — T mutations were virtually exclusively isolated from a
(+)-anti-B[a]P-N>-Gua adduct studied site-specifically in a
5'-TG-3' sequence. These results suggest that (+)-anti-B[a]P-
N*Gua could be responsible for the mutations induced by
(+)-anti-BPDE, at least in 5'-TG-3" sequences.

The fact that a variety of bulky mutagens give mutation
frequencies per adduct in the ~1—3% range, as observed here
for (+)-anti-B[a]P-N>-Gua, may be significant (5,6,61; L.N.
Naser-Bradley and J.M.Essigmann, personal communication).
First, it may imply that there are common elements to the
pathway(s) by which these mutations are formed. Second, this
suggests that > ~97% of the time these bulky adducts are not
mutagenic. (This value is even higher in the absence of SOS
induction.) It appears, therefore, that the adducts of bulky
mutagens/carcinogens, €.g. (+)-antz-B[ ]P-N?-Gua, which do
not disrupt the hydrogen-bonding face of the base moiety (Figure
1), are principally read without error by DNA polymerases
in vivo. This is a remarkable result from which we can infer that
DNA polymerases can be flexible without completely
compromising fidelity.
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