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1-Nitropyrene has been shown in bacterial assays to be the principal mutagenic agent in diesel emission
particulates. It has also been shown to be mutagenic in human fibroblasts and carcinogenic in animals. To
investigate the kinds of mutations induced by this carcinogen and compare them with those induced by a
structurally related carcinogen, (±)-7B,8a-dihydroxy-9a,10a-epoxy-7,8,9,10-tetra-hydrobenzo[a]pyrene
(BPDE) (J.-L. Yang, V. M. Maher, and J. J. McCormick, Proc. Natl. Acad. Sci. USA 84:3787-3791, 1987),
we treated a shuttle vector with tritiated 1-nitrosopyrene (1-NOP), a carcinogenic mutagenic intermediate
metabolite of 1-nitropyrene which forms the same DNA adduct as the parent compound, and introduced the
plasmids into a human embryonic kidney cell line, 293, for DNA replication to take place. The treated plasmid,
pZ189, carrying a bacterial suppressor tRNA target gene, supF, was allowed 48 h to replicate in the human
cells. Progeny plasmids were then rescued, purified, and introduced into bacteria carrying an amber mutation
in the j-galactosidase gene in order to detect those carrying mutations in the supF gene. The frequency of
mutants increased in direct proportion to the number of DNA-1-NOP adducts formed per plasmid. At the
highest level of adduct formation tested, the frequency of supF mutants was 26 times higher than the
background frequency of 1.4 x 10-4. DNA sequencing of 60 unequivocally independent mutants derived from
1-NOP-treated plasmids indicated that 80% contained a single base substitution, 5% had two base substitu-
tions, 4% had small insertions or deletions (1 or 2 base pairs), and 11% showed a deletion or insertion of 4 or
more base pairs. Sequence data from 25 supF mutants derived from untreated plasmids showed that 64%
contained deletions of 4 or more base pairs. The majority (83%) of the base substitutions in mutants from
1-NOP-treated plasmids were transversions, with 73% of these being G C -* T- A. This is very similar to
what we found previously in this system, using BPDE, but each carcinogen produced its own spectrum of
mutations. Of the five hot spots for base substitution mutations produced in the supF gene with 1-NOP, two
were the same as seen with BPDE-treated plasmids. However, the three other hot spots were cold spots for
BPDE-treated plasmids. Conversely, four of the other five hot spots seen with BPDE-treated plasmids were cold
spots for 1-NOP-treated plasmids. Comparison of the two carcinogens for the frequency of supF mutants
induced per DNA adduct showed that 1-NOP adducts were 3.8 times less effective than BPDE adducts.
However, the 293 cells excised 1-NOP-induced adducts faster than BPDE-induced adducts.

Many carcinogens have been found to induce tumors only
at specific sites in the body of the treated animal. For
example, when injected intraperitoneally, benzo[a]pyrene, a
widely distributed polycyclic aromatic hydrocarbon formed
by incomplete combustion, forms tumors predominantly in
the lung (24, 39), whereas the structurally related nitro
aromatic compound 1-nitropyrene primarily forms liver (39)
or mammary tumors (17). One explanation for such speci-
ficity is that the carcinogen is metabolized into a reactive
form only in specific target organs. Another is that the
carcinogen is capable of inducing only certain kinds of
mutations and that a specific change in DNA is required in a
particular organ to bring about the necessary alteration
leading ultimately to tumorigenesis. The latter hypothesis is
supported by recent studies on the specific mutational
changes needed to activate specific oncogenes (7, 37, 44).
Therefore, we and others (3, 4, 8, 9, 11, 12, 14, 21, 22, 30, 32,
40, 41) have begun to study the specific kinds of mutations
induced by carcinogens in mammalian cells.
Attempts to deduce the nature of the molecular mecha-

nisms by which carcinogens induce mutations in mammalian
cells have previously been hampered by the inability to
isolate and analyze newly mutated genes at the sequence
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level. But the development of shuttle vectors, i.e., plasmids
carrying a defined target gene and capable of replicating in
mammalian cells and also in bacteria, provides a solution to
this problem (8, 9, 21, 32, 33). We are using the shuttle
vector pZ189, containing the supF gene which codes for a
tyrosine suppressor tRNA, to investigate at the DNA se-
quence level the kinds of mutations induced when DNA
containing covalently bound carcinogen residues replicates
in human cells. The advantage of the supF gene as the target
for mutation studies at the sequence level is its small size and
the fact that it is highly responsive to base changes. Exam-
ination of data from a number of studies, including those in
references 3, 4, 6, 12, 14, 30, 40, and 41, indicates that a
change in any one of at least 63 of the 85 bases which make
up the tRNA structure will result in a mutant phenotype.
Use of the human cell line 293 as the eucaryotic host for
replicating the plasmid offers the advantage of a background
mutant frequency of 1.4 x 10-4 (41), which is low enough to
allow one to observe an increase in mutant frequency
induced by carcinogen treatment of the plasmids.

Using this system, we recently determined the specific
kinds of mutations induced by the major reactive metabo-
lite of benzo[a]pyrene, (+)-7,,8a-dihydroxy-9oa,10a-epoxy-
7,8,9,10-tetrahydrobenzo[a]pyrene (BPDE) (41), which has
been shown to form lung tumors when injected intraperi-
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toneally into newborn mice (24). In the present study we
investigated the mutagenic specificity of 1-nitrosopyrene
(1-NOP), a partially reduced metabolite of 1-nitropyrene,
which forms the same DNA adducts as the parent compound
(1, 29), induces mutations in bacteria (16) and mammalian
cells (15, 28, 29), and forms liver tumors in animals (39).
Both 1-NOP and BPDE form covalently bound adducts in
DNA principally with guanine (16, 19, 26, 38). 1-NOP binds
only at the C-8 position (1, 15, 16, 29), whereas BPDE forms
its principal guanine adduct at the N2 position (38). Since
these guanine adducts are located in very different positions
in the DNA helix and only one, the N2 position, is involved
in the base-pairing part of the molecule, we were particularly
interested in comparing the specific kinds of mutations
induced by these two agents and their location in the target
gene, as well as their biologic effectiveness, i.e., their ability
both to induce mutations when the treated plasmids replicate
in human cells and to interfere with bacterial transformation.
The results indicated that the adducts formed by the two
carcinogens are equivalent in decreasing bacterial transfor-
mation and the kinds of mutations induced by 1-NOP ad-
ducts are similar to those induced by BPDE. However, the
frequency of mutants induced per DNA adduct was 3.8 times
lower for 1-NOP than for BPDE, and each compound
exhibited a specific spectrum of base changes in the target
gene.

MATERIALS AND METHODS

Cells and plasmid. The human embryonic kidney cell line
293 was grown in modified Eagle minimal essential medium
containing 10% fetal calf serum (GIBCO Laboratories,
Grand Island, N.Y.) (culture medium) as described previ-
ously (41). The ampicillin-sensitive indicator bacterial host
was Escherichia coli SY204, which carries an amber muta-
tion in the P-galactosidase gene (32). The 5.5-kilobase-pair
shuttle vector, pZ189, contains the supF tyrosine suppressor
tRNA gene flanked by two genes essential for recovery in E.
coli, i.e., the ampicillin gene and the bacterial origin of
replication (33). It also carries the origin of replication and
large-T antigen gene from simian virus 40.
Formation of 1-NOP adducts on the plasmid. Plasmid

DNA, prepared by using an alkaline lysis procedure (25) and
purified by ethidium bromide-CsCl density centrifugation,
was suspended in 190 ,ul of helium-purged sodium citrate (10
mM) buffer, pH 5.0, at a concentration of 300 ,ug/ml. A 5-pul
aliquot of a freshly prepared solution of ascorbic acid (20 ,uM
in H20) was added to provide needed reduction of the
1-NOP (16), followed by 5 ,ul of a stock solution of tritiated
1-NOP (specific activity, 217 mCi/mmol; purity, 99%) dis-
solved in dimethyl sulfoxide at a concentration of 0.05 to
0.08 ,uM. The radiolabeled 1-NOP was supplied by F. A.
Beland of the National Center for Toxicological Research,
Jefferson, Ark. The samples were immediately mixed and
incubated at 37°C for 2 h. Unbound 1-NOP was removed by
phenol-chloroform extraction and three successive ethanol
precipitations. The moles of 1-NOP residues bound per mole
of plasmid was calculated from the A260 profile of the DNA
and the specific activity.

Transfection and rescue of replicated plasmid. The 293 cells
in culture medium were plated into a series of 150-mm-
diameter dishes at 106 cells per dish. After 24 h, the cells
were transfected with 6 ,ug of plasmid, using a modification
of the CaPO4 coprecipitation technique described before
(41). After 48 h, the cells from each dish were harvested
separately and progeny plasmids were extracted and sepa-

rated from cellular DNA as described previously (18, 41).
The DNA was purified as described before (41), including
drop dialysis (34). To distinguish between independent mu-
tants with identical mutations and putative siblings derived
from a single event, progeny plasmids obtained from each
dish of cells were maintained and assayed separately. Before
being used to transform indicator bacteria, they were treated
with 20 U of DpnI, a restriction enzyme which digests any
input DNA that still has the bacterial methylation pattern
generated when the plasmids were first prepared in bacteria.
As a control, an aliquot was also treated with MboI, which
digests plasmids generated during replication in human cells,
and tested for residual transforming ability. The results
showed that >99.9% of the purified DNA was derived from
plasmids that had replicated in the human cells.

Bacterial transformation and mutant identification. Prog-
eny plasmids were assayed for mutant supF genes by trans-
forming E. coli SY204 to ampicillin resistance and selecting
the transformants on plates containing ampicillin (50 mg/ml),
X-Gal (5-bromo-4-chloro-3-indolyl-,-D-galactopyranoside),
and an inducer of the f-galactosidase gene, as described
previously (41). Transformants containing plasmids lacking a
functioning supF gene, which is needed to suppress the
amber mutation in the ,-galactosidase gene of the bacteria,
could be identified because they form white or light-blue
colonies rather than dark-blue colonies on X-Gal plates.
Each white or light-blue putative mutant colony was re-
streaked on fresh plates to confirm the phenotype.

Characterization of mutants. Plasmid DNA from bacteria
in these white or light-blue colonies was amplified, ex-
tracted, dissolved in buffer, and analyzed by electrophoresis
on 0.8% agarose gels for altered DNA mobility (gross
alteration). Plasmids without evidence of gross alterations
were amplified further, purified by CsCl centrifugation, and
analyzed by a secondary bacterial transformation to ensure
that the observed inability of the bacteria to utilize X-Gal
was the result of inactivation of the supF gene rather than a
mutation in the ,B-galactosidase gene of E. coli (41). Putative
supF mutants were sequenced by the dideoxyribonucleotide
method (31) modified as follows. Plasmids were denatured
with alkali to generate single-stranded templates (43), and
polymerization from a pBR322 EcoRI site primer was car-
ried out with the Klenow fragment of DNA polymerase I.
The primer and polymerase were purchased from New
England BioLabs, Beverly, Mass. [at-35S]dATP (NEN-034S;
New England Nuclear Corp., Boston, Mass.) and buffer
gradient denatured polyacrylamide gels (2) were used for
greater resolution of the sequencing gel.

Determination of sites of carcinogen-induced adducts. The
positions of 1-NOP or BPDE adducts in the supF gene of
carcinogen-treated plasmids were determined by the in vitro
DNA polymerase-stop assay of Moore and Strauss (27).
Briefly, double-stranded plasmid containing 1-NOP or
BPDE adducts (10 to 70 adducts per molecule of plasmid)
was denatured and annealed with the pBR322 EcoRI site
primer. The length of the DNA from the primer site to the
end of the supF gene is -230 nucleotides, so the average
number of adducts per strand of supF gene was 0.2 to 1.5.
The polymerization reaction was then carried out as de-
scribed for the sequencing reaction, except that the dideoxy-
nucleotides were omitted. DNA from the four dideoxy
sequencing reactions, carried out on an untreated template,
was electrophoresed on the same gel to serve as DNA size
markers. The relative intensities of the bands on the autora-
diograph of the gel were determined by a laser densitometer
(LKB 2222-010, Ultrascan XL; Pharmacia LKB Biotechnol-
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FIG. 1. Number of 1-NOP adducts per plasmid as a function of concentration of 1-NOP in the presence of ascorbic acid (A) and relative

frequency of transformation of bacteria to ampicillin resistance as a function of the number of 1-NOP adducts per plasmid (B). (Error bars
indicate the standard errors of four determinations.) Also shown is the frequency of supF mutants as a function of the number of 1-NOP
adducts per plasmid (C). The error bars refer to the standard errors of the supF mutant frequencies obtained from a series of individual human
cell transfection experiments made with each set of treated plasmids. Symbols (0 and A) indicate data from plasmids treated with 1-NOP in
two separate experiments.

ogy, Inc., Piscataway, N.J.) and were corrected for position
in the gene by taking into account the number of 35S-labeled
adenine bases that would be present in each length of newly
synthesized DNA.

Determination of number of carcinogen residues bound to
DNA of human 293 cells. Cells were plated at a density 25%
that of confluence in culture medium containing '4C-labeled
thymidine (50 ,iCi/ml, 51.3 mCi/mmol; Amersham Corp.,
Arlington Heights, Ill.) at 5 x 10-3 uCi/ml and incubated for
48 h to prelabel the DNA. They were then pooled and plated
at 2 x 104 to 4 x 104 cells per cm2; after attachment, they
were treated for 1 h with tritium-labeled 1-NOP or BPDE.
The BPDE (specific activity, 692 mCi/mmol) was obtained
from Midwest Research Institute, Kansas City, Mo. as a

tetrahydrofuran solution. Just prior to use, an aliquot was
dried under nitrogen gas and redissolved in anhydrous
acetone. At the end of the 1-h treatment, the medium
containing carcinogen was removed and the cells were
rinsed twice with culture medium. One set of cells (6 x 106
to 10 x 106 per dose) was assayed immediately for the
number of carcinogen residues bound to DNA. The rest
were incubated at 37°C with fresh culture medium for the
designated period before being similarly analyzed as follows.
The cells were washed, lysed (in their original dishes) with a
0.5% solution of sodium lauryl sarkosine, transferred into
tubes, and incubated with protease K (100 ,ug/ml) at 50°C for
12 h. The DNA was extracted three times with phenol-
chloroform and precipitated with ethanol. The DNA was

dissolved in buffer, treated with RNase A (100 ,ug/ml) and
RNase T1 (50 U/ml) at 37°C for 2 to 3 h, extracted several
times with phenol-chloroform until no interface material
could be seen, and then precipitated with ethanol. The initial
number of covalently bound residues per 106 DNA nucleo-
tides was determined from the UV absorption profile of the
DNA solution at 260 nm and the specific radioactivity. The
percentage of adducts remaining on the parental DNA after
18 or 30 h was calculated from the 3H/14C ratio at the time of
interest, divided by the ratio at time zero.

RESULTS

Characterization of 1-NOP-treated plasmid. Vector pZ189
was treated with various concentrations of tritium-labeled
1-NOP in the presence of ascorbic acid as the reducing
agent. The number of residues bound per plasmid was

determined, and their ability to interfere with transformation
of bacterial cells to ampicillin resistance was determined by
the transformation method of Hanahan (13). The number of
1-NOP-induced adducts per molecule of plasmid increased
linearly with the concentration of 1-NOP used (Fig. 1A). The
transforming activity of the modified plasmid decreased in
direct proportion to the number of 1-NOP residues bound
(Fig. 1B). Approximately seven 1-NOP residues bound were

required to lower the transforming activity of the treated
plasmid to 37% of the untreated control plasmid.
Frequency of mutants induced by 1-NOP adducts. Plasmids

containing various levels of 1-NOP adducts and untreated
plasmids were introduced into human cells by transfection
and allowed to replicate for 48 h. The progeny plasmids were
harvested and assayed for mutations in the supF gene by
introducing them into E. coli SY204 indicator bacteria.
There was a linear increase in the frequency of supF mutants
as a function of the number of 1-NOP-induced adducts per
plasmid (Fig. 1C). At the highest level of 1-NOP adduct
formation tested, i.e., 63 adducts per pZ189, the frequency
of supF mutants was 35.8 x 10-4, which is 26 times higher
than the background frequency of 1.4 x 10-4.
A total of 30 mutant plasmids derived from untreated

plasmids and 88 from 1-NOP-treated plasmids were analyzed
for altered gel mobility to see if they contained gross
alterations, i.e., deletions or insertions of >150 base pairs
(bp). The majority of those that did not were further ana-

lyzed by DNA sequencing for the small deletions or inser-
tions and for point mutations, i.e. base substitutions or

deletions or insertions of 1 or 2 bp. The results are summa-
rized in Table 1, which includes data from 14 experiments in
which human cells were transfected with untreated plasmids
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TABLE 1. Analysis of mutants obtained by transformation of E. coli with progeny of 1-NOP-treated pZ189
generated during replication in 293 cells

No.ofFrquenyPlamidswithota Characterization of sequenced mutants Frequency of
humant cello supF Frequency Plasmids with Total _________________ mutants wither human cell una/ of supF altered gel plasmidpe transfection mutants

mutants mobilityb/no. supF genes No. with No. with No. with pointplasmid expts transformants (104) examined sequenced deletionsc insertionsd point mutations
mutations' (104/)

0 14 31/218,750 1.4 5/30 25 13 3 9 0.4
5.7 2 4/12,985 3.1 0/4 4 1 0 3 2.3

16.2 4 18/20,200 8.9 3/17 10 1 0 9 6.2
29.1 4 27/16,705 16.2 1/26 20 2 0 18 13.9
62.5 4 42/11,720 35.8 2/41 30 1 2 27 30.2
a Plasmid from each mutant was assayed by a secondary transformation to ensure that the inability of the cell to metabolize X-Gal resulted from inactivation

of the supF gene (see text).
b Alteration visible on agarose gel (>150 bp).
c Deletion of 9 to 150 bp.
d Insertion of 10 to 20 bp.
e Substitution, deletion, or insertion of 1 or 2 bp.
f Calculated from fraction of mutants with point mutations times the observed frequency (column 4). The fraction of mutants with point mutations is the number

in column 9 divided by that in column 6 plus those mutants showing altered gel mobility (numerator, column 5).

to determine the background frequency of supF mutants and
to generate control mutants for analysis: 8 of these accom-
panied studies with BPDE-treated plasmids; 6 accompanied
studies with 1-NOP-treated plasmids. The analysis of these
control mutants was reported earlier (41) and is included in
Table 1 for comparative purposes.
The majority of the mutants obtained with 1-NOP-treated

plasmids contained point mutations. Of 67 analyzed mutants
derived from plasmids carrying 29.1 or 62.5 adducts per
plasmid, only 3 (4.5%) exhibited altered gel mobility, and
only 5 (10%) of the sequenced mutants from that group
proved to contain deletions or insertions of 4 bp or more. In
contrast, 70% of the control mutants (21 of 30) contained
such mutations. Calculation of the fraction of mutants con-
taining point mutations (Table 1, last column) showed that
the frequencies derived from plasmids carrying the two
highest levels of 1-NOP adducts were, respectively, 35 and
75 times higher than the control (0.4 x 10-4).
Nature and location of specific mutations induced by 1-

NOP-treated plasmids in 293 cells. Sequence analysis of 60
unequivocally independent mutants derived from 1-NOP-

TABLE 2. Analysis of sequence alterations generated in the
supF gene by replication of 1-NOP-treated or untreated

pZ189 in 293 cells

No. of times occurring
Sequence alterations

Untreated 1-NOP treated

Single base substitution 3 48

Two base substitutions
Tandem 0 2
<20 bases apart 2 0
>20 bases apart 0 1

Deletions
Single G C pair 2 1
Single A T pair 1 0
Tandem base pairs 0 0
4-20 bp 4 3
>20bp 7 2

Insertions
Single A T pair 0 1
4-20 bp 2 2

treated plasmids indicated that 88.3% contained point muta-
tions (Table 2); i.e., 80% (48 of 60) contained a single base
substitution, 5% (3 of 60) contained two base substitutions,
and 3.3% (2 of 60) had deletion or insertion of 1 bp. These
data contrast with the control mutants in which only 38%
showed such point mutations. Table 3 shows the specific
kinds of base substitutions induced in the supF gene by
replication of 1-NOP-treated plasmids in 293 cells. The
majority (45 of 54) of the changes were transversions, with
33 of 45 being G- C -- T. A. The majority (87%) of base
changes (47 of 54) involved G - C pairs.
The specific locations of 1-NOP-induced point mutations

(spectrum) are shown in Fig. 2. Three strong hot spots were
found at positions 109, 123, and 127. All of the base
substitutions at these three hot spots were G C pair trans-
versions (16 G C -* T. A; 4 G C -> C G). Two less
prominent hot spots were seen at positions 156 and 159, with
transitions occurring twice as frequently as transversions (6
G C -- A T; 3 G - C -* T- A). All five hot spots were
located at nucleotides corresponding to the stem of the
cloverleaf structure of the supF tRNA (Fig. 3). All seven of
the A - T pair base substitutions were located at positions in
the gene specifying the loops of the tRNA cloverlead struc-
ture.
Mutagenic effectiveness of 1-NOP compared with BPDE.

Because 1-NOP binds almost exclusively to guanine to form
adducts at the C-8 position, whereas the structurally related
carcinogen BPDE binds predominantly to guanine at the N2
position, we compared the two carcinogens for the fre-

TABLE 3. Kinds of base substitutions generated by replication
of 1-NOP-treated or untreated pZ189 in 293 cells

No. of mutations observed
Base change

Untreated 1-NOP treated

Transversions
G C T A 6 33
G C-C G 1 8
A T- T A 0 3
A T-bC G 0 1

Transitions
G C- A T 0 6
A T- G C 0 3
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FIG. 2. Location of independent point mutations in the coding region of the supF tRNA gene. The DNA strand shown is the 5'-to-3' strand
synthesized from the EcoRI rightward primer. The point mutations observed in the progeny of 1-NOP-treated plasmids are placed below the
sequence. The rectangle represents a deleted guanine; the caret shows the location of an inserted thymidine. Every 10th residue and the
anticodon triplet are underlined.

quency and kinds of mutations induced on the basis of equal
numbers of adducts per plasmid. Interpolation of the data in
Fig. 1C indicates that 20 1-NOP adducts per plasmid in-
creased the supF mutant frequency from 1.4 x 10-4 to 11.6
X 10-4. A similar interpolation of our published data for
BPDE shows that 20 adducts per plasmid increased the
frequency to 40 x 10-4 (41). These data indicate that BPDE
adducts are 3.8-fold more effective than 1-NOP adducts in
causing mutations, even though both carcinogens predomi-
nantly induce point mutations, with the majority being G. C
-+ T- A transversions. This difference may reflect the intrin-
sic difference in the nature of the adducts formed. However,
it could reflect a difference in the rate of excision of 1-NOP
and BPDE adducts from the plasmid by the host 293 cells.
Therefore, we examined the ability of 293 cells to remove
these adducts from their DNA. The DNA of the human cells
was prelabeled with [14C]thymidine, and the cells were
exposed to doses of tritiated 1-NOP or BPDE known to give
cell survival levels between 30 and 60% that of an untreated
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FIG. 3. Location of 1-NOP-induced hot spots on the cloverleaf
structure of the supF tRNA. The nucleotide T shown in the tRNA
represents uridine for the purpose of simplification. Circles indicate
the three strong hot spots. Squares indicate the two less prominent
hot spots.

13C

population. The number of carcinogen residues covalently
bound to DNA immediately after the 1-h treatment was
determined, as well as the number remaining after 18 or 30 h.
BPDE initially formed 9.5 and 10.7 adducts per 106 nucleo-
tides and 1-NOP formed 48 and 61 adducts per 106 nucleo-
tides, values in good agreement with published results with
normal diploid human fibroblasts (28, 42). The rate of
removal of 1-NOP adducts was significantly faster than that
of BPDE adducts (Fig. 4).

Sites of 1-NOP or BPDE adducts. To determine whether
there was a correlation between the positions and frequen-
cies of the carcinogen-induced mutations and the sites and
frequencies of carcinogen-DNA adducts in the supF gene,
we carried out the DNA synthesis-stop assay of Moore and
Strauss (27), in which bulky adducts interfere with DNA
replication. The template DNA used in the assay contained
10 to 70 1-NOP or BPDE adducts per 5,500-bp plasmid,
which represents 0.2 to 1.5 adducts per strand of the slupF
gene, if binding to guanine is essentially random. This
protocol for estimating the percentage of carcinogen adducts
formed at particular sites on the gene assumes, first, that the
density of the bands in a sequencing gel, after adjustment for
the extent of [ca-35S]dATP incorporated, is proportional to
the number of DNA molecules of a particular length and,
second, that the length of the fragments reflects the chance
of adduct-induced premature termination of the polymeriza-
tion.
The gel pattern of the DNA bands obtained in this assay

for DNA containing 1-NOP or BPDE residues corresponded
to positions 1 nucleotide prior to virtually every cytosine in
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FIG. 4. Rate of removal of 1-NOP or BPDE adducts by 293 cells.
The cells were labeled with [14C]thymidine for 2 days before 1-h
treatment with tritiated carcinogens. The percentage of adducts
remaining on the DNA was calculated by dividing the 3H/14C ratio at
18 or 30 h by that at time zero. Open and closed symbols represent
data taken from two separate experiments.
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FIG. 5. Relative frequency of 1-NOP or BPDE adducts in the 3'-to-5' strand of the coding region of the supF gene, as judged by the
polymerase-stop assay, and location of 1-NOP- or BPDE-induced base substitutions in the corresponding 5'-to-3' strand. The Klenow
fragment ofDNA polymerase I was used with the EcoRI rightward sequencing primer to determine polymerase-stop sites (panel shown above
the coding sequence of the supF gene). The relative intensities of the bands on the autoradiograph were determined by densitometer and were
coffected for position in the gene by taking into account the number of 35S-labeled adenine bases that would be present in each length of newly
synthesized DNA. The base substitutions shown below the supF tRNA gene are the cytosine base changes found in the corresponding 5'-to-3'
strand (cf. Fig. 2 and 3 of reference 41).

the DNA-sequencing standard lane, indicating that DNA
synthesis was terminated 1 base prior to each guanine in the
template. No bands corresponding to positions 1 nucleotide
away from any base other than guanine were seen, and there
was no evidence of any interference with polymerization
when untreated template was used. The pattern of bands did
not vary significantly with the number of 1-NOP or BPDE
adducts per molecule of plasmid. The relative intensities of
the bands in the 85 nucleotides making up the tRNA of the
3'-to-5' template, using the pBR322 EcoRI site primer, are
shown in Fig. 5. The frequency of DNA adducts, as esti-
mated with this assay, ranged from 0% (position 131) to 6.6%
(position 143) for 1-NOP adducts and from 0% (positions 131
and 152) to 12.9% (position 110) for BPDE adducts. The
1-NOP-guanine adducts were most frequently located at
position 143 (Fig. 5), but the data in Fig. 2 show that no
mutations were observed at this position. The frequency of
1-NOP-guanine adducts located at positions 109, 114, 118,
142, 149, 163, and 169 was approximately the same (-3%),
but only at position 109 did mutation occur, and, in fact,
position 109 represents a very strong mutational hot spot for
1-NOP. This apparent lack of correlation between the hot
spots for mutation induction and hot spots for adduct for-
mation, as judged from the intensity of the bands in the stop

assay gel, was also observed for BPDE. The mutation data
for BPDE in Fig. 5 are taken from reference 41.

DISCUSSION

The data in Fig. 1A indicate that the number of 1-NOP
adducts per plasmid increased linearly with the concentra-
tion of 1-NOP used in the presence of ascorbic acid. The
amount bound per applied concentration of carcinogen was
three times higher than what we found previously with
BPDE (41), but unlike the direct-acting BPDE, 1-NOP
requires reducing agents such as ascorbic acid for activation
(16). Once the 1-NOP adducts had formed, they were very
similar to BPDE adducts in their ability to interfere with the
processes involved in bacterial transformation; i.e., approx-
imately seven 1-NOP adducts per plasmid (Fig. 1B) and nine
BPDE adducts per plasmid (41) were sufficient to lower the
transforming activity of the treated plasmid to 37% of that of
untreated plasmid.
The data in Table 3, indicating that 1-NOP adducts caused

base substitutions mainly at G C base pairs (87%) just like
BPDE does (41), strongly suggest that the mutagenesis was
targeted to sites where adducts occur. Targeted mutagenesis
is also indicated for 1-NOP-induced base substitutions in-
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volving A. T base pairs. Our results (Table 3) showed that
13% of the base changes involved A T base pairs, and
Kinouchi and Ohnishi (19) recently demonstrated with bac-
terial nitroreductases that a minor adduct formed by 1-NP
involved deoxyadenosine. Therefore, we consider the base
substitutions induced by these two carcinogens to be tar-
geted to adducts rather than being the result of apurinic sites
(24). Additional data in support of this conclusion for BPDE
were given in our earlier paper (41).
The majority of the 1-NOP- or BPDE-induced base

changes we observed were G C -- T. A transversions. It
may be that, as suggested by Strauss et al. (35), the DNA
polymerase in the human 293 cell line preferentially inserts
an adenine nucleotide opposite a noninstructional base con-
taining a bulky adduct ("A rule"). However, G C -- C G
transversions were also found (15% of the base substitu-
tions). Another explanation for the predominance of G. C
-> T. A transversions, and the one which we favor, is that
with some frequency stable purine purine base pairing
occurs when the guanine carries a 1-NOP residue (or a
BPDE residue) and that this mispairing goes undetected.
Eisenstadt et al. (10) invoked the model of Topal and Fresco
(36), in which such mispairing occurs by having the guanine
carrying a BPDE residue at the N2 position be oriented in the
syn position and pair with an incoming adenine in the rare
tautomeric imino form. However, Kennard and her col-
leagues (5) recently reported that stable Ganti Asyn base
pairs are formed in a synthetic deoxydodecamer and are
accommodated in the DNA double helix with little or no
disruption of the local or global conformation. Their model
does not require the formation of the very rare enol or imino
tautomeric forms. 1-NOP binds predominantly to the C-8
position of guanine, which is not involved in base pairing.
The presence of this bulky residue may direct guanine in the
normal anti configuration to pair with an incoming adenine
nucleotide triphosphate, with adenine adopting the syn con-
figuration. This could result in a stable base pair which
would represent a mutation.
Using the polymerase-stop assay (Fig. 5), we did not find

a high correlation between the frequency of 1-NOP or BPDE
adduct sites and the frequency of base substitution muta-
tions at these sites. Although the A rule as well as the
purine purine mispairing mechanism may explain G C ->
T. A transversions, they cannot easily explain the location
of the mutational hot spots we observed with either carcin-
ogen. This lack of correlation is not caused by the inability of
changes at these sites to cause detectable phenotypic
changes in the tRNA gene, since base substitutions at all but
six of these positions have been shown previously by a
number of workers to cause such a phenotype. One possible
explanation is that excision repair by the host cells plays a
role and preferentially removes adducts from some sites in
the plasmid faster than from other sites.
Fuchs and his co-workers (20) proposed the "mutation-

prone sequences" model to explain the lack of correlation
they observed between the sites of acetylaminofluorine-
induced frameshift mutations in a bacterial plasmid and the
sites at which T4 DNA polymerase exonuclease III activity
was blocked by acetylaminofluorine residues. Similarly,
Brash et al. (3) proposed the "pass/fail" model to explain the
lack of correlation of mutation frequency with UV-induced
photoproduct frequency at different sites in the supF gene.
Such mutation-prone sequence- or "pass site"-determined
mutational hot spots, rather than mere DNA lesion-deter-
mined hot spots, also fit our findings, but do not explain why
some sites are very hot for mutation occurrence.

Although both 1-NOP and BPDE induced point mutations,
with single base substitutions predominating and with G- C

T. A transversions being the most common mutation, the
spectrum of mutations in the supE tRNA gene induced by
1-NOP differed from that induced by BPDE. The spectrum
of the two carcinogens (cf. Fig. 2 and 3 of reference 41)
exhibited two hot spots in common (positions 109 and 123).
However, three 1-NOP-induced hot spots (positions 127,
156, and 159) were cold spots for BPDE, and four BPDE-
induced hot spots were cold spots for 1-NOP (positions 112,
139, 160, and 164). These differences are not likely to be the
result of differential binding of the two carcinogens at those
positions, at least not as determined by the DNA polymer-
ase-stop assay. For example, adducts were formed at posi-
tion 139 more frequently by 1-NOP than by BPDE, but this
site was a mutational hot spot for BPDE, not for 1-NOP.
These differences may, as suggested by Brash et al. (3),
reflect the fact that structural features differ between hot
spots and non-hot spots in DNA sequences and that the
ability of- carcinogen-modified nucleotides to alter DNA
structure at specific sites differs for 1-NOP and BPDE. They
may also reflect differential repair.
When the mutagenicity of these two structurally related

carcinogens was compared on the basis of equal numbers of
adducts per plasmid, 1-NOP was 3.8 times less effective than
BPDE in inducing mutations during the replication of the
modified plasmid in the human host cells (Fig. 1C, compared
with Fig. 2 of reference 41). However, the results in Fig. 4
indicate that 293 is a repair-proficient cell line and excises
these two carcinogen-induced adducts at different rates.
That 1-NOP adducts were lost from genomic DNA at a rate
three times faster than BPDE adducts suggests that 1-NOP
adducts may also be removed from plasmid DNA faster than
BPDE adducts and disappear before replication of the plas-
mid has occurred. If this were the case, 1-NOP adducts may
actually be equal to BPDE adducts in their effectiveness in
inducing supF mutants during replication in human cells.

It may be important to point out that, unlike Seidman,
Kraemer, and their collaborators, who studied UV-induced
supF mutations in pZ189 replicating in simian virus 40-
transformed human cells (3, 4), or Hauser et al., who studied
this in a monkey cell line (14), we observed very few multiple
mutations occurring in a single mutant plasmid, i.e., 1 of 60
(Table 2). The reason for this significant difference in results
between UV-induced lesions and adducts formed by bulky
carcinogens is currently under investigation.
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