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Abstract
The mutagenesis of the major DNA adduct N-(deoxyguanosin-8-yl)-1-aminopyrene (C8-AP-dG)
formed by 1-nitropyrene was compared with the analogous C8-dG adducts of 2-aminofluorene (AF)
and N-acetyl-2-aminofluorene (AAF) in simian kidney (COS-7) cells. The DNA sequence chosen
for this comparison contained 5′-CCATCGCTACC-3′ that has been used for solution NMR
investigations. The structural and conformational differences among these lesions are well-
established (Patel et al., 1998). Accordingly, we found a notable difference in the viability of the
progeny, which showed that the AAF adduct was most toxic and the AF adduct was least toxic with
the AP adduct exhibiting intermediate toxicity. However, analysis of the progeny showed that
translesion synthesis was predominantly error-free. Only low level mutations (<3%) were detected
with G→T as the dominant type of mutation by all three DNA adducts. When C8-AP-dG was
evaluated in a repetitive 5′-CGCGCG-3′ sequence, higher mutational frequency (~8%) was observed.
Again, G→T was the major type of mutations in simian kidney cells, even though in bacteria CpG
deletions predominate in this sequence (Hilario et al, 2002). Mutagenesis of C8-AP-dG in a 12-mer
containing the local DNA sequence around codon 273 of the p53 tumor suppressor gene, where the
adduct was located at the second base of this codon, was also investigated. In this 5′-
GTGCGTGTTTGT-3′ site, the mutations were slightly lower but not very different from the progeny
derived from the 5′-CGCGCG-3′ sequence. However, the mutational frequency increased by more
than 50% when the 5′ C to the adduct was replaced with a 5-methylcytosine (5-MeC). With a 5-MeC,
the most notable change in mutation was the enhancement of G→A, which occurred 2.5-times
relative to a 5′ C. The C8-AP-dG adduct in codon 273 dodecamer sequence with a 5′ C or 5-MeC
was also evaluated in human embryonic kidney (293T) cells. Similar to COS cells, targeted mutations
doubled with a 5-MeC 5′ to the adduct. Except for an increase in G→C transversions, the results in
293T were similar to that in COS cells. We conclude that C8-AP-dG mutagenesis depends on the
type of cell in which it is replicated, the neighboring DNA sequence, and the methylation status of
the 5′ C.

Introduction
Nitropyrenes have been detected in many environmental samples, which include automobile
exhaust, urban air particulate, and coal fly ash (1–4). 1-Nitropyrene (1-NP)1, a representative
of this class of compounds, is the most abundant nitroaromatic compound in the environment.
1-NP is mutagenic in many bacterial and mammalian assay systems and tumorigenic in
experimental animals (5–8). 1-NP is a major constituent in a mixture of more than 200
nitropolycyclic aromatic hydrocarbons in diesel exhaust (9). Furthermore, the content of 1-NP
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correlates with the mutagenicity of the total dichloromethane extract of diesel exhaust particles
(10). 1-NP binds covalently to the C8 position of 2′-deoxyguanosine upon reductive activation
to generate N-(deoxyguanosin-8-yl)-1-aminopyrene (C8-AP-dG) (11,12). This adduct induces
many types of mutations including targeted and semi-targeted mutations, although in bacteria
small frameshifts predominate (13–15). C8-AP-dG-induced frameshifts include one-base
deletions, one-base insertions, and two-base deletions. We have evaluated C8-AP-dG
mutagenesis site-specifically in Escherichia coli by introducing the adduct in a dinucleotide
repeat sequence, CGCGCG, and a non-repetitive CCATCGCTACC sequence. The CpG repeat
sequence was chosen because 1-NP is a very potent mutagen in Salmonella typhimurium
frameshift tester strains (such as TA98) and induces CpG deletions in a repetitive CpG sequence
near the reversion site (16,17). The non-repetitive CGC 11-mer sequence was selected because
the solution NMR structures and thermodynamic parameters of correct and incorrect base
pairing of the adduct in this sequence have been reported (18–20). This sequence has also been
used for NMR investigation of the analogous 2-aminofluorene adduct, C8-AF-dG (reviewed
in ref. 21). For the C8-AF-dG opposite dC there is a conformational equilibrium between a
structure in which AF is positioned externally in the major groove in a B-DNA helix with the
modified G in the anti conformation and a modified base-displaced, fluorenyl intercalated
conformer in which the modified G is syn. The C8-AP-dG shares many of the structural features
of C8-AF-dG. Even so, while 70% of the population mix of C8-AF-dG contained the base-
displaced intercalated conformer, the AP adduct contained essentially 100% of this conformer.
It appears that the greater aromatic surface of AP compared to AF causes AP to favor stacking
more overwhelmingly in this conformer. When these two adducts were studied with an A
opposite the adduct, the AP remained in a base-displaced intercalated structure with no
hydrogen bond with its partner. By contrast, the smaller AF remains neatly sandwiched into
the minor groove and optimal stacking is achieved with the adducted G and the complementary
A in an intrahelical position. The AAF adduct has not been studied in the same sequence, and
conformational heterogeneity led to uncertainty in the details of the AAF structure in another
sequence, but the major conformer in a non-repetitive DNA sequence contained the syn G with
displacement of the modified base and insertion of the fluorenyl moiety. How would the
replication be influenced by these structures? This is one of the questions we wished to address
by incorporating these three related adducts in the same CCATCGCTACC sequence in a
plasmid and investigating their replication.

In E. coli the site-specifically situated C8-AP-dG adduct in the CGCGCG sequence induced
two-base deletions (22,23), whereas both base substitutions and one-base deletions occurred
in the non-repetitive CCATCGCTACC sequence (24). In each case the adduct is flanked by a
5′ and a 3′ C, yet the mutations in these two sites are very different in E. coli. The two-base
deletions in the CGCGCG sequence increases upon induction of SOS functions, and so also
the deletions of neighboring 5′ or 3′ C which occurred when the adduct is located in the non-
repetitive CGC sequence, but the targeted G→T and G→C transversions at the
CCATCGCTACC sequence remains unaltered with SOS. For many carcinogen-DNA adducts,
however, mutagenicity in mammalian cells is often different from that in E. coli (25,26).
Therefore, we investigated the C8-AP-dG mutagenesis in these two sequences in simian kidney
(COS-7) cells, and indeed we found that the mutational signature of this adduct in COS cells
is different from that in E. coli Since. metabolites of many bulky carcinogens such as benzo
[a]pyrene diol epoxide, benzo[g]chrysene diol epoxide, etc. bind strongly to codon 273 of the
p53 tumor suppressor gene (27), which is a major mutational hotspot in lung cancer (28,29),
we have also determined the mutagenicity of C8-AP-dG located in this site in a dodecamer
that contained the DNA sequence of codon 272–275 of the p53 gene. We have determined if
a 5-methylcytosine (5-MeC) influences the mutagenicity of this adduct in this site. Finally, we
also compared the mutagenicity of the adduct in simian kidney cells with that in human
embryonic kidney (293T) cells.

Watt et al. Page 2

Chem Res Toxicol. Author manuscript; available in PMC 2008 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Materials and Methods
Materials

[γ-32P] ATP was from Du Pont New England Nuclear (Boston, MA). EcoRV restriction
endonuclease, T4 DNA ligase, and T4 polynucleotide kinase were obtained from New England
Bioloabs (Beverly, MA). Escherichia coli DH10B was purchased from Life Technologies, Inc.
(Grand Island, NY). The simian kidney (COS-7) cell line available in our laboratory was
originally obtained from Peter Glazer, Yale University, and the pMS2 phagemid was a gift of
Maasaki Moriya, SUNY, Stony Brook. The human embryonic kidney cell line 293T/17 was
purchased from American Type Culture Collection (ATCC).

Methods
Synthesis and characterization of oligonucleotides—The adduct containing
oligonucleotides have been synthesized and characterized as reported (18,30,31). Unmodified
oligonucleotides were analyzed by MALDI-TOF MS analysis, which gave a molecular ion
with a mass within 0.005% of theoretical, whereas adducted oligonucleotides were analyzed
by ESI-MS in addition to digestion followed by HPLC analysis.

Construction and characterization of pMS2 vectors containing a single C8-AP-
dG, C8-AF-dG, or C8-AAF-dG—The single stranded pMS2 shuttle vector, which contains
its only EcoRV site in a hairpin region, was prepared as described (26). The pMS2 DNA (58
pmols, 100 μg) was digested with a large excess of EcoRV (300 pmol, 4.84 μg) for 1 h at 37°
C followed by room temperature overnight. A 58-mer scaffold oligonucleotide was annealed
overnight at 9°C to form the gapped DNA. The control and lesion containing oligonucleotides
were phosphorylated with T4 polynucleotide kinase, hybridized to the gapped pMS2 DNA,
and ligated overnight at 16°C. Unligated oligonucleotides were removed by passing through
Centricon-100 and the DNA was precipitated with ethanol. The scaffold oligonucleotide was
digested by treatment with T4 DNA polymerase and exonuclease III, the proteins were
extracted with phenol/chloroform, and the DNA was precipitated with ethanol. The final
construct was dissolved in 1 mM Tris-HCl-0.1 mM EDTA, pH 8, and a portion was subjected
to electrophoresis on 1% agarose gel in order to assess the amount of circular DNA.

Replication and analysis in simian kidney cells—COS-7 cells were grown in
Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum. The cells
were seeded at 5 × 105 cells per 60-mm plate. Following overnight incubation, the cells were
transfected with 50 ng of ss DNA by electroporation. The culture was incubated for 2 days,
and the progeny plasmid was recovered by the method of Hirt (32). It was then used to transform
E. coli DH10B, and transformants were analyzed by oligonucleotide hybridization (33,34).
Oligonucleotide probes containing the complementary 15-mer sequence were used to analyze
progeny phagemids. Two 14-mer left and right probes were used to select phagemids
containing the correct insert, and transformants that did not hybridize with both the left and
right probes were omitted. Any transformant that hybridized with the left and right probes but
failed to hybridize with the 15-mer wild-type probe were subjected to DNA sequence analysis.

Replication and analysis in human embryonic kidney (293T/17) cells—The 293T/
17 cell line is a derivative of the 293T (293tsA1609neo). It is a highly transfectable derivative
of the 293 cell line into which the temperature sensitive gene for simian virus 40 (SV40) T-
antigen was inserted. As described by Pear et al. (35), the 293T cell line was cloned by limiting
dilution to ensure that the starting population was uniform, and several independent clones
were isolated and screened. To determine which clone was capable of producing the highest
titer, seven highly transfectable clones were cotransfected with equimolar amounts of a
replication-defective retroviral construct containing the lacZ gene (pBND) and a replication-
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competent Moloney murine leukemia virus (pZAP). One of these clones, referred to as 293T/
17, was chosen because of its ability to produce high titers, as determined by infection into
NIH 3T3 cells and staining for β-gal activity (35). These cells constitutively express the SV40
large T antigen.

The 293T/17 cells were maintained in Dulbecco’s modified Eagle’s medium supplemented
with 4 mM L-glutamine, and adjusted to contain 1.5 g/L sodium bicarbonate, 4.5 g/L glucose,
and 10% fetal bovine serum. The cells were grown to ~90% confluency and transfected with
50 ng of each construct using 6 μL of Lipofectamine cationic lipid reagent (Invitrogen,
Carlsbad, CA). Following transfection with modified or unmodified pMS2, the cells were
allowed to grow at 37°C in 5% CO2 for 2 days and then the plasmid DNA was collected and
purified by the method of Hirt (32). Subsequent transformation in E. coli DH10B and analysis
were performed similarly as with the plasmid from COS cells.

Results
Construction and characterization of ss pMS2 vector containing the C8-dG adducts and their
replication in mammalian cells

In order to investigate translesion synthesis in SV-40-transformed simian kidney cell line
COS-7 and human embryonic kidney cell line 293T, we employed a site-specifically-modified
single stranded vector, pMS2, which confers neomycin and ampicillin resistance (26).
Biological effects of many DNA damages have been studied by using this vector (25,26,36,
37 and references therein) and the strategy for employing this plasmid is shown in Scheme 1.
Briefly, the double stranded hairpin region of pMS2 ss DNA was digested with EcoRV and
the linear DNA was hybridized with a scaffold (57-mer, 52-mer, and 58-mer, respectively, for
the 11-mer, 6-mer, and 12-mer lesion containing oligonucleotides) to yield a gapped DNA.
The oligonucleotides containing unmodified (dG) or modified (C8-AP-dG, C8-AF-dG, or C8-
AAF-dG) nucleosides were ligated to this gap. The control and lesion containing constructs
were treated with exonuclease III and T4 DNA polymerase to remove the scaffold. A portion
of each of these vectors was run on a 1% agarose gel. As shown in Figure 1, lanes 1 & 2 show
migration characteristics of pMS2 DNA before and after digestion with EcoRV. Lanes 3, 4, 5,
and 6 show ligation of AAF-, AF-, AP-containing and control 11-mer, respectively, to pMS2
followed by enzymatic removal of the scaffold. Lanes 7 & 8 represent, before and after removal
of the scaffold, respectively, of a “mock” ligation mixture, in which no oligonucleotide was
added. It is evident from lanes 7 & 8 that end to end ligation of the scaffolded linear DNA in
the absence of appropriate insert was negligible. Estimation of relative intensity of the circular
and linear DNA indicated 30–40% ligation of the 11-mers occurred on both sides and that
ligation efficiencies of the control and lesion containing oligonucleotides were approximately
the same. The results with the AP-containing oligonucleotides of other sequences were similar
(data not shown).

The vectors containing C8-AF-dG, C8-AAF-dG, or C8-AP-dG were used to transfect COS-7
cells. Progeny phagemids were recovered and used to transform E. coli DH10B. Transformants
were analyzed by oligonucleotide hybridization followed by DNA sequencing in order to
confirm the number of progeny derived that contained the oligonucleotide insert and the
mutational outcome of the lesions.

Inhibition of replication by the C8 guanine adducts
Most bulky carcinogen-DNA adducts have been found to be replication blocking lesions. It is
therefore of interest to determine the yield of progeny plasmids in order to assess the relative
toxicity of the adducts. Using the same amount of circular DNA for transfection, and based on
the number of ampicillin-resistant progeny that contained the insert, we were able to assess the
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extent of translesion synthesis of the modified vectors. As shown in Figure 2, the average
survival of the three adducts were 13±4% for AAF, 51±4% for AP, and 97±12% for AF. The
survival of the AAF adduct was the lowest, even though AP contained a larger aromatic ring
system.

Mutational specificity
Most of the progeny derived from the adducted vectors in the CCATCGCTACC sequence
contained a guanine at the adduct site, indicating that the three C8 adducts have been replicated
without significant errors. Because of the low mutational frequency (MF) the data from three
separate transformations have been combined in Table 1. The targeted mutations induced by
the three C8 guanine adducts in this site in COS-7 cells did not show a significant difference.
For the three adducts the most common base substitution was G→T, which occurred in
approximately 1% frequency. Semi-targeted mutations occurred in low frequency in the control
and the adducted vector. Of the semi-targeted mutations, it seems noteworthy that only C8-
AAF-dG showed prevalence of a one-base deletions 3 bases 3′ to the adduct (Table 1), whereas
several types of different base substitutions near the adduct site occurred with C8-AF-dG, C8-
AP-dG, and control.

Table 2 shows the mutagenicity of C8-AP-dG in the repetitive CpG sequence CGCGCG in
which the MF increased 3–4-fold relative to CCATCGCTACC. However, like the non-
repetitive CGC sequence, G→T transversion (6%) was the major type of mutation here as well.
It is interesting to note that, unlike in E. coli where this sequence largely gave CpG deletions,
the only frameshifts we detected involved a 5′C deletion adjacent to the adducted G, a +A 5′
to the adducted G, and two double mutations in which targeted G→T transversions also
accompanied an adjacent 3′C deletion.

Mutagenicity of C8-AP-dG in a dodecamer GTGCGTGTTTGT carrying the local sequence
around codon 273 of the p53 gene is shown in Table 3. In this case we have compared the
mutagenesis of the adduct located in a CGT sequence with that of C5-MeGT sequence. In COS-7
cells the frequency of targeted mutations in the p53 codon 273 CGT (~7%) was not remarkably
different from what we determined in the repetitive CGCGCG site (~8%). However, both the
MF and the types of mutations changed significantly when the 5′C was replaced with 5-MeC.
The MF increased by more than 50% (to ~11%) and specifically G→A transitions increased
2.5-fold.

The effect of 5-MeC on mutational frequency was more pronounced in 293T cells, in which
the targeted mutations doubled (5.0% vs. 10.6%) when the 5′-C was replaced with a 5-MeC.
All types of targeted base substitutions increased with 5-MeC, whereas the overall frequency
of various types of semi-targeted or complex mutations remained approximately the same.

A comparison of the various targeted mutations in the different sequences by C8-AP-dG has
been provided in Figure 3, which indicates that the mutational frequency and the type of
mutations of this adduct in mammalian cells depend significantly on the sequence context and
the methylation status of the 5′ cytosine. However, in contrast to our earlier results in E. coli,
which contained a large number of frameshifts, in each case in simian and human embryonic
kidney cells G→T was the major type of mutations observed.

Discussion
A single stranded vector was replicated in simian kidney cells to compare three C8-guanine
adducts. NMR data in the same sequence have been reported, which established that only AF
has the ability to form Watson-Crick hydrogen bonds with a cytosine resulting in protrusion
of the fluorine moiety into the major groove (21). Whereas 100% of the AP adduct remains in
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the base displaced intercalated conformer, 70% of the population mix of the AF adduct remains
in this conformer in equilibrium with 30% of the external major groove conformer. It appears
that this flexibility allows the DNA polymerase to accommodate the external major groove
conformer of AF better during replication, which was manifested in high viability of the
progeny from the AF construct. Even though the NMR data did not show any hydrogen bond
between the syn-guanine of C8-AP-dG and a cytosine (or adenine) opposite it (18,19), bypass
occurred at approximately 50% efficiency. The AAF adduct, which not only remains in syn-
guanine but also exhibits conformational heterogeneity (21), was most toxic with 10–15%
viability. This is consistent with other studies indicating that it requires specialized bypass
polymerases for translesion synthesis (38). It has been suggested that AF can undergo transition
from syn to anti at the insertion site where it can pair with an incoming dCTP, whereas AAF
cannot maneuver this transition as it is restricted from adopting the anti orientation owing to
the steric hindrance imposed by the N-acetyl group which essentially interfered with the
polymerase’s ability to bypass this adduct (39). Our data indicating ~50% survival of the C8-
AP-dG vector suggest that AP is significantly more flexible than AAF in this regard. Despite
the stark difference in the viability of these adducted vectors, each showed predominantly
(>97%) error-free bypass, and the type of mutations induced by the adducts was not
significantly different. For each C8 adduct, G→T was the major type of mutation. We believe
that the NMR solution structure may suggest the polymerases’ ability to bypass the adduct,
but it is far more difficult to relate it to polymerase errors. From the cellular replication data,
it is yet to be established if the same (or same group of) DNA polymerase(s) bypass these three
structurally related adducts in COS cells. In E. coli, C8-AP-dG induces both base substitutions
and one-base deletions in the CCATCGCTACC sequence, which include SOS-dependent one-
base deletions of an adjacent C and G→T and G→C transversions (24). In addition to E.
coli, mutagenicity of C8-AP-dG in the CCATCGCTACC sequence in duplex form has been
determined in vitro in normal human fibroblasts (20). Mutational frequency (~2 × 10−3) of the
adduct is low in this system, but all the mutants show a targeted G:C base pair deletion. Even
in the same sequence context, the C8-AP-dG, therefore, induces different types of mutation in
different organisms or cells.

The G→T substitutions remained the main type of mutations for C8-AP-dG when this CGC
sequence was altered to a repetitive CpG sequence CGCGCG, although frequency of each type
of base substitution increased and the total targeted mutations climbed to ~8%. An interesting
aspect of this result is that in E. coli this sequence gave high frequency of CpG deletions, which
did not occur at all in COS cells. We suspect that this difference stems from a difference in the
DNA polymerase(s) that take part in translesion synthesis in the two systems. In a random
mutation study, high frequency of base substitutions rather than frameshifts in the HPRT gene
of human T-lymphocytes by treatment with 1-nitrosopyrene has been reported, which also
suggests that mutagenesis by the adducts in mammalian cells could be significantly different
from that in bacteria (7). With the AAF adduct also it was shown that bypass of this adduct
located within the NarI mutation hotspot requires Pol II for -2 frameshifts but Pol V for error-
free translesion synthesis (38). In another study, when the AAF adduct was located in the
GGCGCC site of NarI, >90% two-base deletions occurred in SOS-induced E. coli, whereas
only base substitutions (total MF ~19%) could be detected in the same site in COS-7 cells
(40).

C8-AP-dG in GTGCGTGTTTGT carrying the DNA sequence of codon 272–275 of the p53
gene in which the adduct was situated in codon 273 exhibited similar mutations as in the
CGCGCG site. This DNA sequence is of interest because in the p53 gene it is a hotspot for
mutations in many human cancers. We also determined if the mutagenesis of the C8-AP-dG
is influenced when the adduct is situated 3′ to a 5-MeC. It was earlier shown that C5 cytosine
methylation may significantly increase DNA adduction at CpG sites by N-hydroxy-4-
aminobiphenyl and benzo[a]pyrene diol epoxide (41,42). However, to our knowledge, there is
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no study that showed if either the type or the frequency of mutagenicity of a lesion might change
when the 5′ cytosine is replaced with a 5-MeC. This is the first demonstration that a 5-MeC 5′
to C8-AP-dG in the p53 codon 273 increased the MF by 50% and a major change was the
increased frequency of G→A transitions. It is noteworthy that in tobacco-smoking related lung
cancer patients, G→T transversions predominate in this site of the p53 gene, whereas G→A
transitions occur at a high frequency in lung cancers of non-smokers (28,43). The progeny
from 293T cells showed a similar pattern in that ~5% targeted base substitutions in the CGT
sequence increased to 11% in the C5-MeGT sequence. A structural rationale for this increase
due to 5-MeC is yet to be developed. Nevertheless, it is not inconceivable that enhanced
mutagenesis of DNA adducts with a 5-MeC 5′ could be a contributing factor in p53 mutational
hotspots in human cancers. In conclusion, C8-AP-dG mutagenicity in mammalian cells is
significantly different from that in E. coli, but the type and frequency are dependent on DNA
sequence context and methylation status of 5′ cytosine in addition to the type of cells in which
it is replicated.
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Figure 1.
Agarose gel electrophoresis of the CCATCGCTACC constructs. Lanes 1 & 2: pMS2 DNA
before and after digestion with EcoRV. Lanes 3, 4, 5, and 6 show pMS2 constructs containing
C8-AAF-dG, C8-AF-dG, C8-AP-dG, and dG, respectively, after enzymatic removal of the
scaffold. Lanes 7 & 8 represent, before and after the removal of the scaffold, respectively, of
a “mock” ligation mixture, which did not contain any 11-mer.
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Figure 2.
Percent viability of C8-2′-deoxyguanosine adducts of AP, AF, and AAF. The control (dG) and
adducted (C8-AP-dG, C8-AF-dG, or C8-AAF-dG) 11-mers were ligated to a gapped pMS2
plasmid and the scaffold was removed by enzymatic digestion. Single-stranded control or
adducted pMS2 DNA construct (50 ng) was transfected into COS-7 cells. Progeny plasmid
was isolated after 2 days and used to transform E. coli DH10B for ampicillin resistance. Percent
viability was determined as the % transformants, which contained the oligonucleotide insert
as determined by hybridization with the left and right probes, relative to the number of
transformants arising from the control construct. The result shown here was derived from three
separate experiments that employed independently constructed plasmids.
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Figure 3.
Sequence context effects of C8-AP-dG mutagenesis in mammalian cells. 1–4 represent targeted
mutations in COS-7 cells, whereas 5 & 6 are results from 293T cells. 1 = CCATCGAPCTACC,
2 = CGCGAPCG, 3 & 5 = GTGCGAPTGTTTGT, and 4 & 6 = GTGC5-MeGAPTGTTTGT; in
the bar graph, targeted G→T, G→A, and G→C mutations are represented by white, gray, and
black, respectively.
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Scheme 1.
General protocol for making the pMS2 construct.
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