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A G to T mutation has been observed at the third position of codon
249 of the p53 tumor-suppressor gene in over 50% of the hepa-
tocellular carcinoma cases associated with high exposure to afla-
toxin B1 (AFB1). Hypotheses have been put forth that AFB1, in
concert with hepatitis B virus (HBV), may play a role in the
formation of, and�or the selection for, this mutation. The primary
DNA adduct of AFB1 is 8,9-dihydro-8-(N7-guanyl)-9-hydroxyafla-
toxin B1 (AFB1-N7-Gua), which is converted naturally to two sec-
ondary lesions, an apurinic site and an AFB1-formamidopyrimidine
(AFB1-FAPY) adduct. AFB1-FAPY is detected at near maximal levels
in rat DNA days to weeks after AFB1 exposure, underscoring its
high persistence in vivo. The present study reveals two striking
properties of this DNA adduct: (i) AFB1-FAPY was found to cause a
G to T mutation frequency in Escherichia coli approximately 6 times
higher than that of AFB1-N7-Gua, and (ii) one proposed rotamer of
AFB1-FAPY is a block to replication, even when the efficient bypass
polymerase MucAB is used by the cell. Taken together, these
characteristics make the FAPY adduct the prime candidate for both
the genotoxicity of aflatoxin, because mammalian cells also have
similar bypass mechanisms for combating DNA damage, and the
mutagenicity that ultimately may lead to liver cancer.

A f latoxin B1 (AFB1), one of the most potent known liver
carcinogens, is produced by the common soil fungus As-

pergillus flavus. Exposure to this toxin is high in regions of the
world where certain foods are improperly stored (1). Hepatitis
B virus (HBV) is also common in these regions, and epidemi-
ological evidence indicates that there is a synergistic interaction
between AFB1 exposure and HBV infection on the induction of
hepatocellular carcinoma (HCC). In over 50% of HCC cases
studied in these areas, a characteristic G to T mutation is
observed at the third position of codon 249 of the p53 tumor-
suppressor gene (2, 3). Whether this specific sequence is an
exceptional target for mutations caused by AFB1 or whether the
mutation is selected for once it occurs remains to be determined.
However, each of these scenarios shares the fundamental early
step involving generation of a G to T mutation.

There is substantial evidence that AFB1-induced G to T
mutations in cellular ras genes may also be a step in transfor-
mation of normal cells to malignant cells (4–6). In humans these
mutations occur at the first and second positions of codon 12 in
the Ha-ras protooncogene (7) and they are in sequence contexts
similar, but not identical, to that of codon 249 in p53.

Many studies have defined the mutational spectrum produced
after exposure of cells to either the epoxide, which is the
toxicologically relevant natural metabolite of AFB1 (8), or to
other electrophilic derivatives that serve as models for the
epoxide (9). The G to T mutation is predominantly observed (2,
3, 8–19). Studies of mutational landscapes, by their nature, do
not elucidate which specific chemical form of AFB1-DNA adduct
is responsible for a given mutation (1). The epoxide reacts with
DNA to form the primary AFB1-DNA adduct, 8,9-dihydro-8-
(N7-guanyl)-9-hydroxyaflatoxin B1 (AFB1-N7-Gua) (20–26),

which can break down into two secondary lesions, the apurinic
(AP) site or the AFB1-formamidopyrimidine (FAPY) adduct
(Fig. 1) (20). The mutational properties of the AFB1-N7-Gua
adduct have been studied in Escherichia coli (16), where it
primarily causes G to T mutations, although at a very low
frequency (4%). An interesting property of this adduct is that a
significant number of the total mutations observed (13%) occurs
5� to the site at which the adduct forms. NMR data (27) may
explain this mutational asymmetry in that the AFB1-position of
the adduct is intercalated 5� to the attached DNA base. The
AFB1-FAPY adduct is similar in structure to AFB1-N7-Gua, but
data show that these two adducts alter the structure of DNA
differently (28, 29). These differences in DNA secondary struc-
ture may lead to differences in lethality, mutagenicity, and repair
of the two chemical forms of the adduct.

The AFB1-FAPY adduct itself consists of an equilibrium
mixture of two presumably rotameric forms (FAPY mix) that are
separable by HPLC into products termed FAPY major and
FAPY minor (Fig. 1 Inset). Over time at 4°C or warmer, the
equilibrium of this mixture shifts toward FAPY major. Stone and
coworkers (29) attempted to resolve the NMR structure of
FAPY and at first obtained complex results, presumably because
of the presence of multiple species. After several days at 4°C, the
NMR spectrum simplified to reveal presumably the structure
referred to as FAPY major in this work. Although the exact
chemical nature of FAPY minor remains elusive, a structure for
one of the possible rotamers has been proposed (Fig. 1) based
on data obtained for the imidazole ring-opened form of 7-meth-
ylguanine. This adduct forms two rotamers, indicating that
structural duality may be a common characteristic of formami-
dopyrimidines (30–33). Under the conditions by which the
AFB1-FAPY oligonucleotides are made and stored, an equilib-
rium exists between the major and minor presumed rotamers at
a ratio of 2:1, and these oligonucleotides can be used in studies
of mutagenicity.

To evaluate the mutagenic properties of AFB1-FAPY, we took
advantage of the fact that bacterial cells have mechanisms such
as the SOS response for coping with DNA damage. After
exposure of E. coli to UV light, the UmuDC operon is dere-
pressed, allowing the error-prone bypass polymerase (polV) to
be transcribed (34–38). MucAB, an analogous bypass polymer-
ase in Salmonella typhimurium, is regulated in a similar manner.
These bypass polymerases incorporate bases, often incorrectly,
opposite the site of DNA damage, allowing for cell survival in a
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time of crisis. They can also be used as tools to determine which
type of base is most often put opposite a specific DNA lesion.
Because mammalian cells have similar mechanisms to cope with
DNA damage, we used cells induced to express these bypass
polymerases in this work.

Materials and Methods
Enzymes and Chemicals. EcoRI, HaeIII, HinfI, T4 polynucleotide
kinase (ATP: 5�-dephosphopolynucleotide 5�phosphotransfer-
ase, 2.7.1.78), T4 DNA ligase [poly(deoxyribonucleotide):
poly(deoxyribonucleotide) ligase (AMP forming), 6.5.11], exo-
nuclease III (exodeoxyribonuclease III, 3.1.11.2), and uracil
DNA glycolsylase (UDG) were from New England Biolabs.
[�-32P]dATP and [�-35S]dATP were from Perkin–Elmer. SfuI
and G-50 and G-25 Sephadex columns were from Roche
Molecular Biochemicals. Cetricon-3 concentrators were from
Amicon. ZipTip C18 pipet tips were from Millipore. Isopropyl-
�-D-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-
indolyl-�-D-galactopyranoside (X-Gal) were from Gold Biotech-
nology, St. Louis. N,N�-dimethylformamide (DMF) was from
Fisher Scientific.

DNAs and Cell Strains. M13mp7L2 was obtained from C. W.
Lawrence (39). A 13-base oligonucleotide, d(CCTCTTC-
GAACTC) (boldface G � site of adduct; underscore � SfuI
site), and a 53-base uracilated oligonucleotide scaffold,
d(AAAACGACGGCCAGUGAAUUGAGUUCGAAGAGG-
CACUGAAUCAUGGUCAUAGC) (the underlined sequence
is complementary to the 13-base insert, and the 20 bases on
either side of this sequence are complementary to the flanking

regions of the M13mp7L2 genome), as well as mass spectral
internal standards, a 12-base oligonucleotide, d(ATTGGTA-
AGTGC), and a 14-base oligonucleotide d(ATTGGTAAGTC-
CGA), were obtained from GIBCO�BRL and purified with
PAGE. E. coli strains used were DL7 (AB1157; lac�U169),
DL7�pGW16 (DL7; pGW16 mucAB) (this laboratory), GW5100
(JM103, P1�) (G. Walker, Massachusetts Institute of Technol-
ogy), and NR9050 (F� prolacIZ�M15, �prolac, suB) (R.
Schaaper, National Institutes of Health).

Construction and Characterization of AFB1-N7-Gua- and AFB1-FAPY-
Containing Oligonucleotides. Oligonucleotides containing single
AFB1-N7-Gua and AFB1-FAPY residues in the d(CCTCTTC-
GAACTC) context (boldface G � site of adduct; underscore �
SfuI site) were synthesized based on published procedures (40).
First, the oligonucleotide was gel-purified, and 100–250 nmol
were resuspended in 90 ml of buffer (10 mM NaHPO4, pH 7�100
mM NaCl�50 mM EDTA). One milligram of AFB1 epoxide (41)
in 50 ml of CH2Cl2 was then added and the mixture was shaken
for 10 min at 4°C. The same amount of AFB1 epoxide was added
once more, again shaking at 4°C for 15 min. The solution was
then extracted twice with 100 ml of CH2Cl2 and desalted on a
G-25 Sephadex column. Oligonucleotides containing AFB1-N7-
Gua adducts were separated from unreacted DNA by HPLC
with a Beckman Ultrasphere C18 reverse phase column (part no.
235329). Buffer A was 0.1 M TEAAC (pH 7.5) and buffer B was
CH3CN. The gradient used went from 8 to 12% B from 0 to 40
min, and from 12 to 25% B from 40 to 60 min. Fractions were
collected and desalted with Centricon-3 concentrators at 4°C. A
portion of the AFB1-N7-Gua lesions was converted to AFB1-
FAPY through incubation in 0.1 M NaHPO4 (pH 10) at 37°C for
4 h. AFB1-FAPY minor was formed first, subsequently reaching
equilibrium with AFB1-FAPY major, at a ratio of 2:1 major:mi-
nor. Oligonucleotides containing AFB1-FAPY lesions were sep-
arated from those containing AFB1-N7-Gua lesions with the
HPLC conditions above. These conditions were also used to
separate FAPY major from FAPY minor.

Matrix-Assisted Laser Desorption Ionization–Time-of-Flight (MALDI-
TOF) MS. Thirteen-base oligonucleotides containing FAPY ma-
jor, FAPY minor, or 2:1 mixture of the major:minor FAPY
adducts (FAPY mix) were analyzed on a PerSeptive Biosystems
Voyager Elite DE MALDI-TOF mass spectrometer. Twelve-
base and 14-base unmodified oligonucleotides were used as
internal calibration standards. Ten picomoles of the sample and
each standard were mixed in a 10-�l volume and desalted with
ZipTips. They were then resuspended in the MALDI matrix
(2.5% anthranilic acid�1.1% nicotinic acid�45.5% CH3CN�
27.3% 100 mM ammonium citrate) and spotted onto the sample
plate. Spectra were obtained in the reflector mode with a laser
energy of 2,400, an accelerating voltage of 25,000 V, a grid
voltage of 95%, a guide wire voltage of 0.28%, and a delay time
of 120 ns. Each spectrum was an average of 128–256 laser shots.

Genome Construction. Genomes were constructed as in Bailey et
al. (16). Four separate ligation reactions were done with each of
the inserts: (i) AFB1-N7-Gua, (ii) FAPY mix, (iii) FAPY major,
and (iv) unmodified control. These reactions were carried out at
16°C to ensure the integrity of the adducts.

Transformation of AFB1-Modified Genomes into Cell Strains. Once
genomes were constructed and desalted, they were kept on ice
and used immediately to transform DL7 (not induced for SOS),
UV-irradiated DL7 (expresses UmuDC), DL7�pGW16 (ex-
presses MucAB), or UV-irradiated DL7�pGW16 (expresses
both MucAB and UmuDC) by using conditions in Bailey et al.
(16). The only procedural difference was that the cells were
irradiated in a Stratalinker UV crosslinker at 45 J�m2. Approx-

Fig. 1. Aflatoxin biochemistry. AFB1 is activated to the reactive exo-8,9-
epoxide form by cytochrome P450 in the liver. The epoxide can react at the N7
position of guanine in DNA to form the primary AFB1-N7-Gua adduct. This
product can break down to form two secondary lesions, the AP site and the
ring-opened AFB1-FAPY adduct. The FAPY adduct itself consists of two pro-
posed rotameric forms, FAPY major and FAPY minor. FAPY minor is formed
first, subsequently equilibrating to a 2:1 ratio of FAPY major:FAPY minor. The
FAPY major structure can be found in Stone and coworkers (29), and the FAPY
minor structure is yet unresolved, but one possible structure is depicted here.
(Inset) Separation of AFB1-FAPY rotamers. HPLC was performed on a 13-base
oligonucleotide containing one single AFB1-FAPY adduct. Under the HPLC
conditions described, FAPY major can be separated from FAPY minor. The
equilibrium mixture shown here is roughly 2:1 major to minor. This mixture
was maintained throughout the experiments described in this article and is
referred to as FAPY mix. The major and minor peaks were collected and tested
as indicated.
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imately 0.1 pmol of genome in a volume of 10 �l was mixed with
190 �l of the transfection strain for each electroporation.
Progeny phage were produced from each transformation and
stored at 4°C until needed.

Pooling Progeny Phage. Between 8 and 40 parallel replicate
transformations were carried out per sample per cell strain to
generate a progeny phage pool that could be easily examined for
mutants. A total of 20,800 infective centers from the eight most
successful transformations made up each pool. Replicative form
DNA was isolated with the Qiagen (Chatsworth, CA) Midi
double-stranded plasmid procedure.

Enrichment for Mutant Genomes. Approximately 0.5 pmol of DNA
isolated from pooled phage was subjected to cleavage by SfuI, a
restriction enzyme that cleaves at a unique site within the
13-base region of the inserted oligonucleotide. Digested prod-
ucts, as well as mock-digested controls, were analyzed on agarose
gels to determine linearization. Approximately 0.1 pmol of
digested or control DNA was desalted on a G-25 Sephadex
column and electroporated as above, using DL7 as the trans-
fection strain and NR9050 as the plating bacteria.

Sequencing. Sequencing was performed on enriched M13 DNA
isolated from the cell strain that expressed both UmuDC and
MucAB. Two hundred fifty-six blue and 100 clear plaques were
sequenced.

Results
MALDI–Time-of-Flight (TOF) MS. To determine whether the peaks
observed in the HPLC trace (Fig. 1 Inset) represented chemically
unique structures, MALDI-TOF MS was performed on 13-base
oligonucleotides containing FAPY major, FAPY minor, or a 2:1
mixture of the major:minor forms (FAPY mix). Twelve-base and
14-base oligonucleotides were used as internal standards, and in
each case, only one peak was observed for the FAPY-containing
oligonucleotide. This peak had m�z ratios of 4191.73, 4191.97,
and 4191.99, respectively, for each of the three samples. This
result indicates that FAPY major and FAPY minor share
identical chemical compositions, implying that they are most
likely rotamers of one another, as is the case for other form-
amidopyrimidines (33).

Construction of Genomes Containing AFB1 Adducts. Single-stranded
oligonucleotides containing AFB1-FAPY adducts were analyzed
by HPLC after being exposed to the conditions of genome
construction. Stability studies were performed on oligonucleo-
tides containing the FAPY major adduct, the FAPY minor
adduct, or FAPY mix. Although the FAPY major adduct
maintained its integrity through all steps of the procedure, there
was, however, some conversion of FAPY minor to the major
form. Accordingly, genetic studies were performed with only
oligonucleotides containing either FAPY major or FAPY mix.
Bailey et al. (40) demonstrated the stability of AFB1-N7-Gua
oligonucleotides under these conditions.

After the ligation of the oligonucleotide inserts (either mod-
ified or unmodified, as a control), it was noted that the yield of
intact modified genomes was low compared with that of unmod-
ified controls, indicating that steric or other factors may inhibit
efficient annealing and ligation of the AFB1-FAPY- or AFB1-
N7-Gua-containing inserts. The amount of DNA used in each
transformation was adjusted based on the percentage of circular
ligation product observed with agarose gel analysis.

Cellular Tolerance of AFB1 DNA Adducts. Genomes containing an
unmodified insert or an insert containing the FAPY major,
FAPY mix, or AFB1-N7-Gua adduct were electroporated into E.
coli (Fig. 2A). Several cell strains were used in these experiments

to probe the genetic requirements for toxicity. Cells not induced
for the SOS response (DL7) or cells that expressed the bypass
polymerases UmuDC (UV-irradiated DL7), MucAB (DL7�
pGW16), or both UmuDC and MucAB (UV irradiated DL7�
pGW16) were used in the electroporations. G to T mutations are
scored as light blue plaques, whereas wild-type sequences, other
point mutations, and in-frame deletions (provided they are small
enough) yield dark blue plaques (16). Clear plaques would result
from frame shifts, large deletions, or genomes without inserts.

Each adduct-containing genome was electroporated into each

Fig. 2. Lethality and mutagenicity of AFB1-FAPY. (A) M13 genomes con-
tained a single aflatoxin adduct and were replicated in E. coli expressing
different bypass polymerases. (B) Cell strains challenged with FAPY mix, FAPY
major, or an unmodified control exhibited different levels of survival. The x
axis depicts the adduct with which the cell was challenged and the polymerase
status of the cell, whereas the y axis is the number of infective centers per
milliliter. (C) The G to T mutation frequency for cell strains challenged with
FAPY mix is represented here. Cell strains expressed the bypass polymerases
indicated by the x axis. The G to T mutation frequency was calculated by
counting the number of light blue plaques and dividing by the total number
of blue plaques observed. Error bars for both graphs reflect the SEM for four
sets of data.
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cell strain 8–40 separate times to yield one set of data. Every
graph shown represents four sets of data, each set generated
from a separate genome construction event. After transforma-
tion, the total number of blue plaques was scored as the number
of infective centers. Each infective center represents a single
transformation event by one M13 genome that was successfully
replicated in the host cell, yielding a wild-type or mutant
outcome. Thus, we can determine how well or poorly the
replication machinery of the cell can handle the challenge of a
single AFB1-FAPY adduct. Fig. 2B compares the numbers of
infective centers per milliliter of transformed cells for genomes
containing an unmodified, FAPY major, or FAPY mix oligo-
nucleotide insert in each of the genetic backgrounds described
above. We found that unmodified inserts were tolerated an
average of 2–3 orders of magnitude better than those containing
a modified insert. When cells were challenged with the FAPY
major adduct alone, the genome survived less well than a
comparable genome containing FAPY mix. Cells tolerated the
AFB1-N7-Gua adduct 1–2 orders of magnitude better than the
FAPY mix adduct, as inferred from the number of infective
centers obtained (data not shown). These data indicate that the
AFB1-N7-Gua adduct is far less effective as a replication block
than the AFB1-FAPY adduct. In our hands the FAPY major
adduct is the most lethal known aflatoxin-induced replication
block in vivo. FAPY mix is not as lethal a block to replication,
therefore it is possible that cells that survive the challenge with
aflatoxin contain mostly the FAPY minor component of this
mixture and, therefore, most of the mutations that arise may be
a result of this form of the adduct. It is for this reason that we
chose to evaluate the FAPY mix adduct in our mutagenicity
studies.

Mutagenicity of the AFB1-FAPY Adduct. The experimental system
allowed the facile scoring of G to T mutations by using the
convenient light blue�dark blue color selection described above.
Fig. 2C shows the G to T mutation frequency of the FAPY mix
adduct in each of the four genetic backgrounds used in this study.
Cells not induced for bypass polymerases showed the lowest
number of mutations, about 15%. Those expressing UmuDC
showed a 17% mutation frequency, whereas the MucAB-
expressing cells showed a 27% mutation frequency. Finally, cells
expressing both UmuDC and MucAB showed a 32% mutation
frequency, which is less than additive, implying that both poly-
merases may compete to bypass the same adduct. The same
trend observed for survival is not observed for mutation fre-
quency and, in fact, the only significant difference discovered
here is that cells expressing MucAB, whether or not UmuDC is
present, have a slightly higher G to T mutation frequency than
the cell strains that do not express the MucAB bypass polymer-
ase. To simplify our analysis, we therefore decided to evaluate
the frequency of other types of mutations only in the cell strain
expressing both UmuDC and MucAB.

The G to T mutation frequency observed by Bailey et al. (16)
for the AFB1-N7-Gua adduct was 4% in the cell strain expressing
MucAB. After repeating this experiment for all four cell strains
used in these studies, the mutation frequency was found to be
between 2–6%, which agrees well with prior results and allows
for a direct comparison of the two studies. The modest muta-
genicity of AFB1-N7-Gua is striking by contrast with AFB1-
FAPY. Indeed, FAPY adducts are at least 6 times as likely to
cause G to T mutations as their molecular predecessor, AFB1-
N7-Gua.

Enrichment for Non-G to T Mutations. The non-G to T mutations
were expected to be infrequent; therefore, we used a method that
would help to enrich the phage pool for mutants by eliminating
the majority of wild-type DNA. Progeny phage obtained from
the eight transformation events that gave the highest number of

transformants in each cell strain were pooled, the population was
expanded in cell culture, and the double-stranded (replicative
form) M13 DNA was isolated. The oligonucleotide inserts were
engineered such that they contained a unique SfuI restriction site
that encompassed the target base for evaluation of mutagenesis.
If this and the surrounding positions retained their wild-type
sequence, the restriction enzyme would successfully cut this
DNA, rendering it unable to transform E. coli. However, if a
mutation occurred within the restriction site, the DNA would be
refractory to digestion and therefore able to transform E. coli
successfully.

DNA from progeny phage that were a result of AFB1-FAPY-
modified genomes transfected into cells expressing both
UmuDC and MucAB was subjected to treatment with SfuI or
was mock-treated. The number of dark blue plaques in the
digested sample divided by the number of dark blue plaques in
the mock-treated sample is termed the restriction-resistant
fraction (RRF) and is a first approximation of the mutation
frequency. Sequencing the dark blue plaques in the digested
samples and multiplying their values by the RRF yields the true
frequency of each type of non-G to T mutation present. It should
be noted that all of the dark blue plaques did not consist of
wild-type or mutant sequences; some were the result of the
genetic engineering procedures used in the experiment. For
example, some sequences were M13 DNA that had been ligated
back together without an insert, containing only a few extra
random bases to put the gene back in frame. Others were small
deletions that presumably result from errant nuclease action.
These species are included in the total used to calculate the
fraction of each type of mutation observed. The following overall
mutation frequencies were observed: G to A � 1%, total 5�
mutations (C to G and C to T) � 1%, a specific quadruple
mutation � 1%, and other multiple mutations � 3%. For
comparison, under these genetic conditions the G to T mutation
frequency was 32%.

When looking only at the dark blue plaques that were mutants,
it can be determined how each specific type of mutation con-
tributed to the total. The following percentages were observed:
G to A mutations � 18%, total 5� mutations (C to T and C to
G) � 16%, a specific quadruple mutation � 16%, and other
multiple mutations � 49%. Table 1 shows the different multiple
mutations and calculates the contribution of each mutation to
the total. One surprising result was the presence of a specific
quadruple mutation. This sequence was 5�-CCTCTAAA-
GACTC-3�. The bold bases are mutations, and the underlined
base is the originally modified site. The mutation at the target
site was a G to A, and these were not included in the total number
of G to A mutations. The two 5� transversions are T to A and C
to A, respectively, and the 3� transition is A to G, none of which

Table 1. Multiple mutations induced by AFB1-FAPY mix

Mutation type Sequence (5�–3�) Contribution*, %

Wild type CCTCTTCGAACTC
Quadruple CCTCTAAAGACTC 16
Tandem CTGCTTGAAACTC 10

CCTCTTGAAACTC 3
5� or 3� CCTCTTTGAACTC 10

CCTCTTGGAACTC 3
CTCCATTGAAGTC 8

Deletions CGACTTC(�GAA)CTC 2
CGTCTTC(�GAA)CTC 8

Other CATCTTCTAACTC 8

Underlined base is target site of modification. Boldface indicates mutated
bases. Parentheses (�) indicate deletions.
*Contribution of the type of mutation to the total number of non-G to T
mutations observed.
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were included in the total number of 5� or 3� mutations. We
believe that the multiple mutations are completely unique to the
AFB1-FAPY adduct, specifically the FAPY minor form, because
of the fact that FAPY major is a lethal replication block in our
system. We also hypothesize that the FAPY minor adduct,
before converting to the low energy FAPY major structure, may
cause some conformational f lexibility of the DNA helix that may
interfere with the replication of several bases that are adjacent
to the modified site.

Several small deletions consisting of the codon containing the
modified G were also observed. They made up about 10% of the
non-G to T mutations and may be a result of the complete bypass
of the damaged area by the polymerase. One other occurrence
was the point mutation of one or two bases located about five to
six positions upstream of the modified G. Most often these
mutations were C to T or C to G. It is possible that these
mutations are the results of localized infidelity of the error-prone
polymerase distal to the damaged site. Such mutations would
taper off once the normal replicative DNA polymerase resumed
its function.

Discussion
Epidemiological studies indicate that aflatoxin B1 plays a syn-
ergistic role with hepatitis B virus in the formation of many
human hepatocellular carcinomas (1). It is believed that the
carcinogenicity of the toxin is mediated in part by the mutagenic
properties of one or more of the AFB1 DNA adducts. Although
exposure to HBV alone increases the risk of HCC, the risk is
much higher in an individual who is positive for HBV and is at
risk for high levels of aflatoxin exposure. Studies indicate that
people who live in areas where potential AFB1 exposure is high
are 3 times more likely to develop HCC. Those who test positive
for HBV are about 7 times more likely to develop HCC, and
when both these criteria are met, people are 60 times more likely
to develop this disease.

The work presented here evaluated the contributions to
lethality and mutagenicity of the aflatoxin formamidopyrimi-
dine adduct, a DNA lesion that is highly persistent in liver in vivo
(25). The G to T mutation at the third position of codon 249 of
the p53 tumor-suppressor gene has been observed in over 50%
of HCC cases as well as in human hepatocytes treated with AFB1
in culture (2, 3). Additionally, activation of human ras genes by
specific G to T mutations presumed to be caused by aflatoxin
exposure may play a significant role in malignant transformation
(4–6). This mutation was observed for the AFB1-N7-Gua adduct
in the mutation analysis system used in this study. AFB1-N7-Gua,
however, was only weakly mutagenic, with a mutation frequency
of 2–6%. By contrast, we have established that AFB1-FAPY
produced the same mutation with a frequency of up to 32%;
because this adduct is also highly persistent in the genome, it has
great potential to play a role in hepatocarcinogenesis.

It would be of interest to know to what extent the structures
of the different types of aflatoxin DNA adducts influence their
biological properties. The NMR structures of AFB1-DNA ad-
ducts provide insight into this issue (27). The AFB1-FAPY
adduct stabilizes the DNA duplex by unwinding it by about 15°
and increasing stacking interactions between the intercalated
aflatoxin moiety and the neighboring bases. In addition there is
a possible hydrogen bond between the formyl proton of what is
thought to be FAPY major and the exocyclic amino group on a
neighboring adenine. The NMR solution structure of AFB1-N7-
Gua also reveals an increased melting temperature of the DNA
duplex, but only by about 3–5°C (42). Additionally, this form of
the adduct bends slightly the DNA helix (28). NMR data to
establish the FAPY minor structure remain elusive.

In principle, repair enzymes may recognize AFB1-N7-Gua
better than the FAPY analog owing to the greater distortive
effect of AFB1-N7-Gua on DNA structure. In support of this

view, excision repair systems preferentially remove AFB1-N7-
Gua from the DNA of human fibroblasts (43). The FAPY
adduct, having a more subtle effect on DNA architecture and a
more profound effect on the local melting temperature of the
DNA duplex than AFB1-N7-Gua (29, 41, 42), may evade repair,
which is in line with its persistence in vivo. The longevity of the
FAPY adduct, combined with its high mutagenic potential,
makes it a dangerous lesion.

Unfortunately, the sequences used in the two NMR studies of
AFB1-N7-Gua and AFB1-FAPY (27, 29) were not identical,
which raises the question of whether sequence context may have
an effect on the secondary structures these adducts form within
DNA. Sequence context may in addition affect whether the
adducts are blocks to replication, as has been observed for both
the AFB1-N7-Gua and AFB1-FAPY adducts in many in vitro
systems (12, 44–48) and�or what frequencies and types of
mutations they cause. It is possible that different sequence
contexts allow for faster or slower conversion of FAPY minor to
FAPY major, if the stability of the adduct depends on hydrogen
bonding with neighboring bases.

There are clear differences in the survival of phage DNA
containing an AFB1-FAPY adduct when that DNA is replicated
in cells expressing different bypass polymerases. UmuDC and
MucAB are analogous bypass polymerases (polV) found in E.
coli and S. typhimurium, respectively (38, 49–51). Phage DNA
harboring the AFB1-FAPY adduct survives best when replicated
in cells expressing MucAB, a polymerase that is currently
thought to be the most proficient at bypass of bulky lesions (Fig.
2B) (17, 50, 52–58). This study has established that the FAPY
major adduct is the strongest block to replication of all of the
aflatoxin adducts studied here, irrespective of which bypass
polymerase is used by the cell to help it overcome the DNA
damage. Thus, this lesion is a prime candidate as a contributor
to the extreme toxicity of AFB1. This conclusion may be extrap-
olated to humans, because mammalian cells have similar lesion
bypass mechanisms (59, 60). In contrast, phage DNA containing
the AFB1-N7-Gua adduct generates about 2 orders of magnitude
more infective centers than that containing the AFB1-FAPY
adducts, indicating that the AFB1-N7-Gua adduct is a less
formidable threat to the replication machinery of the cell.

AFB1-FAPY induces a G to T mutation frequency that is
roughly 6 times that observed for AFB1-N7-Gua. The G to A
mutation frequency is similar for the two adducts, the G to C
mutation frequency is higher for the AFB1-N7-Gua adduct, and
there are also a similar number of 5� mutations, supporting the
notion that it is the bulkiness of the AFB1 adducts that causes
adjacent mutations. Additionally, the FAPY minor adduct may
induce a zone of conformational f lexibility in the vicinity of the
adduct. This zone possibly interferes with faithful replication
beyond the adduct, causing multiple mistakes to be made by the
polymerase, and resulting in several mutations in the immediate
area. One particularly interesting case is that of a quadruple
mutant that makes up 16% of the non-G to T mutations observed
(1% of all mutations caused AFB1-FAPY), demonstrating that
multiple mutations are not necessarily random. The lesion itself
may determine the type of mutations observed at sites other than
the target site, which is consistent with the fact that these
mutations are not observed for the AFB1-N7-Gua adduct. One
aspect to note regarding the quadruple mutants is that all four
of the bases inserted opposite the lesion are pyrimidines, possibly
because they are less sterically hindered than their bulkier purine
counterparts, and therefore more easily placed opposite a lesion.

In most studies of the mutations observed in DNA globally
modified with AFB1, there are several instances in which mu-
tations occur 5� or 3� to a G, and sometimes even several bases
away. When these mutations occur at a C, they have been
commonly attributed to a modified G in the opposite strand. This
may or may not be the case, and when the mutations occur at
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bases other than C, these mutations may be the results of an
adduct a few bases away. We have closely evaluated several
reports in the literature (61, 62) and have noted that the
sequence context used in our studies appears several times. In
these sequence contexts there exist mutations that mirror the
multiple mutations that we have observed. These mutations
could be a result of the adduct itself or a function of a
bypass�repair mechanism of the cell. The notion that one DNA
adduct can cause more than one mutation, even a few bases away
from the adduct site, is supported by the work of others (63), who
observe this phenomenon not only for AFB1, but also for
benzo(a)pyrene and UV light. All of the aforementioned studies
support the observation that mutational hotspots do not always
correspond with hotspots for adduct formation (1).

This work, in summary, leads to three main conclusions. The
first is that the highly persistent AFB1-FAPY adduct is also
highly mutagenic, which poses a long-term threat to the genetic
integrity of cells harboring the adduct. Second, the FAPY major
form of the adduct is a very strong block to replication, even
when cells use bypass polymerases. Similar mammalian replica-
tive and DNA repair systems may have difficulty dealing with this
adduct in vivo, leading to toxic effects. Finally, the AFB1-FAPY
adduct is responsible for mutations that occur at sites other than
the site of initial damage.
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