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Aspergillus flavus is a fungal contaminant of stored rice,
wheat, corn, and other grainstuffs, and peanuts. This is of
concern to human health due to the fact that the fungus
produces the mycotoxin aflatoxin B; (AFB;), which is
genotoxic and is implicated in the etiology of human liver
cancer. AFB,; is oxidized by cytochrome P450 to form
aflatoxin B; epoxide, which forms an N7-dG adduct (AFB;-
N7-dG) in DNA. The Ilatter rearranges to a
formamidopyrimidine ~ (AFB;-FAPY)  derivative  that
equilibrates between a and § anomers of the deoxyribose. In
DNA, both the AFB;-N7-dG and AFB;-B-FAPY adducts
intercalate above the 5'-face of the damaged guanine. Each
produces G—T transversions in Escherichia coli, but the
AFB-B-FAPY adduct is more mutagenic. The Sulfolobus
solfataricus P2 DNA polymerase IV (Dpo4) provides a model



for understanding error-prone bypass of the AFB;-N7-dG and
AFB;-B-FAPY adducts. It bypasses the AFB;-N7-dG adduct,
but it conducts error-prone replication past the AFB,-FAPY
adduct, including mis-insertion of dATP, consistent with the
G—T mutations characteristic of AFB; mutagenesis in E. coli.
Crystallographic analyses of a series of binary and ternary
complexes with the Dpo4 polymerase revealed differing
orientations of the N7-C8 bond of the AFB,-N7-dG adduct as
compared to the N°-C8 bond in the AFB,-p-FAPY adduct, and
differential accommodation of the intercalated AFB; moieties
within the active site. These may modulate AFB,; lesion
bypass by this polymerase.

Introduction

The fungi Aspergillus flavus is a frequent contaminant of stored rice, wheat,
corn, and other grainstuffs, and peanuts. This is of serious concern to human
health due to the fact that the fungus produces the mycotoxin aflatoxin B,
(AFBy) (/-4). This mycotoxin is among the most genotoxic natural products
and it is mutagenic in bacteria (2, 5-7), tumorogenic in fish (8, 9), carcinogenic
in rodents (10, 11), and is implicated in the etiology of human liver cancer (/2-
14). Aflatoxin exposures are implicated in mutations to the p53 tumor
suppressor gene (15-21).

Chemistry of AFB-Induced Alkylation of DNA

The genotoxicity of AFB, is associated with its oxidation to the reactive
electrophile AFB;-exo0-8,9-epoxide by cytochromes P450 (Chart 1) (22-26). The
synthesis of AFB;-exo-8,9-epoxide was reported by Baertschi et al. (27) and
involved oxidation of AFB, with dimethyldioxirane (28, 29). The availability of
this epoxide facilitated investigations with respect to both the chemical and
biological consequences of AFB;-induced DNA alkylation. The short-lived
AFB;-ex0-8,9-epoxide (26) reacts efficiently with duplex DNA to yield the
AFB; N7-dG adduct trans-8,9-dihydro-8-(N7-guanyl)-9-hydroxyaflatoxin B; (2,
30). This is attributed to intercalation of the epoxide above the 5' face of dG in
DNA (31), facilitating nucleophilic attack by the N7 nitrogen at the C8 carbon
of the epoxide (32). At acidic pH, the AFB;-N7-dG adduct depurinates to yield a
potentially genotoxic abasic site. In contrast, hydrolysis of the guanine
imidazole ring forms the AFB; formamidopyrimidine adduct (AFB;-FAPY)
(33). In DNA, the AFB;-FAPY adduct is longer-lived (34-36). Smela et al. (37)
demonstrated that an oligodeoxynucleotide containing an AFB;-FAPY adduct



equilibrated between two separable species, one of which was mutagenic
whereas the other blocked DNA replication. These correspond to the o and
anomers of the AFB,-FAPY adduct; the mutagenic species is the AFB,-3-FAPY
adduct; the AFB-a-FAPY adduct blocks replication (Chart 2) (38). In duplex
DNA the AFB;-B-FAPY anomer is favored, but in single strand DNA, a 2:1 a:f§
equilibrium mixture of anomers is observed (38). Additionally, the AFB,-FAPY
adduct undergoes conformational rearrangements involving atropisomers about
the C5-N5 bond and geometrical isomers of the formyl moiety (38). Note the
change in numbering in going from the AFB;-N7-dG adduct to the AFB;-FAPY
adduct; the C5-N5 bond in the AFB;-FAPY adduct corresponds to the C5-N7
bond in the AFB;-N7-dG adduct.

Site-Specific Mutagenesis of the AFB;-N7-dG Adduct in E. coli

Essigmann and co-workers had developed methodology allowing
individual DNA adducts, such as those induced by exposures to AFB;-exo-8,9-
epoxide, to be situated at defined sites in the E. coli virus M13mp8 (39). These
site-specifically modified phage genomes could then be introduced into E. coli,
where replication would occur, subject to the actions of both replication and
repair enzymes endogenous to the bacterium. By assessing the levels and types
of DNA sequence alteration(s) induced in progeny phage at the site originally
occupied by the adducts, a detailed picture of the cellular processing of these
adducts by E. coli emerged (39). Such site-specific mutagenesis assays
demonstrated that the AFB;-N7-dG adduct was mutagenic in E. coli, yielding
primarily G—T transversions at levels of about 5% (40). This observation was
particularly significant because earlier studies had indicated that G—T
transversions were the primary mutations associated with random AFB;
mutagenesis in E. coli (6). Consequently, these site-specific mutagenesis data
(40) implicated the AFB;-N7-dG adduct as a pre-mutagenic lesion induced by
AFB, in E. coli.

Structural Studies of the AFB;-N7-dG Adduct in
Oligodeoxynucleotides

Using standard NMR methodology (41, 42), structures of
oligodeoxynucleotide duplexes containing AFB; N7-dG adducts were obtained
by our laboratory. These revealed the basis by which the AFB, N7-dG adduct
was accommodated within duplex DNA. The AFB;-N7-dG adduct intercalated
above the 5' face of the modified dG in two oligodeoxynucleotides:
d(ATCXAT)*d(ATCGAT), as shown in Figure 1, X = AFB|-N7-dG adduct, and
d(ATXCAT), (43-45). A structure of the AFB; N7-dG adduct in an
oligodeoxynucleotide duplex containing an extra dA opposite the AFB; moiety



was also obtained (46). A structurally-related adduct of sterigmatocystin formed
a similar intercalated structure (47). Unlike most DNA adducts, the AFB; N7-
dG adducts thermodynamically stabilized the DNA duplex, as evidenced by
increases in duplex melting temperatures (T,, studies), as monitored either by
UV spectroscopy or by NMR (48, 49). These structural and thermodynamic
observations provide insight into the structural alterations of the DNA duplex
that may modulate the repair of AFB, lesions, and have led to the suggestion
that the AFB; N7-dG adduct may be refractory to DNA repair (49). Whether
this is indeed the case but this remains to be established. It is established that
the AFB|-N7-dG adduct is a substrate for nucleotide excision repair (50).
Significantly, DNA damage frequently involves the "flipping" of damaged bases
into an active site pocket of the repair enzyme, particularly in the case of base
excision repair (57), but possibly also in the case of nucleotide excision repair
(52). One can speculate that an intercalated and thermodynamically stabilizing
adduct might be more difficult to recognize and repair.

Site-Specific Mutagenesis of the AFB;-FAPY Adduct in E. coli

Opening of the imidazole ring of the initially formed cationic AFB;-N7-dG
adduct (2, 30) yields the AFB;-B-FAPY adduct (33, 38). Site-specific
mutagenesis experiments carried out by Essigmann and co-workers revealed that
the AFB-B-FAPY adduct yielded G—T transversions at levels as high as 36%
in E. coli (37), significantly higher than those observed for the cationic AFB;-
N7-dG adduct (40). This observation, combined with observations that the
AFB;-B-FAPY adduct was persistent in vivo (34-36), suggested that the AFB;-
B-FAPY adduct may be the most genotoxic lesion formed by exposures to
AFB4. In single strand DNA, the lack of the complementary strand facilitates the
epimerization of the deoxyribose and the formation of an equilibrium mixture of
o and B FAPY anomers, with the a anomer predominating in this sequence
context (37). In E. coli, the AFB;-a-FAPY adduct was a block to replication
37).

Structural Studies of the AFB;-FAPY Adducts in
Oligodeoxynucleotides

As shown in Figure 2, in DNA the AFB,-p-FAPY adduct intercalated with
the AFB; moiety on the 5' face of the pyrimidine moiety of the adducted
nucleotide (49, 53), similar to the initially formed AFB;-N7-dG adduct (43, 44,
46, 54). The stability of the AFB;-f-FAPY adduct in DNA was attributed to
robust interstrand stacking interactions (49, 53). The AFB;-a-FAPY adduct also
intercalated above the 5' face of the damaged base (55). The lower stability of
the AFB;-a-FAPY as compared to the AFB;-B-FAPYadduct (49, 53) was



attributed to structural perturbations in the DNA and reduced interstrand
stacking (55). The similar 5'-intercalation of the AFB;-N7-dG (43, 44, 46, 54)
and AFB-B-FAPY (53) adducts were consistent with each producing G—T
transversions in E. coli, but did not readily explain the increased mutagenecity
of the AFB;-B-FAPY adduct (37).

Bypass of AFB; Adducts by the Sulfolobus solfataricus P2 DNA
polymerase IV (Dpo4)

In an effort to understand why the AFB;-B-FAPY adduct is more mutagenic
than is the AFB,-N7-dG adduct (37), we examined the bypass of the AFB,-N7-
dG (43, 44, 46, 54) and AFB,-B-FAPY (53) adducts by the Sulfolobus
solfataricus P2 DNA polymerase IV (Dpo4) (56), a DinB homologue (57). In
one series of experiments, the 18-mer template 5'-
d(TCATTXAATCCTTCCCCC)-3' (X = AFB|-N7-dG or AFB,-3-FAPY
adduct) was annealed with the Sequence I 12-mer primer 5'-
d(GGGGGAAGGATT)-3', leading to a templateeprimer primed for
incorporation of dNTPs opposite the adduct (Chart 3) (56). In a second series of
experiments, the 18-mer template 5'-d(TCATTXAATCCTTCCCCC)-3' (X =
AFB|-N7-dG or AFB,-B-FAPY adduct) was also annealed with the Sequence 11
13-mer primer 5'-d(GGGGGAAGGATTC)-3', leading to a templatesprimer
primed for extension of dNTPs beyond the dX:dC primer terminus (Chart 3)
(56).

Figure 3 (top panel) shows the results of single nucleotide incorporation
assays using the Sequence I 18mer:12mer template:primer (Chart 3) (56). The
Dpo4 polymerase exhibited a strong preference for the correct incorporation of
dCTP opposite the AFB;-N7-dG lesion. When all four dNTPs were included in
the reaction, the polymerase extended the primer to the full-length 18-mer
product. Figure 3 (bottom panel) shows the results of single nucleotide
incorporation assays using the Sequence II 18mer:13mer template:primer (Chart
3). This experiment monitored single nucleotide extension beyond the correctly
inserted dC at the 3'-terminus of the primer. The polymerase correctly inserted
dATP twice, corresponding to the positioning of the two thymines 5' to the
AFB|-N7-dG lesion in the template. When all four ANTPs were included in the
reaction, the polymerase extended the primer to the full-length 18-mer product.

Figure 4 (top panel) shows the results of single nucleotide incorporation
assays using the Sequence I 18mer:12mer template:primer (Chart 3) (56). The
Dpo4 polymerase was less efficient at inserting nucleotides opposite the AFB;-
B-FAPY lesion. The correct nucleotide dCTP was inserted opposite the AFB;-[3-
FAPY lesion but the incorrect nucleotide dATP was also incorporated. In the
dATP lanes, weak bands are observed corresponding to the 14-mer and 15-mer
products, suggesting that multiple insertions of dATP occurred, presumably



involving the two 5'-neighboring template dT nucleotides in the template strand,
perhaps coupled with strand slippage. Thus the AFB;-B-FAPY adduct exhibited
both correct incorporation of dCTP and misincorporation of dATP for this
template:primer. In the presence of all four ANTPs, the polymerase extended the
primer to the full-length 18-mer product. Figure 4 (bottom panel) shows the
results of single nucleotide incorporation assays using the Sequence II
18mer:13mer template:primer (Chart 3). This monitored single nucleotide
extension beyond the correctly inserted dC at the 3'-terminus of the primer. The
polymerase was less efficient at extending nucleotides past the AFB;-3-FAPY
adduct, as compared to the AFB,-N7-dG adduct. It did not efficiently insert any
dNTP in the single-nucleotide extension reactions, although again in the dATP
lanes, weak bands probably correspond to multiple insertions of dATP opposite
the 5'-neighboring dT nucleotides in the template. When all four dNTPs were
included, the primer was extended to the full-length 18-mer product.

These data recapitulated aspects of the site-specific mutagenesis for the
AFB{-N7-dG and AFB;-FAPY adducts (37, 40). Predominantly error-free
bypass was observed for the AFB;-N7-dG adduct (Figure 3), which correlated
with the lower mutagenecity of this adduct (40). For the AFB;-N7-dG adduct
the polymerase both inserted the correct dCTP opposite the damaged base and in
the presence of all four dNTPs, extended the primer to a full-length product
(Figure 3). With the AFB;-B-FAPY adduct, replication bypass was less efficient
and error-prone, correlating with the greater mutagenecity of this adduct (Figure
4) (37). Also, the polymerase misincorporated dATP, albeit inefficiently, when
challenged by the AFB;-B-FAPY adduct (Figure 4). This would be anticipated
to lead to a G—T transversion, in agreement with site-specific mutagenesis
studies (37).

Crystallography of AFB;-Adducted Template:Primers
Complexed with the Dpo4 Polymerase

Structures of the Dpo4 polymerase in complex with DNA and incoming
dNTPs provide models for investigating the structural features that determine
lesion bypass efficiency and fidelity with the corresponding human Y-family
polymerases (58). The active sites of Y-family polymerases are solvent
accessible and in some cases can accommodate two template bases (58-63). The
nascent base pair is less constrained than for replicative polymerases. The
spacious active site relaxes geometric selection for the incoming dNTP (60),
compromising the efficiency and fidelity of replication. The bypass ability,
accuracy, and efficiencies of these polymerases vary (57, 64-67) and depend on
the types of DNA adduct (68-78).

The ternary complex of the AFB;-N7-dG adduct with the Sequence 1 12-
mer primer, showing correct insertion of dCTP opposite the adducted guanine
(Figure 5) provided the first glimpse of the AFB;-N7-dG adduct during



replication bypass (56). The intercalation of the AFB; moiety above the 5'-face
of the adducted guanine, with the methoxy group facing the minor groove of the
template, and the two keto oxygens facing into the nascent duplex, was similar
to that observed in DNA (55). The damaged nucleotide was accommodated
within the active site of the polymerase without changes to the conformation of
the AFB; adduct in DNA. The adducted guanine base and AFB; moiety were
16° out of plane. This was a consequence of maintaining the bond between N7-
dG and the C8 carbon of the AFB; moiety in plane with the damaged guanine
base and had been inferred from NMR data (44, 54). This allowed for stacking
of the AFB; moiety above the 5'-face of the adducted guanine base, but created a
wedge in the DNA. During bypass, this perhaps facilitates the insertion of the
incoming dCTP between the AFB; moiety and the adducted guanine. The
potential for Watson-Crick hydrogen bonding between the incoming dCTP and
the guanine base remained intact (Figure 5). The distance between the 3'-OH
group of the primer to the a-phosphate suggested an active complex. This may
account for the ability of the polymerase to correctly insert dCTP opposite the
AFB|-N7-dG lesion (Figure 3), consistent with the low mutagenicity of this
lesion in E. coli (2, 40).

Figure 6 shows the polymerase active site, with the correct incoming dATP
placed opposite to the template 5'-neighbor dT (56). The incoming dATP
stacked above the AFB; moiety and was positioned to form Watson-Crick
hydrogen bonds with the template dT (Figure 6). Watson-Crick base pairing
was maintained between the guanine base of the AFB;-N7-dG adduct and the
primer 3'-terminus dC. Both the guanine base and dC of the primer tilted out of
plane toward the 3'-direction of the template. The AFB; moiety remained
intercalated above the 5'-face of the modified guanine. The distance between the
a-phosphate of the incoming dATP and the 3’-OH group of the primer was 6.7
A

Figure 7 shows the binary complex formed between the template containing
the AFB,-FAPY adduct and Sequence I, the 13-mer primer (Chart 3) (56). The
AFB; moiety intercalated above the 5'-face of the FAPY base. Similar to the
AFB;-N7-dG lesion, this placed the methoxy group facing the minor groove of
the template, with the two keto oxygens of AFB, facing the major groove of the
template. The deoxyribose was in the B-anomeric configuration. The C5-N°
bond of the pyrimidinyl moiety was in the R, configuration as observed for the
AFB;-B-FAPY adduct in DNA (49, 53), and the nucleoside and the FAPY base
(38). Rotation about this bond allowed the bond between the alkylated N
formamido nitrogen and the C8 of the AFB; moiety to orient out of plane with
respect to the FAPY base and toward the 5'-direction, as had been inferred from
NMR (49, 53, 55). This allowed the AFB; moiety to stack efficiently with the
FAPY base. The 3'-primer terminus dC formed a Watson-Crick bonding
interaction with the FAPY base. Unlike the binary complex involving native
DNA (79) in which the primer terminus reached to the end of the active site,



here the site was occupied by the AFB,-B-FAPY adduct and the template 5'-
neighbor dT (Figure 7). This was attributed to the intercalation of the AFB,
moiety above the 5'-face of the FAPY base and the stacking of the AFB; moiety
with the template 5'-neighbor dT. The distance between the primer terminus
AFB|-FAPY:dC pair and AFB, was ~3.7 A, similar to the helicoidal rise in B-
DNA. The conformations of the protein side chains for Y10, Y48 and R51 were
similar to those for the unmodified binary complex (79).

For the ternary complex showing correct insertion of dATP from the AFB;-
B-FAPY:dC Sequence II primer (Chart 3) the AFB; moiety was parallel with the
DNA base pairs and stacked between the FAPY base and 5'-neighbor dT (Figure
8) (56). The deoxyribose was in the B-anomeric configuration. The helicoidal
rise between the AFB; moiety and the FAPY base was ~ 3.7 A. The incoming
dATP paired with the 5'-neighbor template base dT, with conservation of
Watson-Crick hydrogen bonding (Figure 8). At the 3'-terminus of the primer,
Watson-Crick hydrogen bonding was maintained between the FAPY base and
the primer dC (Figure 8). This resulted in a gap of 6.9 A between the 3'-
hydroxyl of the primer dC and the a-phosphate of the dATP (Figure 8). The
oxygen atom of the formamide group participated in a water-mediated hydrogen
bond with Arg332 and made van der Waals contacts with Ile 295. Three bound
Ca® ions were identified (Figure 8). The first two were in the active site for
catalysis and dNTP coordination. The third Ca*" ion was 3.0 A from the side
chain carbonyl oxygen of Alal81 in the thumb domain of the polymerase. One
Ca®" ion at the active site was 3.5 A distant from the primer 3'-terminus
hydroxyl, suggesting that it was positioned to catalyze the reaction.

Structure-Activity Relationships

The conformational differences of the AFB; moiety within the active site of
the Dpo4 polymerase, which result from the differing orientations of the N7-C8
bond of the AFB,-N7-dG vs. the N°-C8 bond of the AFB;-B-FAPY adduct may,
in part, modulate AFB; lesion bypass by this polymerase. For the AFB,-3-FAPY
adduct, the parallel stacking of the AFB; moiety with the FAPY base may
hinder access to the incoming dNTP (Figure 7). For the AFB;-N7-dG adduct,
the adducted guanine base and AFB; moieties are 16° out of plane. The
resulting wedge between the adducted guanine base and the AFB; moiety might
faciliate access for the incoming dCTP (Figure 5), consistent with the error-free
bypass of the AFB-N7-dG adduct (Figure 3) (56).

The data suggest that following correct incorporation of dCTP opposite
the AFB,-B-FAPY adduct, the polymerase can insert dATP opposite the
template 5'-neighbor dT. In the ternary complex with the Sequence II 13-mer
primer and incoming dATP the FAPY base conserves Watson-Crick hydrogen
bonds with the 3'-primer terminus dC (Figure 8). The incoming dATP forms
Watson-Crick hydrogen bonds with the template 5'-neighbor dT. The structure



seems unlikely to be catalytically competent since the distance between the 3'-
OH of the primer and the o—phosphate of the incoming dATP is more than 6.9
A. It is unclear what rearrangements might facilitate phosphodiester bond
formation although one could envision transient dynamics bringing these atoms
sufficiently close to allow this. The incorporation of dATP opposite the template
S'-neighbor dT is reminiscent of the "Type II" structure observed for ternary
complexes of the polymerase with undamaged DNA (58). The polymerase
accommodates two template nucleotides, and it inserts the dATP opposite the
template 5'-neighbor nucleotide, rather than the damaged nucleotide.
Remarkably, the active site accommodates the FAPY base, the AFB; moiety,
and the template 5'-neighbor dT. Thus, this could be considered to be a
"pseudo" Type II structure (56).

Summary

Progress has been made in understanding the DNA chemistry associated
with human exposures to the mycotoxin AFB;. Both the initially formed AFB;-
N7-dG adduct and its rearrangement product, the AFB;-FAPY adduct, exhibit
intercalation of the AFB; moiety above the 5'-face of the damaged base. Site-
specific mutagenesis conducted in E. coli shows that both the AFB;-N7-dG and
the AFB;-FAPY adducts are mutagenic and induce G—T transversions.
However, the AFB-FAPY adduct is significantly more mutagenic.
Crystallographic studies using site-specifically modified template:primers with
the Y-family Dpo4 polymerase indicate that conformational differences of the
AFB, moiety within the active site of the polymerase, which result from the
differing orientations of the N7-C8 bond of the AFB,-N7-dG vs. the N°>-C8 bond
of the AFB;-B-FAPY adduct may, in part, modulate AFB; adduct bypass.
Future studies will examine the site-specific mutagenesis of these adducts in
mammalian cells and the replication bypass of these adducts by human Y-family
polymerases.

Laboratory Safety Statement

AFB4 is a potent liver toxin and is genotoxic, and it should be presumed that
AFB,-ex0-8,9-epoxide is toxic and genotoxic. Crystalline aflatoxins are
hazardous due to their electrostatic nature. AFB; can be destroyed by oxidation
with NaOCI. Manipulations should be carried out in a well-ventilated hood with
suitable containment procedures.

Data Deposition

Complete structure factor and final coordinates were deposited in the
Protein Data Bank (www.rcsb.org): PDB ID codes for the ternary complexes of



the AFB,-N7-dG adduct with dCTP, 3PW7; with dATP, 3PW4; for the binary
complex of the AFB;-B-FAPY, 3PVX; for the ternary complex of the AFB,-p3-
FAPY adduct with dATP, 3PWO.
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Figure Captions

Chart 1. Chemistry of AFB-induced DNA alkylation.
Cytochrome P450-mediated oxidation of AFB; forms aflatoxin
Bj-exo-8,9-epoxide, a reactive electrophile. This alkylates
DNA regioselectively at the N7 position of guanine, forming
the AFB;-N7-dG adduct. At neutral and acidic pH, this
adduct is prone to depurination, but at basic pH, it converts to

the AFB;-FAPY adduct.

Chart 2. Chemistry of the AFB;-FAPY adduct. A. Formation
of the AFB-FAPY adduct via base-catalyzed ring opening of
the AFB;-N7-dG adduct. B. The AFB;-FAPY adduct
interconverts between o and B anomers; the equilibrium is
dependent on single strand vs. duplex DNA environments.
Note the change in atomic numbering of the AFB;-FAPY

adducts, where the N7 nitrogen of guaine becomes the N’
nitrogen of the AFB-FAPY adducts. In nucleosides and

nucleotides, two atropomers, R, and S,, are possible about the
AFB,-FAPY C5-N° bond. Furthermore, Z and E geometrical
isomers are possible about the formamide bond. In duplex
DNA, rotation about the C5-N° bond is restricted because of
the intercalated AFB; moiety, and the R, atropisomer
predominates.

Chart 3. Sequences used for gel extension assays and
crystallography. Top: The 12-mer Sequence I primer used for

examining insertion of ANTPs opposite the AFB; adducts.
Bottom: The 13-mer Sequence Il primer used for examining
extension of dNTPs opposite either the AFB,-N7-dG:dC or

AFB|-FAPY:dC base pairs. X denotes either the AFB;-N7-dG

or AFB;-B-FAPY adducts.

Figure 1. Structure of the AFB;-N7-dG adduct in the 5'-
d(CXA)-3":5"-d(TCG)-3' sequence as determined by NMR; X =
AFB;-N7-dG adduct. The adduct intercalates above the 5'-
face of the modified guanine base and increases the thermal

melting temperature (T,,) of the duplex.
Figure 2. Structure of the AFB--FAPY adduct in the

modified 5"-d(TXA)-3":5'-d(TCA)-3' sequence as determined
by NMR; X = AFB;-B-FAPY adduct. The adduct intercalates
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above the 5'-face of the modified guanine and increases the
thermal melting temperature (T,,) of the duplex. The arrow
indicates the positioning of the formamide moiety in the major
groove.

Figure 3. Replication bypass of the AFB;-N7-dG modified
Sequence I and Sequence Il template:primers with S.
solfataricus P2 DNA polymerase Dpo4. The sequences I and
11 are displayed with the gels. The concentrations of the
dNTPs are provided below the gels. The designations A, T, C,
G represent single nucleotide incorporation experiments; the
designation ALL represents the full-length extension assay
incorporating all four dNTPs. Each assay was incubated for 1
hrat 37 °C.

Figure 4. Replication bypass of the AFB-B-FAPY modified
Sequence I and Sequence Il template:primers with S.
solfataricus P2 DNA polymerase Dpo4. The sequences I and
11 are displayed with the gels. The concentrations of the
dNTPs are provided below the gels. The designations A, T, C,
G represent single nucleotide incorporation experiments; the
designation ALL represents the full-length extension assay
incorporating all four dNTPs. Each assay was incubated for 1
hrat 37 °C.

Figure 5. Structure of the ternary AFB;-N7-dG modified
Sequence I template:primer complex with the S. solfataricus
P2 DNA polymerase Dpo4 and incoming dCTP. A. Electron

density at the active site. B. Watson-Crick base pair between
AFB;-N7-dG and 3 -primer terminus dC. C. Watson-Crick
dA:dT base pair involving the template 3 -neighbor dA. D.
Active site with the modified template:primer and the dCTP
along with the polymerase. The Dpo4 is colored green and the
AFB-N7-dG adduct is colored cyan.

Figure 6. Structure of the ternary AFB;-N7-dG modified
Sequence Il template:primer complex with the S. solfataricus
P2 DNA polymerase Dpo4 and incoming dATP. A. Electron
density at the active site. B. Watson-Crick base pair between
the 5 -template neighbor T and incoming dATP. C. Watson-
Crick base pair between AFB;-N7-dG and 3 -primer terminus
dC. D. Active site with the modified template:primer and the
dATP along with the polymerase. The Dpo4 is colored green
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and the AFB,-N7-dG is colored cyan. The Ca’" ions are
shown as blue spheres.

Figure 7. Structure of the binary AFB-B-FAPY modified
Sequence II template:primer complex with the S. solfataricus
P2 DNA polymerase Dpo4. A. Electron density at the active
site. B. Watson-Crick base pair between the FAPY base of the
AFB-B-FAPY adduct and 3 -primer terminus dC. C. The
electron density of the AFB;-b-FAPY nucleoside. D. Active
site with the modified template:primer along with the
polymerase. The Dpo4 is colored green and the AFB)-N7-dG
is colored cyan. The Ca’" ions are shown as blue spheres.

Figure 8. Structure of the ternary AFB-B-FAPY modified
Sequence Il template:primer complex with the S. solfataricus
P2 DNA polymerase Dpo4 and incoming dATP. A. Electron
density at the active site. B. Watson-Crick base pair between

the 5 -template T and the incoming dATP. C. Watson-Crick
base pair between the FAPY base of the AFB;-3-FAPY adduct
and 3 -primer terminus dC. D. Active site with the modified
template:primer along with the polymerase and the dATP. The
Dpo4 is colored green and the AFB,-B-FAPY is colored cyan.

The Ca’" ions are shown as blue spheres.
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Chart 2.
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Chart 3

5'-GGGGGAAGGATT-3"
3'-CCCCCTTCCTAAXTTACT-5"

5'-GGGGGAAGGATTC-3"
3'-CCCCCTTCCTAAXTTACT-5"
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Figure 1.
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Figure 2.
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Figure 3
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Figure 4
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Figure 5
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Figure 7
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Figure 8
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