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Crystal structures of 2-acetylaminofluorene and
2-aminofluorene in complex with T7 DNA polymerase
reveal mechanisms of mutagenesis

Shuchismita Dutta**, Ying Li*, Donald Johnson*, Leonid Dzantiev*S, Charles C. Richardson*, Louis J. Romano?*,

and Tom Ellenberger*"

*Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, 240 Longwood Avenue, Boston, MA 02115; and *Department

of Chemistry, Wayne State University, Detroit, Ml 48202
Contributed by Charles C. Richardson, September 22, 2004

The carcinogen 2-acetylaminofluorene forms two major DNA ad-
ducts: N-(2'-deoxyguanosin-8-yl)-2-acetylaminofluorene (dG-AAF)
and its deacetylated derivative, N-(2’-deoxyguanosin-8-yl)-2-amin-
ofluorene (dG-AF). Although the dG-AAF and dG-AF adducts are
distinguished only by the presence or absence of an acetyl group,
they have profoundly different effects on DNA replication. dG-AAF
poses a strong block to DNA synthesis and primarily induces
frameshift mutations in bacteria, resulting in the loss of one or two
nucleotides during replication past the lesion. dG-AF is less toxic
and more easily bypassed by DNA polymerases, albeit with an
increased frequency of misincorporation opposite the lesion, pri-
marily resulting in G — T transversions. We present three crystal
structures of bacteriophage T7 DNA polymerase replication com-
plexes, one with dG-AAF in the templating position and two others
with dG-AF in the templating position. Our crystallographic data
suggest why a dG-AAF adduct blocks replication more strongly
than does a dG-AF adduct and provide a possible explanation for
frameshift mutagenesis during replication bypass of a dG-AAF
adduct. The dG-AAF nucleoside adopts a syn conformation that
facilitates the intercalation of its fluorene ring into a hydrophobic
pocket on the surface of the fingers subdomain and locks the
fingers in an open, inactive conformation. In contrast, the dG-AF
base at the templating position is not well defined by the electron
density, consistent with weak binding to the polymerase and a
possible interchange of this adduct between the syn and anti
conformations.

N umerous carcinogenic aromatic amines, including a variety
of environmental and dietary carcinogens and heterocyclic
aromatic amines present in tobacco smoke condensate, are
known to react with DNA to form adducts at the C8 position of
guanine (1). 2-Acetylaminofluorene (AAF) is the best-studied
example of this class of carcinogen (2). Originally developed as
a pesticide, toxicity tests showed that this compound and related
derivatives are potent liver carcinogens (3). Thus, the compound
was never introduced as a pesticide. Instead, AAF has become
a model compound for the study of the mutagenic and carcino-
genic effects of aromatic amines (4).

Metabolic activation of AAF in vivo generates intermediates
that form two related adducts bound to the C8 position of
guanine DNA: the N-(2'-deoxyguanosin-8-yl)-AAF (dG-AAF)
adduct and the corresponding deacetylated N-(2'-deoxyguano-
sin-8-yl)-2-aminofluorene (dG-AF) derivative (Fig. 1) (3). The
mutagenic consequences of these adducts are quite distinct in
Escherichia coli. The dG-AF adduct predominately produces
randomly distributed base-substitution mutations (5, 6), whereas
the dG-AAF adduct results in frameshift mutations that fre-
quently target specific repetitive sequences (4, 7-9). In vitro
studies using templates modified with either a dG-AF or dG-
AAF adduct have shown that the 2-aminofluorene (AF) adduct
is bypassed much more readily than the corresponding AAF
adduct by a variety of DNA polymerases (10, 11). It has been
suggested that the differences in mutagenic effects may be
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related to the diverse replication properties of these adducts.
Moreover, most spectral, enzymatic, and theoretical studies
suggest that the AF structure produces much less distortion in
the DNA helix than does the closely related AAF adduct (12-16)
and that these structural differences are responsible for the
different biological consequences.

NMR and molecular mechanics studies of a dG-AAF adduct
in double-stranded DNA have confirmed that a major structural
distortion is caused by this adduct. These spectral studies have
shown that the glycosidic torsion angle of the modified nucleo-
tide adopts a syn conformation with the modified guanine
unpaired and lying outside the double helix (17). This distortion
of the DNA structure is consistent with an earlier base-
displacement model proposed on the basis of circular dichroism
studies of the DNA lesion (18) in which the fluorene ring of
dG-AAF partially inserts between adjacent base pairs, causing a
local disruption of base-pairing. This model is termed the
insertion—denaturation model (19, 20).

Studies of the deacylated dG-AF adduct in double-stranded
DNA by similar methods have revealed two interchangeable
conformers of the modified nucleoside (21-24). In one con-
former, the fluorene ring of dG-AF is oriented outside the DNA
helix, where it does not perturb base-pairing. In this outside-
binding conformation, the modified guanosine adopts an anti
conformation and base-pairs with the complementary DNA
strand. In the alternative conformer of dG-AF, the fluorene ring
stacks inside the double helix, and the guanosine adopts a syn
conformation in which it is exposed and unpaired in a manner
similar to the dG-AAF adduct.

The highly distorting syn conformation of the dG-AAF adduct
has been used to explain why this modification poses a strong
block to replication and is not efficiently copied by a polymerase
(11). It is possible that the ability of the dG-AAF adduct to halt
replication may also promote frameshift mutagenesis by provid-
ing sufficient time for the realignment of primer and template
DNA strands to form a slipped mispair with the lesioned
nucleotide looped out of the template strand (25). Similarly, the
syn conformation of dG-AF would presumably interfere with
base-pairing in the active site of a DNA polymerase, whereas the

Abbreviations: AAF, 2-acetylaminofluorene; dG-AAF, N-(2’-deoxyguanosin-8-yl)-AAF; dG-
AF, N-(2'-deoxyguanosin-8-yl)-2-aminofluorene; ddATP, 2’,3'-dideoxyadenosine triphos-
phate; ddCTP, 2',3'-dideoxycytidine triphosphate.
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Fig. 1. Schematic representation of dG-AAF and dG-AF. The anti conforma-
tion (a) is energetically favored for unmodified dG. dG-AF (b) can be in anti
conformation or syn conformation. However, for dG-AAF (c), the anti confor-
mation is strongly unfavorable because of the steric hindrance between the
acetyl group (circled in green) and the sugar moiety (circled in pink).

relatively undistorted anti conformation of the dG-AF adduct
structure could template the insertion of dCMP or dAMP
opposite the lesion, possibly explaining error-prone bypass of the
lesion (see below). Although it has been assumed that the
structural differences between the AAF and AF adducts are
responsible for the observed replicative differences, the molec-
ular mechanism that produces these differences is not known in
any detail. To date, the structures of dG-AAF and dG-AF
adducts in DNA have provided the only detailed physical
information supporting the proposed mechanisms for their
mutagenic bypass in DNA (26). No structural studies are avail-
able showing either a dG-AF or dG-AAF adduct in the context
of a replicative polymerase.

A number of high-fidelity DNA polymerases have been ex-
amined for their ability to bypass a dG-AAF or dG-AF adduct
in vitro (3). Nucleotide insertion is strongly blocked across from
a dG-AAF adduct during primer extension reactions catalyzed
by the Klenow fragment of E. coli DNA polymerase I, T7 DNA
polymerase, and T4 DNA polymerase (10, 11, 27), and misin-
sertion of dAMP is favored over insertion of the correct nucle-
otide (dCMP) (28, 29). The dG-AF lesion dramatically slows
DNA synthesis, but this lesion is eventually bypassed (10, 11).
Although the correct nucleotide (dCTP) is preferentially incor-
porated across from a dG-AF adduct, dATP also is incorporated,
to a lesser extent, at this site (29). Compared with the insertion
of dCMP opposite dG, the incorporation across from either a
dG-AAF or dG-AF adduct by a proofreading-deficient T7 DNA
polymerase is ~10°- or 10*-fold slower, respectively (30).

Interestingly, the Klenow fragment polymerase binds to DNA
containing a dG-AAF adduct with 5- to 10-fold higher affinity
than it does to unmodified DNA or DNA containing a dG-AF
adduct (10). The addition of nucleotide substrates that can
base-pair with the templating base normally enhances DNA
binding affinity by inducing the closure of the polymerase active
site around the substrates (10, 31). However, the affinity of the
Klenow fragment for DNA containing a dG-AAF adduct is
unaffected by the addition of dCTP or any other nucleotide,
suggesting that the lesion does not support base-pairing inter-
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actions within the polymerase active site (10, 32). Furthermore,
the substrate-induced conformational change of the polymerase
is not observed when nucleotides are added to the complex of the
Klenow fragment bound to DNA containing a dG-AAF adduct
(30). Additional support for a distorted conformation of dG-
AAF-modified DNA in complex with a DNA polymerase comes
from footprinting studies of T7 DNA polymerase in complex
with native and AAF-lesioned DNAs (33). In contrast to a
dG-AAF lesion, DNA containing a dG-AF adduct binds the
Klenow fragment less strongly, and the polymerase can undergo
a conformational change upon the addition of dCTP (30).

The different binding modes of DNA templates containing a
dG-AAF or dG-AF adduct to a DNA polymerase are likely to
account for the strikingly different mutagenic spectra caused by
these lesions. Here we present crystal structures of the replica-
tive T7 DNA polymerase (consisting of the gp5 catalytic subunit
and its processivity factor, E. coli thioredoxin) in complex with
dG-AAF- and dG-AF-modified DNA substrates that reveal the
basis for the strong blockage of DNA synthesis by a dG-AAF
adduct and suggest why bypass of a dG-AF adduct can occur with
a high probability of misinsertion opposite the lesion.

Methods

Preparation of Modified DNAs and Replication Complexes. A 26-mer
template strand containing a single dG was designed (5'-
CCCGATCACACTACCAATCACTCTCC-3'), along with a
complementary primer strand (5'-GGAGAGTGATTGG-
TAGTGTGA-3"), and both oligonucleotides were chemically
synthesized. N-acetoxy-AAF was obtained from the National
Cancer Institute repository operated by the Midwest Research
Institute (Midland, TX). The 26-mer template strand and 21-mer
primer strand were purified by electrophoresis on denaturing
polyacrylamide gels. The template strand was reacted with
N-acetoxy-AAF to form a single dG-AAF adduct and then
purified by reverse-phase HPLC (34). A portion of the dG-AAF
oligonucleotide was deacetylated by incubating in 1 M sodium
hydroxide and 0.25 M 2-mercaptoethanol for 2 h at 37°C. The
resulting DNA containing dG-AF was purified again by HPLC.

An exonuclease-deficient T7 DNA polymerase (A118-123 T7)
was purified as described in ref. 35. Replication complexes were
assembled with either the dG-A AF- or dG-AF-containing DNA
template by incubating T7 DNA polymerase (0.1 mM protein)
with a stoichiometric amount of the DNA template and primer
strands in buffer containing 0.5 mM 2’,3’-dideoxythymidine
triphosphate (ddTTP) and 10 mM incoming nucleotide, either
2',3'-dideoxycytidine triphosphate (ddCTP) or 2’,3’-dideoxya-
denosine triphosphate (ddATP). Complexes with either ddCTP
or ddATP as the incoming nucleotide were separately assembled
and crystallized for the dG-AF complex. For the dG-AAF DNA,
a binary complex with T7 DNA polymerase lacking an incoming
nucleotide also was assembled for crystallization.

Crystallization and X-Ray Structure Determination. Complexes of T7
DNA polymerase with DNA were crystallized under conditions
described in ref. 35, and the crystals were harvested in the
presence or absence of added ddCTP or ddATP and then frozen.
X-ray diffraction data were collected at station F1 of the Cornell
High Energy Synchrotron Source (CHESS) (Ithaca, NY). The
x-ray data were indexed, integrated, and scaled by using the
HKL2000 package (36), and the structures were determined by
the molecular replacement method by using the program EPMR
(37). A model of a native ternary complex of T7 DNA polymer-
ase (Protein Data Bank ID code 1T7P) was positioned in the unit
cell after nucleotides within the polymerase active site and
residues from the surrounding fingers subdomain were removed.
These regions around the active site were rebuilt into the omit
electron density calculated from the partial model of the com-
plex, and the resulting crystallographic models were refined by
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Table 1. X-ray data collection and refinement statistics

Complex
dG-AAF  dG-AF/ddCTP dG-AF/ddATP
Data collection

Resolution, A 50-2.1 50-2.7 50-2.3
Space group P2:242 P21242 P2:242
Cell dimensions, A

a 105.109 104.579 105.944

b 212.308 211.103 213.559

C 52.070 51.991 52.168
Unique reflections 69,183 33,030 51,286
Rsym.* % 5.6 (21.8) 4.1 (7.6) 6.2 (22.3)
(I a)* 213(3.5)  35.4(16.0) 17.7 (3.0)
Completeness,* % 94.6 (84.1) 95.1(85.6) 94.5 (88.4)

Refinement

Resolution, A 50-2.1 20-2.7 50-2.3
R/Riree,t % 21.3/23.6  22.9/28.2 23.1/25.8
Bond, A 0.007 0.007 0.006
Angle, ° 1.3 1.2 1.2
Average B factors, A2 33.4 31.4 36.2
rms for main-chain atoms 0.94 0.73 0.77
rms for side-chain atoms 2.89 2.92 1.39

*Values in parentheses are for the last resolution shell.

'R = (X|Fo| — |Fc])/2Fo, where |Fo| and |F| are observed and calculated structure
factor amplitudes. Rsrec is calculated with 5% of randomly selected reflections
that were not used in refinement.

using the program CNs (38) (Table 1). The coordinates for the
dG-AAF complex (PDB ID code 1X9M), the dG-AF complex
grown in the presence of ddCTP (PDB ID code 1X9S), and the
dG-AF complex grown in ddATP (PDB ID code 1X9W) have
been deposited in the Protein Data Bank.

Results

Structure of the dG-AAF-Containing Replication Complex. When
dG-AAF is in the templating position of a replication complex
with T7 DNA polymerase, the modified nucleoside is flipped out
of the polymerase active site and bound to the surface of the
fingers subdomain (Fig. 2). The syn conformation of the dG-
AAF nucleoside (Fig. 2¢) facilitates the insertion of the fluorene
ring into a hydrophobic pocket behind the O-helix of the fingers
subdomain (Fig. 2d). The fluorene adduct stacks against Phe-528
and other aliphatic side chains that are normally buried in the
core of the fingers subdomain (Fig. 2 b and d and Fig. 4, which
is published as supporting information on the PNAS web site).
The acetyl group of dG-AAF is not contacted by the polymerase
and lies outside the hydrophobic pocket with the oxygen atom
facing solvent. The N2 amino group of the guanine base donates
a hydrogen bond to Asp-534, and N7 of guanine accepts a
hydrogen bond from Arg-566 (Fig. 2d). These electrostatic
contacts with guanine further stabilize the interaction of the
DNA adduct with the fingers.

In comparison with a native ternary replication complex (35),
T7 DNA polymerase in complex with dG-AAF-modified DNA
adopts an open, distorted conformation of the fingers. This
change in conformation involves a hinge-like rotation of the
fingers subdomain away from the polymerase active site and
repacking of helices within the fingers in response to the
intercalation of the dG-A AF nucleoside. The fingers are rotated
~35° away from the fully closed position that is observed in
complexes with native DNA and a bound nucleotide (39). There
is no evidence for a bound ddCTP molecule in the crystal
structure of the dG-AAF complex, despite our having grown the
crystals in the presence of 10 mM ddCTP. In fact, repacking of
the fingers subdomain caused by the insertion of the AAF adduct
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Fig. 2. dG-AAF adopts the syn conformation with the fluorene ring inter-
calated into the polymerase fingers domain. (a) dG-AAF lies outside the
polymerase active site, and the fingers domain of the polymerase is in an open
conformation. The T7 gene 5 protein (gray) and the thioredoxin (green)
processivity factor are shown as ribbons, with the O-helix within the fingers
highlighted in red. The primer strand of the DNA is in light red, the template
is in yellow, and dG-AAF is in cyan and green. The region around the dG-AAF
bindingssite is circled. (b) Enlarged view of the circled region in a. The fluorene
ring (green) of dG-AAF (cyan and green) is inserted into the fingers domain
between helices L, O, 01, 02, and P. (c) The simulated annealing omit electron
density around the region of the syn dG-AAF of the dG-AAF-containing
complex is shown in stereo, contoured at 2.5 o above the mean value. (d)
Interaction between dG-AAF and the protein. Hydrophobic side chains (gold)
of the fingers form a pocket around the fluorene ring. Two charged residues
(pink), Arg-566 and Asp-534, form hydrogen bonding interactions with the G
base.

Dutta et al.



Fig.3. Distortion of the O-helix and stacking of the side chain of Tyr-530 with
the primer/template DNA. In the dG-AAF/ddCTP (a) and dG-AF/ddCTP (b)
complexes (Table 1), this residue (dark gray) stacks with the 3’ base of the
primer and occupies the position where the base of the incoming nucleotide
would bind in a catalytically active, closed complex (c). The incoming nucle-
otide in the closed complex is shown in green in c. An incoming nucleotide is
modeled in a according to its position in the active closed ternary complex and
is outlined in black.

pushes the O-helix into the active site, where the side chain of
Tyr-530 partially occludes the nucleotide-binding site (Fig. 3).
This finding is consistent with the high affinity of DNA con-
taining a dG-AAF adduct for the related Klenow fragment
polymerase and the failure of added nucleotides to influence the
stability of the complex (10). We subsequently determined
another structure of the dG-AAF complex by using crystals
grown in the absence of ddCTP (data not shown) and found that
the addition of ddCTP during crystallization has no effect on the
structure of the complex.

The C terminus of the O-helix is distorted in the dG-AAF-
DNA complex, with three C-terminal residues displaced from an
a-helical geometry. The adjoining helices O1 and O2 also pack
in slightly different orientations in comparison with the structure
of the fingers bound to native DNA. All other regions of the
structure, including the DNA template and primer strands, can
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be superimposed well on structures of T7 DNA polymerase in
complex with an unmodified DNA and a nucleotide.

Structure of a dG-AF-Containing Replication Complex. The overall
structure of T7 DNA polymerase in complex with DNA con-
taining a dG-AF adduct is very similar to that of the dG-AAF
complex described above (Table 1 and Fig. 3), but there are two
notable differences. First, electron density corresponding to the
dG-AF nucleotide is absent from several different structures
determined by using crystals grown in the presence of ddCTP
(2.7-A resolution) or ddATP (2.4-A resolution) (Table 1; see
Methods for crystallization conditions). Although the structure
of the protein and the bound DNA is well defined by the x-ray
experiment, the electron density around the dG-AF adduct is of
limited quality. However, the crystal structure clearly shows that
the dG-AF nucleoside does not bind in the polymerase active site
and that the side chain of Tyr-530 occupies the binding site for
the template base in a closed ternary complex. Sketchy electron
density on the surface of the polymerase in the dG-AF complex
is suggestive of the 5" end of the template strand extending away
from the normal binding site for the template base. However, the
fluorene ring of the dG-AF adduct is not intercalated into the
hydrophobic pocket on the surface of the fingers where the syn
dG-AAF nucleotide binds. In the dG-AF structure, the sur-
rounding nonpolar side chains rotate inward to fill the pocket.

The fingers of the polymerase in the dG-AF complex are in
an open conformation, closely resembling their overall posi-
tion in complexes with dG-AAF DNA, and, likewise, there is
no evidence of a bound nucleotide for crystals grown in the
presence of 10 mM ddCTP or ddATP (Fig. 3). Harvesting
crystals in the continued presence of ddCTP (5 mM) also had
no effect on the structure. It is surprising, therefore, that
crystals of the dG-AF complex grew only in the presence of
ddCTP or ddATP. This observation suggests that the incoming
nucleotide stabilizes the polymerase-DNA complex during
some stage of the crystallization experiment but that the open
conformation of the polymerase lacking bound nucleotide is
energetically preferred.

We have modeled the anti conformation of the dG-AF
nucleoside in the active site of the closed conformation of T7
DNA polymerase by superimposing the modified guanine on the
crystal structure of a native dG-ddCTP complex (40). By
rotating about the C8-N2 bond, the fluorene ring of the bound
dG-AF adduct can be positioned so that it does not clash with
the closed fingers of the polymerase. However, after the nucle-
otide binds to the templating position, rotation about the C§—N2
bond would be restricted by clashes between the N2 proton and
the sugar phosphate backbone of the dG-AF nucleoside, as well
as by interference between the fluorene ring and neighboring
protein groups as the nucleotide transits through unfavorable
conformations. In the syn conformation, the aromatic fluorene
ring of the dG-AF adduct might favorably stack with the base
pair adjacent to the polymerase active site, effectively competing
with binding of the guanine template in the anti conformation
seen in native complexes (35, 40). These restrictions on posi-
tioning the nucleotide adduct for base-pairing interactions with
the incoming nucleotide may explain the observed pause in DNA
synthesis opposite dG-AF (29).

Discussion

dG-AAF and dG-AF Interfere with Nucleotide Binding and Induced Fit.
T7 DNA polymerase and other polymerases undergo a confor-
mational change during nucleotide incorporation in which the
fingers subdomain opens and closes by a hinge-like motion (31).
The open conformation allows the active site to sample nucle-
otides until the fingers close around a nucleotide correctly paired
with a template base (35, 41). Bulky lesions such as a cis-syn
cyclobutane thymine dimer in a DNA template shift the con-
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formational equilibrium toward the open conformation of the
fingers, slowing DNA synthesis (42). The fingers of T7 DNA
polymerase are in an open conformation in complexes with
dG-AAF and dG-AF templating DNA synthesis, and there is an
additional distortion of the O-helix (Fig. 3 and Fig. 5, which is
published as supporting information on the PNAS web site).

NMR studies of double-stranded DNA containing a dG-AAF
adduct show that it exists predominantly in a syn conformation
with its fluorene ring intercalated between base pairs (17). In
complex with T7 DNA polymerase, the dG-AAF nucleoside
maintains the syn conformation, but the adduct binds in a
surprising location, inserting in a hydrophobic pocket behind the
O-helix of the fingers subdomain. This mode of interaction with
the polymerase halts DNA synthesis by locking the fingers in an
open conformation (Fig. 2) and causing the Tyr-530 side chain
to encroach on the nucleotide binding site (Fig. 3). Intercalation
of the fluorenyl moiety of dG-AAF causes a repacking of
hydrophobic residues within the core of the fingers subdomain
(Fig. 2¢), distorting the C terminus of the O-helix. This confor-
mational change brings Tyr-530 into the active site of the
polymerase and prevents nucleotide substrates from binding
(Fig. 3). This shift of Tyr-530 might explain the strong block of
DNA synthesis by a dG-AAF adduct (29) and the failure of
nucleotide substrates to interact with the related Klenow frag-
ment polymerase in complex with dG-A AF-modified DNA (30).

Computational analyses of dG, dG-AAF, and dG-AF have
shown that these nucleosides can adopt syn and anti conforma-
tions, with different preferences that are thought to influence
their coding potential (4, 43). dG-AAF strongly favors the syn
conformation because of steric clashes between the acetyl group
and the ribose sugar in the anti conformation (Fig. 1b). The
deacylated dG-AF nucleoside has only a slight preference for the
syn conformation, and it interchanges between syn and anti
conformations in double-stranded DNA (Fig. 1) (21-24). This
dynamic disorder might underlie the weaker binding affinity of
dG-AF for T7 DNA polymerase and the failure to observe the
dG-AF nucleotide in the crystal structure. Although unmodified
purine nucleosides also transition between syn and anti confor-
mations (44), the added fluorenyl moiety of dG-AF might
interfere with movement of the DNA and positioning of the
modified template base in the polymerase active site. We
constructed a model of dG-AF paired with dCTP in the active
site of T7 DNA polymerase on the basis of a crystal structure of
a native dG-dCTP complex (40). The model shows that anti
dG-AF can be positioned in the closed polymerase with no
significant steric or electrostatic clashes. However, in the syn
conformation, the fluorene ring of dG-AF could stack into the
polymerase active site, binding nonproductively and effectively
competing with the binding of the guanine templating base of
dG-AF (anti).

The deacetylated dG-AF nucleoside is not visible in the
electron density calculated for several different crystal struc-
tures, suggesting weak binding to the polymerase. It is clear that
the fluorene ring of dG-AF has not intercalated into the
hydrophobic pocket on the surface of the finger where dG-AAF
binds (Figs. 2 and 3), presumably because the N-acetyl group of
dG-AATF constrains it to adopt a syn conformation compatible
with binding to the pocket. Our results do not exclude the
possibility that the dG-AF adduct binds to the pocket with low
affinity and potentially slows lesion bypass. The crystallographic
results for T7 DNA polymerase are in agreement with the
weaker binding of the Klenow fragment to DNA modified with
dG-AF in comparison with dG-AAF (10). Furthermore, by using
an exonuclease protection assay that measures the rate of DNA
dissociation (35) (data not shown), we find that complexes of T7
DNA polymerase with dG-AF-modified DNA are less stable
than complexes with dG-AAF. The addition of dCTP was found
to induce a conformational change in the Klenow fragment
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bound to dG-AF in the active site that is similar to that caused
by dCTP binding to a native dG template (30). However, DNA
containing the dG-AF lesion failed to bind the incoming nucle-
otide in the polymerase active site when crystals were grown in
the presence of 10 mM ddCTP or ddATP, the nucleotides that
are preferentially inserted opposite dG-AF (29).

Structural Insights into the Mutagenic Potentials of dG-AAF and
dG-AF. In bacteria, there is a preference for a dG-AAF adduct to
cause frameshift mutations and for a dG-AF adduct to cause
base substitution mutations, mostly G — T transversions (4). The
different mutagenic outcomes of replication bypass of dG-AAF
and dG-AF lesions in DNA have been ascribed to differences in
the internal conformation and flexibility of these modified
nucleosides (Fig. 1), with dG-AAF causing greater distortion of
DNA structure than dG-AF (18, 25, 26, 45). Our structural
studies of these adducts in the context of a DNA polymerase
reported here verify some aspects of this model and offer
additional insights about a surprising mechanism for inducing
replication blockage.

Single-turnover kinetic studies show that T7 DNA polymerase
inserts dCMP opposite dG-AF and dG-AAF ~10*- and 10°-fold
more slowly, respectively, than it does opposite an unmodified
dG (29). dAMP is misincorporated across from dG-AF adducts,
albeit at a slower rate than that at which dCMP is incorporated,
whereas dAMP is the preferred nucleotide opposite a dG-AAF
(29). In the syn conformation of dG-AF, the guanine base would
lie outside the templating position, where it is unable to pair with
an incoming nucleotide. This situation would resemble synthesis
past an abasic site, which causes DNA synthesis to pause and
favors the eventual insertion of dAMP (46, 47). A similar
situation could also hold for incorporation opposite a dG-AAF
adduct in the syn conformation, allowing it to slowly misincor-
porate dAMP across from the modified nucleoside. However,
insertion by the A-rule would likely require the fluorenyl moiety
of dG-AAF to dissociate from the polymerase so that the fingers
could close and assist with positioning, activating the (unpaired)
nucleotide for incorporation. In contrast to dG-AF, a dG-AAF
nucleoside adopts the anti conformation infrequently, and it
supports templated DNA synthesis at a vanishingly small rate.
Thus, it may appear that there is a preference for dAMP
incorporation across from dG-AAF.

Residues participating in the hydrophobic interactions that
stabilize dG-AAF binding in the fingers subdomain are located
far away from the polymerase active site, yet they play a major
role in blocking the enzyme function. However, the role of
Tyr-530 described here is more direct. In the native ternary
complex of T7 DNA polymerase, Tyr-530 stacks against the
templating base that pairs with the incoming nucleotide (35).
The analogous residue (Tyr-671) of the Thermus aquaticus DNA
polymerase plays the same role, acting as a chaperone or
“positioning device” for the templating base in the polymerase
active site (41). In crystal structures of T7 DNA polymerase
complexed to a thymine photodimer, the lesioned base is swung
out of the helix (42). Here, this residue fills in the “pseudoabasic
site” created when the bulky thymine dimer adduct cannot be
accommodated in the polymerase active site. The analogous
residue (Tyr-714) of Bacillus stearothermophilus DNA polymer-
ase is reported to act as a flexible chaperone that guides the
transport of primer-template base pairs through the polymerase
during DNA synthesis (48). The chaperoning function of Tyr-530
takes an interesting turn in the dG-A AF- and dG-AF-containing
complexes reported here, where the O-helix is pushed toward the
active site by the adduct and the side chain of Tyr-530 blocks the
binding of nucleotides. Removal of this bulky side chain could
relieve the blockage and perhaps facilitate untemplated bypass
of dG-AAF. In fact, replacement of the analogous residue in the
Klenow fragment polymerase (Tyr-766) with a smaller serine
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residue allows the polymerase to undergo a nucleotide-induced
conformational change when bound to dG-A AF-modified DNA,
which presumably leads to the enhanced ability of this mutant to
bypass this lesion (32).

The binding of dG-AAF on the surface of the fingers subdo-
main provides several key elements for the formation of a slipped
mispair that is compatible with deletion frameshift mutagenesis
during lesion bypass (25). First, the stable binding of the DNA
template outside the polymerase active site dramatically slows
DNA synthesis, providing time for the primer strand to realign
with the lesioned nucleotide looped out of the template. Second,
the fingers are held in an open conformation that imposes fewer
restraints on the 3’ end of the primer, allowing it to dissociate
and establish alternative base-pairing interactions with the tem-
plate. Finally, the interactions of the polymerase with the
dG-AAF nucleotide interfere with or prevent base-pairing to the
lesion while keeping the DNA anchored to the polymerase.
These factors increase the likelihood of forming a slipped
mispair that excludes the lesioned nucleotide from the duplex
while preventing dissociation of the DNA substrate from the
polymerase during lesion bypass.
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In summary, it has long been suspected that the structural
difference between the dG-AAF and dG-AF adducts in duplex
DNA somehow were correlated to the differences in replicative
and mutagenic properties of these adducts in cellular systems.
However, it was not clear how the structures that formed in
double-stranded DNA are related to the structures at the
primer-template junction bound in the active site of DNA
polymerase before and during nucleotide insertion opposite the
lesion. The crystal structures reported here provide a molecular
basis for the observed effects of these DNA adducts on repli-
cation and reveal a correspondence between the structures of the
adducts in the polymerase active site and those in duplex DNA.
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