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ABSTRACT

Primer extension studies have shown that the Y-
family DNA polymerase IV (Dpo4) from Sulfolobus
solfataricus P2 can preferentially insert C opposite
N-(deoxyguanosin-8-yl)-2-acetylaminofluorene (AAF-
dG) [F. Boudsocq, S. Iwai, F. Hanaoka and
R. Woodgate (2001) Nucleic Acids Res., 29, 4607–
4616]. Our goal is to elucidate on a structural level
how AAF-dG can be harbored in the Dpo4 active
site opposite an incoming dCTP, using molecular
modeling and molecular dynamics simulations,
since AAF-dG prefers the syn glycosidic torsion.
Both anti and syn conformations of the templat-
ing AAF-dG in a Dpo4 ternary complex were investi-
gated. All four dNTPs were studied. We found that
an anti glycosidic torsion with C10-exo deoxyribose
conformation allows AAF-dG to be Watson–Crick
hydrogen-bonded with dCTP with modest poly-
merase perturbation, but other nucleotides are
more distorting. The AAF is situated in the Dpo4
major groove open pocket with fluorenyl rings
30- and acetyl 50-directed along the modified strand,
irrespective of dNTP. With AAF-dG syn, the fluorenyl
rings are in the small minor groove pocket and the
active site region is highly distorted. The anti-
AAF-dG conformation with C10-exo sugar pucker
can explain the preferential incorporation of dC by
Dpo4. Possible relevance of our new major groove
structure for AAF-dG to other polymerases, lesion
repair and solution conformations are discussed.

INTRODUCTION

The aromatic amide 2-acetylaminofluorene (AAF) and its
deacetylated counterpart 2-aminofluorene (AF) are potent

chemical carcinogens that have been extensively used as
prototypes in mutagenesis and DNA repair studies (1,2).
Upon metabolic activation, both AF and AAF selectively
react with 20-deoxyguanine (dG) to produce two predominant
adducts: N-(deoxyguanosin-8-yl)-2-acetylaminofluorene (AAF-
dG, Figure 1A) and N-(deoxyguanosin-8-yl)-2-aminofluorene
(AF-dG) (3,4). The acetyl group causes profound differences
in structural and biological properties of the two adducts. On
AAF-dG, this group is too bulky to fit into the crowded region
near its own sugar, when the modified guanine is in the anti

Figure 1. Structure of AAF-dG (A) and sequence context (B) for MD simula-
tions in Dpo4. Torsion angles at the linkage site are defined as follows: a0, N9–
C8–N–C2; b0, C8–N–C2–C1; g 0, C8–N–C–C(methyl); c, glycosidic torsion
angle O40–C10–N9–C4, where O40, C10, N9, C4 and C8 are from dG and other
atoms are from AAF. G* in the sequence denotes the template guanine that pairs
with an incoming nucleotide.
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domain of B-DNA. This steric problem can be alleviated by
rotation of the guanine to a syn conformation, as first sugges-
ted in the base displacement model of Grunberger et al. (5),
and the insertion–denaturation model of Fuchs and Daune
(6,7). Proton NMR solution studies first showed on the
nucleoside level that AAF-dG favors the syn domain while
the deacetylated dG-AF favors anti (8). High resolution NMR
solution studies have subsequently shown that the base-
displaced intercalated conformation, with modified syn gua-
nine displaced to the major groove and fluorenyl rings inser-
ted into the helix, is present in a DNA duplex as �70% of the
conformational mix, with the remainder uncharacterized (9).
Milhe et al. (10) have also noted conformational heterogeneity
in AAF-dG with NMR studies. AF-dG, however, can adopt
both syn and anti glycosidic torsions in B-DNA duplexes.
With normal partner C opposite the lesion, the syn and anti
conformers adopt base-displaced intercalated and major
groove positions for the fluorenyl rings, respectively, and
base-sequence context governs the population balance
(11–17). Computational studies have also reflected the syn
and anti conformational preferences (18–20), and the
possibility of an anti-AAF-dG conformation was noted
(19,20).

In line with these structural properties, primer extension
studies (21–25) have revealed that both adducts impede
DNA polymerases compared with unmodified DNA, with
AAF-dG much more blocking than AF-dG, in both replicative
and bypass polymerases. However, when nucleotide incorp-
oration takes place, AAF-dG almost always strongly favors
accurate incorporation of dCTP opposite the lesion (26–30),
even when this dC can afterwards slip to pair with a sub-
sequent template base (23,24,31,32). Small percentages of
mismatches are also observed; the preference depends on
base sequence context, nature of the polymerase and nature
of the lesion. In general, dATP is the favored mismatch. In
addition, mutagenesis studies have shown that AAF-dG is
much more inclined to cause deletions than AF-dG when
located at a site capable of forming a slipped mutagenic
intermediate (23,33–38).

With the apparent requirement for the syn conformation in
AAF-dG comes the structural problem of how dCTP is
preferentially incorporated, since Watson–Crick (W/C) pair-
ing with dG anti would be required in the active site of rep-
licative DNA polymerases. While recent structural studies
of bypass polymerases show several surprising templating
mechanisms [e.g. Pol i prefers Hoogsteen pairing (39,40)
and Rev1 shows protein dictated templating (41)], the DNA
polymerase IV (Dpo4) from Sulfolobus solfataricus P2 favors
normal W/C pairing with the correct partner (42,43).

We have been interested in the conflict between the structural
studies for AAF-dG showing the syn preference and polymerase
studies revealing dCTP incorporation opposite the lesion. Here
we investigate this problem with extensive molecular modeling
and molecular dynamics (MD) simulations in a Dpo4 bypass
polymerase ternary complex with all four dNTPs. Primer exten-
sion data with this polymerase (26) reveals a preference for
dCTP incorporation (10% primer elongation by 1 bp) opposite
AAF-dG, followed by dATP (3.6%), and dTTP (1.5%), with
little dGTP (0.5%). While blocking is predominant opposite
and one position prior to the lesion, some full-length extension
is observed in this Dpo4 system.

We find a novel anti conformation for AAF-dG that easily
alleviates the steric hindrance caused by the acetyl: the AAF
moiety is accommodated in the major groove pocket of the
Dpo4 active site with the acetyl 50-directed and fluorenyl rings
30-directed along the modified strand; the adducted guanine is
paired with dCTP via normal W/C hydrogen bonds. The syn
AAF-dG structures are highly distorting to the polymerase
active site, regardless of the incoming dNTP. The anti con-
formation, achieved through modest adjustment of the sugar
pucker from the B-DNA C20-endo to the C10-exo domain in the
Dpo4 crystal ternary complex, might also be applicable to
other polymerases. AAF-dG’s capacity to adopt an anti con-
formation may also account in part for its conformational
heterogeneity in solution (9,10,44), and shed light on dif-
ferences between AF-dG and AAF-dG in their sequence-
dependent conformational balance as well as their biological
behaviors.

COMPUTATIONAL METHODS

Molecular modeling

Complex BP-2 (45) from the crystal of the Dpo4–DNA–dNTP
ternary complex, with the adenine 30 to the templating residue
containing a benzo[a]pyrene diol epoxide adduct (PDB ID:
1S0M, chains B/E/F, and associated dNTP/ions/H2O) (46) was
employed as an initial model. In this structure the benzo[a]-
pyrene rings were situated in the Dpo4 major groove open
pocket. This structure was selected from the many available
Dpo4 ternary crystals because its active site is least distorted.
It has a nearly perfect coordination sphere (Figure 2, inset B)
for the two divalent metal ions required for the nucleotidyl
transfer reaction, contains a deoxyribose instead of an unnatu-
ral dideoxyribose at the primer 30 end and an incoming com-
plementary partner dNTP rather than ddNDP (42). To obtain
a biologically more relevant structure, we performed the fol-
lowing additional remodeling: (i) the Ca2+ ions at the active
site of the BP-2 crystal structure were replaced with Mg2+ ions.
The extra Ca2+ ions trapped during crystallization were
deleted; (ii) the benzo[a]pyrene moiety in the major groove
open pocket of the polymerase was replaced with a hydrogen
atom; (iii) the structure was subject to minimization and
250 ps MD equilibration upon neutralization and solvation
(see MD simulation protocol); and (iv) to restore normal stack-
ing of the guanine to which the benzo[a]pyrene moiety had
been attached (which caused displacement of this modified
guanine toward the major groove), the last snapshot from
the equilibration process was obtained and the torsion angles
of template residues F1904–F1907, protein residues B247,
B250, B275, B293 and incoming dNTP were slightly adjusted
(Supplementary Table S1). Ideal Mg2+ coordination distances
(1.8–2.3 s) and O30–Pa distance of �3.1 s were achieved in
the resulting structure. The nucleotide binding Mg2+ ion was
chelated with Od2 of Asp7, Od2 of Asp105, O of Phe8, O2a,
O2b and O1g of the incoming nucleotide. The catalytic Mg2+

ion was chelated with Od1 of Asp7, Od1 of Asp105, Oe1 of
Glu106, O2a of incoming nucleotide, 30-O of the primer and
the oxygen atom of a water molecule (Figure 2, inset B).

The DNA sequence was then adjusted to match that used
in the primer extension reaction (Figure 1B) (26), with the dG
for AAF modification situated at the templating position
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opposite the incoming dCTP. This structure was used as the
unmodified control. A high-resolution crystal structure of AAF
(Cambridge Structural Database Refcode, ACAFLR) (47) was
employed to model AAF-dG within the Dpo4 ternary complex
by making a covalent bond between C8 of the templating
guanine and N of the AAF moiety (Figure 1A). Linkage tor-
sion angles a0, b0 and g 0 (Figure 1A) were surveyed over
their 360� ranges at 30� intervals in combination to locate
conformations of least collision, with the glycosidic torsion
of the modified guanine either anti (c ¼ 250.7�) or syn
(c ¼ 95.5�). Four anti- and four syn-AAF-dG starting confor-
mations were constructed (Supplementary Table S2 and
Supplementary Figure S1). For the anti-AAF-dG conforma-
tions, a normal anti-dCTP, an anti-dATP or a syn-dATP was
employed as the incoming nucleotide. The syn dATP was
investigated since a Dpo4 structure with a damaged template
opposite a syn incoming adenine has been observed previously
in a crystal structure (48). For the syn AAF-dG, an anti-dCTP
or an anti-dATP was used as the incoming nucleotide. These
20 starting systems, together with unmodified control, were
subject to MD simulations, as detailed below.

Builder and biopolymer modules of InsightII 2000
(Accelrys Software, Inc.) were used for all modeling work.
Molecular images were made with PyMOL (DeLano
Scientific, LLC.).

MD simulation protocol

MD simulations were carried out with AMBER 8.0
(University of California, San Francisco), employing the
Amber 2003 force field (49) which is an updated version of
the Amber 1994 (50) and Amber 1999 (51) force fields. Each
system was neutralized with 15 Na+ ions. Counterions
and hydrogen atoms of the solute (DNA, polymerase and
incoming dNTP) were minimized with implicit solvent
(dielc ¼ 4.0) for 600 steps of steepest descent, followed by
600 steps of conjugate gradient. The resulting ternary complex
was reoriented with SIMULAID (M. Mezei, Mount Sinai
School of Medicine) to minimize the number of water mole-
cules needed to solvate the system. A periodic TIP3P rectan-
gular water box (52) of �100 · 73 · 92 s

3, with a buffer
distance of 10 s between each wall and the closest solute
atom in each direction, was added with LEaP, totaling
�16 000 water molecules.

All systems followed the same equilibration and MD treat-
ment: (i) minimization of the counterions and solvent mole-
cules (except the one that participates in Mg2+ coordination)
for 2500 steps of steepest descent and 2500 steps of conjugate
gradient, with 50 kcal/mol restraints on the solute atoms; (ii)
30 ps initial MD at 10 K with 25.0 kcal/mol restraints on the
solute to allow the solvent to relax; (iii) heat-up from 10 to
310 K (37�C) at constant volume over 80 ps with 10 kcal/mol
restraint on the solute; (iv) 20 ps MD at constant volume and
310 K, with 10.0 kcal/mol restraints on the solute; (v) 30, 40
and 50 ps MD at 1 atm and 310 K with decreasing restraint of
10, 1 and 0.1 kcal/mol, respectively, on solute atoms, and
increasing time constant of 1.0, 2.0 and 4.0 ps , respectively,
for heat bath coupling for the system; (vi) production MD was
conducted at 1 atm, 310 K for 3 ns.

In all MD simulations, long-range electrostatic interac-
tions were treated with the particle mesh Ewald method

(53,54). A 9 s cutoff was applied to the non-bonded
Lennard–Jones interactions. The SHAKE algorithm (55)
was applied to constrain all bonds involving hydrogen
atoms with relative geometrical tolerance of 10�5 Å. The
Berendsen coupling algorithm (56) was used for temperature
scaling. A 2 fs time step was used, and the translational/
rotational center-of-mass motion was removed every 0.5 ps.
Observation of trajectories showed no obvious overall rotation
of the system; thus, energy leakage from internal motion to
global rotation through the ‘flying ice cube effect’ (57) did not
take place in these simulations.

Additional simulations for incoming anti-dTTP and
syn-dGTP

For completion, one additional simulation was performed for
incoming anti-dTTP and syn-dGTP, respectively, using the
anti1 starting model (Supplementary Table S2). The choice
of this starting model was dictated by results of the extensive
simulations for dCTP and dATP, as detailed in Results.

Simulations for AAF modified duplex

The NarI sequence CGGCG*CCAC with G* modified by
AAF was investigated with a 3 ns MD simulation employing
two anti-AAF-dG conformations acquired from the Dpo4
studies as initial models. These placed the AAF in the B-
DNA major groove with W/C base pairing intact. Full details
of the modeling and dynamics protocol are given in Supple-
mentary Data.

Force field parameterization

Partial charges for each syn-AAF-dG starting conformation
were computed with Gaussian 03 (Gaussian, Inc.) following
the standard procedure (58,59), to produce a single averaged
charge set for the AAF-dG residue. (The anti starting models
were excluded from charge computation due to severe colli-
sions caused by the acetyl group.) These charges, together with
the Amber atom and topology types, are provided in Sup-
plementary Table S3. Partial charges for dNTP’s were those
employed in previous work (60,61). Parameters added to the
AMBER 8.0 force field for the adduct were assigned by anal-
ogy to chemically similar atom types already available in the
Amber 2003 force field (49–51), and are given in Supplemen-
tary Table S3.

Trajectory analysis

Structural analyses for the trajectories were conducted with
the PTRAJ and CARNAL modules of the AMBER package
(University of California, San Francisco). The ANAL module
of the AMBER package was employed to calculate the van der
Waals interaction energy between the nascent base pair and
the base pair at the primer terminus, to provide an estimate of
stacking interactions.

Stability of MD simulations

Overall and lesion site structural fluctuations became reason-
ably stable after �1 ns of MD simulation for all systems
(Supplementary Figure S2). Therefore, the last 2 ns of the
production MD were used for structural analysis. The lesion
site torsion angles c, a0, b0, g 0 (Figure 1A) as well as the
pseudorotation parameter P (62) of the linked deoxyribose
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as function of time are shown in Supplementary Figure S3 and
Supplementary Table S4.

RESULTS

We employed molecular modeling to create four anti- and four
syn-AAF-dG starting conformations in the Dpo4 active site
(Supplementary Table S2). These were selected to have mini-
mal collisions and provide a representative structure for each
feasible orientation of the fluorenyl rings and the acetyl group.
Each anti-AAF-dG was investigated opposite incoming anti-
dCTP, anti-dATP and syn-dATP. Each syn-AAF-dG was stud-
ied with anti-dCTP and anti-dATP. These choices were based
on the near absence of syn pyrimidines and purine–purine

mismatches with both partners syn in DNA structures (63).
An unmodified anti-dG opposite an incoming anti-dCTP was
used as control. In addition, anti-AAF-dG opposite anti-dTTP
or syn-dGTP was investigated using results from the extensive
trials with dCTP and dATP to guide selection of the starting
structure. Production MD simulation was performed for 3 ns
and the ensembles of structures derived from the last 2 ns
trajectory were analyzed, and compared with the unmodified
control simulation.

We have devised recently a customizable distortion scoring
function to assess lesion impact on polymerase active site.
In the present study, this function evaluates the following
structural properties: (i) number of hydrogen bonds in the
nascent base pair and the percent of time that the bonds
are present (Supplementary Table S5 and Supplementary

Figure 2. Stereoview of the last frame of the MD trajectory for anti1-AAF-dG:anti-dCTP at the Dpo4 active site. The polymerase is shown as cartoons; DNA strands
and dCTP are shown as sticks. For clarity, hydrogen atoms are not shown. Hydrogen bonding scheme of the nascent base pair is shown in inset A. Hydrogen bonds are
denoted by black dashed lines; C10–C10 distance is denoted by the red dashed line. Coordination spheres of the nucleotide binding and catalytic Mg2+ ions are shown in
inset B. For illustration purpose, chelation interactions are denoted by sticks.

788 Nucleic Acids Research, 2006, Vol. 34, No. 3



Figure S7); (ii) stacking interaction between nascent base pair
and base pair at the primer terminus (Supplementary Table S6
and Supplementary Figure S5); (iii) C10–C10 distance in the
nascent base pair, normally near 10.8 s in a W/C pair at the
polymerase active site (64) (Supplementary Table S7);
(iv) geometry of the dNTP binding pocket composed of
‘ceiling’, ‘floor’ and ‘far wall’ (65) (Supplementary Figure
S6); (v) distance between Pa of dNTP and O30 of the primer
terminus, with a value <3.5 s approaching the near reaction-
ready van der Waals radii sum (66) (Supplementary Table S7);
(vi) angle O(primer 30 end)–Pa(dNTP)–O3a(dNTP), ideally
180� for in-line attack of O30 on Pa (67) (Supplementary Table
S7); (vii) quality of coordination sphere of catalytic and
nucleotide binding Mg2+ ions (Figure 2, inset B, and Supple-
mentary Table S8); and (viii) polymerase–nascent base pair
interactions (Supplementary Tables S9 and S10).

Table 1 summarizes these features for each of our simulated
structures and the composite scores evaluate the structures’
suitability for the nucleotidyl transfer reaction, compared with
the unmodified control. While these structural criteria have
been evaluated separately, there is an interdependence among
them, although it is not yet clear how they are correlated to one
another; it is their composite quality for a given model that
provides insights. While scoring has subjective criteria ele-
ments, the scheme of Table 1 represents the current stage in
our ongoing effort to evaluate polymerase active site distortions.

Unmodified control

In the unmodified control simulation, the ternary com-
plex contained an unmodified templating guanine W/C paired
with incoming dCTP. Stereoviews of the ternary complex
structure, active site base stacking and dNTP binding pocket
geometry at the end of the 3 ns simulation are shown in Panel A
of Supplementary Figures S4–S6. We found that the structural
features critical to catalysis were maintained throughout the
course of the simulation. The W/C hydrogen bonds in the nas-
cent base pair were highly occupied (>99% of the time) (Sup-
plementary Table S5 and Supplementary Figure S7A). The base
pair stacking (Supplementary Figure S5A), C10–C10 distance
(10.75 ± 0.15 s and 100% occupancy, Supplementary Table
S7), the dNTP binding pocket geometry (Supplementary Figure
S6A), and coordination spheres of the two active site Mg2+ ions
(Supplementary Table S8) are normal. The Pa–O30 distance is
3.19 ± 0.17 s, with 96.95% occupancy of the near-reaction-
ready distance (<�3.5 s), and the in-line attack angle is
167.08 ± 5.12� (90.90% occupancy of the 170 ± 10� range
for the nucleotidyl transfer reaction, Supplementary Table
S7). Polymerase residues Tyr10/Lys159 in the palm domain,
Phe11/Try12/Ser34/Thr45/Tyr48/Arg51 in the finger domain
and Thr250/Arg331 in the littler finger domain form hydrogen
bonds with the nascent base pair (Supplementary Tables S9
and S10). The phenyl ring of Tyr12 also stacks with the
sugar ring of the dCTP throughout the simulation.

Table 1. Composite evaluation of active site distortion in the Dpo4 ternary complexes compared to unmodified control

dNTP AAF-dG HB
geometrya

Stackingb C10–C10

distancec
Pocket
geometryd

Pa–O30

distancee
Mg2+

coordinationf
In-line
attackg

Protein
interactionh

Composite
score

Group
average

Control 0 0 0 0 0 0 0 0 0 0

anti-dCTP anti1 0 0 0 0 0 �1 0 0 �1 �2
anti2 0 �1 0 0 0 �1 0 �2 �4
anti3 0 0 0 0 0 �1 0 0 �1
anti4 0 0 0 0 0 �1 0 �1 �2

syn1 �3 �2 �2 �1 0 �1 0 �2 �11 �9.5
syn2 �2 �1 �2 �1 0 0 0 �1 �7
syn3 �3 �1 �2 �2 0 �1 0 �3 �12
syn4 �3 �1 0 �2 0 �1 0 �1 �8

anti-dATP anti1 �1 �1 �2 0 �1 �1 0 �2 �8 �7
anti2 �1 �1 �2 0 �1 �1 0 �1 �7
anti3 �1 �1 �2 0 �1 �1 0 �1 �7
anti4 �1 �1 �2 0 0 �1 0 �1 �6

syn1 �3 �1 �2 �1 0 �1 0 �3 �11 �10.3
syn2 �3 0 0 �1 �2 �1 0 �2 �9
syn3 �3 �2 0 �1 0 �1 0 �3 �10
syn4 �3 �1 �2 �1 �1 �1 0 �2 �11

syn-dATP anti1 �1 0 0 0 0 �1 0 �1 �3 �4.8
anti2 �2 0 0 0 0 �1 0 �3 �6
anti3 �1 0 0 0 0 �1 0 �3 �5
anti4 �1 0 0 0 0 �1 0 �3 �5

anti-dTTP anti1 �1 0 0 0 0 �1 0 �2 �4 �4

syn-dGTP anti1 �2 �1 �2 0 0 0 0 �1 �6 �6

a0, three hydrogen bonds of>90% occupancy;�1, only two hydrogen bonds of>90% occupancy;�2, only one hydrogen bond of>90% occupancy or two hydrogen
bonds of >50% occupancy; �3, no hydrogen bonds of >90% occupancy. For details see Supplementary Table S5 and Supplementary Figure S7.
b0, normal stacking between the nascent base pair and adjacent pair; �1, partial stacking; �2, no stacking. For details see Supplementary Figure S5.
c0, occupancy >90%; �1, 10% < occupancy < 90%; �2, occupancy <10%. For details see Supplementary Table S7.
d0, none of the three walls is significantly distorted; �1, one wall is distorted; �2, at least two walls are distorted. For details see Supplementary Figure S6.
e0, occupancy >90%; �1, 50% < occupancy < 90%; �2, occupancy <50%. For details see Supplementary Table S7.
f0, occupancy >50% for all chelation interactions; �1, occupancy >50% for all but one chelation interactions. For details see Supplementary Table S8.
g0, occupancy >50%; �1, occupancy <50%. For details see Supplementary Table S7.
hTotal loss of interactions between the template/dNTP and 1, 2 or >3 protein residues penalizes the score by 1, 2 or 3, respectively. For details see Supplementary
Tables S9 and S10.
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anti-AAF-dG opposite anti-dCTP, anti-dATP
or syn-dATP

The presence of major and minor groove pockets at the active
site of Dpo4 allows for the accommodation of a bulky adduct
on either side of the primer–template complex (42). We
modeled AAF-dG in both anti and syn conformations to deter-
mine the preferred conformation of this adduct within Dpo4.
With AAF-dG anti, the fluorenyl rings are in the major groove
pocket, while they are on the minor groove side when AAF-dG
is syn. The collisions between the acetyl and the sugar ring in
our anti starting models were relieved during the course of the
simulations. With the single exception of anti4-AAF-dG oppo-
site anti-dCTP (Supplementary Figure S6E), all other anti-
AAF-dG starting models (opposite incoming anti-dCTP,
anti-dATP or syn-dATP) converged to a family of conforma-
tions with the acetyl group oriented toward the 50-direction and
the fluorenyl moiety toward the 30-direction of the template
strand. A snapshot of the last frame for anti1-AAF-dG oppo-
site anti-dCTP, shown in Figures 2 and 3, is representative.
The family members differed somewhat in local orientation of
the fluorenyl rings and acetyl conformation (Supplementary
Table S4 and Panels B–E, J–M and R–U of Supplementary
Figure S3). The one structure with 50-oriented fluorenyl rings,
anti4-AAF-dG opposite anti-dCTP, is stabilized by stacking

of the fluorene with the unpartnered base on the 50 side of
AAF-dG. Stereoviews of ternary complex structures, base
stacking and dNTP binding pocket geometry of the active
sites after 3 ns MD simulation are shown in Panels B–E, J–
M and R–U of Supplementary Figures S4–S6. The AAF-dG in
all these structures (except the anti4-AAF-dG:anti-dCTP case)
adopted an anti conformation where the sugar pucker became
C10-exo, a small shift from the C20-endo conformation more
common in B-DNA (68). The change in the sugar pucker from
C20-endo to C10-exo relieves the steric hindrance between the
AAF and the sugar C50 methylene when the modified guanine
is anti, as illustrated in Figure 4. A moderate decrease in
glycosidic torsion angle c (by �20� compared with control)
accompanies this repuckering (Supplementary Table S4).

Significant differences were observed with different incom-
ing dNTPs (Supplementary Tables S5–S10, Panels B–E, J–M
and R–U of Supplementary Figures S4–S6 and Panels B–M of
Supplementary Figure S7). With an incoming anti-dCTP,
structural characteristics of the active site were largely com-
parable with those of the unmodified control. With an incom-
ing anti-dATP, two hydrogen bonds with high occupancy are
formed in the nascent base pair of each system, but the widths
of the nascent base pairs are >12.7 s, resulting in worsened
Pa–O30 distances and Mg2+ coordination spheres. With an
incoming syn-dATP, two stable hydrogen bonds are formed

Figure 3. Stereoviews of stacking interactions (A) and the dNTP binding pocket geometry (B) from the last frame of the MD trajectory for anti1-AAF-dG:anti-dCTP
at the Dpo4 active site. The polymerase is shown in transparent cartoons, using the same color code as in Figure 2. The dNTP binding pocket for our system is defined
as follows: ceiling, Val32/Ala42/Ala44/Ala47/Gly58/Met76 in the Dpo4 finger domain; floor, the neighboring base pair of the nascent pair; far wall, the template
guanine base.
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in the nascent base pairs, with C10–C10 distance between
11.0 and 11.5 s, only modestly higher than the control
value of 10.8 s. The dNTP binding pocket geometry and
the Pa–O30 distance were not significantly different from
the unmodified control.

syn-AAF-dG opposite anti-dCTP or anti-dATP

The preferred base-displaced intercalated conformation of
AAF-dG in a DNA duplex (9) is characterized by syn guanine
displaced to the major groove of the helix, with fluorenyl rings
intercalated, in place of the extruded guanine. However, in
such a conformer the fluorenyl rings would occupy the
position of the incoming dNTP within the polymerase,
which would be blocking. To determine whether a syn-
AAF-dG structure which can accommodate an incoming
dNTP is feasible in the polymerase, the four syn-AAF-dG
starting conformations (Supplementary Table S2), each oppo-
site an anti-dCTP or anti-dATP, were subject to MD simula-
tions. We found that the accommodation of AAF in the minor
groove pocket completely impairs the capability for selecting
a complementary dNTP via guanine’s Hoogsteen edge. Only
one weak or no hydrogen bond can be formed between AAF-
dG and the incoming nucleotide, with mediocre occupancy
(Supplementary Table S5). At least one wall of the dNTP
binding pocket in each case is greatly distorted (Panels F–I
and N–Q of Supplementary Figure S6). Owing to the bulk and
non-planarity of the acetyl group (methyl and carbonyl), stack-
ing between the nascent base pair and the adjacent one is also
notably penalized or completely abolished, resulting in shear-
ing or buckling of bases (Panels F–I and N–Q of Supplemen-
tary Figure S5), and significantly higher stacking energy in
comparison with their respective anti-AAF-dG counterparts
(Supplementary Table S6). C10–C10 and Pa–O30 distances,
and protein–nascent base pair interactions are adversely affec-
ted to variable extents (Supplementary Tables S7–S10).

anti1-AAF-dG opposite anti-dTTP or syn-dGTP

Owing to the large number of simulations, we conducted a
3 ns MD simulation only for a representative anti starting con-
formation (anti1-AAF-dG, Supplementary Table S2) opposite

an incoming anti-dTTP or syn-dGTP. The syn-AAF-dG starting
conformations were eliminated at this stage because the
extensive simulations for dCTP and dATP showed poor
accommodation of syn-AAF-dG at the polymerase active
site, irrespective of the incoming nucleotide. The exclusion
of syn-dTTP and anti-dGTP was based on the virtual absence
of syn pyrimidines and anti-G:anti-G pair in the Nucleic Acid
Database (63). AAF-dG formed a wobble pair with dT
(Supplementary Table S5 and Supplementary Figure S7N),
without greatly distorting the active site. With syn-dGTP,
however, the C10–C10 distance reached a huge �13.5 s, with
a bifurcated hydrogen bond in the nascent base pair
(Supplementary Table S7 and Supplementary Figure S7O).

Summary of results

anti-AAF-dG can be accommodated at the Dpo4 active site via
a C10-exo puckered sugar conformation, with the acetyl group
oriented 50, and the fluorenyl rings directed 30 to the modified
base. The syn-AAF-dG, though preferred in duplex DNA,
distorts the Dpo4 active site much more severely than anti-
AAF-dG, whether or not a mismatch is involved. Not only is
syn-AAF-dG poorly accommodated, it is also incapable of
selecting and stabilizing a dCTP via its Hoogsteen edge due
to the adducted bulk on guanine C8. Of the cases investigated,
an incoming anti-dCTP is best accommodated opposite anti-
AAF-dG, while dGTP is accommodated least well, even
though it adopts the syn conformation.

DISCUSSION

anti-AAF-dG conformation

Structure–function relationships in AAF-dG modified DNA
have been studied for many decades, but an important puzzle
has not yet been resolved: how does the adduct allow pre-
ferential incorporation of dCTP within a DNA polymerase,
specifically Dpo4 in the present study, while the AAF-dG
strongly favors the syn glycosidic conformation which pre-
cludes W/C base pairing in B-DNA? In the present work we
have investigated this problem in the model Y-family DNA
polymerase Dpo4, for which primer extension data show
dNTP incorporation preference dC > dA > dT > dG, with
significant blockage one base prior to and opposite the lesion.

Our extensive modeling and MD simulations have uncov-
ered a new structure for AAF-dG which alleviates the steric
hindrance between the acetyl group and the sugar linked to the
AAF-dG. A modest change in the sugar pucker from the nor-
mal B-DNA C20-endo to C10-exo when the AAF-dG is anti, as
shown in Figure 4, relieves the collisions. This simple con-
formational adjustment solves the steric problem for the anti
conformation directly on the nucleoside level where it origi-
nates, and it is feasible irrespective of the incoming dNTP in
our simulations. Possibly this facile conformational adjust-
ment is achievable in other polymerases where dCTP incorp-
oration is observed opposite AAF-dG (27–30).

This conformation in Dpo4 places the fluorenyl rings in the
major groove open pocket of the polymerase, with the acetyl
group directed 50 along the modified strand and the fluorene
30-oriented. All but 1 of the 14 anti-AAF-dG simulations con-
verged to this family. The non-converging structure contains

Figure 4. Stereoview of C20-endo and C10-exo AAF-dG structures, superim-
posed on the base and AAF moiety. The C10-exo AAF-dG is taken from the last
snapshot of the anti1-AAF-dG:anti-dCTP trajectory (P ¼ 120.4�). The C20-
endo AAF-dG (P ¼ 162.0 �) differs from the C10-exo AAF-dG only in the sugar
pucker pseudorotation angle, P (62,80). Other torsions are c ¼ 201.8�,
a0 ¼ 101.0�, b0 ¼ 30.7� and g 0 ¼ 33.6�. The nucleotides are colored by atom
with the AAF moiety shown in red and the methyl of the acetyl group in cyan.
For clarity hydrogen atoms are not shown. Collision is denoted by the red circle.
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anti-AAF-dG and the fluorenyl rings stacked with the next-to-
be-replicated base, which would prevent its subsequent entry
into the active site (Supplementary Figure S4E). Other con-
formers are not suitable for nucleotide incorporation. These
include all syn-AAF-dG conformers, which either seriously
distort the polymerase active site when the fluorenyl moiety is
in the small minor groove pocket, or prevent dNTP entry when
the fluorenyl rings are stacked with the first base pair in the
duplex region.

Replication blockage by AAF-dG

In replicative polymerases, AAF-dG is highly blocking
(21,22,24,32). Crystal structures of this adduct in T7 (69)
and BF (21) polymerases show that the adduct either prevents
dNTP entry (T7), or prevents the modified template from
entering the preinsertion site (BF). The AAF-dG is syn in
T7, while in BF its coordinates could not be resolved due
to partial disorder. Blockage by lesions in replicative poly-
merases in vivo is currently understood to cause polymerase
switch, with recruitment of one or more bypass polymerases
for translesion synthesis (70). These polymerases have much
lower fidelity than the replicative ones, and lesion-induced
mutations are currently believed to occur largely through
such error-prone bypass (71). In the case of Dpo4, while nor-
mal partner dC incorporation is preferred opposite AAF-dG,
mismatches are also obtained, with dA favored over dT and dG
(26). Our results suggest that the observed incorporation pref-
erence in Dpo4 may have arisen from the requirement by the
polymerase for AAF-dG to adopt an anti conformation oppo-
site dNTP at the active site, with anti-dCTP least distorting,
syn-dGTP most perturbing, and anti-dTTP and syn-dATP
intermediate (Table 1). However, we appreciate that uncer-
tainties in both the data itself and our scoring for the simula-
tions mandate caution in comparing them.

The data of Boudsocq et al. (26) showed that replication
is much more severely impeded for the AAF-modified DNA
than for the unmodified one. Blockage opposite and one base
prior to the lesion is the predominant effect. While our scoring
function shows that incorporation of dCTP opposite the
anti-AAF-dG is only slightly distorting compared with the
unmodified control (Table 1), it does not evaluate potential
hindrance to polymerase translocation and to template/dNTP
entry into the active site. The observed blockage may stem
from a number of difficulties that the polymerase encounters in
the face of the adduct. As we have found, the preferred syn-
AAF-dG conformation is highly distorting at the Dpo4 active
site, which would inhibit the nucleotidyl transfer reaction, with
replication aborted one base prior to the lesion. Our anti con-
formation allows AAF-dG to enter the active site, pair with
an incoming dNTP which can then react with the primer 30

terminus; however, further extension past the lesion may
be inhibited due to placement of the AAF bulk in the vicinity
of the little finger domain, which facilitates translocation (72).
A two-step translocation mechanism (73) has been deduced
recently from crystal structures of binary and ternary com-
plexes of Dpo4: it entails movement first of the little finger
during nucleotide binding, followed by thumb movement dur-
ing chemical reaction. The replication cycle involves a screw-
like counterclockwise rotation/translation of the polymerase
along the DNA long helix when viewed in the 50–30 direction

of the template strand. This threading of the DNA through the
polymerase places the next templating base in the active site,
awaiting entry of its complementary dNTP. Our predominant
anti AAF-dG structure in Dpo4 appears to impede this translo-
cation mechanism: upon binding of dNTP opposite anti-AAF-
dG, translocation of the thumb domain may proceed normally,
completing the chemical reaction and bringing the next
template base (50 to AAF-dG) into the active site. However,
the subsequent translocation of the little finger domain is
impeded since the fluorenyl rings are positioned to collide
with the rotating little finger (Figure 2), hence preventing
incorporation of the partner dNTP of the template base 50

to AAF-dG.
In order to achieve further extension, as observed to a very

small extent (26), repositioning of AAF-dG would be required.
One possibility might involve looping out of the AAF-dG
residue towards the minor groove gap between the little finger
and finger domains. Ling et al. (72) have observed such loop-
ing out of an abasic site in Dpo4. If the loop is maintained, a
deletion would result. Alternatively, the loop may realign
once the polymerase has transited the adduct; depending on
sequence, this dislocation mechanism could produce a mis-
match mutation (74). As pointed out by one of the reviewers,
the significant structural changes involved in the movement of
the AAF moiety from the developing major groove to the
developing minor groove may require that the DNA dissociate
from the polymerase, rearrange and reassociate prior to
extension.

Conformational heterogeneity of AAF-dG

The anti AAF-dG structure also provides insights on differ-
ences in biological properties between AF-dG and AAF-dG
adducts. In DNA polymerases, AAF-dG is much more
blocking in primer extension studies. In addition, AAF-dG
is excised by the human nucleotide excision repair machinery
much more efficiently than AF-dG (75). From a structural
perspective, AAF’s much greater tendency to adopt the abnor-
mal syn conformation can account for these observations.
However, our anti structure provides a subtle further under-
standing. AF-dG has been known for some time to manifest a
sequence-governed equilibrium between anti major groove
conformations and syn base-displaced intercalated ones
(11–17), while for AAF-dG only a syn base-displaced inter-
calated conformation has been characterized (9). However, our
anti conformation suggests the possibility for such an equi-
librium in AAF-dG, although likely more shifted toward syn.
We have employed a 3 ns MD simulation (see Methods
and Supplementary Data) to obtain such a model in a DNA
duplex based on two structures (anti1-AAF-dG:anti-dCTP and
anti3-AAF-dG:anti-dCTP) from the polymerase simulations.
Notably, the two conformations in the polymerase converged
to the same final structure in duplex DNA (Figure 5). The
C10-exo conformation of the AAF-dG sugar remains stable
in this major groove model and the W/C pairing remains intact.
It should be noted that C10-exo (P � 120 �) is observed as a less
predominant conformation in B-DNA (68,76,77), apparently
stabilized in certain sequence contexts. Other anti-AAF-dG
conformations, coupled with specific sugar puckers (e.g. O40-
endo as observed in the anti4-AAF-dG:anti-dCTP simulation,
Supplementary Table S4 and Supplementary Figure S6E),
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may also be feasible on the duplex level. One may hypothe-
size, by analogy to the AF-dG structures (11), that neighboring
sequence context may influence the population balance
between the anti major groove and syn base-displaced inter-
calated conformational families. This could explain chemical
probing experiments for AAF-dG in the NarI sequence
(50-G1G2CG3CC-30), which showed different conformers
depending upon which G is modified (44). Belguise-
Valladier and Fuchs (44) have proposed that ‘the polymor-
phism in adduct-induced DNA structure . . . plays a major role
in the sequence-specific responses seen when these lesions are
processed in vivo’. We would also suggest that the differential
processing of AF-dG and AAF-dG by replicative and repair
enzymes originates in the differences in population balance
between the two states in the pair of adducts. Studies with
benzo[a]pyrene-derived DNA adducts have shown that base-
displaced intercalated conformers are highly excised (78).

CONCLUSION

Our simulations showed that anti-AAF-dG can be harbored at
the Dpo4 active site via a C10-exo puckered sugar conforma-
tion, with the acetyl group oriented 50, and the fluorenyl moiety
directed 30 to the modified strand. This conformation can
readily accommodate an incoming dCTP with W/C base pair-
ing and scarcely distorts the active site. Other nucleotides are
less favored. This is consistent with the preferential incorp-
oration of dC opposite AAF-dG in Dpo4 (26), and may also be
relevant to this preference in a number of other polymerases
(27–30,32). The predominant blockage one base prior to and
opposite the lesion, observed even in Dpo4, could be explained

by the distorting nature of the AAF-dG’s preferred syn con-
formation, and the hindrance to the subsequent little finger
translocation/dNTP binding following dNTP incorporation
opposite anti-AAF-dG. Nucleotide incorporation (preferably
dCTP) opposite AAF-dG is a common intermediate step for
translesion synthesis, whether through slipped or non-slipped
pathways (35,79); the sequence context determines whether
slippage will occur (23,33–38). The anti-AAF-dG conformer
found in our simulations may be a possible common interme-
diate in slipped and non-slipped pathways.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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