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ABSTRACT. A molecular dynamics simulation has been carried out with DNA polymefagé pol)
complexed with a DNA primertemplate. The templating guanine at the polymerase active site was
covalently modified by the carcinogenic metabolite of beapmfrene, {-)-anti-benzof]pyrene diol
epoxide, to form the major)-trans-anti-benzop]pyrene diol epoxide covalent adduct. Thus, the benzo-
[alpyrenyl moiety (BP) is situated in the single-stranded template at the junction between double- and
single-stranded DNA. The starting structure was based on the X-ray crystal structure of fhpotat
primer—template and ddCTP complex [Pelletier, H., Sawaya, M. R., Kumar, A., Wilson, S. H., and Kraut,
J. (1994)Science 2641891-1903]. During the simulation, the BP and its attached templating guanine
rearrange to form a structure in which the BP is closer to parallel with the adjacent base pair. In addition,
the templating attached guanine is displaced toward the major groove side and access to its-Watson
Crick edge is partly obstructed. This structure is stabilized, in part, by new hydrogen bonds between the
BP andg pol Asr?’® and Arg?®3. These residues are within hydrogen bonding distance to the incoming
ddCTP and templating guanine, respectively, in the crystal structure ¢f plodternary complex. Site-
directed mutagenesis has confirmed their role in dNTP binding, discrimination, and catalytic efficiency
[Beard, W. A., Osheroff, W. P., Prasad, R., Sawaya, M. R., Jaju, M., Wood, T. G., Kraut, J., Kunkel, T.
A., and Wilson, S. H. (1996). Biol. Chem. 27112141%-12144]. The predominant biological effect of

the BP is DNA polymerase blockage. Consistent with this biological effect, the computed structure suggests
the possibility that the BP’s main deleterious impact on DNA synthesis might result at least in part from
its specific interactions with key polymerase side chains. Moreover, relatively modest movement of BP
and its attached guanine, with some concomitant enzyme motion, is necessary to relieve the obstruction
and permit the observed rare incorporation of a dATP opposite the guanine lesion.

DNA polymerases (pol §) of vertebrates is believed to template and nonreactive ddCTP as the incoming nucleoside
play a key role in gap-filling DNA repair synthesi§6) triphosphateX1). Recent crystal structures of human DNA
and has been suggested to play a role in replicafierty. polymerases complexed with blunt-end DNA have offered
Because of its small size (39 kDa), it is a convenient model further insights into the catalytic mechanish2(. The
for studying polymerase enzymological properties, such ashuman and rat enzymes are 96% identical with the differ-
nucleotidyl transferase, processivity, and fidelis0X A ences confined to the surface of the protein. The majority
nucleotidyl transfer mechanism has been proposed on theof these differences are conservative replacements making
basis of a crystal structure of a rat gbtternary complex,  these enzymes kinetically indistinguishable (W. A. Beard et
containing the polymerase together with a DNA primer  g|. unpublished data). Importantly, it has recently been
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10S (+)-trans-anti-[BP)-N2-dG

FiGURE 1: Structure of the{)-trans-anti-[BP]-N2-dG adduct. The
torsion anglest’ andf’, governing the orientation of the BP moiety
with respect to the DNA, are indicated by arrows and defined as
follows: o', N1-C2—N?—[BP]C10; ands', C2—N2—[BP]C10—
[BP]—C9. The glycosidic torsion angje governing the orientation

of the guanine with respect to its sugar, is defined as-@4'—
N9—C4. R designates the sugar and the rest of the DNA.

reaction product with DNA at the N\of guanine, known as
the ()-trans-anti-BP-N?-dG adduct {9—-23) (Figure 1). It
has recently been shown that (racenainji-benzop]pyrene
diol epoxide reacts preferentially at mutational hot spots of
the p53 genedd), which is mutated in many human cancers

(25). This suggested a causal connection between the majo
adduct of the tumorigenic diol epoxide and carcinogenesis
in humans. A recent comprehensive review summarizes

structural and biological work on polycyclic aromatic
carcinogen-DNA adducts 26).

Computer modeling studie®T) had proposed that the
benzof]pyrenyl moiety could reside in the B-DNA minor
groove, oriented in the'&lirection of the modified strand,;

a structure in which the BP is intercalated into the helix by
displacement of the modified guanine into the major groove,
with the BP benzylic ring situated on the major groove side
of the helix cylinder, and the distal aromatic ring on the
opposite, minor groove side, was also computed. High-
resolution NMR studies in solution, but without polymerase,

have independently demonstrated that these two structural

types are observed, in different sequence contexts. In
normal duplex, with equal numbers of residues on the two
strands, the minor groove structure is obsenas), (vhereas
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elucidated the solution structures of BP-modified DNA alone
(reviewed in ref26). Therefore, to investigate this system,
we have carried out a molecular dynamics simulation of the
primer—template complex occurring in the rat DNA poly-
merasg’ crystal structureX(1), modified at G4 with the-{)-
trans-anti-BP-N?-dG adduct, together with pgl.

5’-d(Al - A2 - A3 - G4 - G5 -G6 -C7 -G8 -C9 -C10-G11)
d(C18-C17-G16-C15-G14-G13-C12)-5°

This system was chosen to provide the necessary starting
coordinates because it was the only available crystal structure
of a DNA polymerase containing a primetemplate situated

at the polymerase active site. The incoming ddCTP was
removed from the structure to make room for the BP. The
starting orientation of the BP moiety was one that minimized
steric close contacts with the enzyme, which placed the BP
at a sharp angle to the @518 base pair. During the
dynamics simulation, the enzyme, modified G4, and BP
moiety rearranged so that G4 was partly displaced from its
stacked position with G5, and the BP plane became nearly
parallel with the G5C18 base pair. This structure was
stabilized in part by new hydrogen bonds formed with the
polymerase, including one between O8 of the BP benzylic

fing and an Arg® guanidinium nitrogen. The structure has

features consistent with polymerase blockage, the predomi-
nant effect of this lesion on DNA replicatiorB1—37).

Furthermore, with modest movement of the BP and G4 from
this position and concomitant enzyme motion, an incoming
dNTP could be accommodated to overcome the replication
block, as observed infrequently in these replication studies.

MATERIALS AND METHODS

The 2.9 A resolution X-ray crystal structure of rat DNA
polymerasgs complexed with primertemplate {1) served
as the starting structure. The template and primer sequences
were 3-d(A1l-A2-A3-G4-G5-G6-C7-G8-C9-C10-G11) and
d(C18-C17-G16-C15-G14-G13-C12)-Eespectively. Inthe
crystal structure, C18 (i.e. the-&rminal primer nucleoside)

4yas a dideoxy derivative, but a deoxy residue was used in

the simulation.

the base displaced-intercalated structure is observed in a Residues +8 and 246-248 of the polymerase, as well
duplex in which the partner to the BP-adducted guanine is @ the d(A1-A2-A3) residues of the DNA template (i.e.

missing @9). The latter structure is analogous to one in

single-stranded overhang), were disordered in the crystal

which the replication machinery had skipped the damaged Structure, and coordinates were not available. While residues
base. Furthermore, when the BP lesion is positioned at al—8 Of the polymerase are distant from the DNA binding

single strang-double strand junction that mimics a primer

site (more than 28 A and therefore out of range of the

template, high-resolution solution NMR studies reveal a animation, see below), residues 2488 (Asp, Glu, and
related structure where the unpartnered, damaged guaniné\S) are within the animation range, as are d(A1-A2-A3).

is displaced from its stacked position, and the BP is now
stacked with the base pait ® the adducted guanin&Q).

To better understand the effects of the{trans-antiBP-
N2-dG lesion on DNA replication, it is necessary to elucidate
its conformational features and interactions at a primer
template junction in the presence of a DNA polymerase. At

Therefore, starting coordinates for these residues were
obtained by modeling.

The program QUANTA from Molecular Simulations, Inc.,
was used to model residues 24548 in the g strand
conformation consistent with the local antiparajfekheet
structure in the vicinity of these residues, and the d(A1-A2-

present, there are no crystal structures of any BP-modified A3) residues were modeled in the B-DNA conformation

DNA available, even in the absence of a polymerase.
Moreover, high-resolution NMR is not yet feasible for the
large system involving both a full DNA polymerase and BP-
modified DNA, although this technique has successfully

using the program INSIGHT from Molecular Simulations,
Inc. QUANTA and INSIGHT standard values f@rstrand
and B-DNA conformations were employed in this modeling
using the QUANTA Karplus rotamer librarg) to set the
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FiGure 2: Stereoviews of (A) the starting structure and (B) the structure at 200 ps. Hydrogens are omitted for clarity.

A. Starting Structure

B. Structure at 200 ps

Ficure 3: Stereoviews of key hydrogen bonding interactions in (A) the starting structure and (B) the structure at 200 ps. Additional
hydrogen bonds are given in Table 1, but are omitted here for clarity. ThR€ 18%ydrogen bond between G-amino and C-carbonyl is also
indicated. Hydrogens are omitted for clarity.

side chain conformations of the amino acids. The B-DNA and Hukins 89). The¢ andy torsion angles of the modeled
conformation is that of the fiber diffraction model of Arnott 3 strand conformations are139 and 13%, respectively.
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A. Starting Structure

Ficure 4: Space filling stereoviews of (A) the starting structure and (B) the structure at 200 ps. Bases together with their attached sugars
are shown. Hydrogens are omitted for clarity.

The ()-trans-anti BP templating base was constructed  The resulting structure was then solvated with a spherical
by replacing G4 with the modified G taken from our cap of 2163 TIP3P water molecule4?f centered around
previously computed minor groove structure of this adduct the BP-modified guanine with a 30 A radius. The waters
(27), but the guanine and the BP were reoriented to minimize were first minimized with 1000 steps of conjugate gradient
collisions with the enzyme. Torsion angles, 3', andy minimization in which the protein and DNA residues were
governing the BR-DNA orientation were 321.1, 266.3, and held by a 25 kcal/mol harmonic restraint. Then, the entire
253.0, respectively. This placed the BP along the Watson  solvated system was minimized with 1000 steps of conjugate
Crick edge of G4, the “active” templating base. The ddCTP gradient minimization, followed by 100 steps of conjugate
and its two associated My ions present in the crystal gradient minimization with covalent bonds to hydrogen fixed
structure were removed to make room for the BP. Since with SHAKE (43). The solvated system was then heated to
the DNA phosphates are surrounded by positive charge 300 K with a temperature coupling constant of 0.2 ps.

protein residues (Afg% Arg'®’, Arg?%8, Arg?®3 Arg?®® Lys!s, Molecular dynamics was carried out with stochastic
Lys®3% Lys?20 and Ly$%%), polar residues (Hig* His?*'? and boundary conditions4d); animation was performed for all

Tyr?%), and backbone amide nitrogens (8 Gly%7, Prg%8 atoms within a sphere whose minimum radius was 28 A from
Seft%, Lys®, Gly?®2 Th>33 and Ly$34)—it was not ap- any atom in the BP-modified G4 residue. This radius varied
propriate to surround the DNA backbone with positively between 28 and 35 A during the simulation, as the algorithm
charged counterions. permitted dynamics to the end of any amino acid residue

Minimization and molecular dynamics were carried out that fell within the 28 A radius. The static protein residues

with AMBER 4.0 (40). [The work was initiated before and_solvent molecules were hgld in their minimized cor_wfor—
release of AMBER 4.141).] Force field parameters for the ~Mation. Of the 12 249 atoms in the system, the 9618 inner
BP adduct added to AMBER 4.0 were taken from earlier Ones relative to the BP-modified G4 residue were mobile.
work (27). Successive minimizations consisting of 40 steps A 12 A uniform cutoff radius was employed for evaluating
of steepest descent followed by 460 steps of conjugateth® nonbonded interactions. Covalent bonds to hydrogen
gradient minimization were employed to minimize (1) the Were fixed with SHAKE 43). A time step of 2.0 fs was
positions of the hydrogens which had been added by employed. The simulation was carried out for 225 ps.
modeling, keeping the rest of the atoms fixed; (2) the

modeled portion of the protein and DNA (these steps were RESULTS AND DISCUSSION

performed prior to replacement of G4 with its BP-modified A rearrangement of the position of the BP moiety from
analogue), and (3) only the BP-modified G4. The BP- its starting position (Figures 2A, 3A, and 4A) began in the
modified G4 was then subjected to 2 ps of molecular very initial phase of the simulation, during minimization and
dynamics at 100 K with a 2.0 fs time step, while the rest of heating, and was complete by about 16 ps. In this transition,
the system was held fixed. The previous steps were carriedthe BP moiety moved to a position where it is closer to
out in vacuo. parallel with the G5C18 pair and somewhat stacked with
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o p Table 1: Hydrogen Bonding in Dynamics Simulatton

average standard average standard
distance deviation angle deviation

hydrogen bond A A (deg) (deg)
266.3 Arg®3NH---O8[BP] 3.0(6.1) 0.3 145.8 18.4
As?°NH--O8[BP]  3.1(6.1) 06 173.2 135
G5NPH-+-O8[BP] 33(4.0) 0.3 131.9 16.9
Arg?3NH-N[As?Y 3.7 (6.1) 0.5 175.5 8.6

Arg?NH---O[Asr?™] 2.9 (4.9) 0.4 1685 166

a Averaged over first 200 ps. Hydrogen bonds have begun to form
by 3 ps. Values for starting structure are given in parentheses. Distances
are from heavy atom to heavy atom.

164.0

Min  Max Avg

188.3 2315 206.2+/-11.6

2 g

between the benzylic ring and G5. In contrast, the hydrogen
bond between Tyf! and the terminal primer base is lost
during the simulation. Panels A and B of Figure 3 show
key hydrogen bonding features of the starting structure and
the representative 200 ps structure, respectively, and Table
Ficure 5: Mobility of BP moiety and modified G4 as manifested 1 summarizes hydrogen bond average distances and angles
in torsion angle dynamics af, ', andy in degrees. The radius of ~ from the simulation. WatsenCrick hydrogen bonding

the circle is the time axis with O ps at the center and 200 ps at the between G5 and C18 is maintained throughout the simula-

circumference. Values for the starting structure are designated with . oth bilizing f in th ntained
nonfluctuating radii. The inset table gives average values for each 1ON- Other stabilizing features in the structure maintaine

quantity together with standard deviations and ranges. during the simulation following the initial rearrangement are
favorable van der Waals interactions of alkyl portions of
it, while stacking of G4 with G5 is diminished and G4 is Lys?®° and Asp’® with the aromatic pyrenyl moiety and
displaced. In this position, the BP partly obstructs access favorable electrostatic interactions (salt bridge formation)
to the hydrogen bonding edge of G4, as well as that of the between the charge centers of E§fsand Asp’® (starting
neighboring A3. The structure remains in this position for distance= 8.2 A, average distance during the simulation
the duration of the simulation. Figures 2B, 3B, and 4B show 5.8 A, with a standard deviation of 0.9 A). In the crystal
the structure at 200 ps. This structure shares features of basstructure of the3 pol ternary complex, Asp® makes van
displacement and carcinogehase stacking conformations der Waals interactions with the base of the incoming ddCTP,
with the experimental NMR solution structures of this adduct and replacing this side chain with a smaller uncharged
at a primertemplate junction0) and in a duplex where  derivative results in enhanced bindirgf). The Ly$®°side
the partner residue of the adducted guanine residue is missinghain was not visible in the electron density map of the rat
(29). The extent of the dynamic mobility of the BP and G4 ternary complex, but modeling suggests that it could easily
following the rearrangement is small, as shown by the small interact with the templating guanine. Panels A and B of
flexibility in the torsion anglest’, g', andy which govern Figure 4 are space filling views of the starting structure and
the orientation of G4 and BP. The degree of flexibility is the structure at 200 ps, respectively.
shown as polar plots in Figure 5, including the rearrangement. A number of studies of the effects of theé )-trans-anti-

Of course, a 225 ps molecular dynamics simulation only BP-N?-dG adduct on DNA synthesis in vitro and in vivo
surveys the local potential energy surface of the system, andhave been carried out in recent ye@%37). These studies
local equilibration is manifested in the relative stability of have shown that the base sequence context, the type of
the o, ', andy values following the rearrangement. In polymerase, and the type of cell system influence the results.
addition, another force field or another dynamics protocol However, two effects of the BP moiety are apparent in all
could yield a different trajectory. Nonetheless, the structure systems: a predominant proclivity to cause polymerase
that evolved in this simulation is a feasible one with some blockage and, rarely, when the blockage is overcome, a
suggestive biological insight. tendency to cause ‘@& mismatches.

The rearrangement of the BP and concomitant local The structure we have obtained in the dynamics simulation
movement of the polymerase result in alteration of poly- with pol 8 could be expected to inhibit extension since entry
merase active site hydrogen bonding within the DNA minor of the incoming dNTP, which is hydrogen bonded to A&n
groove. From the crystal structure of tifepol ternary in the crystal structurel@), would be impeded by the
complex, the side chains of residues A8nTyr?’, and benzylic ring, which is now hydrogen bonded to A%n
Arg?8 are within hydrogen bonding distance to the bases of Additionally, loss of this hydrogen bond interaction with the
the incoming deoxynucleosidé-Biphosphate (i.e. ddCTP), incoming deoxynucleoside-friphosphate has been demon-
the terminal primer nucleotide, and the templating guanine strated to result in loss of binding free ener®,@7). Most
nucleotide, respectivelyld, 13). These hydrogen bond importantly, the BP moiety obstructs access to the Watson
donors are indiscriminate in that they bond to the O2 of Crick edge of the templating G4 to which it is attached. This
pyrimidines or the N3 of purines in the DNA minor groove templating G4 is shifted from its normal position and is no
(45). In the computed structure, new hydrogen bonding longer within hydrogen bonding distance to Aty as in the
interactions occur between Af§and Asi”® with O8 of the crystal structure. This putative hydrogen bond between the
BP benzylic ring. Additionally, new hydrogen bond interac- guanidinium NH1 of Arg® and N3 of the G4 template,
tions are now observed between A¥gand Asi’® and together with stabilizing van der Waals interactions between

2415 2899 266.3 +/-10.7

=

X | 1965 2435 2196 +/- 81
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them, has been shown to be the key factor which governsextension. The crystal structure @fqg polymerase with
both fidelity and catalytic efficiencyl@). Instead, in the double-stranded DNA is consistent with the idea that critical
presence of the BP moiety, the Af§is hydrogen bonded interactions (i.e. DNA minor groove hydrogen bonding) are
to it, and the central role of A& in correctly positioning conserved between different families of polymerasts). (
and stabilizing the templating base for faithful and efficient
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