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ABSTRACT: The drug Premarin is the most widely used formula for hormone replacement therapy. However,
long-term exposure to estrogens from the Premarin drug increases the risk of breast cancer. Equilin and
equilenin, major components of Premarin, are predominantly metabolized to 4-hydroxyequilenin (4-OHEN).
The quinoids produced by 4-OHEN oxidation react with dG, dA, and dC to form unusual stable cyclic
bulky adducts, with four stereoisomers identified for each base adduct. The 4-OHEN-dC adducts are
most predominant. They are mutagenic in vitro and have been found in human tumor tissue. We have
carried out molecular modeling and molecular dynamics simulations to investigate structures and
thermodynamics of the four 4-OHEN-dC stereoisomeric adducts in DNA duplexes. Our results show
that the structure of each stereoisomer adduct in duplex DNA is specifically governed by its unique
stereochemistry. The bulky adducts, with an obstructed Watson-Crick edge and an equilenin ring system
near perpendicular to the damaged cytosine, are located in the B-DNA major or minor groove, with the
modified cytosine in thesynor anti conformation, respectively. The DNA duplex structures are distorted,
in terms of Watson-Crick pairing at and near the lesion, stacking interactions, and groove dimensions.
Stereochemistry determines the orientation of the equilenin rings with respect to the 5′- to 3′-direction of
the modified strand, as well as the positioning of the equilenin moiety’s methyl and hydroxyl groups for
each stereoisomer. The unusual structures and the stereochemical effects underlie their biological processing
as miscoding DNA lesions whose mutagenic properties may contribute to breast cancer.

The drug Premarin is the most widely used formula for
hormone replacement therapy (HRT). However, excessive
exposure to estrogens through HRT has been determined to
increase the risk of breast cancer (1-3). The nature of
estrogen-induced carcinogenesis is complex and multifaceted,
but one possible pathway for cancer initiation involves
estrogen metabolism mediated by cytochrome P450 (4-8).

Premarin contains substantial amounts of equine estrogens,
namely, equilin and equilenin. 4-Hydroxyequilenin (4-
OHEN)1 is the major phase I metabolite of both equilin and
equilenin (4, 9, 10). This catechol estrogen autoxidizes to
potent cytotoxic quinoids that cause a variety of DNA lesions
(8, 11, 12). Though possible mechanisms whereby 4-OHEN
may induce carcinogenesis are not fully understood, experi-
mental evidence has shown that 4-OHEN induces various
kinds of DNA damage in vitro and in vivo (13-16),
including formation of unusual stable bulky adducts produced

by alkylation (14). If not efficiently repaired by nucleotide
excision repair or other repair mechanisms, the bulky lesions
can cause mutations during DNA replication, which may
initiate cancer (17).

The quinoids produced by 4-OHEN oxidation react with
dG, dA, and dC to form unusual stable cyclic bulky adducts
with guanine (4-OHEN-dG), cytosine (4-OHEN-dC), and
adenine (4-OHEN-dA), but not thymine (4, 18). Moreover,
recently, such stable bulky adducts have been found in human
breast cancer patients who use Premarin (19). The quinoid
of 4-hydroxyequilin (4-OHEQ) from equilin metabolism
oxidizes to 4-OHENo-quinone and forms the same DNA
adducts as 4-OHEN (9). 4-OHEQ has been shown to be
mutagenic in asupFshuttle vector plasmid system propa-
gated in human cells (20). Base substitutions of C‚G pairs
in the5′-TC/AG-5′ sequence were the predominant mutation
observed, and the C‚G f G‚C and C‚G f A‚T transversions
were attributed to a 4-OHEN-dC major adduct (20). In vitro
primer extension studies conducted with several Y-family
bypass polymerases, namely, Dpo4, polη, and polκ, indicate
that the 4-OHEN-dC lesions can be bypassed with an
incorrect dNTP or by slippage (21-23). It is most likely
that the stereochemistry of the adducts, DNA sequence, and
the type of polymerases involved in translesion bypass
govern the specific nature and extent of these events.

The chemical structures of the 4-OHEN adducts have been
determined (18, 24), with four stereoisomers identified for
each modified base (25). The Watson-Crick hydrogen
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bonding edge of the base is obstructed by the formation of
the cyclic adduct in all cases. There are actually three chiral
centers within the region connecting the nucleobase-4-
OHEN ring system, and thus, the existence of eight stereo-
isomers is predicted (Figure 1a). However, stereoisomers
containing the H and OH groups at the C1′ and C3′ positions
in trans are not feasible due to the highly strained bridge
ring in this configuration (25). Thus, only the stereochem-
istries at C2′ and C3′ determine the stereochemistry of the
adducts, and therefore, there are only four stereoisomers.

The geometries and conformations of the four stereoiso-
meric 4-OHEN-C adducts on the base level (Figure 1b) have
been previously determined by DFT quantum mechanical
methods (26). The unsaturated bicyclo[3.3.1]nonane type
linkage site causes the conformations of the 4-OHEN-C
adducts to be severely restricted. Only one conformer was
obtained for each adduct, in which the equilenin ring system
is nearly perpendicular to the attached cytosine. The chirality
of the C3′ atom determines the handedness of the 4-OHEN-C
ring systems, and the C2′ chirality governs the orientation
of its OH group. Stereochemically determined orientational
differences of the equilenin ring system with respect to the

base plane were noted, with the 4-OHEN-C1/C3 pair
directed oppositely from the C2/C4 pair, as shown in Figure
1b.

In this work, we focus on determining the conformations
of the four 4-OHEN-C stereoisomers in 11mer DNA
duplexes with the sequence context defined in Figure 1c.
This sequence was selected because it is under experimental
investigation for physical and biochemical characterization.
We employ computer modeling and molecular dynamics
simulations to obtain trajectories, which provide ensembles
for structural and thermodynamic analyses. Our results show
that the covalently linked cytosine residue, with near-
perpendicular equilenin rings rigidly linked to it, can adopt
the synor anti glycosidic bond conformations, placing the
equilenin in the B-DNA major groove or minor groove,
respectively. However, the adduct stereochemistry governs
the specific orientation of each stereoisomer as well as the
positioning of the equilenin C2′ OH and C18′ methyl groups.
Moreover, the stereoisomeric lesions distort the DNA
duplexes differentially. The unusual structural features of
these four stereoisomeric 4-OHEN-dC adducts within the
DNA duplexes may cause differences in their mutagenic and
possibly carcinogenic activities.

METHODS

Starting Structures.A model of the unmodified sequence
was created in a standard B-DNA conformation and energy
minimized with DUPLEX (27). The C7 residue was replaced
with each of the four 4-OHEN-C adducts whose conforma-
tion had been computed by DFT optimization (26). The
modified cytosine was rotated through the glycosidic torsion
to locate conformations with minimal collisions. In each case,
a narrow region in thesyndomain of the glycosidic torsion
was found (see Results). The equilenin moiety is located in
the major groove (Figure S1a). For completion, we also
investigated theanti conformational domain; here no struc-
tures without collision were obtained in the initial models.
The fewest close contacts occurred when the equilenin was
placed close to the Watson-Crick hydrogen bonding edge
of an adjacent base pair (Figure S1b).

Force Field.The AMBER 8 molecular dynamics program
package (28), the Cornell et al. force field (29), and the
parm99.dat parameter set (30) were employed in performing
MD. Force field parameters for 4-OHEN-C adducts that
were not in the AMBER force field for proteins and nucleic
acids were developed, consistent with the rest of the AMBER
force field. Bond length, bond angle, and dihedral angle
equilibrium values were taken from the DFT-optimized
conformations. The force constants for bonds and angles were
obtained by analogy with chemically similar atom types in
the AMBER force field. The force constants for bond angles
containing the N atom at the linkage site of the adduct (Figure
1a) were obtained through test calculations, which systemati-
cally varied these quantities until the QM-derived geometries
at this atom in the rigid linkage region were maintained
throughout the 5 ns MD simulations. The partial charges of
the modified nucleotide were calculated with two stages of
RESP in the AMBER package (31, 32). Quantum mechanical
Hartree-Fock calculations with the 6-31G* basis set using
Guassian 98 (33) were first carried out. Then, the least-
squares charge-fitting algorithm RESP (32, 34) was used to

FIGURE 1: (a) Chemical structures and (b) quantum mechanical
geometry-optimized conformations of 4-OHEN-C base adducts.
(c) Sequence of the 11mer B-DNA duplex for the MD simulations.
C* is the damaged cytosine.
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fit the derived electrostatic potentials to the atomic center
of each molecule. Tables S1 and S2 (Supporting Information)
give all the added force field parameters for the 4-OHEN-C
stereoisomers.

Molecular Dynamics Protocol.The duplex starting model
was neutralized with 20 Na+ ions and solvated with explicit
water using the LEAP module of AMBER. A periodic
rectangular box of TIP3P water (35) with 10.0 Å buffer was
created around the DNA. Table S3 gives the box sizes and
numbers of the waters added in starting models. The particle-
mesh Ewald (PME) (36, 37) method with a 9.0 Å cutoff for
the nonbonded interactions was used in the subsequent
energy minimizations and dynamic simulations. Initially, 500
steps of steepest descent minimization followed by 500 steps
of conjugate gradient minimization were conducted for the
waters and sodium ions with 500 kcal mol-1 Å-2 restraints
placed on the DNA duplex. Then, 2000 steps of steepest
descent minimization followed by 3000 steps of conjugate
gradient minimization were carried out for the entire system
without restraints. A 2 fs time step and the SHAKE algorithm
(38) were applied in the MD simulations. The translational
center-of-mass motion was removed every 2 ps (39). Visual
inspection of the trajectories revealed no abnormal overall
rotation of the DNA duplexes, indicating that energy leakage
from internal motion to global rotation through the “flying
ice cube effect” (39) was not contributing in this case. The
system was heated from 0 to 293 K over 20 ps with a weak
10 kcal mol-1 Å-2 restraint on the DNA at a constant volume,
using the Berendsen coupling algorithm (40) with a 1.0 ps
coupling parameter. The equilibration was continued with a
further 100 ps of simulation without restraint at a constant
atmospheric pressure, with a 2.0 ps coupling parameter.
Finally, production was carried out for 5 ns at 293 K with a
4.0 ps heat bath coupling parameter. The temperature of 293
K was chosen because it is below the experimental thermal
melting temperature (61).

Stability of the Molecular Dynamics Simulation.Plots of
root-mean-square deviations (rmsd) of the current structure
relative to the starting structure, as a function of time, are
shown in Figure S2. The structures generally fluctuate stably
after 2.5 ns, and our further analyses employ the 2.5-5 ns
time frame.

Structural Analyses.The PTRAJ module of AMBER 8
and CARNAL of AMBER 7 (41) were employed for
structural analyses. Stacking interactions were evaluated by
computing the van der Waals interaction energies between
adjacent base pairs, including the damaged cytosine and
partner G pair, with the program ANAL of AMBER 8. The
equilenin moiety, nearly perpendicular to the attached
cytosine residue, is not included in the base stacking
interaction. In addition, we employed a hydrogen bond
quality index (27), IH, to quantitatively assess the deviation
from ideal Watson-Crick hydrogen bonding distances and
angles for 5′- and 3′-side base pairs adjacent to the lesion:

wheredDA is the instantaneous donor-acceptor distance,d0
DA

is an ideal donor-acceptor distance [distances from N4 (C)
to O6 (G) of 2.91 Å, from N1 (G) to N3 (C) of 2.95 Å,
from N2 (G) to O2 (C) of 2.86 Å, from N6 (A) to O4 (T) of

2.95 Å, and from N1 (A) to N3 (T) of 2.82 Å] (42), andγ
is the instantaneous D-H‚‚‚A bond angle, with an ideal value
of 180°. The summation is over all the Watson-Crick
hydrogen bonds in a given pair and over 2.5-5 ns of the
trajectory.IH adopts a value of 0 when ideal Watson-Crick
bonding is maintained. DNA duplex groove dimension
information for the ensemble of structures of each stereo-
isomer was computed with MD Toolchest (43, 44). We
computed the bend angle of the duplex with CURVES (43),
employing the “PP” option, which yields a bend angle
measured between the vectors composed of the first two and
last two reference points defining the axis. The first and last
base pairs were removed prior to this analysis. In addition,
we removed the modified cytosine since CURVES could not
recognize this moiety. The computed bend angles were thus
based on global helix axes determined by the four base pairs
surrounding the lesion in each direction.

Free Energy Analyses.The molecular mechanics Poisson-
Boltzmann surface area (MM-PBSA) (45-51) method in
AMBER was employed for thermodynamic analyses. The
free energies were estimated by averaging over 250 snapshots
extracted at 10 ps intervals from the last 2.5 ns of the
trajectory, with water molecules and counterions removed.
The free energy,G, is computed from the molecular
mechanical energy (EMM), the solvation free energy (Gsolvation),
and the solute entropic contributions to free energy with the
equation Gtot ) EMM + Gsolvation - T∆S (45, 46). The
molecular mechanical energy (EMM) is calculated from
internal energy (Eint) stemming from deviations of the bonds
(Ebonds), angles (Eangles), and dihedral angles (Edihedrals) from
their equilibrium values, the van der Waals energy (EvdW),
and the electrostatic energy (Eelect). The same force field and
parameters used in the MD simulations were applied to
calculate the molecular mechanical energies (EMM), but
without cutoff for nonbonded interactions. The solvation free
energy (Gsolvation) is estimated from the electrostatic solvation
energy (GPB) and the nonpolar solvation energy (Gnonpolar).
The electrostatic component of the solvation free energy is
calculated with the Poisson-Boltzmann method using DelPhi
(52, 53). The temperature was set to 293 K, consistent with
MD simulations. We used a probe radius of 1.4 Å to define
the dielectric boundary, with atomic radii taken from the
PARSE parameter set (54). The interior dielectric constant
was set to 1, and the outside dielectric constant for the
surrounding solvent was 80. The same partial charge set as
in the MD simulations was employed. A physiological salt
concentration of 0.15 M (55) was employed to model the
effect of salt on the solvation free energy. For the Poisson-
Boltzmann calculation, we applied a cubic lattice with a 0.5
Å grid spacing, in which the largest linear dimension of the
molecule occupied 80% of the lattice. The boundary potential
was approximated by the sum of the Debye-Huckel
potentials of all the charges (56). Three hundred iterations
using the linear PB equation followed by 1000 iterations with
nonlinear PB equation were carried out. The nonpolar
contribution of the solvation free energy is estimated with a
surface-dependent area term by the equationGnonpolar )
γA + b, where A is the solvent-accessible surface area
(SASA) that is computed by Sanner’s algorithm (57) in
MSMS.γ andb are empirical constants, whereγ ) 0.00542
kcal/Å2 andb ) 0.92 kcal/mol (54).

IH ) ∑
D-H‚‚‚A

[(dDA - d0
DA)2 + (1 + cosγ)2]
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The solute entropic contribution was approximated with
normal mode calculations using the NMODE module (45,
46) in the AMBER package, and 125 structures were selected
at 20 ps intervals over the last 2.5 ns of the trajectory. Then,
1000 steps of steepest descent followed by conjugate gradient
minimizations were carried out until the rmsd was less than
10-4 kcal mol-1 Å-1. A distance-dependent dielectric con-
stant (ε ) 4r, where r is the interatomic distance in
angstroms) was used to mimic solvent effects. Then we
selected the five minimized structures that had the lowest
rmsd compared to the average structure to calculate the
entropy, using the NMODE module of the AMBER 8 suite.

INSIGHT II from Accelrys, Inc., was employed for
visualization and model building. Computations were carried
out on our own cluster of Silicon Graphic Origin supercom-
puters and Octane workstations, as well as at the New York
University Information Technology Services Origin super-
computer.

RESULTS AND DISCUSSION

We have carried out 5 ns MD simulations for the four
4-OHEN-C adducts within the 11mer duplex sequence
given in Figure 1c, and analyzed the trajectories to obtain
structural and thermodynamic properties of these modified
duplexes. We began with the geometry-optimized structures
of the four stereoisomeric 4-OHEN-C adducts that we had
previously computed for the damaged bases (26). Each of
these was modeled into an energy-minimized B-DNA duplex
in the sequence of Figure 1c for the MD study. Bothsyn
andanti glycosidic bond conformations were considered.

Starting Models

The first stage of this work required locating reasonable
starting models for the MD simulations. Careful computer
modeling involving continuous rotation about the glycosidic
bond of the damaged cytosine in an energy-minimized
B-DNA duplex showed only one region without any severe
collisions for all four stereoisomers. In this conformation,
the adduct was in the B-DNA major groove with the lesion
glycosidic bond in thesyndomain. For theanti models, the
best initial structures all still had collisions, with the equilenin
rings inserted into the duplex. Table S4 provides the starting
values for the MD simulations of the glycosidic torsionø
for each stereoisomer insyn and anti glycosidic bond
conformations. Figure S1 shows the starting models. The 5
ns molecular dynamics simulations performed from these
starting models provided ensembles of structures, and the
last 2.5 ns was used for detailed analyses.

Structural Analyses

Major and Minor GrooVe Structural Families.The syn
and anti initial models provided major and minor groove
conformational families for the equilenin ring system posi-
tioning (Figures 2 and S3). In thesyncase, the initial models
(Figure S1a) had equilenin rings in the major groove, nearly
perpendicular to the damaged cytosine, which was partially
stacked within the duplex. The emsemble derived from the
MD simulations preserved these overall features. However,
the bestanti initial models (Figure S1b) had the equilenin
rings inserted into the duplex with collisions; however, the

dynamics relieved the initial collisions by repositioning the
equilenin rings so that they protrude into the minor groove.

Adduct Stereochemistry GoVerns Structural Properties.
The essential structural feature of all the equilenin-modified
cytosines is the near-perpendicular orientation of the equi-
lenin and bridge-linked cytosine, whose Watson-Crick edge
is obstructed. This is true for each of the stereoisomeric
adducts. However, stereochemistry plays an important role
in determining the specific structural properties. Depending
on the stereochemistry at the equilenin C3′ position and
whether the glycosidic bond issyn or anti, the bulky ring
system is 3′- or 5′-directed along the modified strand.
Preliminary NMR data have also suggested opposite orienta-
tions of stereoisomers in duplex DNA (N. Zhang, A.
Kolbanovskiy, S. Ding, A. Shastry, N. E. Geacintov, S.
Broyde, and D. Patel, personal communication). Table 1
summarizes stereochemistry-determined structural features.

(i) Syn/Major GrooVe Conformation. With C3′ R stereo-
chemistry in 4-OHEN-C1 and 4-OHEN-C3, the equilenin
rings are oriented toward the 3′-direction of the modified
strand (Figures 2a and 3a). However, withSstereochemistry
at C3′, in 4-OHEN-C2 and 4-OHEN-C4, the equilenin
rings are 5′-directed. Another structural feature that is
determined by differences in stereochemistry of the four
stereoisomeric adducts is the position of the C18′ methyl
group. This group is directed inward toward the DNA and
shielded from solvent in 4-OHEN-C1 and 4-OHEN-C3,
with R stereochemistry at C3′. In the case of 4-OHEN-C2
and 4-OHEN-C4, with S stereochemistry at C3′, the
hydrophobic methyl group is positioned outward from the
DNA, exposed to solvent. In addition, the C2′ OH group
orientation is governed by the combined stereochemistries
at C2′ and C3′. In 4-OHEN-C1 and 4-OHEN-C2 with
2′S-3′R and 2′R-3′Sstereochemistries, respectively, this OH
group is nearly axial and oriented toward the modified strand.
However, in 4-OHEN-C3 and -C4 with 2′R-3′R and
2′S-3′S stereochemistries, respectively, the OH group is
nearly equatorial and outwardly directed into the solvent.
The OH group at C3′ always points away from the equilenin
rings and in the same direction as the bridge ring.

(ii) Anti/Minor GrooVe Conformation.With C3′ Rstereo-
chemistry in 4-OHEN-C1 and 4-OHEN-C3, the equilenin
rings are oriented toward the 5′-direction of the modified
strand, and the C18′ methyl group is directed toward the
modified strand (Figures 2b and 3b). However, withS ste-
reochemistry at C3′, in 4-OHEN-C2 and 4-OHEN-C4, the
equilenin rings are 3′-directed and the methyl group is
positioned toward the partner strand. In addition, for
4-OHEN-C1 and 4-OHEN-C2 with 2′S-3′R and 2′R-3′S
stereochemistries, respectively, the C2′ OH group is nearly
axial and solvent-exposed in the major groove. However, in
4-OHEN-C3 and-C4 with 2′R-3′R and 2′S-3′S stereo-
chemistries, respectively, this OH group is nearly equatorial
and directed toward the partner strand.

Hydrogen Bonding Interactions.The unique chemical
structures of the 4-OHEN-C adducts afford opportunities
for specific hydrogen bonds with DNA residues near the
lesion, including the G partner base. Tables 2 and 3
summarize these interactions for bothsynandanti conforma-
tions. These tables show that in theanti/minor groove
conformation, theanti modified cytosine has a better
opportunity to form hydrogen bonds with the partner and
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FIGURE 2: Central 5mers in the trajectory-average structures (2.5-5 ns) for the four 4-OHEN-C modified duplexes, in stereoview. The
color code is as follows (4-OHEN-C, colored by atom): C, green; O, red; N, blue; H, white; partner base G, orange; 5′-side G6‚C17 pair,
light blue; and 3′-side T8‚A15 pair, dark blue. The C2′ OH group of the adduct is shown as pink spheres and the C18′ methyl group as green
spheres. All stereo images are constructed for viewing with a stereoviewer: (a)syn/major groove conformation and (b)anti/minor groove
conformation.

Table 1: Stereochemistry-Determined Structural Properties of 4-OHEN-C Adducts

syn/major groove conformation anti/minor groove conformation

stereochemistry
equilenin

ringsa
C18′ methyl

groupb,c C2′ OH groupb,c
equilenin

ringsa
C18′ methyl

groupc,d C2′ OH groupd,e

4-OHEN-C1 2′S-3′R 3′ M near-axial M 5′ M near-axial SG
4-OHEN-C2 2′R-3′S 5′ S near-axial M 3′ P near-axial SG
4-OHEN-C3 2′R-3′R 3′ M near-equatorial S 5′ M near-equatorial P
4-OHEN-C4 2′S-3′S 5′ S near-equatorial S 3′ P near-equatorial P

a With respect to the modified strand.b S, toward solvent.c M, toward modified strand.d P, toward partner strand.e SG, solvent-exposed in
major groove.
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adjacent bases. This stems from the fact that the bridge ring
is directed inward toward the partner strand in theanti
conformers, rather than toward solvent as in thesyn/major
groove case (Figure 2). Interestingly, 4-OHEN-C1 does not
participate in any hydrogen bonds in either thesyn or the
anti conformation.

(i) Syn/Major GrooVe Conformation. Watson-Crick hy-
drogen bond occupancies of base pairs adjacent to the lesion
and beyond are greater than 90% (Table S5) in every case,
except at the ends, and for the T8‚A15 pair in 4-OHEN-C4.
However, these hydrogen bonds are in some cases very
perturbed adjacent to the lesion. Specifically, our hydrogen
bond quality index (see Methods) shows that the most notable
distortion is found in 4-OHEN-C4 at the T8‚A15 pair on
the 3′-side of the damage (Figure 4a). In the 4-OHEN-C4
case, this stems from abnormal hydrogen bond interactions
between G16 and the C7* linkage bridge, as well as with T8
(Table 2), which distorts the T8‚A15 base pair 3′ to the lesion.
In thesesyn conformations, the base pairing perturbations
are most significant in the 4-OHEN-C3 and-C4 cases
(Figure 4a), at the base pair opposite to the equilenin
directionality, and are caused by specific hydrogen bonds
between the equilenin or G16 and the T8‚A15 base pair.

(ii) Anti/Minor GrooVe Conformation.For 4-OHEN-C1,
Watson-Crick hydrogen bonds are maintained in all base
pairs except at the lesion site, but the hydrogen bond quality
index shows that the T8‚A15 pair on the 3′-side of the damage
is disturbed: the occupancy for one of the Watson-Crick
hydrogen bonds of the T8‚A15 pair is only 75% (Table S5).
The origin of this perturbation is discussed below. Watson-
Crick hydrogen bonds are completely disrupted on the 3′-

side base pair (T8‚A15) of 4-OHEN-C2 and 4-OHEN-C4,
and the 5′-side (G6‚C17) of 4-OHEN-C3 (Figure 4b). Thus,
the direction of the equilenin rings parallels the direction of
the disrupted base pair in theanti conformations of 4-OHEN-
C2, -C3, and-C4.

Base Stacking Interactions.In both major and minor
groove conformations, the adducts cause alterations in the
stacking interactions of the B-DNA duplex compared to the
unmodified system. The modified cytosine and its partner
G16 are not stacked normally, in line with the absence of
Watson-Crick hydrogen bonding at the lesion. A partial
energetic assessment of differential stacking interactions can
be obtained from van der Waals interactions between base
pairs. The van der Waals energies provide just one important
energetic component contributing to stacking stabilization;
however, the results show uniformly that the modified
duplexes are less stabilized by stacking through van der
Waals interactions than the unmodified one. Figure 5 and
Table S6 show these van der Waals interaction energies, and
clearly reveal the weakened stacking in every case. This
disturbed stacking radiates beyond the damage site in both
directions.

(i) Syn/Major GrooVe Conformation. C7* is mainly stacked
within the B-DNA duplex. However, the most prominent
weakening of stacking interactions involves the damaged
cytosine and its partner for each stereoisomer. Disturbance
of the stacking interactions is greatest in 4-OHEN-C4, due
to its unusual hydrogen bonding interactions (Table 2), while
the other three stereoisomeric adducts have similar extents
of perturbation.

(ii) Anti/Minor GrooVe Conformation.The modified
cytosine is also mainly stacked within the helix, except for
4-OHEN-C1. In this case, the modified cytosine is tilted
∼60° with respect to the adjacent bases and the aromatic
equilenin B ring stacks with the partner base G16; conse-
quently, G16 is 3′-directed along the modified strand, and
stacks only slightly with A15. This also causes the disruption
of the hydrogen bond in the T8‚A15 pair, described above.
The disturbance of stacking interactions is greatest for
4-OHEN-C1 (Figure 5b). In the case of the other three
stereoisomers, because Watson-Crick hydrogen bonds are
disrupted in the base pair adjacent to the lesion, the greatest
weakening of stacking involves the disrupted base pair,
namely, the 5′-side base pair (G6‚C17) of 4-OHEN-C3 and
the 3′-side base pair (T8‚A15) of 4-OHEN-C2 and-C4.

GrooVe Dimensions.The accommodation of the bulky
4-OHEN-C adducts in the major or minor groove perturbs
groove dimensions of the B-DNA duplex (Figure 6).

(i) Syn/Major GrooVe Conformation. The positioning of
the equilenin moiety in the B-DNA major groove narrows
this groove on the 5′-side and enlarges it on the 3′-side of
the modified strand for all stereoisomers. Only 4-OHEN-
C4 also shows enlargement across P5-P15, which likely is
associated with its 5′-orientation. However, 4-OHEN-C2,
also 5′-directed, does not show any P5-P15 enlargement
because it compresses the major groove and expands
somewhat the minor groove, due to a greater bend (see
below). For 4-OHEN-C1, the minor grooves are close to
normal. Also of note is the narrowing of the minor groove
in 4-OHEN-C3 and 4-OHEN-C4, resulting from the cross-
strand hydrogen bond between G16 and T8, which tends to
narrow the groove. In 4-OHEN-C4, the hydrogen bond

Table 2: Hydrogen Bonds and Occupancies Involving the Lesion
C7* or Partner G16 in the Syn/Major Groove Conformationa

hydrogen bond occupancy (%)

4-OHEN-C2 (C7*) O2′-H‚‚‚O4 (T8) 52.8
4-OHEN-C3 (C7*) O4′‚‚‚H-N6 (A15) 39.5

(T8) O2‚‚‚H-N2 (G16) 31.3
4-OHEN-C4 (C7*) N ‚‚‚H-N2 (G16) 99.7

(C7*) O3′‚‚‚H-N1 (G16) 89.3
(T8) O2‚‚‚H-N2 (G16) 86.7

a Hydrogen bonding criteria were 3.35 Å between heavy atoms and
a donor-hydrogen-acceptor hydrogen bonding angle of 135°. Data
are for 2.5-5 ns.

Table 3: Hydrogen Bonds and Occupancies Involving the Lesion
C7* or Partner G16 in the Anti/Minor Groove Conformationa

hydrogen bond occupancy (%)

4-OHEN-C1 (T8) O2‚‚‚H-N2 (G16) 33.8
(T8) O2‚‚‚H-N1 (G16) 31.3

4-OHEN-C2 (G6) O6‚‚‚H-N2 (G16) 24.1
(C7*) O3′‚‚‚H-N6 (A15) 81.9
(C7*) O2′‚‚‚H-N2 (G16) 33.9
(C7*) O4′‚‚‚H-N2 (G6) 44.9
(G16) N2-H‚‚‚N3 (C17) 28.9

4-OHEN-C3 (C7*) O2′‚‚‚H-N2 (G16) 93.4
(C7*) O2′‚‚‚H-N1 (G16) 79.4
(C7*) O4′‚‚‚H-N2 (G6) 81.3

4-OHEN-C4 (C7*) O3′‚‚‚H-N2 (G16) 93.8
(C7*) O2′-H‚‚‚N3 (G16) 87.2
(C7*) O2′-H‚‚‚N1 (A15) 26.6

a Hydrogen bonding criteria were 3.35 Å between heavy atoms and
a donor-hydrogen-acceptor hydrogen bonding angle of 135°. Data
are for 2.5-5 ns.
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between T8 and G16 forces the backbone adjacent to T8 very
close to the partner strand, with a severe narrowing of the
minor groove. The stereoisomer which most distorts both
the major and the minor groove is 4-OHEN-C4. The unusual
hydrogen bond between T8 and G16 (Table 2) is responsible
for these perturbations.

(ii) Anti/Minor GrooVe Conformation.For 4-OHEN-C1
and -C3, the minor groove positioning of the equilenin
moiety greatly opens this groove, which is likely associated
with the 5′-orientation of these adducts. For the 3′-directed
4-OHEN-C2 and -C4, the minor grooves are close to
normal. Also of note is the enlargement of the major groove
in all four stereoisomers, but more so in C1 and C2.
4-OHEN-C3 and -C4 have less major groove opening

compared to the unmodified duplex, possibly resulting from
the stronger bending (see below), which tends to close the
groove. The most groove-distorting stereoisomer is 4-OHEN-
C1, due to the unusual stacking between the aromatic B ring
of equilenin moiety and partner base G16.

Bending. Our analyses of bending in the damaged duplexes
reveal that stereochemistry and conformation determine the
extent and flexibility of adduct-induced bends.

(i) Syn/Major GrooVe Conformation. Bending in the
4-OHEN-C3 and-C4 adducts is modest and comparable
to that of the unmodified control duplex. However, 4-OHEN-
C1 and-C2 are more bent. The bends are into the major
groove, and are quite flexible (Figure S4a). It appears that
the near axial C2′ OH group with its proximity to the

FIGURE 3: Space filling models of central 5mers in the trajectory-average structures (2.5-5 ns) for the four 4-OHEN-C modified duplexes,
in stereoview. The color code is as follows (4-OHEN-C, colored by atom): C, green; O, red; N, blue; and H, white (except the methyl
group is yellow). (a)syn/major groove conformation and (b)anti/minor groove conformation.
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modified strand in the major groove facilitates this bending
in C1 and C2. In the case of C2, the hydrogen bond between
the C2′ OH group and O4 of the T8 base may contribute to
facilitating the bend. In the case of C1, the situation is more
complex. No specific hydrogen bond is formed between the
C2′ OH group and any DNA acceptor. However, throughout
the trajectory, two atoms of DNA, namely, C8 and N7 of
G6, come very close to C2′ O (3.3( 0.2 and 3.6( 0.4 Å,
respectively). Fluctuating electrostatic and steric interactions
due to these close encounters likely produce the fluctuating
bends apparent in the MD simulation trajectories.

(ii) Anti/Minor GrooVe Conformation.Bends are quite
flexible, and the bending is more significant, except for C1
which is comparable to the unmodified duplex (Figure S4b).
It appears that cross-strand hydrogen bonds between the
adduct and adjacent bases may contribute to facilitating the
bends. Hydrogen bonds between the modified cytosine and
the partner base G16 (Table 3) support the large bend in
4-OHEN-C3 and-C4. 4-OHEN-C2 forms a hydrogen
bond with adjacent base A15 (occupancy of 82%), as well as
weaker hydrogen bonding with partner base G16 (34%) and
adjacent G6 (45%). In the case of 4-OHEN-C1, there is no
hydrogen bonding involving this adduct, but the unusual
stacking greatly opens both grooves and impedes bending
(Figure S3).

Helix Destabilization

Experimental thermal melting data in the same sequence
context indicate that these adducts are quite destabilizing
(∼20°) compared to unmodified DNA (61), consistent with
our structural analyses. Table 4 summarizes structural

perturbations that can account for the destabilization. These
include perturbed stacking, disturbed Watson-Crick hydro-
gen bonding at and adjacent to the lesion, and major and
minor groove distortions.

Thermodynamic Analyses

The ensemble of structures derived from the MD simula-
tions were employed to carry out thermodynamic analyses
of the simulated structures, using the MM-PBSA method
(45-51). To compare stabilities of the major and minor
groove conformational families, we calculated the relative
free energies,∆G, for thesynandanti conformations. Table
S7 gives the full thermodynamic analyses, and Table 5 gives
relative stabilities. Energy differences between the families,
particularly for 4-OHEN-C1 and -C2, are not great,
suggesting that either family may be possible, depending
possibly on environmental conditions and base sequence
context. However, preferences for the major and minor
groove conformations appear to be somewhat greater for
4-OHEN-C3 and-C4, respectively.

Biological Implications

The unique structural and stereochemical properties of
these 4-OHEN lesions in DNA duplexes would adversely
impact cellular DNA functioning in replication and transcrip-
tion. The obstructed Watson-Crick edge in the damaged
cytosine itself predicts that replication may be mutagenic.
In addition, the rigidly connected equilenin rings perpen-
dicular to the cytosine create a highly inflexible and bulky

FIGURE 4: Trajectory-summed hydrogen bond quality index (2.5-5
ns) for 5′- and 3′-side base pairs adjacent to the lesion and defined
in Figure 1: (a)syn/major groove conformation and (b)anti/minor
groove conformation. The quality indexes for the G6‚C17 pair of
4-OHEN-C3 and the T8‚A15 pair of 4-OHEN-C2 and-C4 are
533 790, 86 780, and 296 878, respectively, indicating complete
rupture.

FIGURE 5: Trajectory-average van der Waals interaction energy
(2.5-5 ns) vs base pair step plot. The color code is as follows:
4-OHEN-C1, red; 4-OHEN-C2, green; 4-OHEN-C3, magenta;
4-OHEN-C4, blue; and unmodified duplex, black. (a)syn/major
groove conformation and (b)anti/minor groove conformation.
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group which would be expected to severely perturb the
normal positions of neighboring amino acid residues in
polymerases, particularly at the tightly fitting active site of
a replicative DNA polymerase ternary complex (58). Ex-

perimental evidence from in vitro primer extension studies
has shown blockage by a replicative polR polymerase,
consistent with active site distortion, as well as mutagenic
bypass in this and in several error prone bypass polymerases

FIGURE 6: Trajectory-average groove dimensions (2.5-5 ns) of 4-OHEN-C modified duplexes. The color code is the same as in Figure
4: (a) syn/major groove conformation and (b)anti/minor groove conformation.

Table 4: Distortions in 4-OHEN-C Modified Duplexes

stereoisomer

unmodified C1 C2 C3 C4

Syn/Major Groove Conformation
Watson-Crick G6‚C17 298.7 297.7 296.1 292.2 298.5

hydrogen bond C7* ‚G16 298.0 0.0 0.0 0.0 0.0
occupancya (%) T8‚A15 188.4 195.7 192.8 196.2 177.0

stackingb (kcal/mol) -121.3 -115.8 -116.7 -116.0 -112.1
bend anglec (deg) 15.5 27.4 26.5 14.8 15.6
groove distortiond (Å) 0.0 3.1 (M) 3.1 (M) -2.3 (m) -6.0 (m)

Anti/Minor Groove Conformation
Watson-Crick G6‚C17 298.7 287.8 297.1 0.0 298.1

hydrogen bond C7* ‚G16 298.0 0.0 0.0 0.0 0.0
occupancya (%) T8‚A15 188.4 167.8 0.0 196.9 0.0

stackingb (kcal/mol) -121.3 -99.1 -101.6 -98.7 -105.4
bend anglec (deg) 15.5 19.6 31.3 53.9 55.6
groove distortiond (Å) 0.0 8.8 (m) 3.7 (M) 8.2 (m) 2.8 (M)

a Summed over all the Watson-Crick hydrogen bonds in a given pair.b Stacking interactions are sums of van der Waals interaction energies
over all base pairs in each duplex, except for the base pair at each end of the duplex (Table S6).c The bend angle is the trajectory-average value
over 2.5-5 ns (Figure S4).d Using the unmodified duplex as a reference, we calculated the distortions of the 4-OHEN-C modified duplexes as
d - d0, whered is a groove dimension of the 4-OHEN-C modified duplex andd0 is the corresponding value for the unmodified duplex. For each
conformation, all minor and major groove dimensions were compared with those of the unmodified duplex (data from Figure 6), and the one with
the largest absolute value is shown. M and m designate the major and minor groove, respectively.
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(21-23). Furthermore, stereoisomer-dependent differences
in treatment of these lesions by DNA polymerases have been
observed experimentally (21-23), and are most likely
governed by the orientational differences between the four
stereoisomeric adducts. The opposite orientations of stereo-
isomer pairs of adducts along the modified strand are likely
to play an important part in the differential treatment by
polymerases, analogous to the case of oppositely oriented
polycyclic aromatic hydrocarbon-derived adducts (59, 60).
Finally, the predicted differences in the structural properties
of the four stereoisomeric adducts may give rise to differ-
ences in their rates of excision by DNA repair enzymes.

CONCLUSION

The 4-OHEN-C adducts are rigid lesions with obstructed
Watson-Crick edges and nearly perpendicular ring systems.
The four 4-OHEN-C stereoisomeric adducts can reside in
the B-DNA major groove withsyn damaged cytosine or
minor groove withanti damaged cytosine. In each structural
family opposite orientation of the equilenin ring system, the
C18′ bulky methyl group and the bridge ring C2′ OH group
are found. The lesions cause distortions involving disruption
of Watson-Crick hydrogen bonding at the lesion and
adjacent sites, perturbed stacking, and distorted groove
dimensions, consistent with observed thermal melting de-
stabilization. The unique structural properties of the
4-OHEN-C adducts and the profound stereochemically
governed differences among them likely underlie their
mutagenic and possibly tumorigenic properties.

SUPPORTING INFORMATION AVAILABLE

Table S1 gives AMBER atom type, connection type, and
partial charge assignments for 4-OHEN-C adducts. Table
S2 gives added force field parameters for the modified
cytosine. Table S3 gives box sizes and numbers of waters
added to the MD simulation starting models. Table S4 gives
glycosidic torsionø values in the starting structures. Table
S5 gives Watson-Crick hydrogen bonds and occupancies
in 4-OHEN-C modified duplexes. Table S6 gives van der
Waals interactions between the base pairs. Table S7 gives
MM-PBSA free energy components for 4-OHEN-C modi-
fied duplexes. Figure S1 shows starting structures for the
MD simulations. Figure S2 shows rmsd versus time plots
for each molecular dynamics simulation. Figure S3 shows
trajectory-average structures of 4-OHEN-C modified DNA
duplexes. Figure S4 shows bend angle versus time plots for
each molecular dynamics simulation. This material is avail-
able free of charge via the Internet at http://pubs.acs.org.
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