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ABSTRACT: Oxidation of guanine or 8-oxo-7,8-dihydroguanine can produce spiroiminodihydantoin (Sp)
R andS stereoisomers. Both in vitro and in vivo experiments have shown that the Sp stereoisomers are
highly mutagenic, causing Gf C and Gf T transversion mutations. Therefore, they are of interest as
potential endogenous cancer causing lesions. However, their structural properties in DNA duplexes remain
to be elucidated. We have employed computational methods to study the Sp lesions in 11-mer DNA
duplexes with A, C, G, and T partners. Molecular dynamics simulations have been carried out to obtain
ensembles of structures, and the trajectories were employed to analyze the structures and compute free
energies. The structural and thermodynamic analyses reveal that the Sp stereoisomers energetically favor
positioning in the B-DNA major groove, with minor groove conformers also low energy in some cases,
depending on the partner base. TheR andSstereoisomers adopt opposite orientations with respect to the
5′ to 3′ direction of the modified strand. Bothsynandanti glycosidic bond conformations are energetically
feasible, with partner base and stereochemistry determining the preference. The lesions adversely impact
base stacking and Watson-Crick hydrogen bonding interactions in the duplex, and cause groove widening.
The chemical nature of the partner base determines specific hydrogen bonding and stacking properties of
the damaged duplexes. The structural characteristics may relate to observed mutagenic properties of the
Sp stereoisomers, including possible stereoisomer-dependent differences.

Reactive oxygen species, present in the cell as a conse-
quence of normal respiration, or produced by ionizing
radiation, can attack DNA bases and produce DNA base
lesions (1-8). The most important of these is 8-oxo-7,8-
dihydroguanine (8-oxoG)1 (9). Further oxidation can lead
to a number of derivatives including cyanuric acid (Ca),
oxaluric acid (Oa), oxazolone (Oz), imidazolone (Iz), ni-
troimidazole (NI), urea (Ua), spiroiminodihydantoin (Sp),
guanidinohydantoin (Gh), and iminoallantoin (Ia) (10-14).

The R and S spiroiminodihydantoin (Sp) stereoisomers
(Figure 1A) result from the direct oxidation of guanine and
the further oxidation of 8-oxoG (15-32). Recently, Sp was
detected in Nei-deficientEscherichia colifollowing chro-
mate exposure (33). Our previous high level quantum

mechanical (QM) geometry optimization studies for these
DNA lesions have shown that the SpR andSstereoisomers
are enantiomers with two rigid and nearly flat five-membered
rings essentially perpendicular to one another (Figure 1B)
(34).

Because of the unique chemical structures of the Sp
lesions, their biological functions are of great interest. It has
been demonstrated that the Sp lesions block polymerases and
cause mutations, both in vitro and in vivo (35, 36). In vitro,
primer extension experiments using KF exo- show that Sp
can be bypassed by misinserting either adenine or guanine
opposite these lesions (35). The insertion of adenine is
favored over that of guanine, while incorporation of cytosine
and thymine opposite Sp is not observed (35). Such Sp‚A
and Sp‚G mismatches have been also observed in in vivo
studies (36). When DNA containing site-specifically posi-
tioned Sp lesions is transfected intoE. coli, DNA polym-
erases are primarily blocked by both Sp stereoisomers, but
rare bypass events produce Gf C and Gf T transversion
mutations. Furthermore, the Sp lesions lead to a higher rate
of G f C and G f T transversion mutations than are
observed in the case of 8-oxoG (37).

Oxidative DNA base damages are repaired by the base
excision repair (BER) system (38-40). An array of BER
enzymes have been investigated with respect to their ability
to excise the Sp lesions. In vitro studies have shown that Sp
lesions opposite guanine and cytosine are removed by all
three oxidized base-specific DNA glycosylases ofE. coli (41,
42): 8-oxoG DNA glycosylase (Fpg or MutM), endonuclease
III (Nth), and endonuclease VIII (Nei). MutM preferentially
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excises Sp opposite C, while Nei prefers to remove Sp
opposite G, but also excises Sp opposite A. Nth is less active
than the other two enzymes. The 8-oxoG‚A-specific adenine
glycosylase MutY, observed to remove 8-oxoG paired with
adenine, cannot remove Sp lesions mispaired with A. Also,
MutY significantly inhibits the MutM repair of Sp‚C. The
functionally related yeast enzymes yOGG1 and yOGG2 also
remove Sp, irrespective of the base on the complementary
strand, while the human homologue hOGG1 cannot remove
Sp in any base-pairing context (43). Importantly, two recently
identified mammalian glycosylases, NEIL1 and NEIL2, show
activity in the repair of Sp lesions. The murine NEIL1 BER
enzyme can remove Sp when paired with all four bases.
However, NEIL2 has only low activity (37).

A knowledge of the structures of Sp-damaged DNA is
needed to elucidate their biological functions, but there are,
at present, no experimental structures of DNA duplexes with
Sp lesions. To delineate how the Sp stereoisomers damage
DNA duplexes, we have employed computational methods
to study these lesions in 11-mer DNA duplexes with A, C,
G, and T opposite Sp. Molecular dynamics (MD) simulations
in aqueous solution were carried out to obtain ensembles of
structures, and trajectories were employed to analyze the
structures and compute free energies. The structural and
thermodynamic analyses show that the Sp stereoisomers
energetically favor positioning in the B-DNA major groove,
with minor groove conformers also low energy in some cases,
depending on the partner base. TheR andS stereoisomers
adopt opposite orientations with respect to the 5′ to 3′

direction of the modified strand. Bothsynandanti glycosidic
bond conformations are feasible, with partner base and
stereochemistry determining the preference. Specific hydro-
gen bonding interactions between the Sp lesions and partner
bases can form in some cases; the best interactions are with
G in the low energy structures. In addition, theR and S
stereoisomers adopt opposite orientations with respect to the
5′ to 3′ direction of the modified strand. Distortions to the
modified duplexes involve a diminished quality of Watson-
Crick hydrogen bonding and weakened stacking interactions,
as well as a widening of the grooves. These structural
properties may play a role in the observed mutagenic
properties and repair susceptibilities of the Sp stereoisomers,
including the possibility of stereoisomer-dependent differ-
ences. If the mutations are produced in genes governing the
control of the cell cycle, the initiation of cancer may occur
(44-47).

METHODS

Initial Structures.Our previously obtained quantum me-
chanically geometry optimized structures (Figure 1B) for the
SpRandSstereoisomers were employed in the present study.
We created initial models for the molecular dynamics
simulations in the sequence shown in Figure 1C by replacing
an unmodified guanine with theR- or S-Sp in an energy
minimized (48) B-DNA of that sequence. In addition,
mismatches were created by replacing the Sp partner C with
A, G, or T. Bothsynandanti glycosidic bond orientations
for Sp lesions, as well as for their partners when these were
purines opposite Sp(anti) (49, 50), were considered. We did
not considersyn-synpairing orsynpyrimidines since these
are rarely observed (51). The B-DNA energy minimized
values forø were employed for theanti partner structures,
while thesynstructures were obtained by rotation ofø by
about 180°, using optimal stacking as the criterion for the
actualsynø values. Table S1 (Supporting Information) gives
ø values of Sp employed in all starting models. Representa-
tive starting structures are shown in Figure S1 (Supporting
Information).

Force Field. Computations were carried out with the
AMBER 8.0 (52) suite of programs, the Cornell et al. force
field (53), and the PARM99 parameter set (54). The force
field was parametrized for the SpR and S stereoisomers
consistent with the rest of the force field. Partial charges for
the SpR and S stereoisomers were separately obtained as
described by Cieplak et al. (55); HF calculations with the
6-31G* basis set (56) were used to calculate the electrostatic
potential using Gaussian98 (57), and the restrained electro-
static potential fitting algorithm RESP (55, 58) was employed
to fit the charge to each atom center. Partial charges were
separately computed foranti (ø ) 240°) andsyn(ø ) 60°)
conformers for each stereoisomer and averaged. New atom
types were defined for the Sp moieties. Bond length and
angle equilibrium values for the Sp were taken from the QM
optimized structures. Bond length and angle force constant
parameters not present in the PARM99 parameter set were
assigned by analogy with chemically similar atom types
already present in the AMBER force field. Because of the
unusual Sp structures, test MD simulations revealed that bond
angles around the Sp N9 and sugar C1′ deviated markedly
from the QM optimized values for Sp and from standard
values in the AMBER force field; therefore, modest increases

FIGURE 1: (A) Structures of spiroiminodihydantoinR and S
stereoisomers.R is deoxyribose. Atom numbers are defined for
the S stereoisomer. The glycosidic torsion angleø is O4′(R)-
C1′(R)-N9-C4 (68) and is marked on theR stereoisomer. (B)
Structures of SpR and S stereoisomers after QM geometry
optimization. (C) Sequences for the molecular dynamics simula-
tions.
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to bond angle force constants, remaining within AMBER
ranges, were made to achieve bond angles near the equilib-
rium ranges. All of the added force field parameters, atom
types, and topology assignments are listed in Tables S2 and
S3 (Supporting Information).

Molecular Dynamics Protocol.Details of the MD protocol
(52, 59-65) are given in the Supporting Information.

Stability of the Molecular Dynamics Simulation.Plots of
root-mean-square deviations (RMSD) of the current relative
to the starting structure, as a function of time, are shown in
Figure S2 (Supporting Information). The structures generally
fluctuate stably after 1.5 ns, and our further analyses
employed the 1.5-3.0 ns time frame.

Structural Analyses.Snapshots of the DNA structures
during the simulation and the average structures, with solvent
and counterions stripped away, were obtained with the
PTRAJ module of the AMBER 8.0 suite. PTRAJ was also
employed to obtain time-dependence of the RMSD, the
glycosidic torsion angleø and the sugar puckerP (66) of
the SpR andS residues, and the corresponding dG residue
in the unmodified control. Hydrogen bonding analyses were
carried out with the CARNAL module of the AMBER 7.0
suite (67). In addition, we employed a hydrogen bond quality
index (48), IH, to quantitatively assess the deviation from
ideal Watson-Crick hydrogen bonding distances and angles
for 5′ and 3′ neighboring base pairs of Sp:

where dDA is the instantaneous donor-acceptor distance,
dDA

0 is an ideal donor-acceptor distance (68) (N4 (C) to O6
(G) is 2.91 Å, N1 (G) to N3 (C) is 2.95 Å, and N2 (G) to
O2 (C) is 2.86 Å), andγ is the instantaneous D-H‚‚‚A bond
angle with ideal value of 180°. The summation is over the
three Watson-Crick hydrogen bonds in a G‚C base pair and
then over the selected trajectory window.IH adopts a value
of 0 when ideal Watson-Crick hydrogen bonding is
maintained. The DNA groove width and backbone torsions
were analyzed with MD Toolchest (69, 70). The bend angle
of the duplex was analyzed with the program CURVES (71),
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 pair were removed prior to this analysis. In addition,
we removed the Sp and its partner when the partner was
synsince CURVES could not recognize these moieties. The
computed bend angles were thus based on global helix axes
determined by the four base pairs surrounding the lesion in
each direction. The stacking interactions were evaluated by
computing the van der Waals interaction between adjacent
base pairs, including the Sp lesion-containing pair, with the
program ANAL from the AMBER 7.0 suite (67).

Free Energy Analyses.The molecular mechanics Poisson-
Boltzmann surface area (MM-PBSA) method which has been
described in detail (72-77) was employed to perform the
free energy analyses. In brief, the free energy (Gtot) was
computed from the molecular mechanical energies (EMM),
the solvation free energy (Gsolvation), and the solute entropic
contributions to the free energy (Gtot ) EMM + Gsolvation -
TS) (78, 79). The molecular mechanical energies (EMM) were
calculated from internal energies (Eint) stemming from

deviations of the bonds (Ebonds), angles (Eangles), and dihedral
angles (Edihedrals) from their equilibrium values, the van der
Waals energies (EvdW), and electrostatic energies (Eelectrostatic).
The solvation free energies (Gsolvation) were estimated from
the electrostatic solvation energies (GPB) calculated using the
DelPhi program (80) and the nonpolar solvation energy
(Gnonpolar); the latter was approximated asGnonpolar) γSA +
b (γ ) 0.00542 kcal/Å2, b ) 0.92 kcal/mol) (81), whereSA

is the solvent accessible surface area (SASA) (82) computed
by Sanner’s algorithm in the MSMS program (83). The solute
entropic contributions to the free energies were approximated
with normal mode calculations (84). Details of the protocol
(52-54, 82, 85) are given in the Supporting Information.

INSIGHT II from Accelrys, Inc. was employed for
visualization and model building. Computations were carried
out on our own cluster of Silicon Graphic Origin and Altix
supercomputers and Octane workstations, as well as at the
NYU Information Technology Services Origin300 super-
computer.

RESULTS

The goal of our work was to investigate structures of the
SpR andSstereoisomers in DNA duplexes in solution. We
carried out 3 ns molecular dynamics simulations, to obtain
ensembles of structures. Each Sp stereoisomer was investi-
gated in four 11-mer B-DNA duplexes in which the partner
base opposite the Sp was A, C, G, or T. In addition we
investigated an unmodified control duplex containing a
normal G‚C pair in place of the damaged site. We considered
both syn and anti glycosidic bond orientations for the Sp
modifications, as well as for their partners when these were
purines opposite Sp(anti) (49, 50). Syn-syn pairings are
extremely uncommon, and pyrimidines adopt thesyncon-
formation only very rarely (51). Detailed analyses of the MD
generated ensemble were performed to delineate the struc-
tural and thermodynamic features of these lesion-containing
DNA duplexes.

Structural Analyses

Syn Sp places the Lesion in the Major GrooVe. We first
focus on the structures with the Sp glycosidic bond orienta-
tion in thesyndomain. Here we observe from Figure 2 that
the Sp perpendicular rings are located in the DNA major
groove. In the case of theR stereoisomer the distal B-ring
of the propeller-like structure is oriented so that it is directed
toward the 3′ end of the modified strand with the O6 atom
3′-directed. By contrast, in theS stereoisomer, the B-ring
and its O6 atom is 5′-directed. The A-ring is inserted into
the helix in each case. Detailed structural analyses show
general enlargement of the major groove, to accommodate
the Sp rings, as well as perturbations to hydrogen bonding
and stacking (Figure 3 and Figures S4-S7 and S10 (Sup-
porting Information)).

We monitored bend angles as a function of time and found
that the trajectory-averaged bend angles usually differed only
little from the unmodified control when the Sp glycosidic
bond orientation issyn (Figures S4-S7). The largest
difference is only about 5°.

Analyses of the sugar pucker pseudorotationP show that
the unmodified control remained in the normal B-DNA C2′-
endo conformation (P in the southern region of the pseu-

IH ) ∑
D-H‚‚‚A

[(dDA - dDA
0 )2 + (1 + cosγ)2]
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dorotation cycle at around 180°) (66). In the case of the Sp
modified duplexes the sugar pucker is more flexible, gener-
ally sampling both C2′-endo and C3′-endo conformations
(P in the northern region of the pseudorotation cycle at
around 0°). In addition, the Sp stereoisomers are much more
prone to sample the less common O4′-endo sugar conforma-

tion (P in the eastern region of the pseudorotation cycle at
around 90°) than the unmodified duplex (Figures S4-S7).

The glycosidic bondø remains in thesyndomain in all
the modified duplexes, while it retains its normal B-DNA
value in theanti (ø ∼ 240°) domain in the unmodified
duplex. However, for theR stereoisomer, two regions of the

FIGURE 2: Stereoviews of the central 5-mer of the Sp trajectory-average duplex structures in CPK models. The low energy structures of
Table 1 are shown, exceptR-Sp(syn)‚T(anti). The Sp stereoisomers are colored by atom. The Sp base partners are colored as yellow (A),
pink (C), purple (G), and orange (T). The oppositely oriented O6 atoms are marked. The Sp adjacent bases C5 and C7 are also marked in
gray. Sp conformational families are designated. All stereo figures are prepared for viewing with a stereoviewer.
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overallsyndomain are sampled, one at∼60° and the second
at ∼100°, except for the case of Sp paired with A, where
only the∼30° region is found (Figures S4-S7). The O4′-
endo sugar pucker is correlated with thesynø at∼30° when
A is the partner, and contributes to the stabilization of a
hydrogen bond between N7H7 of the Sp and N1 of A, as
detailed below.

Specific hydrogen bonding features of the Sp lesions with
their partner bases are shown in Figures 3 and S10. We
observe that one normal hydrogen bond is formed when C
or A is opposite Sp for both stereoisomers, and when T is
opposite theS Sp. With G opposite the Sp, one bifurcated
hydrogen bond is found, with O8 of the Sp as the acceptor
and the N1H1 and N2H2 of the G as the donors. With T
opposite R Sp, two hydrogen bonds are formed. Other
hydrogen bonding interactions involving the Sp are shown
in Table S5 (Supporting Information). Specifically, we note
that Sp can also form hydrogen bonds to neighboring bases
on the modified and/or partner strands. More such hydrogen

bonding interactions occur when G and T are paired with
eitherR- or S-Sp than when the opposite base is A or C. In
addition, we see that theR stereoisomer forms more and
better hydrogen bonds, regardless of the partner base, than
the S stereoisomer.

In addition, we analyzed the Watson-Crick hydrogen
bonding properties of the base pairs adjacent to the lesions.
We find that Watson-Crick pairing is generally present most
of the time in the adjacent base pairs (Figure S11 (Supporting
Information)). However, the quality of hydrogen bonding is
adversely impacted. To evaluate this effect, we computed
the Watson-Crick hydrogen bond quality index (see Meth-
ods) for the neighboring pairs C5‚G18 and C7‚G16 (Figure
4). Our results show that, for theSstereoisomer, the Sp 3′-
neighboring C7‚G16 pair is more disturbed than the 5′-
neighboring C5‚G18 pair; however, for theR stereoisomer
(except when A is the partner), the Sp 5′-neighboring
C5‚G18 pair is distorted. Furthermore, the disturbance is
greater in the 3′ direction for theSstereoisomer than the 5′
direction for theR stereoisomer. The stereochemistry of the
R and S stereoisomers plays the fundamental role in this
directional perturbation of Watson-Crick pairing. Specifi-
cally, the orientation of the Sp O6 atom is critical. In theR
stereoisomer, it is 3′-directed in the groove, in a less crowded
position of the right-hand-twisted double helix. However,
in the S stereoisomer, the O6 is 5′-directed and in a more
crowded situation (Figure 2), causing this stereochemical
effect. In the special case of partner A, hydrogen bonds form
between A andR-Sp (Figure 3), which orient the Sp to allow
an additional hydrogen bond between N3H3 of Sp and N3
of C5 (Table S5); this has the effect of distorting the

Table 1: Relative Free Energies (kcal/mol)a

Sp(anti)‚X(anti) Sp(syn)‚X(anti) Sp(anti)‚X(syn)

R-Sp‚A 0 (minor) 1.0 (major) 6.7 (minor)
S-Sp‚A 7.9 (major) 0 (major) 4.8 (major)
R-Sp‚C 4.5 (major) 0 (major)
S-Sp‚C 10.0 (intercalated) 0 (major)
R-Sp‚G 3.8 (minor) 0.2 (major) 0 (major)
S-Sp‚G 6.9 (minor) 0 (major) 9.8 (intercalated)
R-Sp‚T 0 (minor) 6.4 (major)
S-Sp‚T 0 (minor) 0.2 (major)

a The lowest energy structure for each sequence and stereoisomer is
0 kcal/mol. Major, minor, and intercalated indicate Sp location is in
the major or minor groove, or intercalated into DNA duplex.

FIGURE 3: Hydrogen bonds (green lines) between Sp and partner base. The low energy structures of Table 1 are shown. The base pairs are
obtained from the trajectory average structures of the selected simulation window. Hydrogen bonds shown have occupancy greater than
50%.
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C7‚G16 pair, because the Sp A-ring is directed toward this
pair (Figure 2). As a consequence, theR-Sp A-ring distorts
the adjacent bases. However, the Sp B-ring becomes
particularly well positioned in the major groove, nicely
following the twist of the groove (Figure 2). Thus, the Sp
A-ring causes less DNA distortion than when C, G, and T
are partners.

Anti Sp with the Lesion in the Major or Minor GrooVe,
or Intercalated.When the Sp residue isanti, an obvious
position for the perpendicular Sp rings is insertion into the
duplex between adjacent base pairs, andanti starting models
for the MD simulations adopted intercalated structures. Our
simulations show that this structural type of family remained
stable only in the case of the SpSstereoisomer when paired
with C(anti), and when paired with G(syn) (Figure S9
(Supporting Information)). In other cases the Sp rearranged
during the MD to reside in the major or minor groove. The
major groove conformers are observed in the case of theR
stereoisomer when paired with C(anti) and G(syn), and the
Sp S stereoisomer when paired with A(anti) and A(syn)
(Figures 2 and S9). The minor groove conformers are noted
for Sp R andS stereoisomers paired with G(anti), T(anti),
and for theR-Sp stereoisomer paired with A(anti) and A(syn)
(Figures 2 and S9). Opposite orientations of the Sp B-rings
are found in theR and S stereoisomers in both the major
and minor grooveanti conformations. Specifically, the Sp
O6 atom is 5′-directed for theRstereoisomer and 3′-directed
for the S stereoisomer (Figures 2 and S9), opposite to their

orientations for the correspondingsynstructures (Figure 2).
No intercalated conformations remained stable for theR
stereoisomer.

The intercalated structures are severely distorting. Ac-
commodation of the Sp perpendicular rings within the duplex
requires local stretching, unwinding, major groove enlarge-
ment with concomitant minor groove narrowing, and serious
distortion to either or both adjacent base pairs (Figures S4-
S8 (Supporting Information)). Base stacking interactions are
interrupted, and there is no stacking involving the Sp rings.
No hydrogen bonding between Sp and partner base is found
in this family. However, the Sp moiety is held in the
intercalated position by hydrogen bonds to the partner
strand: N3H3 of Sp to N3 of G18 in the case ofS-Sp paired
with C(anti), and N2H2 of Sp to O4′ of G18 and N3H3 of
Sp to N3 of G18 in the case ofS-Sp paired with G(syn). In
addition, a high degree of flexible bending is found in the
S-Sp stereoisomer opposite C(anti), but not opposite G(syn).
The extent of bending in the latter resembles that in the
unmodified duplex (Figure S8). Thermodynamic analyses,
detailed below, show that this structural family is energeti-
cally disfavored.

The major groove conformations are less distorting.
However, the Sp B-ring is still accommodated within the
helix. This leads to major groove opening and concomitant
minor groove narrowing (Figures S4-S8). In addition, the
neighboring Watson-Crick base pairs are perturbed, with
the C7‚G16 pair more perturbed than C5‚G18, regardless of
the stereoisomer or partner base (Figure 4). There is no
stacking involving the Sp rings with the adjacent bases. The
Sp B-ring of theR stereoisomer is directed toward the C5
position, and the perpendicular A-ring disturbs the C7‚G16
base pair. However, the Sp B-ring of theS stereoisomer is
directed toward the C7 position and disturbs the C7‚G16 base
pair (Figures 2 and S9). In this conformational family,
hydrogen bonding between Sp and its partner base is found
in the following cases:S-Sp‚A(anti) pair (N2H2 of Sp to
N1 of A) andR-Sp‚G(syn) pair (N2H2 of Sp to O6 of G,
and N2H2 of Sp to N7 of G) (Figures 3 and S10).

With Sp in the minor groove conformation, the B-ring is
positioned in the groove, but the A-ring protrudes into the
helix and is stacked with adjacent bases. However, stacking
of the Sp partner is disturbed, and this effect radiates beyond
the immediate neighbors (Figures 2 and S9). The helix bends
into the major groove to accommodate the B-ring in the
minor groove, which therefore widens (Figures S4-S8).
Again, there is perturbation to adjacent base pairs, which
does not differ much in directionality in the various simula-
tions, and is less pronounced than for the other conforma-
tional families with Sp(anti) (Figures 2 and S9). In this
conformational family, hydrogen bonding between Sp and
its partner base is found in the following cases:R-Sp‚G(anti)
pair (O5 of Sp to N2H2 of G) andS-Sp‚G(anti) pair (O6 of
Sp to N2H2 of G) (Figure S10).

Thermodynamic Analyses

Major GrooVe Conformers.We carried out thermodynamic
analyses of our simulated structures (Table S6 (Supporting
Information)), employing the MM-PBSA method (72) based
on the ensemble of structures derived from the molecular
dynamics simulations (see Methods). Thermodynamic and

FIGURE 4: Trajectory summed hydrogen bond quality index for
the 5′ (C5‚G18) and 3′ (C7‚G16) Sp neighboring Watson-Crick
base pairs. The values for C5‚G18 in S-Sp(anti)‚C(anti), C7‚G16
in R-Sp(anti)‚C(anti), C5‚G18 in R-Sp(anti)‚T(anti), and C7‚G16
in S-Sp(anti)‚T(anti) are not shown to full scale; their values are
given at the top of the bar.
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structural analyses provide complementary information. As
shown in Table 1, our thermodynamic analyses indicate that
the duplexes containing the Sp residues have low energy
structures with the Sp residing in the B-DNA major groove
regardless of sequence and stereochemistry, except for
R-Sp(anti)‚T(anti). The low energy major groove conforma-
tion is mainly achieved by a rotation of the Sp glycosidic
torsion angle to thesyn domain. However, in theR-Sp‚G
pair, a low energy major groove position is achieved with
the Sp(anti). Two hydrogen bonds between the Sp and the
G are likely responsible for stabilizing this Sp(anti) structure
(Figure 3). In addition, three low energy minor groove
positions are found, namely, theR-Sp(anti)‚A(anti) pair, and
R- andS-Sp(anti)‚T(anti) pairs. These Sp structures appear
to be stabilized through hydrogen bonding and stacking. In
the R-Sp(anti)‚A(anti) case, the Sp forms three hydrogen
bonds with adjacent bases (Table S5). In both theR andS
Sp(anti)‚T(anti) cases, the partner base T stacks well into
the duplex due to hydrogen bonds between Sp and the T
partner: R-Sp(anti)‚T(anti), N2H2 of Sp to O2 of T
(occupancy 41.0%);S-Sp(anti)‚T(anti), bifurcated O5 and
O6 of Sp to N3H3 of T (total occupancy 25.5%). The highest
relative free energies are found for the most distorted
intercalated structures, while the lowest relative free energies
are all associated with less perturbed major and minor groove
conformers.

Lower Energy R Stereoisomers.Our free energy analyses
show that, in terms of absolute free energies, theR stereo-
isomers are somewhat lower in energy than theS, irrespective
of the specific conformation and regardless of the partner
base (Table S6). The differential stereochemistry of the
stereoisomer pair in double stranded DNA appears to explain
this effect. We note that theR stereoisomer has better
hydrogen bonding to adjacent regions of the DNA, that there
is less disturbance to the Watson-Crick base pairing adjacent
to the lesion (Figure 4), and that there are better stacking
interactions. Essentially, the opposite orientations of theR
and S stereoisomers in the right-handed B-DNA helix
position the perpendicular ring systems so that they differ-
entially destabilize the double helix.

To illustrate this effect we consider the lowest energy
structures in Table 1. For the Sp(syn) conformation structures,
in which the Sp is in the major groove, the O6 atom of the
R-Sp B-ring is 3′-oriented, while theS-Sp B-ring is 5′-
oriented. We see from Figure 2 that the 5′ direction is more
crowded in the right-hand-twisted B-DNA double helix.
Accommodation of the Sp O6 atom of theSstereoisomer in
this direction requires the Sp and the DNA to make
adjustments that are more destabilizing. Thus, base stacking
is adversely impacted, because the C5 residue must move
to accommodate the O6 atom on theS-Sp B-ring, and
therefore it stacks poorly with its 5′ neighboring base.
Furthermore, the Sp A-ring stacks poorly with C7 and not
at all with C5. The 3′-side neighboring C7‚G16 Watson-
Crick base pair is significantly perturbed (Figure 4), due to
the 3′-orientation of the Sp A-ring. For theR stereoisomer,
however, the O6 atom is 3′-directed in a less crowded
situation in the groove, and has less destabilizing effects.
Thus, base stacking is better on both sides, the Sp A-ring
can stack with adjacent bases, perturbation of the 5′-side
neighboring C5‚G18 Watson-Crick base pair is lower, and
more and better hydrogen bonds to the base partner and

adjacent bases are possible than for theS stereoisomer
(Figures 3 and S10 and Table S5).

For Sp in theanti conformation, there are four structures
which contribute to their respective population mix, namely,
theR-Sp(anti)‚G(syn) pair, theR-Sp(anti)‚A(anti) pair, and
R- andS-Sp(anti)‚T(anti) pairs. In these four cases, the Sp
R stereoisomer is also lower in energy than theS. For the
R-Sp(anti)‚G(syn) pair, a major groove conformation, there
are two hydrogen bonds between Sp and the partner, and an
additional hydrogen bond between Sp and its 3′ base
neighbor. However, for theSstereoisomer there is only one
bifurcated hydrogen bond to the partner (Table S5). Fur-
thermore, the structural analyses reveal that the duplex in
the case of theR stereoisomer is less distorted than that of
theS, with less distorted grooves and better stacking between
the Sp B-ring and adjacent bases (Figures 2 and S9). For
the R-Sp(anti)‚A(anti) pair, a minor groove conformation,
there is one hydrogen bond to its partner and there are two
more to base neighbors, while in theS case there is only
one hydrogen bond to the partner. The O6 of theR-Sp lesion
is 5′-directed in the minor groove which is the less crowded
direction and allows for a better accommodation of the lesion,
as discussed above for thesynconformers, in which O6 is
3′-directed. In comparing theRandSSp paired with T(anti),
we find that theR stereoisomer DNA duplex is less bent
(Figure S7), and the Sp participates in one more hydrogen
bond (Table S5).

Stacking Interactions

A partial energetic assessment of stacking interactions can
be obtained from van der Waals interactions between base
pairs (or the Sp residue and partner with each adjacent base
pair). These values are given in Table 2, Table S7 (Sup-
porting Information), and Figure S22 (Supporting Informa-
tion); they show that all modified duplexes have higher
summed van der Waals interactions than the unmodified
control. The differences are in the range of∼2-11 kcal/
mol depending on stereochemistry, partner, and conforma-
tion. While these values provide just one important energetic
component contributing to stacking stabilization, the results
show uniformly that the modified duplexes are less stabilized
by stacking than the unmodified one.

DISCUSSION

Duplex Destabilizing Sp Lesions.Our computed structural
and thermodynamic studies have revealed that the SpR and
S stereoisomers in DNA duplexes energetically favor posi-
tioning in the B-DNA major groove; minor groove conform-
ers are also low energy in some cases, depending on the

Table 2: Sum of van der Waals Interaction EnergiesEvdW
a

EvdW

(kcal/mol)
EvdW

(kcal/mol)

unmodified control -121.6 R-Sp(syn)‚G(anti) -119.7
R-Sp(syn)‚A(anti) -117.3 S-Sp(syn)‚G(anti) -118.3
S-Sp(syn)‚A(anti) -118.3 R-Sp(anti)‚G(syn) -118.5
R-Sp(anti)‚A(anti) -112.3 S-Sp(syn)‚T(anti) -118.1
R-Sp(syn)‚C(anti) -114.0 R-Sp(anti)‚T(anti) -110.2
S-Sp(syn)‚C(anti) -113.3 S-Sp(anti)‚T(anti) -112.8

a The sum is over all pairs in the given duplex for the energetically
favored modified duplexes (Table 1 and Figure 2) and the unmodified
control. The two base pairs at the ends of the duplex are not included.
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partner base. In most cases, the major groove positioning is
favorably achieved by rotation of the Sp glycosidic bond to
the syn domain. In addition, in one case, namely, the
R-Sp(anti)‚G(syn) pair, a low energy major groove Sp
position was found with the Sp glycosidic bondanti. Also,
three low energy cases occurred with Sp in the minor groove,
namely, theR-Sp(anti)‚A(anti) pair andR- andS-Sp(anti)‚
T(anti) pairs. Thus the chemical nature of the partner bases
has an important influence on the structural preferences, due
to their unique hydrogen bonding features. Full intercalation
of the propeller-like Sp rings is severely distorting to the
DNA duplex in every case, and is never favored energeti-
cally. However, the major or minor groove positions of the
Sp lesions also perturb the DNA duplexes. This is manifested
in opening of the major or minor grooves, disturbance to
the Watson-Crick hydrogen bonding quality in adjacent base
pairs, and disturbed base stacking, and these perturbations
radiate beyond the immediate lesion vicinity (Table S7,
Figures 2, S9, and S22). In the case of the minor groove
conformer, significant bending of the DNA duplex also
occurs. These distorting features are consistent with notable
destabilization of Sp modified duplexes as evidenced by
marked reduction in thermal stabilities of the duplexes with
Sp lesions as compared to unmodified duplexes (Crean, C.,
Shafirovich, V., and Geacintov, N. E., unpublished observa-
tions).

Opposite Orientations and Differential Stabilities of R and
S Sp Stereoisomers.Structures of theR andSstereoisomers
differ through an opposite orientation phenomenon. The
predominant major groove/synconformational family is the
only one found for bothRandSstereoisomers. In each case,
the O6 atom in the Sp B-ring is directed 3′ along the modified
strand in the case of theR stereoisomer, while this atom is
5′-directed in the case of theSstereoisomer (Figure 5). This
directional effect causes perturbed Watson-Crick hydrogen
bonding and base stacking in the direction opposite to that
of the O6 in the B-ring. In each case, the perpendicular Sp
A-ring is driven to a position which creates the directional
disturbance.

Our thermodynamic analyses indicate that theR stereo-
isomer modified duplex is in every case somewhat lower in
absolute free energy than theS modified duplex. The
structural analyses suggest that the origin of this differential
stability is tied to the opposite orientations of the two
stereoisomers. In the predominant major groove/synconfor-
mational family, the O6 atom of the Sp B-ring is located in

a more crowded groove location on the 5′-side of theS
stereoisomer, requiring greater disturbance to the B-DNA
duplex than in the case of theR stereoisomer; in the latter
case, the 3′-directed O6 atom is in a more open position of
the groove due to the right-handed twist of the B-DNA
double helix, and its accommodation requires less distortion
(Figure 2). Superimposed on this overall effect are specific
structural phenomena derived from the nature of the base
partner. These predominantly involve differential hydrogen
bonding capabilities both with the Sp and with adjacent bases
by the partner.

Implications for Base Pairing Infidelity and Repair.
Experimental mutagenicity studies, both in vitro and in vivo,
suggest that the Sp‚A and Sp‚G pairs are preferentially
formed during replication (35, 36). The mutagenicity studies
do not reveal incorporation of C and T opposite either Sp
stereoisomer (35, 36). Our simulations reveal hydrogen
bonding schemes and stacking features which together could
contribute to the preferential incorporation of G and A
opposite both stereoisomers. Specifically, the extent of
hydrogen bonding (Table S5) betweenR- and S-Sp and
partner base follows the order G> A ≈ C > T; average
stacking stabilization betweenR- andS-Sp and partner with
base pair neighbors follows the order G> A > C ≈ T (Table
2). Stereoisomer-dependent differences in A or G incorpora-
tion opposite Sp have been noted (36), although these studies
could not distinguish the absolute configuration of the two
stereoisomers. In these studies it was found that, inE. coli,
among the lesions which are bypassed, 72% Gf C (Sp‚G
pair) and 27% Gf T (Sp‚A pair) transversions occur, in
the case of Sp1, and 57% Gf C and 41% Gf T
transversions in the case of Sp2. Our simulations suggest
that the SpR configuration favors pairing with G more than
theSstereoisomer, based on the hydrogen bonding analyses
between Sp and different partner bases. As shown in Figure
3 and Table 3, there are a total of one bifurcated and two
normal hydrogen bonds for the SpR stereoisomer with the
two low energy structures containing a partner G residue;
however, there is only one hydrogen bond in the case of the
two low energy structures containing a partner A residue.
For the S-Sp stereoisomer, there is only one bifurcated
hydrogen bond with the one low energy structure containing
the partner G, and one hydrogen bond with the one low
energy structure containing a partner A (Table 3). Of course,
the mutagenicity data reflect a very complex combination
of factors involving the impact of the lesion on the polym-
erase active site structure, of which hydrogen bonding
between template and dNTP is only one component (86). A
structural feature, found in both nucleoside studies (34) and
the present work, is a tendency to adopt an unusual sugar
pucker in the O4′-endo region. Our present studies showed
that this facile capability for O4′-endo pucker plays a role
in stabilizing bothR- andS-Sp(syn)‚A(anti) hydrogen bonds,

FIGURE 5: Stereoviews of the central 3-mer of Sp(syn)‚G(anti) in
stick models showing the opposite orientation of the O6 atoms.
The Sp stereoisomers are colored by atom. The Sp partner G is in
purple.

Table 3: Sp‚A and Sp‚G Hydrogen Bondsa

total no. of H bonds R-Sp S-Sp

Sp‚A 1 1
Sp‚G 2 + 1 bifurcated 1 bifurcated

a Hydrogen bonds are summed over all energetically favored Sp‚A
and Sp‚G duplexes (Table 1).
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and so might contribute to the observed Gf T transversion
mutations.

A notable feature of the Sp chemical structures is that the
A-ring, irrespective ofRandSstereochemistry, is a “pseudo-
thymine” in its hydrogen bonding donor-acceptor properties
and its single ring nature (Figure 6). When the largely favored
syn conformation is adopted, this ring’s thymine-like hy-
drogen bonding substituents are directed toward the helix
interior. Pairing with a partner purine is therefore less strain
on the DNA duplex than Sp(syn)‚pyrimidine, which mimics
a pyrimidine‚pyrimidine pair. This may contribute to the
absence of Sp‚C and Sp‚T pairing in the experimental
mutagenicity studies.

The opposite orientations of theR and S configurations
observed in our simulations could suggest differential treat-
ment of the two lesions by repair enzymes. Our finding that
the S stereoisomer duplex is less stable than theR stereo-
isomer might indicate a greater repair susceptibility for the
Scase, since the repair enzyme may sense and flip out (87)
a less stable damaged nucleoside more readily. In addition,
our prior computational studies on the nucleoside level
suggested impeded rotation betweensynandanti glycosidic
bond orientations at the level of Sp nucleoside lesions (34).
This could also impact lesion repair since it is possible that
glycosylases may at times act on thesyn form of Sp (88-
90). Our duplex simulations in the present work did not
reveal anysyn/anti transition at the Sp lesions. However,
hydrogen bonds between Sp and the partner bases evolved
during the simulations, which also impeded such a transition;
therefore the effect of the rotation behavior per se could not
be evaluated from the duplex simulations.

We note that the free energy calculations are, of course,
limited by the problem of sampling sufficiency in molecular
dynamics simulations, together with issues relating to force
field quality, which are ongoing frontier problems. Nonethe-
less, the ensembles of structures derived from MD trajectories
can be acquired only by simulation and are proving valuable
in elucidating structure-function relationships (91).

Our present study was carried out for the amino tautomer
which is more stable according to QM calculations (34). This
tautomer appears to be preferred as it has the advantage of
permitting conjugation between the amino and carbonyl
groups in the same ring. However, other tautomers might
be possible. If experimental evidence indicating that other
tautomers are important emerges in the future, it will provide
impetus for further studies on a computational level.

CONCLUSION

Structural and thermodynamic studies employing molec-
ular dynamics simulations show a favored conformation of
SpRandSstereoisomers in the major groove of the B-DNA
duplex, regardless of the absolute configuration. Three cases
of energetically favorable minor groove positions are also
noted, but intercalation structures are disfavored for these
propeller-like Sp structures. The lesions cause duplex distor-
tion in the form of perturbation to neighboring Watson-
Crick pairing and base stacking, as well as groove widening.
Opposite orientations with respect to the 5′ to 3′ direction
of the modified strand are found in the case of theR andS
stereoisomers, and these opposite orientations produce dif-
ferent directional effects on the modified duplex. The
chemical nature of the partner base determines specific
hydrogen bonding and stacking properties of the damaged
duplexes. These structural features can provide insights with
respect to the mutagenic properties and susceptibilities to
repair of these unusual base modifications, and suggest the
possibility of stereochemical effects on their biochemical
properties.
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NOTE ADDED AFTER ASAP PUBLICATION

Figure 6 of this article, published on the Web on 9/16/05,
has been replaced due to a minor error in the prior version.
The correct version was posted on 9/23/05.

SUPPORTING INFORMATION AVAILABLE

Figure S1 shows representative starting models for the MD
simulations. Figure S2 shows RMSD vs time plot of each
molecular dynamics simulation. Figure S3 shows stereoviews
of unmodified control trajectory-average structures of se-
lected molecular dynamics simulation window. Figures S4-
S8 show stereoviews of the trajectory-average structures and
structural analyses data. Figure S9 shows stereoviews of the
central 5-mer of the Sp trajectory-average duplex structures
in CPK models. Figure S10 shows hydrogen bonds between
Sp and partner base of high energy structures. Figure S11
shows the sums of the hydrogen bond occupancies of Sp
neighboring Watson-Crick base pairs. Figures S12-S21
show trajectory average plots of duplex backbone torsion
angles. Figure S22 shows van der Waals interaction energy
vs base pair step. Table S1 shows glycosidic torsionø values
of Sp employed in duplex starting models. Table S2 shows
added force field parameters for Sp lesions. Table S3 shows

FIGURE 6: Overlap ofS-Sp deoxyribonucleoside (syn) and thymine
(T) deoxyribonucleoside (anti). The Sp’s five-membered A-ring
and T’s six-membered ring are overlapped at atoms O8 (Sp) and
O2 (T). Atom numbers are marked for Sp and T, respectively.
Overlap of Sp A-ring with T is the same for theR stereoisomer.
Molecules are colored by atom. The thymine deoxyribonucleoside
is transparent.
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AMBER atom type, connection type, and partial charge
assignments for the Sp. Table S4 shows box sizes and
numbers of waters in MD simulation starting models. Table
S5 shows hydrogen bonds and occupancies involving Sp.
Table S6 shows MM-PBSA free energy analysis components
for each DNA duplex. Table S7 shows van der Waals
interaction energies of adjacent base pairs and their sum over
all pairs in the given duplex. This material is available free
of charge via the Internet at http://pubs.acs.org.
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