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ABSTRACT: Reactive oxygen species present in the cell generate DNA damage. One of the major oxidation
products of guanine in DNA, 8-oxo-7,8-dihydroguanine, formed by loss of two electrons, is among the
most extensively studied base lesions. The further removal of two electrons from this product can yield
spiroiminodihydantoin (SpR and S stereoisomers. Both in vitro and in vivo experiments have shown
that the Sp stereoisomers are highly mutagenic, causingiGand G— C transversions. Hence, they are

of interest as examples of endogenous DNA damage that may initiate cancer. To interpret the mutagenic
properties of the Sp lesions, an understanding of their structural properties is needed. To elucidate these
structural effects, we have carried out computational investigations at the level of the Sp-modified base
and nucleoside. At the base level, quantum mechanical geometry optimization studies have revealed exact
mirror image symmetry of th&® and S stereoisomers, with a near-perpendicular geometry of the two
rings. At the nucleoside level, an extensive survey of the potential energy surface by molecular mechanics
calculations using AMBER has provided three-dimensional potential energy maps. These maps reveal
that the range and flexibility of the glycosidic torsion angles are significantly more restricted in both
stereoisomeric adducts than in unmodifiéadi2oxyguanosine. The structural and energetic results suggest
that the unusual geometric, steric, and hydrogen bonding properties of these lesions underlie their
mutagenicity. In addition, stereocisomer-specific differences indicate the possibility that their processing
by cellular replication and repair enzymes may be differentially affected by their absolute configuration.

Reactive oxygen species (RO%resent in the cell, or  (21—23) to produce cyanuric acid (Ca), oxaluric acid (Oa),
produced by ionizing radiation, can generate a variety of and oxazolone (0Oz)2@). Other oxidation products of
DNA damage {—4), including strand breaks, proteiDNA guanine, namely, imidazolone (1z) and nitroimidazole (NI),
cross-links, abasic sites, and base lesi@8,(5—8). If the have also been preparezh). These are all highly mutagenic.
damage is not removed by repair enzymes, the processingn vivo studies inEscherichia colihave shown that Ca, Oz,
of the damaged DNA by polymerases may cause mutationsand Oa are readily bypassed and efficiently cause-G
and, ultimately, cancer. Colorectal, lung, kidney, head and transversion mutation26). Iz is bypassed somewhat less
neck, and breast cancers in humans have been linked to tumoefficiently, but readily produces &> C transversion muta-
initiation by ROS 0—15). In addition, reactive oxygen tions when it is not blocking. NI and urea (Ua) (which is
species have been associated with aging, and studies wittderived from Oa) are more blocking, but are also mutagenic.
rodents suggest that aging is indeed related to oxidative DNA NI permits incorporation of all four nucleotides opposite the
damage 16—19). lesion, while Ua, when bypassed, causes almost exclusively

One of the major oxidation products of guanine in DNA, G — T transversionsZ7, 28).

produced through a loss of two electrons, is 8-0x0-7,8-  Recent studies have also shown that the further removal
dihydroguanine (8-0x0G)20). Since 8-oxoG has a lower  of two electrons from 8-0xoG can produce spiroiminodihy-
redox potential than guanine, it can easily be further oxidized dantoin (Sp) diastereoisomers, guanidinohydantoin (Gh), and
its rearrangement isomer iminoallantoin (la); these can also
T This research is supported by NIH Grant CA-75449 to S.B. and be formed directly from guanine by a variety of oxidizing
NIH Grant ES-11589 to V.S. and N.E.G. agents 29—39). We focus on the Sp diastereoisomers in this
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998-8231. Fax: (212) 995-4015. E-mail: broyde@nyu.edu. paper. TheR andSstereoisomers of Sp are depicted in Figure

¥ Department of Chemistry. 1.
* Department of Biology. Biological processing of the Sp lesions has been of

1 Abbreviations: ROS, reactive oxygen species; 8-0xoG, 8-0x0-7,8- - . .
dihydroguanine: Ca, cyanuric acid: Oa, oxaluric acid; Oz, oxazolone: considerable recent interest because of the possibility that

Iz, imidazolone; NI, nitroimidazole; Ua, urea; Sp, spiroiminodihydan- they may occur endogenously and contribute to human
toin; BER, base excision repair; KF, Klenow fragment; Fpg, forma- cancer 21). Our current understanding of how such DNA

midopyrimidine glycosylase; MutY, adenine DNA glycosylase; yOGG,  yamage may initiate cancer involves the induction of
yeast 8-0x0G glycosylase; hOGG, human 8-0xoG glycosylase; NEIL, B . . .
endonuclease Vill-like; dG, &leoxyguanosine; DFT, density functional ~Mutations in oncogenes or tumor suppressors during replica-

theory; QM, quantum mechanics; NDB, Nucleic Acid Database. tion, if the lesion fails to be accurately repairetD(41).

10.1021/bi0473657 CCC: $30.25 © 2005 American Chemical Society
Published on Web 03/31/2005




6044 Biochemistry, Vol. 44, No. 16, 2005

A-ing 5 o B-ring

H. \ H.
NMC(SZN N7/55< N
weo J AR H Js\(g)c--fa;l
(.) O N N N’H (55' Og N N N’H
xd H 5 '
Y H 12
B%}E ;OI. h Q‘: .
5 nH Hys 24 H

Ficure 1: Structures of spiroiminodihydantoiandS stereoisomer

Jia et al.

SpsS

deoxyribonucleosides. At the base level, the sugar is replaced by a

hydrogen. Torsion angles are defined for tResterecisomer
deoxyribonucleoside. Atom numbers are defined for$tstereo-
isomer deoxyribonucleoside.

Most oxidative DNA damage is repaired by base excision
repair (BER) pathways4@—44). TheE. coli BER glycosy-
lase Fpg, which removes 8-oxoG and a variety of other

oxidized purine lesions, removes both of the Sp stereocisomers

efficiently when paired with any of the four different DNA
bases in the complementary strand. TBecoli adenine
glycosylase MutY, which can remove adenine mispaired with
8-0x0G, is unable to remove adenine when paired with Sp
(45). The functionally related yeast enzymes yOGG1 and
yOGG2 also remove Sp when paired with any of the four
natural DNA bases in a duplex, while the human homologue
hOGG1 cannot remove Sp in any base pairing cont&t (
However, the mammalian BER glycosylase NEIL1 is able

t/
A

\\

Ficure 2: (A) Overlay of the combination of nine starting structures

for quantum mechanical geometry optimization. (B) Structures of

Sp R and S stereoisomers after geometry optimization.
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Ficure 3: Deoxyribose pseudorotation cycle showing sugar

_ conformations as a function of pseudorotation parameterhe

to excise these lesions opposite the four natural bases infive-membered sugar rings are nonplanar, with one or two atoms

double-stranded DNAA({).

The processing of the Sps by several DNA polymerases
has also been investigated. In vitro primer extension studies
with pol a and polf show that the Sp lesions block extension
beyond the lesion4@). However, guanine or adenine is
inserted opposite the Sp lesions by KF exeven more
efficiently than opposite 8-0x0G, although subsequent exten-
sion is significantly blocked. The insertion of adenine is
favored over guanine, while incorporation of cytosine
opposite Sp is not observedq). In vivo studies of DNA
containing site-specifically modified Sp transfected iEto
coli show that DNA polymerases are largely blocked by both
Sp stereoisomers, but that-6 C and G— T transversion

out of plane. The sugar puckering pseudorotation angle treats the
nonplanarity as a wave going around the riBg)(

properties of these lesions underlie their mutagenicity.
Moreover, stereoisomer-specific differences suggest the
possibility that processing of these lesions by cellular
replication and repair enzymes may be affected by their
differing absolute configurations.

METHODS

Quantum Mechanical Geometry Optimization of Sp on the
Base Leel. Nine different starting models of the $pand
Sstereoisomers were built with SPARTAN from Wavefunc-

mutations result upon bypass of the lesions. It was found tion, Inc. They were modeled to consider all possibilities
that the two Sp stereoisomers were both more blocking andfor puckering of the sphybridized C4 atom connecting the

more mutagenic than 8-oxoGb5({). The Sps are more
blocking than Ca, Iz, Oz, Gh, and Oa, but when bypassed,
they are highly mutageni@8, 50).

To interpret the mutagenic potentials of the Sp stereoiso-
meric lesions and their response to DNA repair enzymes,
an understanding of their structural properties is needed.
However, such structural information is at present not
available. To elucidate the structural and conformational
properties of these novel lesions, we have carried out
computational investigations at the level of the modified base

two rings (Figures 1 and 2A); preliminary geometry-
optimized structures were obtained using constraints to
preserve the initial ring dihedral angles (Table S1) with the
MERCK molecular force field (MMFF94)51) in SPAR-
TAN. In the next stage, we used the quantum mechanical
density functional theory (DFT) method (B3LYP/6-31G*)
(52, 53) in Gaussian 9854) from Gaussian, Inc., to perform
high-level geometry optimizations. The structure of a stan-
dard guanine was taken from the NDBY. Identical
protocols were employed for amino and imino tautomers of

and Sp nucleoside. At the base level, quantum mechanicalSp.

geometry optimization studies reveal the exact mirror image
symmetry of theR and S stereoisomers, with a near-

perpendicular geometry of the two rings. At the nucleoside
level, an extensive survey of the potential energy surface by
molecular mechanics calculations using AMBER provides

Molecular Mechanics Calculations for Sp Deoxynucleo-
sides and Unmodified dGA library which contained
deoxyribose sugar conformations, varying in the sugar pucker
pseudorotation parameter(56, 57) from 0° to 355 at 5
intervals, was computed with DUPLEX®) to produce 72

three-dimensional potential energy maps. These maps reveatlifferent sugar conformations, spanning the full geometric
that the range and flexibility of glycosidic torsion angles are range for the sugar conformation (Figure 3). The QM
significantly more restricted in both Sp stereoisomers than geometry-optimized SR andS stereocisomers and unmodi-
in unmodified 2-deoxyguanosine (dG). Our results indicate fied guanine were linked to each of these sugar conforma-
that the novel geometric, steric, and hydrogen bonding tions. Torsion angleg (C4—C5—05—H5") ande (C4 —
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C3—-03—H3) were set to 180 Glycosidic torsion anglg
(C4—N9—C1'—04) and the C4-C5 linkagey (C3—C4—
C5—085) were also surveyed at tervals. In combination,
we therefore have (3605)= 72 = 373248 different
conformations for SR andS stereoisomer deoxynucleosides
and unmodified dG, which provides a good survey of the
whole potential energy surface.

The energy calculations were carried out with AMBER
5.0 69) with the Cornell et al. force fieldd0) and PARM99
parameter seb(l). To parametrize the force field for the Sp
stereoisomers, we computed partial charges compatible with
the rest of the force field by QM (HF/6-31G*) with Gaussian
98 (54). One syn (y = 60°) and oneanti (y = 240)
conformation for each modified deoxynucleoside were used
for the partial charge calculations. The least-squares charge
fitting algorithm Restrained Electrostatic Potential (RESP)
(62) provided with AMBER 5.0 was used to fit the charge

to each atomic center. The final partial charges were FIGURE 4: Superimposition of S|R and S stereoisomer deoxyri-

determined by averaging partial chargessyh and anti bonucleosides showing the mirror-image orientation of the pucker
conformations. Missing bond angle parameters were obtainedin the five-membered rings of Sp. The sugar conformations are

using equilibrium bond angles from the QM optimized the same in both caseB & 160° andy = 180°). The glycosidic
structures with force constants chosen from chemically ©0rsiony is 35" for R Sp and 70 for S Sp.

analogous ones already present in the force field. These . . . I
stereoisomers based on different puckering possibilities at

added Sp parameters are given in Table S3. All other . ) .
parameters for the Sp moieties were already present in thethe tetrahedral C4 atom, as described in Methods (Figures 1

PARM99 parameter set. AMBER atom type assignments andanq Z.A)’. and carried out quan.tum mechanical geomqtry
partial charges are given in Table S4. A sigmoidal distance- optimization for each structure using the quantum mechanical

dependent dielectric functioB) was used to implicitly treat DFT method (B3LYP/6-31G*). Our results show that for
solvation in the electrostatic term of the force field. each stereoisomer the quantum mechanical geometry opti-
TECPLOT10 from Amtec Engineering, Inc., was em- mization produces convergence to a single structure. The
ployed to generate three-dimensional energy maps. INSIGHTﬁlr:],al R ;%d S stderimsomer' structfurses are mlrrlor f:magej
Il from Accelrys, Inc., was employed for visualization and ( igure ), and t € two rings of Sp are nearly flat an
model building. essentially perpendicular to each other (Figure 4 and Table
Calculation of Statistical WeighThe fractional statistical ~ S1): These results rule out conformational flexibility at the

weight of each conformer was calculated by the expressionC4 atom in the Sp stereoisomers. o
(64, 65) In these gas phase geometry-optimized structures, the

amino groups of Sp are nonplanar, as is usually the case for
@ ABiWRT such computed structure6g, 67). However, in all crystal
= structures of guanines and adenines, the amino group is
L. planar 65, 68, 69), and we therefore remodeled them as
2121 Zle e planar for the next stage of our studies involving the modified
=1=lk= nucleosides.

Three-Dimensional Energy Maps of Unmodified dG and

Pijk

where AE;j« is the relative energy calculated for a given - . :
conformer in kilocalories per mole with respect to the lowest- S_p R gnd S Ste.re0|somer|c Deoxynucleosidisree-

energy structurer is the universal gas constant (1.987 dimensional potenpal energy maps were constructed for the
102 keal molt K1), T is the temperature (300 K), and Sp R and S stereoisomer deoxynucleosides, as well as for

j, andk represent variableg, v, and P, respectively. The unmodified dG for comparison. We surveyed three flexible

combined statistical weight for each pairwise two-dimen- Parameters, glycosidic torsion angleC4—Cs torsiony,
sional surfacéM is given by and sugar pucker pseudorotation parametés6, 57) at 5°

intervals in combination, for a total of 373 248 conformations

72 72 for each molecule. Energies were evaluated for each con-
W, = Zzlpi’j’k formation using the AMBER suite of programs. Statistical
=lk= weights based on these energies were computed as described
_ _ N in Methods.
Compgtatlons were carned_ out on our own cluster of Silicon  The three-dimensional energy maps are shown in Figure
Graphics Octane workstations. 5. There are limited allowed regions characteristic of
RESULTS deoxynucleosides, with glycosidic bond orientationsyn

and anti domains, C4-C5 torsions in thegauche (60°),
Quantum Mechanical Geometry Optimizations of R and trans(18(°), andgauche (30C°) regions, and sugar puckers
S Sp Stereoisomers on the BasedleShow a Propeller-  spanning C3endo P = 0°, North) through O%4endo P =
like Mirror Image Pair. In the first stage of this study, we 90°, East) to C2endo P = 18, South) {0) (Figure 3).
created nine different conformations for the Bpand S The O4-exo region P = 27(°, West) is disfavored due to
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Ficure 6: Energy map cross sections: ()= 60°; (B) P = 160°, C2-endo.
a steric conflict between the base and the €%socylic barrier locations between the $and S stereoisomers, as
substituentsg7, 71, 72). indicated in the figures. The structural origins of the barriers

Important details of these energy topographies are seenare illustrated in Figure 7, which reveals steric crowding in
clearly in slices through the three-dimensional surfaces. the high-energy regions betwegivalues of 100 and 150
Figure 6A shows slices through the B-DNA3) y = 60° for the SpR stereoisomer and betwegrvalues of 60 and
domain. The important feature of these maps is the identi- 110° for the SpS stereoisomer. This energy barrier is due
fication of two high-energy barriers separatisygnandanti to a close contact between H@f the sugar and N3 of Sp
regions in the glycosidic bond rotation for the Sp stereoi- for both sterecisomers. When= 13, the distance between
somers, but only one such barrier for dG. Figure 6B shows H2' and N3 is 1.90 A for the&R stereoisomer but 2.60 A for
a second plane through the three-dimensional energy surfacethe S stereoisomer. This makes tRestereoisomer crowded
through theP = 160° B-DNA C2'-endo sugar pucker. In  and high in energy. However, when= 80°, the distance is
this cross section, we can more clearly observe the pair 0f2.52 A for theR stereocisomer and 1.89 A f@®, so theS
barriers in glycosidic rotatiory for Sp but not the normal  stereocisomer is crowded and high in energy. Furthermore,
dG. We note that these barriers are independent 6f C8 the structural reason for the stereocisomer-determined shift
conformationy. We also observe a subtle difference in the in the barriers is shown in Figure S1. The differences in the
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FiGure 7: Stereoisomeric effects cause energy barrier shif in
andSstereoisomers. The sugar conformations are the same in both
casesP = 160° andy = 180°).

two stereoisomers cause the O8 atom to have different
orientations. Th& stereoisomer has a close contact between
08 and H2 in the y region of 286-30C°, while the S
stereoisomer has a close contact between O8 anihHi2e

¥ region of 276-29C.

Statistical WeightsWe employed the full set of energy
data from the three-dimensional surfaces to compute the
fractional statistical weights of each conformer, as described
in Methods. Results for variables P, andy are given in
Figure 8. The combined statistical weights in'€€5
torsion y (Figure 8A) show the predominant domains of
gauche (60°) and trans (180°) as well as some small
statistical weight in thgauche (300C°) region, characteristic
of deoxynucleosides and DNA7Q, 73). Both the Sp
stereoisomers and dG exhibit similar patterns. The statistical
weight plot inP, the sugar pseudorotation conformation, is
given in Figure 8B. The Sp stereoisomers have a distinct
preference for the O4ndo sugar pucker, which differs from
the case for unmodified dGr4, 75). This stems from the
perpendicular architecture of the Sp stereoisomers, which
produces domains of crowding for the usual-€@do or C3
endo DNA sugar conformation which Géndo avoids,
especially in thesyn region of y (Figure S2). In they
dimension, the SR stereoisomer favors trenti conforma-
tion more tharsynwhile the S sterecisomer favorsynover
anti, but both domains are feasible for each case (Figure 8C).
Structurally, this difference can be explained on the nucleo-
side level, as shown in Figure 9. Specifically, the differences
in the R andS stereoisomers cause tRestereoisomer to be
more crowded in theynregion than thé&. Note that for the
R stereoisomer, when the five-membered B-ring of Sp and

Biochemistry, Vol. 44, No. 16, 200%047
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Ficure 8: Plots of combined statistical weights for variabje®,

andy.
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R

Ficure 9: Structures of the SR and S stereoisomer deoxyribo-
nucleosides with conformations in which the B-ring of the Sp
overlaps the sugar ring, when viewed through the planes of these
two rings. The glycosidic torsion anglg is 35 for the R
stereoisomer and 7dor S The sugar conformations are the same
in both casesR = 160° and y = 18(°). The top views are
perpendicular to the Sp B-ring, and the bottom views are rotated
90° out of the plane of the paper.

because of a hydrogen bond between the-N2 group and
OS5 (Figure S3), and hydrogen bonds stabilizeygndG on
the nucleoside level are well-knowB7, 76).

DISCUSSION

Our structural studies on the base level have delineated
the geometries of the SR and S stereoisomers. The QM
geometry optimizations reveal a pair of propeller-like, mirror-
image structures. Furthermore, the Sp structures are com-
prised of essentially planar and near-perpendicular five-

the sugar are overlaid, the amino group of Sp has much closermembered rings, without flexibility at the C4 atom, as

contacts with the C5and O5 group of the sugar than tt&
stereoisomer. Unmodified dG on the other hand prefgrs

determined from the convergence of the nine initial structures
to a single one in the case of each stereoisomer. On the
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Ficure 10: Tautomerism and protonation equilibria of Sp.

nucleoside level, our extensive surveys of the potentia

Jia et al.

ences is suggested. Lesion-dependent influences on sugar
puckering are also found, notably, a preference for&@wlo
puckering for the Sp deoxynucleosides.

Our results are for the amino tautomer (Figure 10C).
However, bothR and S stereoisomers of Sp may exist in
several tautomeric forms that involve the location of the
protons bound to nitrogens in the B-ring (Figure 10). These
can be interconverted through a common cation (A). Tau-
tomers that have an exocyclic amino group (C and D) are
usually favored over imino tautomers (B) in a variety of
heterocyclic ring systems7{, 78). In addition, we have
performed QM geometry optimization calculations for the
imino tautomer (B) for comparison with the amino tautomer
(C) (data not shown). Our results reveal that the amino form
(C) is lower in energy by 1 kcal/mol. Of the two tautomers
that have an amino group (C and D), we and oth&8s46)

| prefer C; unlike D, C permits conjugation of the amino group

energy surface reveal restricted rotation about the glycosidic With the carbonyl group in the same ring. However, other
bond compared to unmodified dG. Specifically, an additional f2utomers might be possible, and these would merit further

barrier betweersynandanti domains is noted. In addition,
we find subtle distinctions in the barriers betwesmand
anti domains for theR and S stereoisomers, and the
possibility for stereoisomer-dependesyn and anti prefer-

(A)
Syn

®)
Anti

06

Ficure 11: Stereoviews of SR andS stereoisomer deoxyribonucleosidessymandanti conformations showing the opposite orientation
of the O6 atom. The sugar conformations are the same in both dased 60 andy = 180°). (A) For thesynconformation,y is 60° for

the R and 78 for the S stereoisomer. (B) For thanti conformation,y is 240 for both R and S stereoisomers. All stereo images are
constructed for viewing with a stereoviewer.

investigation if experimental evidence indicating their im-
portance emerged.

The distinct properties of these Sp lesions are expected to
have profound influences on DNA structure. If the normal

06
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anti glycosidic bond orientation, needed for Watsa@rick
base pairing in B-DNA, were adopted, the Sp nucleoside
structures suggest that the perpendicular ring system would
be inserted into the helix, or cause other very damaging o
distortions to the double helix; howevesyn glycosidic
conformations would position the Sp structures at the helix
exterior (Figure 11). Furthermore, th®yn conformation
would allow for the possibility of base pairing using the-N7

H7 group on the remaining Hoogsteen edge opposite adenine
or guanine. Molecular modeling studies are currently in
progress to investigate the structures of these lesions in DNA
duplexes.

The mutagenic consequences of these damaged guanines 5,
appear to arise from their unique geometric and steric
properties, together with their altered hydrogen bonding
capabilities. The steric properties produce diminished flex-
ibility compared to unmodified dG in the glycosidic torsion
due to the added rotation barrier, impeding reagg—anti
interchange. An altered sugar pucker preference is also
produced by the lesion. These unique features of the Sp
lesions govern their processing within active sites of poly-
merases and repair enzymes. Furthermore, our results suggest
the possibility of differential treatment of the $pand S
stereoisomers by replicative or repair enzymes. As shown
in Figure 11, the O6 atoms of the stereoisomers are 10.
oppositely oriented, offering different hydrogen bonding
potentials to enzymes that may treat these lesions. Moreover,
the subtle differences in glycosidic bond flexibility mani-
fested in the rotation barriers might be differentially sensed 11.
by processing enzymes.

In conclusion, our structural and energetic studies for the
Sp stereoisomers show that the structures are mirror images,
with near-perpendicular and planar ring systems. The lesions 12.
possess unique geometric, steric, and hydrogen bonding
features that are stereoisomer-dependent. Treatment of these
lesions by replicative and repair enzymes is determined by 13.
these unique structural properties.

4.

8.
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SUPPORTING INFORMATION AVAILABLE
15.
Figure S1 shows stereoisomeric effects causing the energy

barrier at~285 to be shifted in thdr and S stereoisomers.
Figure S2 shows the O5N2 and O5-C2 distances of
unmodified dG and SfR and S stereoisomers in theyn
conformation with different sugar puckers. Figure S3 shows
a hydrogen bond between O&nd H2 stabilizing thesyn
glycosidic bond conformation in unmodified dG. Figures
S4—-S6 show stereoviews of unmodified dG, Bpand Sp

S structures with lowest energies gyn and anti regions.
Table S1 shows dihedral angles in starting and final structures
for QM geometry optimization of the SR and S stereoi-
somers. Table S2 shows final coordinates of Spnd S
stereoisomers after QM geometry optimization. Table S3
shows missing parameters for Sp added to force field. Table
S4 shows AMBER atom type and partial charge assignments 19.
for the SpR and S stereoisomer deoxynucleosides. This
material is available free of charge via the Internet at http://
pubs.acs.org.

16.

17.

18.
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