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ABSTRACT. Oxidation of guanine or 8-o0xo0-7,8-dihydroguanine can produce spiroiminodihydantoin (Sp)

R and S stereoisomers. Both in vitro and in vivo experiments have shown that the Sp stereoisomers are
highly mutagenic, causing & C and G— 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 sterecisomers energetically favor
positioning in the B-DNA major groove, with minor groove conformers also low energy in some cases,
depending on the partner base. ThandS stereoisomers adopt opposite orientations with respect to the

5' to 3 direction of the modified strand. Bo#ynandanti glycosidic bond conformations are energetically
feasible, with partner base and stereochemistry determining the preference. The lesions adversely impact
base stacking and Watsegrick 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 stereocisomer-dependent differences.

Reactive oxygen species, present in the cell as a conseimechanical (QM) geometry optimization studies for these

qguence of normal respiration, or produced by ionizing

DNA lesions have shown that the andS stereoisomers

radiation, can attack DNA bases and produce DNA base are enantiomers with two rigid and nearly flat five-membered

lesions (—8). The most important of these is 8-ox0-7,8-
dihydroguanine (8-oxoG)(9). Further oxidation can lead
to a number of derivatives including cyanuric acid (Ca),
oxaluric acid (Oa), oxazolone (Oz), imidazolone (1z), ni-
troimidazole (NI), urea (Ua), spiroiminodihydantoin (Sp),
guanidinohydantoin (Gh), and iminoallantoin (140 14).
The R and S spiroiminodihydantoin (Sp) stereoisomers
(Figure 1A) result from the direct oxidation of guanine and
the further oxidation of 8-oxoGl6—32). Recently, Sp was
detected in Nei-deficienEscherichia colifollowing chro-
mate exposure 3@). Our previous high level quantum
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rings essentially perpendicular to one another (Figure 1B)
(39).

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 viv@5 36). In vitro,
primer extension experiments using KF exahow that Sp
can be bypassed by misinserting either adenine or guanine
opposite these lesions8%). The insertion of adenine is
favored over that of guanine, while incorporation of cytosine
and thymine opposite Sp is not observé®)( Such SpA
and SpG mismatches have been also observed in in vivo
studies 86). When DNA containing site-specifically posi-
tioned Sp lesions is transfected i coli, DNA polym-
erases are primarily blocked by both Sp stereoisomers, but
rare bypass events produce-&C and G— T transversion
mutations. Furthermore, the Sp lesions lead to a higher rate
of G — C and G— T transversion mutations than are
observed in the case of 8-0xo0G7.

Oxidative DNA base damages are repaired by the base
excision repair (BER) systenB8—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 glycosylase&otoli (41,

42): 8-0x0G DNA glycosylase (Fpg or MutM), endonuclease
[l (Nth), and endonuclease VIII (Nei). MutM preferentially
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(A) direction of the modified strand. Bodynandanti glycosidic
bond conformations are feasible, with partner base and
stereochemistry determining the preference. Specific hydro-

H. \\WC H. 95Q6 gen bonding interactions between the Sp lesions and partner
N’\(< &N N;& )E\N bases can form in some cases; the best interactions are with
/C (R!L J‘S\(S)/C-f‘ 21[ G in the low energy structures. In addition, tReand S
o] N \N _H 0OF ﬁ "—NS/%/H stereoisomers adopt opposite orientations with respect to the
AN N | / \2 5' to 3 direction of the modified strand. Distortions to the
R H R H H modified duplexes involve a diminished quality of Watson
(B) 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

SpR ) . L .
P ‘Sp s properties and repair susceptibilities of the Sp sterecisomers,
= c p including the possibility of stereoisomer-dependent differ-
ences. If the mutations are produced in genes governing the
06 06 control of the cell cycle, the initiation of cancer may occur
N (44—47).
(C)
METHODS
Sequence: . . .
Initial Structures.Our previously obtained quantum me-
5- €1 € A3 T4 €5 G%6 €T T8 A9 Cl0 €1l -¥ chanically geometry optimized structures (Figure 1B) for the
3- G2 G T2 A9 GI8 X17 GI6 Al5 T4 GI3 G2 -5 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 thB- or SSp in an energy
X=A,C,G,orT minimized @8 B-DNA of that sequence. In addition,
FiGURe 1: (A) Structures of spiroiminodihydantoiR and S mismatches were created by replacing the Sp partner C with

stereoisomersR is deoxyribose. Atom numbers are defined for A, G, or T. Bothsynandanti glycosidic bond orientations
the S stereoisomer. The glycosidic torsion angles O4(R)— for Sp lesions, as well as for their partners when these were
CI(R)—N9—C4 (68) and is marked on th& stereoisomer. (B)  purines opposite Spfti) (49, 50), were considered. We did
Structures of SpR and S stereoisomers after QM geometry o onsidesyn—synpairing orsynpyrimidines since these
optimization. (C) Sequences for the molecular dynamics simula- S
tions. are rarely observeds(). The B-DNA energy minimized
values fory were employed for thanti partner structures,
excises Sp opposite C, while Nei prefers to remove Sp while the synstructures were obtained by rotation poby
opposite G, but also excises Sp opposite A. Nth is less activeabout 180, using optimal stacking as the criterion for the
than the other two enzymes. The 8-oxéspecific adenine  actualsyny values. Table S1 (Supporting Information) gives
glycosylase MutY, observed to remove 8-0xoG paired with y values of Sp employed in all starting models. Representa-
adenine, cannot remove Sp lesions mispaired with A. Also, tive starting structures are shown in Figure S1 (Supporting
MutY significantly inhibits the MutM repair of SI€. The Information).
functionally related yeast enzymes yOGG1 and yOGG2 also Force Field. Computations were carried out with the
remove Sp, irrespective of the base on the complementaryAMBER 8.0 (52) suite of programs, the Cornell et al. force
strand, while the human homologue hOGG1 cannot removefield (53), and the PARM99 parameter s&4). The force
Sp in any base-pairing context3). Importantly, two recently  field was parametrized for the SR and S sterecisomers
identified mammalian glycosylases, NEIL1 and NEIL2, show consistent with the rest of the force field. Partial charges for
activity in the repair of Sp lesions. The murine NEIL1 BER the SpR and S stereoisomers were separately obtained as
enzyme can remove Sp when paired with all four bases. described by Cieplak et al5%); HF calculations with the
However, NEIL2 has only low activity37). 6-31G* basis setq6) were used to calculate the electrostatic
A knowledge of the structures of Sp-damaged DNA is potential using Gaussian987), and the restrained electro-
needed to elucidate their biological functions, but there are, static potential fitting algorithm RESP%, 58) was employed
at present, no experimental structures of DNA duplexes with to fit the charge to each atom center. Partial charges were
Sp lesions. To delineate how the Sp sterecisomers damageeparately computed fanti (y = 24C°) andsyn(y = 60°)
DNA duplexes, we have employed computational methods conformers for each stereoisomer and averaged. New atom
to study these lesions in 11-mer DNA duplexes with A, C, types were defined for the Sp moieties. Bond length and
G, and T opposite Sp. Molecular dynamics (MD) simulations angle equilibrium values for the Sp were taken from the QM
in aqueous solution were carried out to obtain ensembles ofoptimized structures. Bond length and angle force constant
structures, and trajectories were employed to analyze theparameters not present in the PARM99 parameter set were
structures and compute free energies. The structural andassigned by analogy with chemically similar atom types
thermodynamic analyses show that the Sp stereoisomerslready present in the AMBER force field. Because of the
energetically favor positioning in the B-DNA major groove, unusual Sp structures, test MD simulations revealed that bond
with minor groove conformers also low energy in some cases, angles around the Sp N9 and sugar @Géviated markedly
depending on the partner base. TR@nd S stereoisomers  from the QM optimized values for Sp and from standard
adopt opposite orientations with respect to thet® 3 values in the AMBER force field; therefore, modest increases

G* = Sp R and § stereoisomers
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to bond angle force constants, remaining within AMBER deviations of the bond$(onqg, angles Eanged, and dihedral
ranges, were made to achieve bond angles near the equilibangles Eginedaray from their equilibrium values, the van der
rium ranges. All of the added force field parameters, atom Waals energiesHqw), and electrostatic energicSe(ectrostatiy-
types, and topology assignments are listed in Tables S2 andThe solvation free energieS{vation Were estimated from

S3 (Supporting Information). the electrostatic solvation energi€s:£) calculated using the
Molecular Dynamics ProtocoDetails of the MD protocol DelPhi program 80) and the nonpolar solvation energy
(52, 59-65) are given in the Supporting Information. (Gnonpolay; the latter was approximated &sonpolar= YSa +

Stability of the Molecular Dynamics Simulatidnlots of b (y = 0.00542 kcal/&, b = 0.92 kcal/mol) 81), whereS,
root-mean-square deviations (RMSD) of the current relative is the solvent accessible surface area (SA®8R) ¢computed
to the starting structure, as a function of time, are shown in by Sanner’s algorithm in the MSMS prograB8J. The solute
Figure S2 (Supporting Information). The structures generally entropic contributions to the free energies were approximated
fluctuate stably after 1.5 ns, and our further analyses with normal mode calculation84). Details of the protocol
employed the 1.53.0 ns time frame. (52—54, 82, 85) are given in the Supporting Information.
Structural AnalysesSnapshots of the DNA structures INSIGHT I from Accelrys, Inc. was employed for
during the simulation and the average structures, with solventvisualization and model building. Computations were carried
and counterions stripped away, were obtained with the out on our own cluster of Silicon Graphic Origin and Altix
PTRAJ module of the AMBER 8.0 suite. PTRAJ was also supercomputers and Octane workstations, as well as at the
employed to obtain time-dependence of the RMSD, the NYU Information Technology Services Origin300 super-
glycosidic torsion angleg; and the sugar pucke? (66) of computer.
the SpR andSresidues, and the corresponding dG residue
in the unmodified control. Hydrogen bonding analyses were RESULTS
carried out with the CARNAL module of the AMBER 7.0
suite 67). In addition, we employed a hydrogen bond quality
index @8), Iy, to quantitatively assess the deviation from
ideal Watson-Crick hydrogen bonding distances and angles
for 5" and 3 neighboring base pairs of Sp:

The goal of our work was to investigate structures of the
SpRandSstereoisomers 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

Iy = Z [(doa — dgA)z +(1+ COSV)Z] investigated an unmodified control duplex containing a

D=HA normal GC 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 Spti) (49, 50). Syn-syn pairings are
extremely uncommon, and pyrimidines adopt #yacon-
formation only very rarelyg1). Detailed analyses of the MD
generated ensemble were performed to delineate the struc-
tural and thermodynamic features of these lesion-containing
DNA duplexes.

where dpa is the instantaneous doneacceptor distance,
dgA is an ideal donoracceptor distance8) (N4 (C) to O6
(G)is 2.91 A, N1 (G) to N3 (C) is 2.95 A, and N2 (G) to
02 (C) is 2.86 A), ang is the instantaneous-EH-+-A bond
angle with ideal value of 180 The summation is over the
three Watson Crick hydrogen bonds in a<G base pair and
then over the selected trajectory winddwy.adopts a value
of 0 when ideal WatsonCrick hydrogen bonding is
maintained. The DNA groove width and backbone torsions siryctural Analyses
were analyzed with MD Toolches69, 70). The bend angle
of the duplex was analyzed with the program CURVES( Syn Sp places the Lesion in the Major GreoWe first
employing the “PP” option, which yields a bend angle focus on the structures with the Sp glycosidic bond orienta-
measured between the vectors composed of the first two andion in thesyndomain. Here we observe from Figure 2 that
last two reference points defining the axis. The first and last the Sp perpendicular rings are located in the DNA major
base pair were removed prior to this analysis. In addition, groove. In the case of thR sterecisomer the distal B-ring
we removed the Sp and its partner when the partner wasOf the propeller-like structure is oriented so that it is directed
synsince CURVES could not recognize these moieties. The toward the 3end of the modified strand with the O6 atom
computed bend angles were thus based on global helix axes'-directed. By contrast, in th& stereoisomer, the B-ring
determined by the four base pairs surrounding the lesion inand its O6 atom is '&directed. The A-ring is inserted into
each direction. The stacking interactions were evaluated bythe helix in each case. Detailed structural analyses show
computing the van der Waals interaction between adjacentgeneral enlargement of the major groove, to accommodate
base pairs, including the Sp lesion-containing pair, with the the Sp rings, as well as perturbations to hydrogen bonding
program ANAL from the AMBER 7.0 suite6(7). and stacking (Figure 3 and Figures-S&87 and S10 (Sup-
Free Energy AnalyseShe molecular mechanics Poisson  porting Information)).
Boltzmann surface area (MM-PBSA) method which has been We monitored bend angles as a function of time and found
described in detail72—77) was employed to perform the that the trajectory-averaged bend angles usually differed only

free energy analyses. In brief, the free ener@u) was little from the unmodified control when the Sp glycosidic
computed from the molecular mechanical energEsu, bond orientation issyn (Figures S4S7). The largest
the solvation free energyGtovation, and the solute entropic  difference is only abouts

contributions to the free energBg: = Eum + Gsowation — Analyses of the sugar pucker pseudorotattoshow that

TS) (78, 79). The molecular mechanical energi&y) were the unmodified control remained in the normal B-DNA'C2
calculated from internal energie€;{) stemming from endo conformationR in the southern region of the pseu-
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R-Sp(syn) - A(anti) [major] i R-Sp(syn) - C(anti) [major]

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, exceSpEyn-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.

dorotation cycle at around 180(66). In the case of the Sp  tion (P in the eastern region of the pseudorotation cycle at
modified duplexes the sugar pucker is more flexible, gener- around 90) than the unmodified duplex (Figures S87).

ally sampling both C2endo and C3endo conformations The glycosidic bong; remains in thesyndomain in all

(P in the northern region of the pseudorotation cycle at the modified duplexes, while it retains its normal B-DNA
around 0). In addition, the Sp stereoisomers are much more value in theanti (y ~ 240°) domain in the unmodified
prone to sample the less common'@#do sugar conforma-  duplex. However, for th& stereoisomer, two regions of the
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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 thR stereoisomer forms more and

Table 1: Relative Free Energies (kcal/niol)
Sp(@nti)-X(ant)  SpEyn-X(ant)  Sp@nti)-X(syn

R-SpA 0 (minor) 1.0 (major) 6.7 (minor)

SSpA 7.9 (major) 0 (major) 4.8 (major) better hydrqgen bonds, regardless of the partner base, than
RSpC  4.5(major) 0 (major) the S stereoisomer.

ggg% 109 ((mitﬁgcr?lated) ng(mé%)r) 0 (majon) In addition, we analyzed the Watsegrick hydrogen
SSpG 6.9 (minor) 0 (major) 9.8 (intercalated) ~ bonding properties of the base pairs adjacent to the lesions.
RSpT  0(minon 6.4 (major) We find that Watsor Crick pairing is generally present most
SSpT 0 (minor) 0.2 (major)

of the time in the adjacent base pairs (Figure S11 (Supporting
@ The lowest energy structure for each sequence and stereoisomer islnformation)). However, the quality of hydrogen bonding is
0 kcal/mol. Major, minor, and intercalated indicate Sp location is in . ' .
the major or minor groove, or intercalated into DNA duplex. adversely 'mp‘?‘Cted' To evaluate thls.effect, we computed
the Watson-Crick hydrogen bond quality index (see Meth-

overallsyndomain are sampled, one-a60° and the second ~ ©9S) for the neighboring pairs @518 and C7G16 (Figure
at ~100°, except for the case of Sp paired with A, where 4)._Our r_esults show that, _for tf&ster_emsomer, the Sp-3
only the ~30° region is found (Figures S4S7). The O% neighboring C7G16 pair is more disturbed than the- 5
endo sugar pucker is correlated with #yey at ~30° when neighboring C8G18 pair; however, for th& stereoisomer
A is the partner, and contributes to the stabilization of a (€xcept when A is the partner), the Sprigighboring
hydrogen bond between N7H7 of the Sp and N1 of A, as C>G18 pair is distorted. Furthermore, the disturbance is
detailed below. greater in the 3direction for theS stereoisomer than thé 5
Specific hydrogen bonding features of the Sp lesions with direction for theR stereoisomer. The stereochemistry of the
their partner bases are shown in Figures 3 and S10. WeR and S stereoisomers plays the fundamental role in this
observe that one normal hydrogen bond is formed when C directional perturbation of WatserCrick pairing. Specifi-
or A is opposite Sp for both stereoisomers, and when T is cally, the orientation of the Sp O6 atom is critical. In fRe
opposite theS Sp. With G opposite the Sp, one bifurcated Stereoisomer, itis'3irected in the groove, in a less crowded
hydrogen bond is found, with O8 of the Sp as the acceptor position of the right-hand-twisted double helix. However,
and the N1H1 and N2H2 of the G as the donors. With T in the S stereoisomer, the O6 is-Birected and in a more
oppositeR Sp, two hydrogen bonds are formed. Other crowded situation (Figure 2), causing this stereochemical
hydrogen bonding interactions involving the Sp are shown effect. In the special case of partner A, hydrogen bonds form
in Table S5 (Supporting Information). Specifically, we note between A andR-Sp (Figure 3), which orient the Sp to allow
that Sp can also form hydrogen bonds to neighboring basesan additional hydrogen bond between N3H3 of Sp and N3
on the modified and/or partner strands. More such hydrogenof C5 (Table S5); this has the effect of distorting the

R-Sp(anti) - A(anti) R-Sp(syn) - A(anti) S-Sp(syn) - A(anti)
[minor] [major] [major]
R-Sp(syn) - C(anti) S-Sp(syn) - C(anti)
[major] [major]
N4 N4
R-Sp(syn) - G(anti) R-Sp(anti) - G(syn) S-Sp(syn) - G(anti)
[major] [major] [major]
H22
- N2 -
)-\ o8 H1Z
H2 T N2
R-Sp(anti) - T(anti) S-Sp(a?ﬁ) -]T{ann} S-Sp(syn) - T(anti)
[minor] minor] [major] §
ﬁ &J W%A I o8 W3
]

Ficure 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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orientations for the correspondisgnstructures (Figure 2).
No intercalated conformations remained stable for fhe
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

H-bond quality index

S -

L IET.
S & &

-
0§¢° .\.v*? \‘?{\ \‘o‘?{\ \‘o‘?o \_o‘? o X interrupted, and there is no stacking involving the Sp rings.
\?‘i° & & \?i“ d@%“ o Q@° No hydrogen bonding between Sp and partner base is found
q-“"Q a"Q\ q?Q\ Q.o"Q & qfﬁ & in this family. However, the Sp moiety is held in the
[ @ C5-G18 mC7-G16 | intercalated position by hydrogen bonds to the partner

strand: N3H3 of Sp to N3 of G18 in the case®8p paired
with C(anti), and N2H2 of Sp to O4of G18 and N3H3 of
Sp to N3 of G18 in the case &Sp paired with Ggyn). In
addition, a high degree of flexible bending is found in the
S Sp stereoisomer oppositeddi), but not opposite Giyn.

The extent of bending in the latter resembles that in the
T 200- - 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 S48). In addition, the
| neighboring WatsonCrick base pairs are perturbed, with

the C*G16 pair more perturbed than €%18, regardless of

Ficure 4: Trajectory summed hydrogen bond quality index for ; ; ;
the B (C5-G18) and 3(C7-G16) Sp neighboring WatserCrick the stereoisomer or partner base (Figure 4). There is no

base pairs. The values for €518 in SSp@anti)-C(anti), C7-G16 stackin_g involving the Sp_ rings With t_he adjacent bases. The
in R-Sp@nti)-C(anti), C5G18 in R-Spanti)-T(anti), and C?G16 Sp B-ring of theR stereocisomer is directed toward the C5
in S Spfanti)-T(anti) are not shown to full scale; their values are position, and the perpendicular A-ring disturbs the €X6

given at the top of the bar. base pair. However, the Sp B-ring of tBestereoisomer is

) S ~ directed toward the C7 position and disturbs the@&I6 base
C7-G16 pair, because the Sp A-ring is directed toward this paijr (Figures 2 and S9). In this conformational family,
pair (Figure 2). As a consequence, Re&p A-ring distorts — hydrogen bonding between Sp and its partner base is found
the adjacent bases. However, the Sp B-ring becomesin the following cases:S-Sp-A(anti) pair (N2H2 of Sp to
particularly well positioned in the major groove, nicely N1 of A) and R-SpG(syn) pair (N2H2 of Sp to 06 of G,
following the twist of the groove (Figure 2). Thus, the Sp and N2H2 of Sp to N7 of G) (Figures 3 and S10).
A-fing causes less DNA distortion than when C, G, and Ty, Sp in the minor groove conformation, the B-ring is

are pz_artners_. . . . ositioned in the groove, but the A-ring protrudes into the
Anti Sp with the Lesion in the I_\/Iajor_ or_Mmor Grpe, Eelix and is stackgd with adjacent base%.pHowever, stacking
or I_nf[ercalated.When th.e Sp resu:_iue antl, an .obv.|ous of the Sp partner is disturbed, and this effect radiates beyond
position for the perpendicular Sp rings is insertion into the the immediate neighbors (Figures 2 and S9). The helix bends
duplex between adjacent base pairs, antistarting models into the major groove to accommodate the B-ring in the
fqr the MD simulations qdopted intercalated structures. Our minor groove, which therefore widens (Figures—S8B).
S|mulat|ons.show that this structural ty_pe of family remgmed Again, there is perturbation to adjacent base pairs, which
stable only in the case of the Sstereoisomer when paired does not differ much in directionality in the various simula-

vaith C(arlti),l afmd When plairet:] with Gy?} (FSigure S9 dtions, and is less pronounced than for the other conforma-
(Supporting Information)). In other cases the Sp rearrange tional families with Spénti) (Figures 2 and S9). In this

dur_ing the MD to ][eside in the rgajor o(rj r_nir:r(])r groovek'tlre conformational family, hydrogen bonding between Sp and
Major groove coniormers are observed In the case orthe partner base is found in the following cas&Sp G(anti)

stereoisomer when paired with &1ti) and G6yn, and the pair (05 of Sp to N2H2 of G) an&-Sp-G(anti) pair (6 of

Sp S stereoisomer when paired with &{t) and A@Gyn ;
(Figures 2 and S9). The minor groove conformers are notedSp to N2H2 of G) (Figure S10).

for SpR andSstereoifsomers pgired With Qiti), T(anti), Thermodynamic Analyses

and for theR-Sp stereoisomer paired with &fti) and AGyn

(Figures 2 and S9). Opposite orientations of the Sp B-rings Major Groove ConformersWe carried out thermodynamic
are found in theR and S stereoisomers in both the major analyses of our simulated structures (Table S6 (Supporting
and minor grooventi conformations. Specifically, the Sp  Information)), employing the MM-PBSA method@?) based

06 atom is 5directed for theR stereoisomer and-glirected on the ensemble of structures derived from the molecular
for the S stereoisomer (Figures 2 and S9), opposite to their dynamics simulations (see Methods). Thermodynamic and

4779 1818

bond quality index

)
R

| [ C5-G18 W C7-G16
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structural analyses provide complementary information. As adjacent bases are possible than for Shetereocisomer
shown in Table 1, our thermodynamic analyses indicate that(Figures 3 and S10 and Table S5).
the duplexes containing the Sp residues have low energy For Sp in theanti conformation, there are four structures
structures with the Sp residing in the B-DNA major groove which contribute to their respective population mix, namely,
regardless of sequence and stereochemistry, except fothe R-Sp(@nti)-G(syn pair, theR-Sp(@nti)-A(anti) pair, and
R-Spf@nti)- T(anti). The low energy major groove conforma- R- and S Spf@nti)-T(anti) pairs. In these four cases, the Sp
tion is mainly achieved by a rotation of the Sp glycosidic R stereoisomer is also lower in energy than gd-or the
torsion angle to thesyndomain. However, in th&-SpG R-Sp(@nti)-G(syn pair, a major groove conformation, there
pair, a low energy major groove position is achieved with are two hydrogen bonds between Sp and the partner, and an
the Spénti). Two hydrogen bonds between the Sp and the additional hydrogen bond between Sp and its base
G are likely responsible for stabilizing this $ypti) structure neighbor. However, for th8 stereoisomer there is only one
(Figure 3). In addition, three low energy minor groove bifurcated hydrogen bond to the partner (Table S5). Fur-
positions are found, namely, tiReSp@nti)-A(anti) pair, and thermore, the structural analyses reveal that the duplex in
R- and S-Spf@nti)-T(anti) pairs. These Sp structures appear the case of th® stereoisomer is less distorted than that of
to be stabilized through hydrogen bonding and stacking. In the S with less distorted grooves and better stacking between
the R-Sp(@anti)-A(anti) case, the Sp forms three hydrogen the Sp B-ring and adjacent bases (Figures 2 and S9). For
bonds with adjacent bases (Table S5). In bothRhend S the R-Spf@nti)-A(anti) pair, a minor groove conformation,
Sp(@nti)-T(anti) cases, the partner base T stacks well into there is one hydrogen bond to its partner and there are two
the duplex due to hydrogen bonds between Sp and the Tmore to base neighbors, while in tisecase there is only
partner: R-Sp@nti)-T(anti), N2H2 of Sp to O2 of T one hydrogen bond to the partner. The O6 of8p lesion
(occupancy 41.0%)S Sp(@nti)-T(anti), bifurcated O5 and  is 5-directed in the minor groove which is the less crowded
06 of Sp to N3H3 of T (total occupancy 25.5%). The highest direction and allows for a better accommodation of the lesion,
relative free energies are found for the most distorted as discussed above for tlsgnconformers, in which O6 is
intercalated structures, while the lowest relative free energies3'-directed. In comparing the andS Sp paired with Tanti),
are all associated with less perturbed major and minor groovewe find that theR stereoisomer DNA duplex is less bent
conformers. (Figure S7), and the Sp participates in one more hydrogen
Lower Energy R Stereoisomefur free energy analyses bond (Table S5).
show that, in terms of absolute free energies, Rrstereo- . .
isomers are somewhat lower in energy thanSherespective Stacking Interactions

of the specific conformation and regardiess of the partner A partial energetic assessment of stacking interactions can
base (Table S6). The differential stereochemistry of the pe gptained from van der Waals interactions between base
stereoisomer pair in double stranded DNA appears to explampairS (or the Sp residue and partner with each adjacent base
this effect. We note that th&® stereoisomer has better pair). These values are given in Table 2, Table S7 (Sup-
hydrogen bonding to adjacent regions of the DNA, that there orting Information), and Figure S22 (Supporting Informa-
is less disturbance to the Watse@rick base pairing adjacent tion); they show that all modified duplexes have higher
to the lesion (Figure 4), and that there are better stackingsymmed van der Waals interactions than the unmodified
interactions. Essentially, the opposite orientations ofRhe  control. The differences are in the range-e2—11 kcall
and S stereoisomers in the right-handed B-DNA helix mo| depending on stereochemistry, partner, and conforma-
position the perpendicular ring systems so that they differ- tion, while these values provide just one important energetic
entially destabilize the double helix. component contributing to stacking stabilization, the results

To illustrate this effect we consider the lowest energy show uniformly that the modified duplexes are less stabilized
structures in Table 1. For the Sg() conformation structures,  py stacking than the unmodified one.
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 thed&ection is more
crowded in the right-hand-twisted B-DNA double helix. (kcivlmol) (kcivlmol)
Accommodation of the Sp O6 atom of tBestereocisomer in

: - - - unmodified control —121.6 R-Spyn-G(ant)  —119.7
this direction requires the Sp and the DNA to make RSpeyn-Aant)  —117.3 SSpeyn-Gant)  —118.3

Table 2: Sum of van der Waals Interaction Enerdigs?

adjustments that are more destabilizing. Thus, base stackingsspeyn-A(ant)  —118.3 R-Sp@nt)-G(syn  —118.5
is adversely impacted, because the C5 residue must moves-gpéang)a(aq_t)i) —ﬂi-g ggp((sy?f_é?ntit)_) —ﬂgé

m -Spyn)-C(anti —114. -Sp(anti)- T(anti —110.
to accommodate the O6 atom on tl&Sp B-ring, and S'SpEyn-Cant) _1133 SSp@nt)-T(ant) —112.8

therefore it stacks poorly with its'Sheighboring base. aThe sum is over all pairs in the given duplex for the energetically
Furthermore, the Sp A-ring stacks poorly with C7 and not favored modified duplexes (Table 1 and Figure 2) and the unmodified

at all with C5. The 3side neighboring CG16 Watsor- control. The two base pairs at the ends of the duplex are not included.
Crick base pair is significantly perturbed (Figure 4), due to

the 3-orientation of the Sp A-ring. For the stereoisomer,
however, the O6 atom is'8lirected in a less crowded DISCUSSION

situation in the groove, and has less destabilizing effects. Duplex Destabilizing Sp Lesion®ur computed structural
Thus, base stacking is better on both sides, the Sp A-ringand thermodynamic studies have revealed that the &pd

can stack with adjacent bases, perturbation of theide S stereoisomers in DNA duplexes energetically favor posi-
neighboring C5G18 Watson-Crick base pair is lower, and  tioning in the B-DNA major groove; minor groove conform-
more and better hydrogen bonds to the base partner ancers are also low energy in some cases, depending on the
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RSp[syn) ’ G{am;? F @ Table 3: SpA and SpG Hydrogen Bonds

M N
total no. of H bonds R-Sp SSp
SpA 1 1
SpG 2+ 1 bifurcated 1 bifurcated
aHydrogen bonds are summed over all energetically favored Sp
S-Sp(syn) - G(anti) and SpG duplexes (Table 1).

a more crowded groove location on théskde of theS
stereoisomer, requiring greater disturbance to the B-DNA
duplex than in the case of the sterecisomer; in the latter

FIGURE 5: Stereoviews of the central 3-mer of Spf)-G(anti) in case, the directed 06 at_om 'S In & more open position of
stick models showing the opposite orientation of the O6 atoms. the groove due t_o the nght—handed ths_t of the B'DNA
The Sp stereoisomers are colored by atom. The Sp partner G is indouble helix, and its accommodation requires less distortion
purple. (Figure 2). Superimposed on this overall effect are specific
structural phenomena derived from the nature of the base
partner base. In most cases, the major groove positioning ispartner. These predominantly involve differential hydrogen
favorably achieved by rotation of the Sp glycosidic bond to  bonding capabilities both with the Sp and with adjacent bases
the syn domain. In addition, in one case, namely, the by the partner.
R-Sp(@nti)-G(syn pair, a low energy major groove Sp
position was found with the Sp glycosidic boadti. Also,
three low energy cases occurred with Sp in the minor groove

namely, theR-Sp(@nti)-A(anti) pair andR- and S-Sp(@anti)- f : o . :
KA . ormed during replication35, 36). The mutagenicity studies

T(anti) pairs. Thu; the chemical nature of the partner basesdo not reveal incorporation of C and T opposite either Sp

has an important influence on the structural preferences, due

A . ; .~ ~“stereoisomer 35, 36). Our simulations reveal hydrogen
to their unique hydrogen bonding features. Full intercalation bondi h d King f hich h Id
of the propeller-like Sp rings is severely distorting to the onding Schemes an stac Ing .eaturesvv. Ich together cou
DNA duplex in every case, and is never favored energeti- contrlpute to the preferentlal mcorp'o'ratlon of G and A
cally. However, the major or minor groove positions of the opposite both _steremsomers. Specifically, the extent of
Sp lesions also perturb the DNA duplexes. This is manifested hydtrogeg bonfd|lllﬂg (Tte;]ble %5) ge'to\\/vié&?:ade.SSp and
in opening of the major or minor grooves, disturbance to par rl1(_er as%_l_o OWS b € ord??r dsg d ' averageh
the Watsor-Crick hydrogen bonding quality in adjacent base StAcking stabilization betwed® and>Sp and partner wit

pairs, and disturbed base stacking, and these perturbationgase pair neighbors follows th‘? orderGA - C~T (Table
7 2). Stereoisomer-dependent differences in A or G incorpora-

radiate beyond the immediate lesion vicinity (Table S7, < ; !
Figures 2, S9, and S22). In the case of the minor groove tion opposite Sp have been not&®), although these studies

conformer, significant bending of the DNA duplex also could not distinguish the abs_olu;e configuration of_ theT two
occurs. These distorting features are consistent with notableStereoisomers. In these studies it was found thag, iooli
destabilization of Sp modified duplexes as evidenced by @mong the lesions which are bypassed, 72% & (SpG
marked reduction in thermal stabilities of the duplexes with Pair) and 27% G= T (SpA pair) transversions occur, in
Sp lesions as compared to unmodified duplexes (Crean, C.the case of Spl, and 57% & C and 41% G— T
Shafirovich, V., and Geacintov, N. E., unpublished observa- transversions in the case of Sp2. Our simulations suggest
tions). that the SR configuration favors pairing with G more than
Opposite Orientations and Differential Stabilities of R and the Sstereoisomer, based on the hydrogen bonding analyses
S Sp StereoisomerStructures of th&® andSstereoisomers ~ Detween Sp and different partner bases. As shown in Figure
differ through an opposite orientation phenomenon. The 3 and Table 3, there are a total of one bifurcated and two
predominant major groov@/nconformational family is the ~ normal hydrogen bonds for the $pstereoisomer with the
only one found for bottR andS sterecisomers. In each case, two low energy structures containing a partner G residue;
the O6 atom in the Sp B-ring is directetid@ong the modified ~ however, there is only one hydrogen bond in the case of the
strand in the case of thR stereoisomer, while this atom is  two low energy structures containing a partner A residue.
5'-directed in the case of ttstereoisomer (Figure 5). This  For the SSp stereoisomer, there is only one bifurcated
directional effect causes perturbed Wats@rick hydrogen ~ hydrogen bond with the one low energy structure containing
bonding and base stacking in the direction opposite to thatthe partner G, and one hydrogen bond with the one low
of the 06 in the B-ring. In each case, the perpendicular Sp energy structure containing a partner A (Table 3). Of course,
A-ring is driven to a position which creates the directional the mutagenicity data reflect a very complex combination
disturbance. of factors involving the impact of the lesion on the polym-
Our thermodynamic analyses indicate that Ristereo- ~ erase active site structure, of which hydrogen bonding
isomer modified duplex is in every case somewhat lower in between template and dNTP is only one compongét (A
absolute free energy than th® modified duplex. The  structural feature, found in both nucleoside stud&$ énd
structural analyses suggest that the origin of this differential the present work, is a tendency to adopt an unusual sugar
stability is tied to the opposite orientations of the two pucker in the O4endo region. Our present studies showed
stereoisomers. In the predominant major grosyetonfor- that this facile capability for O4endo pucker plays a role
mational family, the O6 atom of the Sp B-ring is located in in stabilizing bothR- andS-Sp(syn-A(anti) hydrogen bonds,

Implications for Base Pairing Infidelity and Repair.
Experimental mutagenicity studies, both in vitro and in vivo,
'suggest that the SA and SpG pairs are preferentially
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Our present study was carried out for the amino tautomer
which is more stable according to QM calculatioB4)( 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

FIGURE 6: Overlap ofS-Sp deoxyribonucleosideyr) and thymine prop_eller—like Sp structures. The Iesion; cause duplex distor-
(T) deoxyribonucleosideafiti). The Sp's five-membered A-ring  tion in the form of perturbation to neighboring Watsen
and T’s six-membered ring are overlapped at atoms 08 (Sp) and Crick pairing and base stacking, as well as groove widening.

02 (T). Atom numbers are marked for Sp and T, respectively. Qpposite orientations with respect to thet® 3 direction
Overlap of Sp A-ring with T is the same for tfestereoisomer. ~ nf the modified strand are found in the case of RandS
Molecules are colored by atom. The thymine deoxyribonucleoside . . - - .
is transparent. stereoisomers, and these opposite orientations produce dif-

ferent directional effects on the modified duplex. The
and so might contribute to the observed-6T transversion ~ chemical nature of the partner base determines specific
mutations. 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
g Possibility of stereochemical effects on their biochemical

properties.

A notable feature of the Sp chemical structures is that the
A-ring, irrespective oR andSstereochemistry, is a “pseudo-
thymine” in its hydrogen bonding doneacceptor properties
and its single ring nature (Figure 6). When the largely favore
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 ACKNOWLEDGMENT

on the DNA duplex than Spyn)-pyrimidine, which mimics Computations were carried out on our cluster of Silicon
a pyrimidinepyrimidine pair. This may contribute to the  Graphic Origin and Altix supercomputers and Octane
absence of S and SpT pairing in the experimental  \yorkstations, as well as at the NYU Information Technology

mutagenicity studies. Services Origin supercomputer.
The opposite orientations of tHe and S configurations

observed in our simulations could suggest differential treat- NOTE ADDED AFTER ASAP PUBLICATION

tmhznst g{;:]eeoitgjonleef'gﬂs I?)/( rizﬁngegtzﬂeeEg]uggglgg_that Figure 6 of this article, published on the Web on 9/16/05,
P has been replaced due to a minor error in the prior version.

isomer might indicate a greater repair susceptibility for the The correct version was posted on 9/23/05
Scase, since the repair enzyme may sense and flip&it ( P '

a less stable damaged nucleoside more readily. In addition,
our prior computational studies on the nucleoside level SUPPORTING INFORMATION AVAILABLE
suggested impeded rotation betwegnandanti glycosidic Figure S1 shows representative starting models for the MD
bond orientations at the level of Sp nucleoside lesi@d. ( simulations. Figure S2 shows RMSD vs time plot of each
This could also impact lesion repair since it is possible that molecular dynamics simulation. Figure S3 shows stereoviews
glycosylases may at times act on thgnform of Sp 88— of unmodified control trajectory-average structures of se-
90). Our duplex simulations in the present work did not lected molecular dynamics simulation window. Figures-S4
reveal anysynanti transition at the Sp lesions. However, S8 show stereoviews of the trajectory-average structures and
hydrogen bonds between Sp and the partner bases evolvedtructural analyses data. Figure S9 shows stereoviews of the
during the simulations, which also impeded such a transition; central 5-mer of the Sp trajectory-average duplex structures
therefore the effect of the rotation behavior per se could not in CPK models. Figure S10 shows hydrogen bonds between
be evaluated from the duplex simulations. Sp and partner base of high energy structures. Figure S11
We note that the free energy calculations are, of course,shows the sums of the hydrogen bond occupancies of Sp
limited by the problem of sampling sufficiency in molecular neighboring WatsonCrick base pairs. Figures St%21
dynamics simulations, together with issues relating to force show trajectory average plots of duplex backbone torsion
field quality, which are ongoing frontier problems. Nonethe- angles. Figure S22 shows van der Waals interaction energy
less, the ensembles of structures derived from MD trajectoriesvs base pair step. Table S1 shows glycosidic torgiealues
can be acquired only by simulation and are proving valuable of Sp employed in duplex starting models. Table S2 shows
in elucidating structurefunction relationships9Q). added force field parameters for Sp lesions. Table S3 shows
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AMBER atom type, connection type, and partial charge 19
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 20.

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 21.

of charge via the Internet at http://pubs.acs.org.
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