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ABSTRACT. The equine estrogens, equilin and equilenin, are major components of the drug Premarin, the
most widely used formula for hormone replacement therapy. The derivative 4-hydroxyequilenin (4-OHEN),
a major phase | metabolite of equilin and equilenin, autoxidizes to potent cytotoxic quinoids that can
react in vitro and in vivo with cytosine and adenine in DNA. Unique cyclic adducts containing the same
bicyclo[3.3.1]nonane-type connection ring are produced. Each base adduct has four stereoisomers. In
order to elucidate the structural effects of A versus C modification, we have carried out molecular dynamics
simulations of the stereoisomeric 4-OHEN-A adducts in DNA 11-mer duplexes and compared results
with an earlier study of the C adducts (Ding, S., Shapiro, R., Geacintov, N.E., and Broyde, S. (2005)
Equilenin-Derived DNA Adducts to Cytosine in DNA Duplexes: Structures and Thermodynamics,
Biochemistry 4414565-14576). Similar stereochemical principles govern the orientations in DNA duplexes

of the 4-OHEN-A adducts as for the analogous C adducts, with opposite orientations of the equilenin
rings in stereoisomeric pairs of adducts characterized by near-mirror image circular dichroism (CD) spectra.
However, the larger purine adducts have unique structural properties in the duplexes that distinguish their
characteristics from those of the pyrimidine adducts. Significant differences are observed in terms of
hydrogen bonding, stacking, bending, groove dimensions, solvent exposure, and hydrophobic interactions;
also, each of the four stereoisomeric 4-OHEN-A adducts exhibit distinct structural features. Each base
adduct and stereoisomer distorts the structure of the DNA duplex differently. These characteristics may
manifest themselves in terms of differential nucleotide excision repair susceptibilities and mutagenic
activities of the 4-OHEN-A and C adducts.

Continuous exposure to estrogens through hormone re-of rats (L2). The dG, dA, and dC adducts have also been
placement therapy (HRT) has been shown to increase thedetected in human breast cancer patients who use Premarin
risk of breast canceflt-7). The HRT drug Premarin contains  (20). The formation of 4-OHEN adducts has been investi-
equine estrogens, namely equilin and equilenin. 4-Hydroxy- gated in detail with the single-stranded oligonucleotides 5
equilenin (4-OHEN), a phase | metabolite of both equilin d(CCATCGCTACC) and its complementary strand in vitro
and equilenin, autoxidizes to potent cytotoxic quinoifls ( (21). The yield of these adducts is influenced by the sequence
9) that can cause a variety of DNA lesions in vitro and in  and secondary structures of DNA. Reaction with cytosine is
vivo (10-15), including the formation of stable adducts overwhelmingly preferred over adenine. Guanine adducts are
produced by alkylationl2, 16). Such adducts, if not repaired  observed in olignucleotides that contain only G and unre-
efficiently, may cause mutations that, in turn, may initiate gctive T residues.

carcinogenesisi(). The conformations of the stereoisomeric 4-OHEN adducts

The quinoids produced by 4-OHEN oxidation can react on the base level have been previously determined by density

with the nucleosides dG, dA, and dC to form unusual stable functional theory (DFT) quantum mechanical meth2 (

cyclic bulky adducts g, 16, 18), and four stereoisomeric For 4-OHEN-C and A adducts (Figure 1), the essential

adducts have been identified with each of these three bases . g . ;
structural feature is the near-perpendicular orientation of the

(19). The chemical structures of these adducts have been” """ ) . .
determined by electrospray MS and NMR methods (Figure _equnenm and bridge-linked base, whose WatsGrick edge

1) (16, 18, 19). 4-OHEN-dG and dA adducts have been found is obstructed. The chirality of the Catom determines the

in vivo when 4-OHEN is injected into the mammary fat pads hangiedness of the equilenin rings, anq the gbsolu@e config-
uration of the C2atom governs the orientation of its OH
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(a) 4-OHEN-C _ g;hgos)tereoisomeric modified adenine and cytosine bases

METHODS

Starting StructuresA model of the unmodified sequence
was created in a standard B-DNA conformation and energy-
minimized with DUPLEX B1). The conformations of the
4-OHEN-A base adducts were obtained from the previous
DFT optimizations 22). The A, residue of the selected 11-
mer DNA sequence was replaced with each of the four
4-OHEN-A adducts. Then, the modified base was rotated
through the glycosidic torsion angleto locate domains with
minimal steric close contacts. In each case, a narrow region
was found in thesyndomain. The equilenin moiety is located
in the major groove (Figure S1). In tlamti conformational
domain, however, no structures without collisions were
obtained in the initial models. The fewest close contacts
occurred when the equilenin was inserted between the
Watson-Crick hydrogen-bonding edge of an adjacent base
pair. Table S1 (Supporting Information) givgsvalues of
the adducts employed in all 4-OHEN-A starting models.

Force Field. The AMBER 8 program packag&?), the
Cornell et al. force field§3), and the parm99.dat parameter
set 34) were employed to perform MD simulations. Force
field parameters for 4-OHEN-A adducts that were not in the
AMBER force field were developed, consistent with the rest
of the AMBER force field. Bond length, bond angle, and
4-OHEN-A3/C3 4-OHEN-A4/C4 dihedral angle equilibrium values were taken from the DFT
(b) optimized conformations. The force constants for bonds and

angles were obtained by analogy with chemically similar
5:'G1 G, T,A+G,C G, AT, GWG“-.?:' atom types in the AMBER force field. The force constants
3-CoCiA T, CG,C, T 1A C 1,5 for bond angles containing the N atom at the linkage site of
Ficure 1. (a) Chemical structures and stereochemical character-the 4-OHEN-A adduct (Figure 1) were obtained from those
istics of the 4-OHEN-A and C adducts. (b) Sequence of the 11- 4f the analogous 4-OHEN-C adduc®3]. Table S2 gives
quesrit%r?NA duplex for the MD simulations. A s the damaged all the added force field parameters for the 4-OHEN-A
stereoisomers. The partial charges of the modified nucleotide
circular dichroism (CD) spectra of each stereoisomeric pair Were calculated with two stages of RESB5¢37) in the
observed experimentally2y). AMBI_ER pacl_<age. Geometry optimization WIFh HF_/6—_31§*
In previous work, the structures and thermodynamics of Was first carried out for the modified nucleoside with initial

4-OHEN-C adducts were investigated in 11-mer duplexes Models whose glycosidic torsignwassyn(Table S1) using

by computational and modeling method8), Our results Gaussian 98 38). Then, the least-squares charge-fitting

showed that the covalently linked cytosine residue can adopt2/90rithm RESP35, 37) in the AMBER package was used
the synor anti glycosidic bond conformations, placing the to fit the derived electrostatic potentials from Gaussian to

equilenin in the B-DNA major or minor groove, respectively. € atomic center of each molecule. Atom types, topology
In each structural family, opposite orientations of the assignments, and partial charges are listed in Table S3.
equilenin ring system, the C1Bulky methyl group, and the Molecular Dynamics ProtocolMD simulations were
bridge ring C2 OH group were found in the stereoisomer carried out for the unmodified control and all eight 4-OHEN-
pairs. Moreover, the stereoisomeric lesions distort the DNA A initial models (an anti and a syn model for each
duplexes differentially. stereoisomer, Figure S1 and Table S1). Details of the MD
Here, we present molecular modeling and molecular protocol 82, 39—44) are given in the Supporting Informa-
dynamics (MD) simulation studies of the 4-OHEN-A adducts tion.
in DNA 11-mer duplexes. Stereochemical characteristic and  Stability of the Molecular Dynamics SimulatioMD
duplex structural properties were compared with the analo- simulations of the 4-OHEN-A adducts and the unmodified
gous 4-OHEN-C adducts. The stereochemical effects in thecontrol were carried out for 5 ns. The structures generally
4-OHEN-C and A adducts are similar. However, we find fluctuate stably after 1 ns, and the last 4 ns time frame was
structural differences in the duplexes containing stereochemi-employed for our further analyses. In the case aoti
cally similar cytosine and adenine adducts in bending, groove 4-OHEN-A4, the simulation was extended to 9 ns to obtain
dimensions, hydrogen bonding, stacking interactions, sol- reasonable stability; the last 4 ns were employed for analyses.
vent exposure, and hydrophobic interactions, which reflect Plots of root mean square deviations (rmsd) of the current
the nature of the base modified. These differences may structure relative to the average structure, as a function of
underlie differential mutagenicities and repair susceptibilities time, are shown in Figure S2.
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(a)

4-OHEN-A1 (b) 4-0E-A1 __

Ficure 2: Five base pair segments with modified bases at center in the trajectory-average structures for the four 4-OHEN-A modified
duplexes in stereoview. The color code is as follows. 4-OHEN-A, colored by atom: C, green; O, red; N, blue; H, white; partner base T,
orange; 5side Tz*Ayo pair, light blue; 3-side G-Cyg pair, dark blue. The C20H group of the adduct is in pink spheres, and the'C18
methyl group is in green spheres. @ynglycosidic conformation. (bAnti glycosidic conformation. In 4-OHEN-A1 and A3, 6-mers at
5'-end of the modified strand are shown.

Structural AnalysesThe PTRAJ and CARNAL modules  could not recognize this moiety. Thus, the computed bend
of AMBER were employed for structural analyses. Stacking angles were based on global helix axes determined by the
interactions were estimated by computing the van der Waalscentral 9-mer but excluding the modified adenine. The
interaction energies between adjacent base pairs, includingsolvent accessible surface area for the equilenin moiety was
the damaged adenine and partner T pair with the programcomputed using the Connolly algorithm7) implemented
ANAL of AMBER. The equilenin moiety, nearly perpen- in the Insightll program with a probe radius of 1.4 A.
dicular to the attached adenine residue, is not included in Free Energy Analyse¥he molecular mechanics Poisson
the base stacking interactions. In addition, DNA duplex Boltzmann surface area (MiMPBSA) method 48—54) in
groove dimensions for the ensemble of structures for eachAMBER was employed for thermodynamic analyses. Details

stereoisomer were computed with MD Toolches, (46). of the free energy calculationdg 49, 55—60) are given in
We computed the bend angle of the duplex with the the Supporting Information.
CURVES program45), employing the “UU” option. The Insightll from Accelrys, Inc. was employed for visualiza-

first and last base pairs were removed prior to this analysis.tion and model building. Computations were carried out on
In addition, we removed the modified base because CURVESour own cluster of Silicon Graphic Origin supercomputers
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a - -
(a) LOHEN-AL (b)  4-OHEN-A1

Ficure 3: Space filling models of five base pair segments with modified bases at center in the trajectory-average structures for the four
4-OHEN-A modified duplexes in stereoview. The color code is as follows. 4-OHEN-A, colored by atom: C, green; O, red; N, blue; H,
white (except the methyl group in yellow). (&ynglycosidic conformation. (bAnti glycosidic conformation. In 4-OHEN-A1 and A3,

6-mers at 5end of the modified strand are shown.

and Octane workstations, as well as at the New York Structural Analyses

University Information Technology Services supercomputers. ) o ) ) ] )
Stereochemical Characteristics: Opposite Orientations in

RESULTS AND DISCUSSION Stereoisomer PairsStereochemistry plays an important role
in determining the specific structural properties of the
Starting Models 4-OHEN adducts. The stereochemistry of the 4-OHEN-C and

A adducts are dependent on the absolute configurations of
We employed the sequence of Figure 1, which is also sypstituents at C2and C3 of the linkage site (Figure 1).

under experimental investigatioX). This duplex is the  The stereochemical characteristics of the 4-OHEN-C adducts
same as the one employed in our study of the 4-OHEN-C are therefore retained in the 4-OHEN-A adducts. Structures
adducts, where modification was ags©f the complementary  of the four stereoisomeric 4-OHEN-A adducts syn and
strand. Each stereoisomeric 4-OHEN-A adduct was modeledanti glycosidic conformations are shown in Figures 2 and 3.
into the 11-mer B-DNA duplex, with the lesion glycosidic With the glycosidic bongyn the equilenin rings are situated
bond in bothsynandanti domains, as described in Methods. in the major groove, Hirected in 4-OHEN-A2 and A4, and
In the syn conformation, the adducts reside in the major 3' directed in 4-OHEN-A1 and A3. The collisions in the
groove; in theanti conformation, they are inserted into the initial anti models were relieved during the dynamics by
duplex with extensive collisions in the initial structures. repositioning the equilenin rings to protrude into the minor
Molecular dynamic simulations were carried out for all groove. In these structures with the glycosidic torsion angles
starting models (Figure S1). in the anti conformation, the equilenin rings are directed to
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Table 1: Stereochemistry-Dependent Structural Properties of 4-OHEN-A/C Adducts

synconformation anti conformation
equilenin c18' c2' equilenin c1g' c2'
rings methyl OH rings methyl OH
stereochemistry orientatiort groupg© group orientatiort groupgd group
4-OHEN-A1/C1 2'S-3R 3 M near axial 5' M near axial
4-OHEN-A2/C2 2’R-3'S 5' S near axial 3 P near axial
4-OHEN-A3/C3 2’R-3'R 3 M near 5' M near
equatorial equatorial
4-OHEN-A4/C4 2's-3's 5 S near 3 P near
equatorial equatorial

aWith respect to the modified strantlS: toward solventt M: toward modified strand? P: toward partner strand.

Table 2: Hydrogen Bonds and Occupancies Involving the ok (i) Anti Glycosidic Conformationln the anti conforma-

Partner T

syn hydrogen bond occupancy (%)
4-OHEN-A1 (Tig)O4...H-N6(Az) 22.9
4-OHEN-A2 (A¥)O3'—H...06(G) 53.9
(A)O2'—H..N7(G) 44.0
(A4*)02'—H...06(G) 29.5
(A4*)02'-H...N7(G17) 19.5
(A4*)03'...H—N4(Cse) 24.3
(A4*)N6...H—N4(Cyg) 22.0
(AfIN7...H—N3(T1g) 69.7
(T19)O4...H-N6(A20) 34.9
4-OHEN-A3 (A*)O4'...H—N4(Cye) 52.4
(T19)O4...H—N6(A20) 39.6
4-OHEN-A4 (A*)O3'—H...06(G) 85.0
(A)N7...H—N3(T1g) 60.3
(T19)O4...H-N6(A20) 30.5
anti hydrogen bond occupancy (%)
4-OHEN-A1 (A*)O2'—H...02(Tyo) 93.4
(A4*)03'"...H—N3(T19) 51.2
4-OHEN-A2 (A*)O2'—H...04(Ty) 39.2
(As*)02'—H...03'(A%) 24.1
(A*)04'.. . H-N2(Gs) 54.1
(A4*)02'...H—N3(T1g) 84.8
(T19)O4...H-N6(A20) 28.3
4-OHEN-A3 (A*)02"...H—N3(T10) 50.9

a Hydrogen bonding criteria were 3.35 A between heavy atoms with
a hydrogen bonding angle for doreydrogen-acceptor of 13%

the B-side of the modified strand in 4-OHEN-A1 and A3
and to the 3side in 4-OHEN-A2 and A4. The stereochemical

tion, the equilenin rings were repositioned during the
dynamics to protrude into the minor groove, thus severely
disrupting Watsor Crick hydrogen bonding interactions of
adjacent, unmodified base pairs (Figure 2). WatsGrick
hydrogen bonding of the 43C;g pair is totally disrupted in
the 3-directed 4-OHEN-A2 and A4 isomeric adducts. For
the B oriented 4-OHEN-A1 and A3 cases, all theside
Watson-Crick unmodified base pairs are broken (see below).
In the anti case, the hydroxyl groups of the adduct linkage
site point to the hydrogen bond edge and can form hydrogen
bonds with the partner baseglexcept in the case of A4,
which does not participate in any hydrogen bond interactions
due to unusual stacking (see below). In addition, 4-OHEN-
A2 and its partner T form hydrogen bonds with adjacent
bases (Table 2).

Stacking. (i) Syn Glycosidic Conformatiofhe modified
adenine is mainly stacked within the DNA duplex (Figures
2a and 3a). However, base pair stacking is significantly
perturbed, in line with the absence of Watsd@rick
hydrogen bonding at the lesion sites. The 4-OHEN-A2 and
A4 adducts exhibit better stacking interactions, because the
modified adenine forms a hydrogen bond with its partner,
which diminishes the base pair stacking perturbation (Table
S4).

(i) Anti Glycosidic ConformationThe modified adenine
bases assume mainly stacked conformations within the DNA
duplexes (Figures 2b and 3b). However, in 4-OHEN-A2 and
A4, the stacking is diminished due to disrupted Watson

properties of the 4-OHEN-C and A isomers also govern the cyick hydrogen bonding of the adjacent unmodified base pair

orientations of the methyl group and the'G2H group in

Gs+Cis. The presence of the large A2 and A4 adducts also

DNA duple_xes. T_he stereochemical characteristics_ of the tilts the adjacent basesgand G, respectively. This severely
four stereoisomeric 4-OHEN-A and C adducts are given in \yeakens the stacking interactions involving the paiQzs.

Table 1.

Hydrogen Bonding Interactions. (i) Syn Glycosidic Con-
formation. Watson-Crick hydrogen bonds are retained in

However, in 4-OHEN-A4, the tilted basesGtacks with the
equilenin aromatic B ring, and the partnefo how stacks
only with Cig. In 4-OHEN-A1 and A3, G is pushed away

all the base pairs, except for the modified base and its partnerfrom its normal base pair position by the equilenin rings and

(Figure 2). However, in theynconformation, the N7 of the

stacks with Aq but not G,. Consequently, the'&nd base

modified adenine may hydrogen bond with N3H of its partner Cy; slips into the G; position, and in 4-OHEN-A3, Watsen

Tie. This is observed with an occupancy €60% of the

Crick hydrogen bonds are formed between &d G but

trajectory in the 4-OHEN-A2 and A4 stereoisomeric adduct not in the case of Al (Figure 2). This causes theixd G,
simulations (Table 2). However, crowding between the bridge a dangling end without a partner, to stack with the misaligned

ring of the adduct and the methyl group of inhhibits
formation of this hydrogen bond in 4-OHEN-A1 and A3. In
all cases, Ty has sufficient flexibility to hydrogen bond with
N6H of the 3-side Ay. In addition, each sterecisomer has

C, G, pair. Likely, this unusual stacking is an end effect
due to the position of the'&lirected adduct only three base
pairs away from the &-G; terminus.

Bending and Grooge Dimensions. (i) Syn Glycosidic

unique hydrogen bonding interactions with base atoms on Conformation The modified duplexes are somewhat bent
the damaged or partner strand, except for 4-OHEN-AL. Tableas compared to the unmodified duplex (Table 3), with
2 summarizes these interactions. 4-OHEN-A1 and A3 more bent than 4-OHEN-A2 and A4.
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Table 3: Trajectory Average Bend Angles of the Modified DNA Table 4: Solvent Accessible Surface for the Equilenin Rings of

Duplexe$ 40HEN-C and A Adducts in 11-Mer Duplexes
unmodified 4-OHEN-A1 4-OHEN-A2 4-OHEN-A3 4-OHEN-A4 4-OHEN-A1 4-OHEN-A2 4-OHEN-A3 4-OHEN-A4
YN 5o (77 295(154) 289(114) 30.8(13.4) 229(9.1) syn 250.3(7.1)  220.9(15.7) 243.3(10.9) 229.7 (9.6)
anti ~77 Y/ 415(10.9) 54.1(20.0) 48.1(20.2) 55.0(21.8) anti 123.0(10.1) 163.1(13.7) 131.4(26.7) 201.1(20.1)
aBend angles are in degrees. Standard deviations are in parentheses. 4-OHEN-C1 4-OHEN-C2 4-OHEN-C3  4-OHEN-C4
It appears that the hydrogen bond between the modified ?rll?l %gig 8'17_)1) ﬁ%g ((2'_&23)) %ﬁg ((g'_é)) ﬁ%g ((Zs'é))

adenine N7 a-nd its partneﬁ_g'ﬂimits the bending "-1 A2 E-md- aTrajectory average values for solvent accessible surfaéeqi
A4. The major groove width around _the lesion Slt? IS equilenin moiety. Standard deviations are given in parentheses.
generally enlarged due to accommodation of the equilenin 4.0HEN-C adduct values are based on trajectories of ref 23.
rings (Figure 4), although only modestly in the case of
4-OHEN-A3 because of a hydrogen bond between the
carbonyl group of the equilenin with N4H of £ The
dimensions of the minor groove in thgyn 4-OHEN-A
adducts fluctuate around those of the unmodified duplex.
(ii) Anti Glycosidic Conformationln the anti conforma-

Sokent ExposureThe different groove positions of the
synandanti conformations cause a large difference in sol-
vent exposure of the adducts. In thygncase, the equilenin
moiety is positioned in the major groove without much

tion, the 4-OHEN-A modified duplexes are significantly ~distortion of the duplex' structures, but it is mostly ex-
more bent than in theynconformers (Table 3). The broken Posed to the solvent (Figures 2a and 3a). In contrast, the
base pairs adjacent to the lesion in each stereoisomeric adducgduilenin moiety in theanti adducts is much less solvent
provide added flexibility, which allows a greater bend. The €xposed. The bulky rings protrude to the smaller minor
minor groove opens because the adducts protrude into it,groove and have hydrophobic interactions with the DNA
except in the case of 4-OHEN-A4, in which stacking between backbone (Figures 2b and 3b). The solvent accessible surface
the equilenin B ring and &causes major groove enlarge- of the equilenin moiety (Table 4) clearly shows this differ-
ment. The minor groove opening is in the direction of the ence between theynmajor groove andnti/minor groove

equilenin ring orientation in each case. conformations.
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FIGURE 4: Trajectory-average groove dimensions with standard deviations (A) of 4-OHEN-A modified duplexes. The color code is as
follows: 4-OHEN-A1, red; 4-OHEN-A2, green; 4-OHEN-A3, magenta; 4-OHEN-A4, blue; unmodified duplex, blacRyig)ycosidic
conformation. (b)Anti glycosidic conformation.
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Table 5: Relative Free Energies f8ynand Anti Conformations of syn/major groove syn/major groove
Each Stereoisomeric Adddct , 4-OHEN-A1
4-OHEN-A1 4-OHEN-A2 4-OHEN-A3 4-OHEN-A4
syn 3.6 0 5.4 0.6
anti 0 6.3 0 0

4-OHEN-C1 4-OHENE2 4-OHEN-C3 4-OHEN-C4

syn 0 3.9 0 5.0
anti 1.5 0 6.8 0

aFor each stereoisomeric adduct, the conformation with the lower anti/minor groove
energy is assignedG = 0. Energies are in kcal/mol. Data for 4-OHEN-C2

4-OHEN-C adducts are from ref 23.

Thermodynamic Analyses

The ensemble of structures from the simulations were
employed to carry out thermodynamic analyses using the
MM —PBSA method48—54). Relative free energies aiyn ; ! S
and anti conformations were calculated to compare their =X = 77K
conformational stabilities (Table 5 and S5). We note that Fgyre5: Comparison oyrfmajor groove andnti/minor groove
theanti/minor groove conformation, being lowest in energy structures of 4-OHEN adducts to adenine and cytosine. Five base
for A1, A3, and A4, is mainly favored. The solvent exposed pair_segme_nts with modified bases at center are shown. Note that
surface plays an important role in the conformational stability €quilenin rings are usually more solvent-exposed in A than in C

: I adducts (Table 4). The color code is as follows: 4-OHEN-A in
of these addu_Cts n I_DNA duplexes. In theti/minor groove blue with hydrogen in white; 4-OHEN-C in yellow with hydrogen
case, the equilenin rings have less solvent accessible surfacg, white.
with attendant better hydrophobic interactions (Figure 3).

This favors theanti conformation. However, theyfmajor  a role here. Hence, we calculated this quantity for the
groove conformatmn is less dlsForted, as described above.cytosine adducts to compare with adenine (Table 4). We also
The conformational preference is a balance between thesgyresent in Table 5 theyranti preference of the cytosine
structural features in each stereoisomer. The diminishedadducts for comparison. We note that this preference for the
solvent exposure with enhanced hydrophobic contacts cause€ and A adducts is inverted in every case, except for A4,
the anti conformation to be preferred, except for 4-OHEN- whosesyn and anti structures are almost equal in energy.
A2. In this case, the purine ring system causes unfavorableThus, C1 and C3 prefeynand C2 and C4 prefer thanti
unstacking of Gg with exposure to solvent of this base and  conformation. As described above, tsgnmajor groove
the equilenin (Figures 2 and 3). A similar unstacking conformers are mainly favored by less distortion; &mei/
involving Gs occurred also in 4-OHEN-A4 but was com-  minor groove structures are favored by diminished solvent
pensated for by stacking of this base with the equilenin. Thus, exposure with attendant enhanced favorable hydrophobic
our results indicate that bosynandanti conformers with  contacts. Each sterecisomer and base adduct selects a
the adduct in the major or minor groove, respectively, are different balance between these competing features. For the
feasible. A subtle interplay of the adduct groove position 4-OHEN-C case, in C2 and C4, the favorable hydrophobic
and attendant solvent exposure/hydrophobic contacts andcontacts iranti dominate; in C1 and C3, the lack of distortion
adduct-induced distortion determine the conformational with favorable van der Waals interactions between the
preference of each stereoisomeric adduct; environmentalinward-facing equilenin methyl group and adjacent base in
conditions, such as salt concentration, base sequence contexsyndominate (Figure 5). In Al and A3, these methyl groups
and duplex length, could influence the choice. in synare too far from the DNA for such contacts, because

. of the larger purine ring system. The purineainti A2 causes
Comparison of 4-OHEN-A and C Adducts unfavorable unstacking and solvent exposure, as described

The 4-OHEN-A adducts have the same bicyclo[3.3.1]- above (Figures 2 and 3).
nonane-type connection rings as 4-OHEN-C. Consequently, Table 6 gives a structural comparison of 4-OHEN-C and
similar stereochemical characteristics as in the 4-OHEN-C A adduct duplex distortions. We note from the table that
stereoisomers, described previoush@)( were obtained for ~ each base adduct and each stereoisomer produces distinct
the analogous 4-OHEN-A adducts (Table 1). For each groovestructural distortions in terms of hydrogen bonding, stacking,
position, the equilenin ring orientations are the same for bending, and groove dimensions. Each perturbs the structure
4-OHEN-C and A adducts with the same stereochemistry; of the DNA duplex differently. Overall, compared to the C
thus, the opposite orientation effect in sterecisomer pairs isadducts, the equilenin rings of the A adducts in gy
the same. Preliminary NMR data for 4-OHEN-dC adducts conformation are positioned further away from the DNA in
have suggested opposite orientations of sterecisomers irthe major groove due to the larger purine ring, which results
duplex DNA (Zhang, N., Kolbanovskiy, A., Ding, S., in more solvent exposed equilenin rings and less distorted
Shastry, A., Geacintov, N. E., Broyde, S., and Patel, D., major grooves. Furthermore, syn the larger 4-OHEN-A
personal communication). However, there are subtle differ- adducts generally disturb the stacking more and the DNA
ences that are governed by the nature of the base damagedluplexes bend more toward the major groove in an effort to
The solvent accessible surface of the equilenin moiety playsshield these adducts from the solvent. In #msi case, both




4-OHEN-A Stereoisomer Adduct Conformations in Duplex DNA Biochemistry, Vol. 46, No. 1, 2007189

Table 6: Comparison of 4-OHEN2@Gnd A Adduct Features Compared to Unmodified Control

adjacent number of adduct stacking energy bend angle major groove minor groove

syn base pafr hydrogen bonds differencé (kcal/mol) differencé (deg) distortiori (A) distortiori (A)
4-OHEN-C1 intact 0 55 11.9 3.1 0.7
4-OHEN-A1 intact 0 5.9 14.3 1.8 -1.3
4-OHEN-C2 intact 1 4.6 11.0 3.1 2.0
4-OHEN-A2 intact 2 4.7 8.7 2.3 2.1
4-OHEN-C3 intact 0 5.3 —-0.7 —2.2 —2.3
4-OHEN-A3 intact 1 6.6 15.6 1.0 1.8
4-OHEN-C4 distorted 2 9.2 0.1 5.3 —6.0
4-OHEN-A4 intact 2 3.1 7.5 2.9 2.7

adjacent number of adduct stacking energy bend angle major groove minor groove

anti base pafr hydrogen bonds differencé (kcal/mol) differencé (deg) distortior (A) distortiori (A)
4-OHEN-C1 distorted 0 22.2 4.1 5.2 8.8
4-OHEN-A1 broken 2 g 26.3 1.4 6.2
4-OHEN-C2 broken 1 19.7 15.8 3.7 —-2.6
4-OHEN-A2 broken 2 22.1 38.9 4.1 9.5
4-OHEN-C3 broken 3 22.6 38.4 2.2 8.2
4-OHEN-A3 broken 1 g 32.9 4.7 6.1
4-OHEN-C4 broken 2 15.9 40.1 2.8 1.6
4-OHEN-A4 broken 0 20.9 39.8 13.4 —-1.9

2 Data for 4-OHEN-C from ref 23? Occupancy of WatsonCrick hydrogen bonds: intact, all90%; distorted, any one 50%-90%; broken, all
0%. Hydrogen bonds are distorted or broken in the direction of the equilenin ring orientation (Figure 2), exaefitGdr The unmodified duplex
has all base pairs intactNumber of hydrogen bonds involving 4-OHEN base adduct with occupa®€ps in stable time frame of trajectory (see
Methods and Table 2).Difference between stacking interaction energy of modified duplex and its unmodified counterpart (see Methods and Table
S4). Larger energies show more perturbed stackimgfference between the trajectory average bend angle of the adduct and the unmodified
duplex (Table 3)f Using the unmodified duplex as reference, we calculated the groove distortions of the modified duplekesda}s (vhered
is a groove dimension of the modified duplex atidis the corresponding value for the unmodified duplex (Figure 3). The groove dimension
difference with the largest absolute value is shown. A negative sign indicates groove closing compared to the unmodifieti$t@ickivlg cannot
be calculated due to the dangling end.

4-OHEN-C and A adducts generally break adjacent Watson 4-OHEN-dA lesions; mismatched dAMP and dCMP were
Crick base pairs. However, the larger 4-OHEN-A adducts also incorporated by pal andy, respectively 28). Current

also tilt nearby bases in order to accommodate the equileninstudies also suggest damaged base-specific repair suscepti-
rings in the minor groove (Figure 2). This causes the weaker bilities, with dA adducts less repaired than dC adducts in
stacking and larger groove distortions in the A adducts. prokaryotic and eukaryotic nucleotide excision repair (NER)
However, stereoisomer effects involving adduct hydrogen assays 26, 30) (Kropachev, K., Chen, D., Kolbanovskiy,
bonds with neighboring bases can modulate these overallM. and Geacintov, N., to be published).

tendencies in specific cases.
CONCLUSION

Structure-Function Relationships . .

Our modeling studies indicate structural properties that are The 4-OHEN-A adducts' ha}ve the same connection rings
distinct for each stereoisomer and base damaged. Thesé&S the 4'OHEN'C adducts; this .produces similar §tereqchem—
structural differences likely account for observed differences BEI Ap\)ré)pelrtles arlfl stereochﬁmllstry-gove_rned (()jgentatlons n
in biochemical function. In vitro primer extension studies uplexes. However, the larger purine adducts cause

conducted with several Y-family bypass polymerases indicate distinctly diffe_re.nt structural prope_rt_ies as compared to the
that various 4-OHEN-C and A lesions are differentially smaller pyrimidine adducts. Specific features of hydrogen

bypassed, depending on stereochemistry and base damag nding, bending, StaCking’. groove dimensions,' solvent
(24, 26-28). Adduct stereochemistry effects on bypass exposure, and hydrophobic interactions characterize the A

efficiency were observed with pgl Specifically, the bypass adducts, and these are unique for each stereoisomeric adduct.
frequency in poly differed by 2 orders of mag’nitude in the Consequently, mutagenicity and DNA repair properties must
members of a pair of 4-OHEN-dC stereoisomers with be evaluated for each stereoisomeric base adduct to delineate

opposite sign CD spectraT). For 4-OHEN-dA adducts, the their individual biological effects.

bypass frequency past one stereoisomer was approximatel

3 times higher than that for anothe28j. For a pair of 'SUPPORTING INFORMATION AVAILABLE

4-OHEN-dC major adducts whose CD spectra were of Details of the molecular dynamics protocol and free energy
opposite sign, with pat mismatched dCMP and dJAMP were analyses are provided. Table S1 gives glycosidic torgion
inserted opposite both stereoisomers, and chain extensiorvalues of the modified adenine, box sizes, and numbers of
with partner dC was much higher than that with d&v; waters in the MD simulation starting models. Table S2 gives
Insertion of dGMP, the correct base, was highly inefficient. added force field parameters for the modified adenine. Table
For this 4-OHEN-dC pair with pol;, insertion of dAMP S3 gives AMBER atom type, connection type, and partial
and extension were both higher than that for the correct basecharge assignments for the 4-OHEN-A adducts. Table S4
dGMP. However, for the pair of 4-OHEN-dA major adducts gives van der Waals interactions between the base pairs.
with opposite sign CD spectra, both palsind# preferen- Table S5 gives MM-PBSA free energy components for the
tially incorporated dTMP, the correct base, opposite these 4-OHEN-A modified duplexes. Figure S1 shows starting
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structures for the MD simulations. Figure S2 shows rmsd
vs time plots for each molecular dynamics simulation. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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