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Abstract: Benzop]pyrene (BP), a prototype polycyclic aromatic hydrocarbon (PAH), can be metabolically
activated to the enantiomeric benajgyrene diol epoxides (BPDESs);+{-(7R,8S9S 10R)-7,8-dihydroxy-9,-
10-epoxy-7,8,9,10-tetrahydrobenajgfyrene and the <)-(7S,8R,9R,10S) enantiomer. These can react with
adenine residues in DNA, to produce the stereocisome${1y and 1R (—)-trans-anti[BP]-N6-dA adducts.
High-resolution NMR solution studies indicate that in DNA duplexes the (:0) adduct is intercalated on

the B-side of the modified adenine, while the @+) adduct is disordered, exhibits multiple adduct
conformations, and is positioned on thesile of the modified adenine. Duplexes containing th& (b)
adduct positioned at A* within codon 61 of the humirras sequence CA*A are thermodynamically less
stable and more easily excised by human DNA repair enzymes than those containingrtfre) dduct.
However, the molecular origins of these differences are not understood and represent a fascinating opportunity
for elucidating structurefunction relationships. We have carried out a computational investigation to uncover
the structural and thermodynamic origins of these effects in the 11-mer duplex sequence d(CGGACA*AGAAG)
d(CTTCTTGTCCG) by performing a 2-ns molecular dynamics simulation using NMR solution structures as
the basis for the starting models. Then, we applied the MM-PBSA (molecular mechanics P@sfiamann
surface area) method to compute free energy differences between the stereocisomeric adduct.(H)e 10
isomer is more stable by 13 kcal/mol, of which~10 kcal/mol is enthalpic, which agrees quite well with
their observed differences in thermodynamic stability. The lower stability of tf&(+) adduct is due to
diminished stacking by the BP moiety in the intercalation pocket, more helix unwinding, and a diminished
quality of Watson-Crick base pairing. The latter stems from conformational heterogeneity involéyg-a

anti equilibrium of the glycosidic bond in the modified adenine residue. The lower stability and conformational
heterogeneity of the ®(+) adduct may play a role in its enhanced susceptibility to nucleotide excision
repair.

Introduction oxidation patt and through reactive-quinones. Among the
) . . . . reaction products through the major diol epoxide pathway are
Chemical carcinogenesis by polycyclic aromatic hydrocarbons 4 pair of enantiomers:)-(7R.85,9S 10R)-7,8-dihydroxy-9,10-
(PAHSs) is of great interest because these substances areepoxy—7,8,9, 10-tetrahydrobenatiyrene and its)-(7S8R 9R -

widespread in our environment. Intriguing stereochemical 109 mirror image. known as¥)- and ()-anti-BPDES (Figure
properties of their metabolic derivatives lead to distinct bio- > g8, 0 ©) (Fig

physical, biochemical, and biological properties in the products Both (+)- and ()-anti-BPDE can react with adenifié® in

of their reaction with DNA, which likely play a key role inthe A by trans epoxide opening, to form the $4+)- and 1R
carcinogenic potency of the PAH compounds. Beajmjrene (_y yans-anti[BP]-N°-dA adducts (Figure 1b): these are more
(BP) is a prototype PAH which manlfe_sts these properties. Itis predominant than the products ofs epoxide opening. The
present in tobacco smoke, automobile exhaust, and in foods,;qenine adducts, while derived in lower yield than guanine
both as a product of pyrolysis of proteins and as a contamin&nt.  5yqycts, are biologically important. They are mutagenic in
Metabolic activation can occur by a number of pathways, cejjyjar systems in which repair is apparently not a fagtor.
including the predominant diol epoxide rodtthe one-electron Also of interest is the finding that low, nontoxic doses &f{
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Figure 1. Structures of (a)-)- and (-)-anti-BPDE and (b) 18 (+)- and 1R (—)-trans-anti[BP]-N°-dA adducts. Torsion angles andj' are
defined as:a’, N1-C6—N6—C10(BP);5', C6-N6—C10(BP)-C9(BP). (c) HumarN-rascodon 61 sequence context. A*6 is the modified adenine.

as oncogenes or tumor suppressor géh&are widely believed
to be an initiating event in the multistage process of carcino-
genesis.’-18

High-resolution NMR solution studies have revealed that both
the 1® (+)- and 1@ (—)-trans-anti[BP]-N°®-dA adducts in
duplex DNAs are intercalated into the DNA helix, without
displacement of the modified adeniffe?? which remains
Watson-Crick hydrogen bonded when opposed by a normal
partner, thyminé® Conformational heterogeneity is manifested
by the 1G5 (+) isomer in solutiorf>-2> Moreover, the 18 (+)
isomer is intercalated on thé-8ide of the modified adenirf&?
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origin of this phenomenon has been revealed from computationalcompute free energy differences between the stereoisomeric
studies on the nucleoside let/el* to stem from “primary steric adducts. The 1R (—) isomer is more stable by 13 kcal/mol,
hindrance* between the modified base and the BP moiety when of which ~10 kcal/mol is enthalpic. This agrees quite well with
a (+) isomer is rotated into the conformational domain favored the observed melting differences. Our structural observations
by the () isomer, and vice versa, and this is rooted in the mirror elucidate the origins of the lesser stability of theS10t)
image nature of the benzylic ring in the two stereoisomers.  adduct: diminished stacking by the BP moiety in the intercala-
Differential interactions with key enzymes involved in DNA  tion pocket, more helix unwinding, and diminished quality of
replication and transcription and lesion repair in adducts Watson-Crick base pairing stemming from conformational
containing oppositely oriented bulky PAH derivatives could well heterogeneity involving ayn—anti equilibrium of the glycosidic
play a significant role in their differing biological properties. bond in the modified adenine residue. In turn, these differences
In the case of the 1$(+)- and 1@ (—)-trans-anti[BP]-Né-dA may account for the observed greater susceptibility to repair of
adducts, it has been observed that th& @) isomer is more  this adduct
susceptible to repair by the human nucleotide excision repair
(NER) system than the F)(—) isomer, in the codon 61 CAA  Methods

sequence of the humaitras proto-oncogené? with modifica- Starting Structures. The NMR solution structur& obtained from
tion at the central A (Figure 1c). This codon is frequently the Nucleic Acid Databas®,was the starting structure for the DNA
mutated in human tumors, and the activation ofiheasproto- duplex undecamer in the humastras codon 61 sequence context

oncogene to its oncogenic derivative through point mutations (Figure 1c) containing a B(—)-trans-anti[BP]-N°¢-dA adduct with a

at codon 61 is understood to cause damage to the cellularnormal partner dT. While there was no NMR structure available for
machinery that regulates proliferatidhln solution, the 18 the 1G5 (+)-trans-anti[BP]-N°-dA adduct in the same sequence, an
(—) isomer has an-8 °C higher melting temperature than the experimental NMR solution structuffedid exist in another sequence

10S (+) isomer in the same humas-ras codon 61 sequence which isarea;onable starting model for our work. This NMR structure
Cont(ex'z‘” q was a 9-mer, in the d(GGTCA*CGAG)(CTCGGGACC) sequence,

and contained a mismatched dG opposite the lesion site. Coordinates

In an effort to elucidate the structural, dynamic, and ther- \yere kindly provided by Dr. Jane Sayer. We remodeled it to the human
modynamic differences between these two adducts in this humany.ras codon 61 sequence context as follows: First, we truncated two

N-ras codon 61 sequence context, which could explain their terminal nucleotides at each end of the original nonamer duplex
differences in thermal stability, conformational heterogeneity containing the 18 (+)-trans-anti[BP]-N°-dA adduct to avoid end
and repair susceptibility, we have carried out a computational effects; then, we appended three nucleotides corresponding to the human
investigation. This involved a 2-ns molecular dynamics simula- N-rascodon 61 sequence context at each end of the truncated DNA
tion to create an ensemble of structures for each adduct, usingﬂ”p'ex- F(;nall;glthe rest of theTaNA duplex was remo?eleﬂ tothe h‘é’_?ag

H 20 H : -ras coadon sequence. e startlng structure for the unmodifie
l';lMR solution structuré$2as the basis fo_r the starting models. DNA duplex d(CGGACAAGAAG)I(CTTCTTGTCCG) in the human
rom these we deduce the structural differences between theN_ras codon 61 se L "

- - . - quence context was an energy-minimized B-form
s@eremsome.rlc add'ucts that explain the 'expe.rlmentally observedDNA computed with DUPLES from a B-DNA fiber diffraction
differences in melting, and that can rationalize the differences mqoqgejsé Insight 11 97.0 from Molecular Simulations, Inc., a subsidiary
n repall’ Susceptlblhtles. We apphed the MM-PBSA (molecular of Pharrnacopeia7 |nC.’ was used for all of the mode”ng.
mechanics PoisserBoltzmann surface area) mett8c* to Force Field. To obtain partial charges for the $@+)- and 1(R
(—)-trans-anti[BP]-N°-dA nucleosides, we excised them from the NMR
duplex DNA structure$?2! minimized, and used Hartred-ock
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Information) gives the partial charges and atom types, and Table S2 (Eginearaly from their equilibrium values, van der Waals interaction

(Supporting Information) gives the added parameters.

Molecular dynamics (MD) simulations were carried out using the
AMBER 5.0 packag® with the Cornell et al. force fiek} and the
parm98parameter séf Helicoidal parametefs and DNA backbone
torsional angles were computed with Dials and Wind&vs.

Molecular Dynamics Protocol. The particle mesh Ewald (PME)
method3%4was used to treat long-range electrostatic interactions with
a cubic B-spline interpolation and aXQolerance for the direct space
sum cutoff. A 12-A cutoff was applied to the nonbonded Lennard-
Jones interactions. The SHAKE algoritfimvas applied to constrain
all bonds involving hydrogen atoms with a tolerance of 0.0005 A, and
a 1-fs time step was used in the dynamics simulation. The translationa

and rotational motion of the center of mass was removed about every

energies Eyqw), and electrostatic energieBefecrostatd, USING theAnal
module in the AMBER 5.0 packageé:

EMM = Eint + EvdW + Eelectrostatic (2)

where:

Eint = Ebonds+ Eangles+ Edihedrals (3)
The same force fief and parameters used in the MD simulations was

applied to calculate the MM energieEyu) but with no cutoff for

jnonbonded interactions.

The solvation free energieG{naio) Were estimated from the

300 ps. In all, 20 Naions were added to the system for neutralization electrostatic solvation energigSgz) and the nonpolar solvation energies

using theLeapmodule in AMBER 5.0. The system was then solvated
with a rectangular box of TIP3P watétsvhich extended-10 A from
the DNA atoms in each direction. This yielded a periodic box size of
~55 A x 69 A x 55 A for the 18 (+) adduct,~ 49 A x 49 A x 69
A for the 1R () adduct and~ 52 A x 50 A x 62 A for the
unmodified control. In all, 4710 water molecules were added for the
10S (+) adduct, 3640 for the ® (=) adduct, and 3662 for the
unmodified control. All systems followed the same minimization and
equilibration protocols. First, the water molecules and counterions were
minimized for 1500 steps of steepest descent, followed by 50 ps
dynamics with the DNA fixed to allow the solvent to relax. The whole
system was then minimized for 1000 additional steps of steepest descen
followed by 3 ps dynamics with 25 kcal/mol restraints on the DNA,
which further allowed the waters to relax. Then the system was mini-
mized for 5 rounds of 600 steps of steepest descent with the restraint
on the DNA reduced by 5 kcal/mol each round, from 20 to 0 kcal/mol.
Finally, the whole system was heated from 10 to 300 K over 40 ps
using the Berendsen coupling algoritfimwith a coupling parameter
of 0.2 ps. Production simulation was then continued at atmospheric
pressure with a 0.2 ps coupling parameter and 300 K for 2 ns.

Free Energy Analysis.Snapshots for calculating free energies were
taken from the MD trajectories of the $@+) (S) and 1R (—) (R)

adducts with water molecules and counterions removed. To assess the

equilibration of the trajectories, we monitored the root-mean-square
deviations (rmsd’s) of the MD structures and the fluctuations in total

energy, volume, pressure, and temperature. Then 150 snapshots were

selected at 10-ps intervals from each equilibrated trajectory.

The free energie<3,;) were estimated from the molecular mechan-
ical (MM) energies Ewm), the solvation free energieS&{aton, and
the vibrational, rotational, and translational entropies for the DNA,
following previously developed method%:5!

AGtot = AEMM + AGsoIvation_ TAS (1)

whereT is the temperature, anflis the entropy. The MM energies
(Emm) were calculated from internal energieSin() stemming from
deviations of the bondsEfonag, angles Eanged, and dihedral angles
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A.; Haak, J. RJ. Chem. Physl984 81, 3684-3690.
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nonpola):

'solvation ™

G Gpg + G 4)

The electrostatic contribution to the solvation free energi&s)(for
each snapshot was evaluated using the finite difference Peisson
Boltzmann (FDPB) methot?,%° as implemented in the DelPhi pro-
gram’®1 The FDPB method approximates the electrostatic solvation
energy as the reaction field energy of taking a solute from a vacuum
dielectric medium = 1) to an aqueous dielectric medium €

80) 487071 A physiological 0.15 M ionic strengthwas employed to
calculate the effect of salt on the free energies. DNA atomic charges

nonpolar

Wwere taken from the Cornell et.dbrce field® and those for the adducts
are given in Table S1, Supporting Information. These are consistent
with the charges used in the molecular mechanical energy calculétions.

SThe atomic radii were taken from the PARSE parametefsatd the

dielectric boundary is defined by using a probe radius of 147AA
grid spacing of 2.0 grids/A, in which the longest linear dimension of
the solute occupied 80% of the lattice, was used to determine the size
of the cubic lattice, and the boundary potentials were set to the sum of
the Debye-Hiickel values’® A total of 300 linear iterations followed
by 1000 nonlinear iterations was performed for each snapshot to reach
convergence, as judged by the rmsd between successive iterated
potential maps being less than 20

The nonpolar contribution to the solvation free energBsola)
was estimated as:

nonpolar™

G ySASAt b 5)
wherey = 0.00542 kcal/& b = 0.92 kcal/mol’® and SASAIs the
solvent-accessible surface area which was estimated by using Sanner’s
algorithm implemented in the MSMS softwafeA solvent probe radius

of 1.4 A and PARSE atomic radii valui@svere used.

Solute entropic contributions were approximated with normal mode
calculationg’ by using theNmodemodule in the AMBER 5.0 packag@.
Normal mode calculations of solute entropy are only rough estimates
and computationally expensivéand consequently it is usual to employ
only one structure to compute this quanti$y®’*We employed the
following protocol: First, 10 structures at 200-ps intervals were selected
from each trajectory; then, using a distance-dependent dielectric function

(68) Sharp, K. A.; Honig, BAnnu. Re. Biophys. Biophys. Cherh99Q
19, 301—-332.

(69) Sharp, K. A.; Honig, BJ. Phys. Chem199Q 94, 7684-7692.

(70) Nicholls, A.; Sharp, K. A.; Honig, BDelPhi; Department of
Biochemistry and Molecular Biophysics, Columbia University: New York,
1990.

(71) Honig, B.; Nicholls, A.Sciencel995 268 1144-1149.

(72) Alberts, B.; Bray, D.; Lewis, J.; Raff, M.; Roberts, K.; Watson, J.
D. Molecular Biology of the Cell3rd ed.; Garland Publishing: New York,
1994.

(73) Sitkoff, D.; Sharp, K. A.; Honig, BJ. Phys. Chenil994 98, 1978~
1988.

(74) Massova, |.; Kollman, P. APerspect. Drug Disceery Des.200Q
18, 113-135.

(75) Gilson, M. K.; Honig, B. HNature 1987, 330, 84—86.

(76) Sanner, M. F.; Olson, A. J.; Spehner, JBkpolymers1996 38,
305-320.

(77) Srinivasan, J.; Miller, J.; Kollman, P. A.; Case, D. A.Biomol.
Struct. Dyn.1998 16, 671-682.
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Figure 2. Root-mean-square deviations (rmsd’s) for th& ¢6) adduct
(S, red), 1R (—) adduct R, blue), and the unmodified control duplex
(C, green) over the 2-ns production MD simulation. The rmsd’s were
calculated relative to the average structures over&0O0 ps for the
10S (+) (8) and 1R (—) (R) adducts, and 2062000 ps for the
unmodified control duplexQ).

(e = 4r, wherer is the interatomic distance in A) to mimic solvent, ( )
steepest descent and conjugate gradient minimizations, followed by
Newton—Raphson minimizations, were carried out with no cutoff for
nonbonded interactions until the root-mean-square of the elements in
the gradient vector was less thar4@cal/(motA) for each structure.
Finally, we chose the one minimized structure with the smallest rmsd
compared to the MD average structure for each adduct, to calculate
the translational, rotational, and vibrational entropies at 300 K.

Quality of Watson—Crick Hydrogen Bonding Analysis. We
employ a hydrogen bond quality indé&Ju, to quantitatively assess
the deviation from ideal WatserCrick hydrogen bonding distances
and angles:

Iy = Z [(dpa — dda)” + (1 + cosy)?] (6)
D—H+-A

triplets (c)

where dpa is the instantaneous doneacceptor distanced, is an
ideal donoracceptor distané&(N6 (A) to 04 (T) is 2.95 A, N1 (A)
to N3 (T) is 2.82 A) andy is the instantaneous-EH-+-A bond angle
with ideal value of 180. The summation is over the two Watsen
Crick hydrogen bonds in an A-T base paijr.adopts a value of 0 when
ideal Watsonr-Crick hydrogen bonding is maintained.

Figure 3. Stereoviews of the MD average structures. (& (#9) adduct

Results (S) over 506-2000 ps with BP in red, A*6-T17 in green, and A7-T16
. . - , in blue. (b) 1R () adduct R) over 500-2000 ps with BP in red,
Simulation Stability. The rmsd's of the 18(+) adduct §), C5-G18 in blue, and A*6-T17 in green. (c) Unmodified control duplex

10R (—) adduct R) and the unmodified control) calculated  (c) over 206-2000 ps with C5-G18, A7-T16 in blue, and A6-T17 in
relative to the starting structures are shown in Figure S1, green. The backbone, sugar atoms, and other residues are in gray. All
Supporting Information. During the first500 ps of production structures are aligned to have®H at the top right. All stereo images
simulation, structureS andR exhibit continued equilibration, are constructed for viewing with a stereoviewer.
while structureC becomes equilibrated by200 ps. We then
calculated an average structure for th&{#) adduct §) and tures is 1.5+ 0.3 A for the 18 (+) adduct §), 1.5+ 0.4 A for
10R (—) adduct R) over 500-2000 ps, and for the unmodified  the 1@ (=) adduct R) over 506-2000 ps, and 1.3 0.2 A
control (C) over 206-2000 ps. The rmsd’s of structur&R, for the unmodified controC over 206-2000 ps. These results
and C were calculated relative to these average structures, asshow stable trajectories over the time frames of-5R000 ps
shown in Figure 2. The mean rmsd relative to the average struc-for structuresS andR, and of 206-2000 ps for structur€.

(78) Chong, L. T.. Duan, Y.. Wang, L.. Massova, .. Kollman, P. A. Stereoviews of the dynamics average structures from 500 to
Proc. Natl. Acad. Sci. U.S.A999 96, 14330-14335. 2000 ps for the 18 (+) adduct §) and the 1& (—) adduct

(79) Reyes, C. M; Kollman, P. Al Mol. Biol.200Q 297, 1145-1158. (R), and from 200 to 2000 ps for the unmodified contr@l) (
195(3%0)2??91%”5%13'23'; Figueroa, S.; Hayden, T. L.; BroydeB®polymers — are shown in Figure 3. The carcinogen is intercalated between

s . the modified A*6-T17 base pair and the Beighboring A7-

(81) Saenger, W.Principles of Nucleic Acid StructureSpringer- A
Verlag: New York, 1984. T16 base pair in the case of theSQ+) adduct §). In the 1R




Origins of Stability Differences in BP-dA DNA Adducts

Table 1. Free Energy Analysis of B)(+)- and 1R
(—)-trans-anti[BP]-N6-dA DNA Adducts

10S(+) 10R(—) 10S(+) — 10R (—)

[Eelectrostatit] 364.3 (41.5) 346.0 (47.3) 18.3
[Eyawd —181.6 (10.2) —185.6(10.2) 4.0
End 1007.4 (17.8)  1003.2 (18.1) 4.2
Emm O 1190.1 (41.9) 1163.7 (44.6) 26.4
[GnonpolaH 25.4(0.2) 25.3(0.2) 0.1
[Gpg —5651.1 (40.1) —5634.8 (44.0) —16.3
[Gsolvatior —5625.7 (40.0) —5609.5 (44.0) -16.2
[Gpg + Eelectrostaiit] —5286.8 (11.5) —5288.8 (11.8) 2.0
[Emm + Gps —4461.0 (15.6) —4471.2 (15.7) 10.2
-TS —591.6 —594.5 2.9
Giot —5027.2 —5040.3 13.1

a All energies are in kcal/mol. Values in parentheses are standard
deviations.

(—) adduct R), it is intercalated between the A*6-T17 and the
C5-G18 base pairs, on the&de of the modified adenine. Thus,
both are similar to the parent duplex NMR structd?@8in this
respect. Stereo snapshots along the trajectory for tiSg(-£D
adduct §) are given in Figure S2, and for the R{—) adduct

(R) in Figure S3, Supporting Information. Small adjustments
throughout the duplexes account for the rmsd’s from the starting

J. Am. Chem. Soc., Vol. 123, No. 29, 2084

AG (10S (+) = 10R (-))

Favoring 105 (+) Adduct Favoring 10R (-) Adduct

AE (electrostatic)

AE (vdW)

AE (int)

AE (MM) = AE (electrostatic) +
AE (vdW) + AE (int)

AG (non—polar)

AG (PB)

AG (solvation) = AG (PB) +
AG (non—polar)
AE (electrostatic) + AG (PB)

-TAS
AE (MM) + AG (solvation) =~ AH
AG (tot)
I I I T T M I T
=20 -10 0 10 20
Energy (kcal/mol)

structures. The BP moieties remain stably intercalated over thefigure 4. Free energy component analyses for th& (:6) (S) and

course of the simulations. This is demonstrated bydhand
p' torsion angles of the structurés and R over the 2-ns
simulations, as shown in Figure S4, Supporting Information.
The average!' andf' torsion angles are-153.4 + 14.5 and
—102.r + 17.5, respectively, for the 18 (+) adduct; they
are 152.2 + 9.3 and 102.9 + 9.3, respectively, for the IR
(=) adduct, over 50862000 ps. Our previous calculations for
the 1®8 (+)- and 1®R (—)-trans-anti[BP]-N8-dA adducts on
the nucleoside level showed these 5’ domains to be among
the low-energy wells for each adduét.

The 10R (—) Adduct is More Stable Due to Enthalpic
Contributions to the Free Energy. The calculated free energies
for the 15 (+) (S) and 1R (—) (R) isomers are shown in Table

10R (—) (R) adducts. The green bars are components of the free energy
difference between the two adducts, and the red bars are the partial
sums of these components. The magenta bar is the enthalpy difference
between the two adducts, and the blue bar is the total free energy
difference.

(SASA)-dependent term, favors theR.0—) adduct R) by only

0.1 kcal/mol, indicating hardly any difference in total solvent-
accessible surface areas between th8 ¢0) and 1R (-)
adduct duplexes. As shown in Table 1, a free energy difference
of 2.9 kcal/mol due to solute entropy favors theRl(B-) adduct

(R). The molecular mechanical energids.f;) and the elec-
trostatic solvation free energieGgg) are enthalpic contributions

to the free energy, and these favor thdri6-) adduct R) by

1 and Figure 4. The computed total free energies favor tie 10 10.2 kcal/mol.
(—) adduct R) over the 13 (+) adduct §) by 13.1 kcal/mol. Backbone and Helicoidal Parameter Analysis Shows the
Analysis of the energy components shows that contributions 10S (+) Adduct is More Distorted than the 10R (—) Adduct.
from van der Waals and internal energies play a major role in The backbone torsional parameters for th& (:8) adduct §),
the stabilization of the 1R (—) adduct R). the 1R (—) adduct R) and the unmodified control dupleC)
The largest contribution to the free energy difference between are shown in Figure 5. For both the30t) adduct §) and the
the 13 (+) and 1R (—) adducts is the internal energlif), 10R (—) adduct R), the greatest differences in the backbone
stemming from bond, angle, and dihedral angle deviations from parameters relative to the unmodified contf@) ccur primarily
equilibrium values; this favors the R)(—) adduct R) by 4.2 at or near the intercalation pockets, namely the A*6-T17 and
kcal/mol. The van der Waals contribution to the free energy A7-T16 base pairs in the case of struct&eand the C5-G18
(Evaw) favors the 1& (—) adduct R) by 4.0 kcal/mol; this is and A*6-T17 base pairs in the case of structRrdn addition,
the second largest contribution to the free energy difference in the 105 (+) adduct §), distortions in backbone torsiors
between the two isomers. While the gas-phase electrostaticand( extend beyond the intercalation pocket. Thén8ercala-

energy Eelectrostatip favors the 1R (=) adduct R) by 18.3 kcal/
mol, the electrostatic solvation enerdygg) favors the 18 (+)
adduct §) by 16.3 kcal/mol at our 0.15 M physiological salt
concentratiorf? As a result, the total electrostatic free energy
difference favors the ®(—) adduct R) by only 2.0 (18.3-

tion of BP in the 1& (+) adduct §) and the 5intercalation in

the 1R (—) adduct R) cause these distortions. Furthermore,
we find greater deviations in backbone torsions in ths (t0)
adduct §) compared to those in structu@ Comparing torsion
angles in the intercalation pocket and neighboring residues on

16.3) kcal/mol, because electrostatic solvation screens the gaseach side, namely C5, A*6, A7, G8, C15, T16, T17, and G18
phase chargecharge interaction® The big fluctuations ob- for the 1G5 (+) adduct §), and A4, C5, A*6, A7, T16, T17,
served in the gas-phase electrostatic energy are also greatlyc18, and T19 for the 1®(—) adduct R), more distortions are
reduced in the total electrostatic free energy due to the screeningseen (Figure 5) for the BX+) adduct §), particularly ina., £,
effect of solvatiorf’®8283The nonpolar term of the solvation andy. Itis also observed that theangle at C1 in the unmodified
free energy Gnonpola), the solvent-accessible surface area control (C) has asynconformation instead of the normaiti

(82) Bashford, D.; Case, D. A.; Choi, C.; Gippert, G.J>Am. Chem.
Soc.1997 119 4964-4971.

(83) Demchuk, E.; Bashford, D.; Gippert, G. P.; Case, D.JAMol.
Biol. 1997 270, 305-317.

conformation, indicating end base-pair fraying, which has also
been observed in a previous simulatfgn.

Helicoidal parameters are shown in Figure 6, and Table 2
gives average values of the helicoidal base pair and base pair
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Figure 5. Average backbone torsional parameters for the structures of Biet)@dduct §, red circles) over 5062000 ps (3000 structures), RO

(—) adduct R, blue squares) over 562000 ps (3000 structures), and the unmodified control duplexgteen diamonds) over 26@000 ps

(3600 structures). The standard deviations are shown as error bars. The red and blue bars on the axes indicate the intercalation po&ket of the 10
(+) adduct §) (A*6-T17 and A7-T16), and the intercalation pocket of theR1(6-) adduct R) (C5-G18 and A*6-T17), respectively. All values

were calculated using Dials and Windof#dt should be noted that the residue numbers in Dials and Winaliféer from the IUPAC conventidh

as follows: Fora, 5, andy, residue numbers-110 should be shifted-1, and fore and¢, residues 1322 should be shiftee-1 to accord with the

IUPAC conventior!

step parameters in the vicinity of the lesion site, and for the (R) at the lesion site, A*6-T17, are in opposite directions in
corresponding residues in the unmodified struct@reAgain, the two adducts, consistent with theSl0ersus 1R stereo-
most of the deviations relative to the unmodified conti©) ( chemistry and the associatett 8ersus 5intercalation in the
occur at the intercalation pockets. Notably, the buckle and 10S (+) (S) and 1R (-) (R) stereoisomeric adducts. Severe
propeller of the 16 (+) adduct §) and the 1& (—) adduct  deviations in tilt are also observed at the A*6-T17 to A7-T16

(84) Spector, T. I.; Cheatham, T. E.; Kollman, P.JAAm. Chem. Soc. base pair step in the 8]+) adduct §), and at the C5-G18 to
1997, 119, 7095-7104. A*6-T17 base pair step in the R)—) adduct R), which are
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Figure 6. Average helicoidal parameters for the structures of the (#) adduct G, red circles) over 5062000 ps (3000 structures), RG—)

adduct R, blue squares) over 562000 ps (3000 structures), and the unmodified control dupglxgfeen diamonds) over 26000 ps (3600

structures). The standard deviations are shown as error bars. The numbering scheme for the nucleotide base pair steps is that the C1-G22 to G2-C21
is step 1, the G2-C21 to G3-C20 is step 2, ..., and so on. All values were calculated using Dials and WWindows.

the intercalation pockets for the two adducts, respectively. In
addition, at the A7-T16 base pair in theR.(Q—) adduct R),

The 3 intercalation of the bulky BP in the 8X+) adduct
(S) and the 5intercalation in the 1R (—) adduct R) introduce

substantial deviations in propeller and opening are observed.a substantial increase in rise in the A*6-T17 to A7-T16 base

As shown in Figure 3, the modified adenine A*6 in theRLO
(=) adduct R) stacks well with its intrastrand adjacent base
A7; however, the large deformations in the A7-T16 propeller

pair step in the 18 (+) adduct §) and the C5-G18 to
A*6-T17 base pair step in the R)—) adduct R) to accom-

modate the intercalated BP. A substantially decreased twist at

and opening, and negative roll in the A7-T16 to G8-C15 base the C5-G18 to A*6-T17 base pair step (15# 6.8°) and the

pair step in the 1R (—) adduct R) appear to be the price for
this enhanced stacking.

A*6-T17 to A7-T16 base pair step (9.1 5.1°) in the 136(+)
adduct §), and at the A*6-T17 to A7-T16 base pair step (5.7
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Table 2. Average Helicoidal Parameters near Lesion Site

S R C
buckle 42.7(8.0) —36.8(9.2) 4.7 (10.9)
propeller —38.8 (15.5) 32.5(8.1) —7.9(9.8)
opening 15.6 (12.1) 17.1(10.8) 2.2(5.2)
rise 7.6 (0.7) 8.6 (0.5) 3.4(0.4) 3.2(0.3)
roll 13.0 (6.5) 8.7 (6.3) 9.9 (8.2) 0.4 (5.7)
tilt —-179(4.3) -14.2(4.2) 1.1(5.0) —4.2(4.4)
twist 9.1(5.1) 31.1(6.4) 30.5(7.9) 35.3(5.8)

a StructuresS, R, andC are the 18 (+) adduct, 1® (—) adduct,
and the unmodified control duplex d(CGGACAAGAAGE|CTT-

CTTGTCCG), respectively. The base pair parameters buckle, propeller,

and opening are for the A*6-T17 base pair of structu8eR, andC.

The base pair step parameters rise, roll, tilt, and twist are for the A*6-
T17 to A7-T16 base pair step of structu8eC5-G18 to A*6-T17 of
structureR, C5-G18 to A6-T17 and A6-T17 to A7-T16 base pair steps
of structureC. Values in parentheses are standard deviations.
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Figure 7. Distribution of the glycosidic torsion anglein modified
adenine A*6 of the 18(+) adduct §, red), 1R (—) adduct R, blue),
and in A6 of the unmodified controlQ, green) over 50862000 ps.
The red, blue, and green solid dots show ghealues of the starting
structures of the 19 (+) adduct §), 10R (=) adduct R), and the
unmodified control C), respectively.

-120

+ 6.8°) in the 1R (—) adduct R) is observed. Notably, the
10S (+) adduct §) causes more unwinding than theRLQ-)
adduct R), relative to structurec.

syn—anti Equilibrium and More Distorted Watson —Crick
Hydrogen Bonding in the 105 (+) Adduct. Figure 5 reveals
that the glycosidic torsion angjeat the A*6 is displaced toward
the syndomain in the 18 (+) adduct § compared to that in
the 1R (=) one R) and to A6 in the unmodified control
structure C). This is clearly shown in Figure 7, which displays

Yan et al.

(b)

syn (y = 47.1°)

Figure 8. (a) anti and (b)synstructures from dynamics trajectory of
the 105 (+) adduct §) (see text).
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Figure 9. Time dependence of hydrogen-bond quality indiex,in

(a) 165 (+) () and (b) 1R (—) (R) adducts over 5002000 ps.ly is

0 when Watsor Crick base pairing is ideal.

values:—85.3 (anti) and 47.2 (syn). These reveal the lack of
normal Watsor-Crick base pairing at the lesion site in tyn
structure. Accordingly, we assessed the quality of Watson

the population of structures in the dynamics trajectories as a crick hydrogen bonding in this isomer and compared it with

function of glycosidic torsion angle Bothsynandanti domains
are encompassed by theange of the 18(+) adduct §), while
only the anti region is found for the 1R (=) adduct R) and
the unmodified control@). The range of; values is—85.3 to
47.7°, with a mean value of-31.2 + 17.7° in the 135 (+)
adduct §), and—137.7 to —30.6, with a mean value of-87.C°
+ 14.9 in the 1R (—) adduct R). In the unmodified control
(C) the range is—161.5 to —50.7, with a mean value of
—98.5 + 18.3. By comparison, thesyn domain of DNA
duplexes in the Z-DNA conformation is at~60°—80°, while
the anti domain of B-DNA hasy at ~(—120° to —100°).81.85
Figure 8 shows the two structures from the dynamics
trajectory of the 18 (+) adduct §) with the most extremg

(85) Berman, H. MBiopolymers1997, 44, 23—44.

the 1R (—) adduct R) using our hydrogen bond quality index
Iy for each of the trajectories (see Methods). Figure 9 shows
the time dependence of for each isomer. Clearly, deviation
from ideal Watsor-Crick hydrogen bonding is much greater
in the 135 (+) adduct §). This is demonstrated by the summed
values for this index; these are respectively 599.3 and 362.7
for the 3000 structures of the $q+) and 1R (—) adducts
collected in the 5062000 ps interval, with higher values for
Iy corresponding to poorer hydrogen bonding quality.

Less Stacking of BP in the Intercalation Pocket of the 18
(+) Adduct than in the 10R (=) Adduct. Our results reveal
that the overlap between the aromatic rings of BP and the
adjacent base pairs is very different in theS1(@) and 1R
(=) isomeric adducts. As shown in Figure 10a, in th& 1)
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Figure 10. Stereoviews of the intercalation pockets of th&18) (S, d(A*A) -d(TT)) and 1R (—) (R, d(CA*)-d(TG)) adducts. (a) 19(+) adduct
(S). BP is in red stick, A*6-T17 is in green stick, and A7-T16 is in blue ball-and-stick. (&) (£0) adduct R). BP is in red stick, A*6-T17 is in
green stick, and C5-G18 in blue ball-and-stick. All backbone and sugar atoms are in gray. The view is along the helix aXigtfo)rdb3
(bottom) of the modified strand.

adduct §), there is substantial stacking between the aromatic Table 3. van der Waals Interaction Energies at the Intercalation
moiety of BP and the partner T17 of the modified nucleotide Pocket

A*6, but there is little overlap between the aromatic moiety of 10S(+) 10R (-) 10S(+) — 10R (—)
BP and the adjacent base pair A7-T16, so that the BP is stacked

N BP-T17 —-12.3 —-12.2 -0.1
on only one face. On the other hand, in théR{6-) adduct, as BP-A7/C5 266 ~10.2 34
shown in Figure 10b, the BP aromatic moiety not only stacks BP-T16/G18 —-8.0 -8.3 0.3
with the partner T17 of modified A*6, but also stacks well with  total —26.9 -30.7 3.7

its adjacent base pair C5-G18, so that both faces of the BP ar€ . gp_ A7 and BP-C5 are for ® (1) and 1R () adducts,
stacked. One aromatic ring of the BP is exposed in the case ofyespectively. BP-T16 and BP-G18 are foiS@) and 1® (—) adducts,
the 135 (+) adduct §), while all the rings are nearly fully  respectively. All energies are in kcal/mol.

stacked on both sides in theR@—) adduct R). Thus, the 5 ) .

intercalation in the 1R (—) adduct R) imposes a much better ~ Discussion

overlap between the BP and the adjacent DNA base pair than  |ntercalation Causes Distortion near the Lesion Site in

the 3 intercalation of BP in the 19(+) adduct §). The van Both 10S (+) and 10R (=) Adducts Which is Modulated by

der Waals interaction energies involving these residues reflectine Stereochemistry at the Covalent Linkage Sitelntercala-
these differential stacking interactions. Specifically, we com- tjon of a planar aromatic moiety into a DNA double helix, in
puted the van der Waals interaction energies between the BRyhich all base pairs are maintained, requires the duplex to stretch
and T17, A7, and T16 in the case of theSl(+) adduct §), and unwind to accommodate the inserted 3.4 A thick aromatic
and between the BP and T17, C5, and G18 in the case of thering systenf18687 Our observed increase in rise from the
10R () adduct R). The results are shown in Table 3. The van  canonical B-DNA value of 3.4 ® to more than double this
der Waals interaction energy between the BP and T17 in theyalue (Table 2), is consistent with the required stretching;
10S (+) and 1R (—) adducts differs by only 0.1 kcal/mol,  however, the rise is greater than that for equilibrium-bound
favoring the 1@ (+) adduct §). On the other hand, the van  intercalators due to the constraints of the covalent linkage. This
der Waals interaction energy between the BP and the adjacentonstraint also causes the severe deviations in buckle, propeller,
base pair A7-T16 is-14.6 (-6.6 + (—8.0)) kcal/mol in the  and opening at the modified A*6-T17 base pair, as well as tilt
case of the 18 (+) adduct §), but, for the 1R (—) adduct  jj the intercalation pocket. We find considerable unwinding in

(R), the van der Waals interaction energy between the BP andihe case of each intercalated isomer: associated with the

the adjacent base pair C5-G18-48.5 (-10.2+ (—8.3)) kcal/ : : i
mol. Therefore, in the intercalation pockets of th&S18) and 36gﬁ?ez'gram' W. J.; Fuller, W.; Davies, M. B. Mol. Biol. 1973 80,
10R (—) adducts, the van der Waals interaction energy favors (87) Ornstein, R. L.; Rein, RBiopolymers1979 18, 1277-1291.

the 1R (=) adduct R) by 3.7 kcal/mol. (88) Arnott, S.; Hukins, D. W. LJ. Mol. Biol. 1973 81, 93—105.
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stretching and unwinding are backbone torsional angle distor-
tions. The intercalation-induced distortions are, however, modu-

lated by the 18 versus 1& stereochemistry and the associated
3'- versus 5 intercalation in the 18 (+) and 1R (-)

Yan et al.

stacking between the BP and the adjacent C5-G18 base pair in
the 1R (—) adduct, it also introduces different steric effects in
the two adducts. As shown in Figure 11a, the BP, intercalated
on the 3-side of the modified adenine A*6 in the $Q+)

stereoisomers. Specifically, our results have shown greateradduct, has the benzylic ring of BP facing toward thesifle

distortion in the 18 (+) adduct §), in terms of unwinding,
torsional angle deviations, and quality of Watsd®rick
hydrogen bonding. In addition, we note opposite buckle and
propeller of the A*6-T17 base pair in the stereocisomeric pair,
stemming from the 18 versus 1® stereochemistry at the
linkage site. The effects on unwinding and Wats@rick base
pairing are discussed below in detail.

Better BP-Base Stacking Causes Stronger van der Waals
Interactions in the 10R (—) Adduct. Our results show that
the BP is stacked on only one face in thes18) adduct, while
it is stacked on both faces in theR@—) adduct (Figure 10);
this is consistent with our analysis of the van der Waals
interaction energies in the $¢+) and 1R (—) adducts (Table
1), which reveals that the total van der Waals interaction
difference between the $§+) and 1R (—) adducts is 4.0 kcal/
mol, favoring the 1& (—) adduct R). This is the second largest
contribution to the free energy difference between the two
adducts. Moreover, the difference in the van der Waals
interaction energy of the BP and the residues involved in the
intercalation pocket in the BX+) and 1@ (—) adducts is 3.7
kcal/mol, favoring the 1B (—) adduct R) (Table 3), indicating
that the total van der Waals interaction difference in the two
adducts is due mainly to stacking differences in the intercalation

of A*6. On the other hand, in the FO(—) adduct, the BP,
intercalated on the'Side of the modified adenine, has the
benzylic ring facing toward the'&ide of A*6, as shown in
Figure 11b. Due to the right-handed helical twist of B-DNA,
C5-G18, the 5neighboring base pair to the modified A*6-T17
in the 1 (+) adduct, is twisted toward the benzylic ring of
BP, facing the 5side of the modified adenine A*6. This causes
steric crowding between the bulky BP benzylic ring and C5,
which is destabilizing to the DNA helix. In the RQ—) adduct,
A7-T16, the base pair neighboring A*6-T17 on thies&le, is
twisted away from the benzylic ring of BP, which faces the
3'-side of A*6. As a result, there is no steric crowding in the
10R (—) adduct. This phenomenon was discussed previously
by Schwartz et aP° and our MD simulations support these
conclusions. We also note that the twist of the C5-G18 to A*6-
T17 base pair step in the $@+) adduct is only~16° (Figure

6), which is substantially smaller than the average value in
structureC, ~31°. This local unwinding at the C5-G18 to
A*6-T17 base pair step in the 8)(+) adduct is part of the
accommodation to alleviate the steric crowding between the
benzylic ring and the C5-G18 base pair imposed by the right-
handed helical twist of B-DNA? In turn, this local unwinding,
additional to the unwinding associated with the intercalation of

pockets. The key stacking difference, accounting for the different the BP, causes more structural distortion, namely more devia-

van der Waals interaction energies, between th® (#) and
10R (—) adducts is that the BP in the $@+) adduct §) is
hardly stacked with its adjacent A7-T16 base pair, while the
BP in the 1R (—) adduct R) is well stacked with C5-G18, its
adjacent base pair.

B-DNA Right-Handed Helical Twist is the Origin of Better
Stacking of BP in the 1R (=) Adduct. As discussed above,

tions in the backbone torsions 5, andy, in the 15 (+) adduct
than in the 1® (=) adduct.

Total unwinding due to intercalation itself is almost the same
in the 165 (+) and 1@ (—) adducts, but manifests differently
in the two stereoisomers. Specifically, the twist in the intercala-
tion pocket, between C5-G18 and A*6-T17, in theRLQO-)
adduct R) case is~31°, quite similar to that of structur€

the differing BP-base stacking interactions are key contributors (Table 2). However, for the A*6-T17 to A7-T16 intercalation

to the differential stabilities of the two adducts in our free energy

pocket in the 18 (+) adduct §), the twist is only~9°. In each

computations. The question arises: why is this the case? Incase the local twist angle appears to be optimized for stacking.

Figure 10, the A*6-T17 base pair is oriented in a constant frame
of reference in the 1®(+) and 1@ (—) adducts. In the case of
the 105 (+) adduct, intercalated on thé-8ide of the modified
adenine A*6, stacking is with the A7-T16 base pair (Figure
10a); however, in the B (—) adduct, intercalated on thé-5
side of A*6, stacking is with C5-G18 (Figure 10b).

The @ twist for the 1 (+) adduct §) is very unwound,
compared to the unmodified contr@), but appears to produce
better stacking with the neighboring base pair A7-T16 than
would the normal value of35° seen in structur€ (Table 2).

In addition, in the 18 (=) adduct R), there is marked local
unwinding next to the intercalation pocket, at the A*6-T17 to

The stacking difference between the two adducts is imposedA7-T16 base pair step, with a twist angle of6°. This

by the right-handed helical twist of the B-DNA. Although the
intercalation of the bulky carcinogen substantially distorted the
DNA helix in both the 1& (+) and 1R (—) adducts, the
integrity of the B-DNA conformation is still maintained (Fig-
ure 3). As shown in Figure 10b, the BP is intercalated on the
5'-side of the modified A*6, in the 1R (—) adduct, and the
long axis of the BP is positioned almost parallel to the long

unwinding is likely due to the intercalation at the neighboring
C5-G18 to A*6-T17 base pair step. Unwinding seems to have
been displaced from the intercalation pocket in th&® 16)
adduct R) to permit optimal stacking between the BP and the
adjacent C5-G18 base pair.

The total unwinding near the lesion site in thes18-) adduct
(9), due to intercalation itself and due to the BP steric effect, is

axis of the adjacent base pair C5-G18; therefore, the BP is well- ~41°, compared to structur€, while the 1R (—) adduct R)

stacked with the C5-G18. However, in theSI(®+) adduct, the
BP is intercalated on the'-3ide of the modified A*6; due to
the right-handed helical twist of B-DNA, the A7-T16 base pair,
adjacent to the BP, is now twisted away from the optimal
position for stacking (Figure 10a). As a result, the BP is not
optimally overlapped with its adjacent base pair. In turn, the

is unwound~29°, compared to structur€ (Figure 6). There-
fore, the 1@ (+) adduct is more unwound than theR.(Q—)
adduct by~12°, compared in each case to struct@e This
additional unwinding imposes greater distortion in the backbone
torsions.

syn—anti Conformational Heterogeneity and a Diminished

van der Waals interaction energy is much less favorable in the Quality of Watson—Crick Hydrogen Bonding in the 10S (+)

10S (+) adduct than that in the F)(—) adduct.

The 10S (+) Adduct is More Unwound than the 10R ()
Adduct. The right-handed helical twist not only imposes better

Adduct. NMR solution structure®®-25 have revealed that the
10S (+) adduct is conformationally heterogeneous in solution,
to the extent that structural models were obtainable in the A*-G
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Figure 11. Stereoviews of the d(CA*AGH(CTTG) region of the 18 (+) adduct §), and the d(ACA*AYd(TTGT) region of the 1R (—) adduct
(R). (a) 165 (+) adduct §). BP is in red, A*6-T17 is in green, and A7-T16 is in blue. (b)RLG-) adduct R). BP is in red, A*6-T17 is in green,

and C5-G18 in blue. All backbone, sugar atoms and other residues are in gray. The structures are aligned to heagdhe &f the modified
strand at top left.

mismatch context, but not when the normal partner T was 5.7 + 1.9 kcal/mol. This is reasonably close to our computed

opposite the modified A. In the A*-G mismatch contexdyar— enthalpy difference of 10.2 kcal/mol. However, the enthalpies
anti equilibrium was observe#;2! and it has been suggested in the calorimetric studies are melting transition enthalpies which
that there may be a similar equilibrium in the A*-T ca&dé# refer to the double helix-to-coil transition, and they would not
Our dynamics results do indeed reveal suchsya—anti be expected to be the same as our computed enthalpies. The

equilibrium for the 1& (+) isomer only, and this equilibrium helix-to-coil melting transition measures the enthalpy difference

induces greater deviation from ideal Watsa2rick base pairing between the double helix and single-stranded coils for each

in this isomer. The explanation for th&yn—anti equilibrium isomer,

in this isomer has been suggested by Volk etaivho noted

that the steric crowding caused by the benzylic ring in this

isomer is, in part, also alleviated by rotation of the glycosidic

bond toward thesynregion. This is clearly seen in Figure 8. AHz,
Computed Enthalpy Difference in the 168 (+) and 10R D! —S' +S

(—) Adducts Agrees Reasonably Well with Thermal Melting

Data. The melting temperature for the DNA duplex d(CGG- \where D%, S, and AH'?m are the modified double helix,

. Ahi
DI ——S,+S

ACA*AGAAG) -d(CTTCTTGTCCG) containing a B (+)- modified single strand, and the melting transition enthalpy for
trans-anti[BP]-N®-dA adduct is 25°C, while that of the  the 105 (+) adduct;D*, S, andAHy,, are the corresponding
modified DNA duplex containing a R (—)-trans-antt[BP]- quantities for the 1R (—) adduct, andis the unmodified single
N°-dA adduct in the same sequence context iSG3’ This is strand. However, we computed the enthalpy difference between

the same sequence employed in our computations. On the basighe 165 (+) and 1®R (—) adducts as double helices.
of the melting temperatures of the two isomeric DNA adducts

and calorimetric studies of DNA meltirf§,we estimate the AH —H. —H
L. . . computed D% D*
transition enthalpy difference between the two isomers to be
(89) Chalikian, T. V.; Vidker, J.; Plum, G. E.; Breslauer, K. Proc. whereHp, andHp, are the enthalpy of the BI+) adduct and

Natl. Acad. Sci. U.S.AL999 96, 7853-7858. that of the 1® (-) adduct, respectively. These cannot be
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identical because the two modified single-stranded coils would nucleotide excision repair in human cell extracts in thg ()

not be identical in the two isomers, although they may be quite isomef€is in accord with its lesser stability, in agreement with

similar. Consequently, the reasonable agreement is encouragingrecent evidence that DNA helix destabilization facilitates human
nucleotide excision repaif°2 In turn, the greater stability and

Conclusions lower repair susceptibility of the B)—) isomer may contribute

Free energy analysis reveals that thR {0)-trans-anti[BP]- to genotoxicity.

Né-dA adduct is more stable than thel@+)-trans-anti[BP]- Acknowledgment. We dedicate this work to the memory of
Né-dA isomer. This is consistent with melting temperature the late Peter KollmarThis research is supported by NIH Grant
measurements for the two isomeric adducts in the same humanCA-28038 and DOE Grant DE-FG02-90ER60931 to S.B., and
N-ras codon 61 sequence context. The origin of the stability NIH Grant CA-76660 to N.E.G. We thank Dr. Thomas
difference resides in better stacking of the intercalated BP moiety Cheatham, 1lI, for reading the manuscript and providing very
with adjacent base pairs in the R@—) adduct, together with helpful suggestions. Computations were carried out at the NSF
steric differences involving the stereoisomeric benzylic riffgs.  San Diego Supercomputer Center, the NSF Advanced Comput-
Specifically, in the more stable isomer, there is much greater ing Center for Engineering and Science at the University of
overlap between the BP aromatic rings and the neighboring baseTexas at Austin, and the DOE National Energy Research
pair, with only one face of the BP stacked in the intercalation Scientific Computing Center. Our own SGI workstations, as well
pocket in the 18 (+) adduct, while both faces are stacked in as those of the Academic Computing Services at New York
the 1R (—) adduct. The difference stems from thle @ersus University were used for visualization, modeling and data
5 intercalation in the 18(+) and 10R (—) isomers, respectively,  analysis.

and the associated different neighboring base pair position
relative to the modified base pair, imposed by the B-DNA right-
handed helical twist. While the DNA is unwound due to
intercalation in both isomers, additional unwinding is imposed
on the 1@ (+) adduct to accommodate steric crowding by the
benzylic ring of BP in this stereoisométthis, in turn, causes
more distortion. Furthermore, we observeya—anti equilib-
rium in the dynamics trajectory of only the $@+) isomer,
with attendant reduced quality of Watse@rick base pairing,
which is also due to benzylic ring crowdifé Together, the
better stacking, lesser unwinding, and better quality of Watson
Crick base pairing account for the greater thermal stability of
the 1R (—) isomer. The observed greater susceptibility to

Supporting Information Available: Table S1 gives partial
charges, atom type assignments and topologies for t8¢-10
and 1@ (—)-trans-anti[BP]-N®-dA nucleotide adducts; Table
S2 gives added force field parameters; Figure S1 shows the
rmsd’s relative to the starting structures for th&s18) adduct
(9), 10R () adduct R), and the unmodified control duplex
(C) over the 2-ns production MD simulation; Figures S2 and
S3 show stereo snapshots along the trajectory over the 2-ns
production MD simulation for the 1%(+) and 1@ (—) adducts,
respectively; Figure S4 shows torsion anglesandf' for the
10S (+) and 1®R (—) adducts over the 2-ns production MD
simulation (PDF). This material is available free of charge via
the Internet at http://pubs.acs.org.
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