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ABSTRACT. We investigate the influence of base sequence context on the conformations oStfie)10

and 1@ (—)-trans-anti-[BP]-N°®-dA adducts through molecular dynamics (MD) simulations with free energy
calculations, and relate the structural findings to results of nucleotide excision repair (NER) assays in
human cell extracts. In previous studies, these adducts were studied in the CA*A sequence context, and
here we report results for the CA*C sequence. Our simulations indicate that the base sequence context
affects thesyn—anti conformational equilibrium in the BX+) adduct by modulating the barrier heights
between these states on the energy surface, with a higher barrier in the CA*C case. Our nucleotide excision
repair assay finds greater NER susceptibilities in th8 (H0) adduct for the CA*C sequence context. A
structural rationale ties together these results. A sequence specific hydrogen bond, accompanied by a
significantly increased roll and consequent bending in tf#(3) adduct, has been found in our simulations

for the CA*C sequence, which could account for the enhanced nucleotide excision repair as well as the
syn—anti equilibrium difference we observe in this isomer and sequence. Such sequence specific differential
repair could contribute to the existence of mutational hotspots and thereby contribute to the complexity
of cancer initiation.

The mutagenic consequences of DNA bases chemicallyinterconvertible in certain sequence contexts, thus perhaps
modified by reaction with bulky substituents such as poly- facilitating mutagenic polymerase bypass when the adducts
nuclear aromatic derivatives are strongly influenced by the assume an appropriate conformational state.
base sequence context surrounding the damaged base ( Clear evidence for conformational heterogeneity governed
9). If these covalent adducts are not excised by the nucleotideby base sequence context has been obtained in the case of
excision repair (NER)machinery, processing of the lesions DNA adducts derived from metabolically activated benzo-
by DNA polymerases may lead to mutatidkO{-18), which [a]pyrene (BP), including theyn andanti-benzop]pyrene
can ultimately give rise to cancet, 20). Such mutagenic  diol epoxides (BPDEsPH). Thesesyn andanti-BPDESs can
processing of bulky adducts by polymerases likely dependsreact with purines in DNA bgis- andtrans-epoxide opening
on the conformation of the adduct. The possibility that the to yield covalent adduct26—27). In the case of the 19
conformation of a given adduct may depend on base (+)-trans-anti-[BP]-N>-dG adduct, high-resolution NMR
sequence context has been a subject of considerable interesiolution data revealed a single conformer, with the BP moiety
(21—23). Furthermore, different adduct conformers may be in the minor groove directed toward thé-énd of the

modified strand in the CG*C sequence context. (The asterisk
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Ficure 1: Structures of (A) €)- and ()-anti-BPDE and (B)
10S (+)- and 1R (—)-trans-anti-[BP]-Né-dA adducts. Torsion
anglesa’ andpg' are defined as followsa', N1-C6—N6—C10(BP);
B, C6-N6—C10(BP)>-C9(BP). (C) Oligonucleotide sequence
employed in the MD simulations. A*6 is the modified adenine
residue.

it was not possible to fully characterize the structure of this

Yan et al.

Our objectives are to utilize molecular dynamics (MD)
simulations with free energy calculations to investigate the
structural and thermodynamic factors that play important
roles in determining the conformational properties of the
adducts, and to relate these to their biological proper@és (

38). In this paper, we investigate the sequence dependence
of the syn—anti conformational equilibrium and its possible
relationship to NER. We compare the conformational
characteristics of the BY+)- and 1R (—)-trans-anti-[BP]-
N8-dA adducts (Figure 1) in the CA*A sequence context
studied previously36), with the CA*C sequence investigated
here. We find an interesting influence of base sequence
context on thesyn—anti conformational equilibrium in the
10S (+) isomer, involving a difference in barrier heights
between these states in the two sequences, with a higher
barrier in the CA*C case. Using human cell extracts, we
also investigate nucleotide excision repair of these adducts
in the CA*C sequence and compare the results with those
of a previous study in the CA*A sequencg9d. We find
enhanced excision for the $Q+) isomer in the CA*C
sequence. A structural rationale ties together these results.
A sequence specific hydrogen bond, accompanied by sig-
nificantly increased roll and consequent bending in th® 10
(+) isomer, found in our simulations for the CA*C sequence

adduct because there were several interconverting conformersould account for the enhanced nucleotide excision repair
when a T was positioned in the complementary strand observed in this isomer and sequence, as well as fayfre

opposite the BP-modified adenine. However, when the T,
opposite the same 8)(+)-trans-anti-[BP]-Né-dA adduct,
was replaced wit a G opposite the lesion, two different
intercalated conformers could be discern8@, 31). Both
conformers had the BP moiety intercalated on thei@e of
the modified base, but the glycosidic torsion angle of the
modified adenine was in theyn domain in the major
conformer and in thanti domain in the minor one. Attempts
have been made to determine the structure of tt&(39Q-
trans-anti-[BP]-N®-dA adduct with the complementary T
opposite the lesion in the CA*A and AA*G sequence

anti equilibrium difference.

MATERIALS AND METHODS

Starting Structures and Force Fiel®ur studies were
carried out for the duplex 11-mer in the d(CTCTCA*CTTEC)
d(GGAAGTGAGAG) sequence context (Figure 1). We
employed NMR solution structures in different sequence
contexts as starting models for our simulations, since NMR
structures for our sequence were not available. Specifically,
for the 1R (—)-trans-anti-[BP]-N6-dA adduct, we employed
one starting structure with aanti glycosidic conformation

contexts as well, but the attempts failed because of adductand a normal partner T opposite the lesion (PDB entry

heterogeneities 31—33). However, in the case of the
stereoisomeric IR (—)-trans-anti-[BP]-N6-dA adduct with

T opposite the adducts, it was possible to determine high-

resolution NMR solution structures in the CA*A, CAA*,
and AA*G sequence contexts32—34). Also, a high-
resolution NMR structure has been obtained for thie (b)-
cis-anti-[BP]-Né-dA adduct with T opposite the lesion in the
CA*C sequence contex86). In all cases with th& absolute

1AGU) (34, 40). For the 1® (+)-trans-anti-[BP]-Né-dA
adduct, two starting structures were used (PDB entries 1BPS
and 1DXA), which contain the modified adenine in tueti
andsynglycosidic conformations, respectively, and have a
mismatched G opposite the lesids0( 31). We remodeled

all the structures to our current sequence context with Insight
I 97.0 from Accelrys Inc., a subsidiary of Pharmacopeia,
Inc., using the modeling procedure described previouBdy. (

adduct configuration, the BP ring system is intercalated on The starting structure for the unmodified d(CTCTCACTTEC)

the B-side of the modified adenine base with amti
glycosidic torsion conformation. However, evidence for
conformational equilibria betweesyn and anti glycosidic
bond conformations was obtained for the AA*G sequence
context, although the structure of the mireyn conformer
could not be fully characterized8). Also, a C3-endo-
C2-endoequilibrium in the sugar conformation at A, ®

d(GGAAGTGAGAA) DNA duplex was an energy-mini-
mized B-form DNA computed with DUPLEX4(1) from a
B-DNA fiber diffraction model 42).

To obtain partial charges for the $@+)- and 1R (—)-
trans-anti-[BP]-N°-dA nucleosides, we excised them from
the NMR duplex DNA structures3Q, 31, 43), minimized
them, and used Hartreé-ock calculations with the 6-31G*

the modified A*, in the CAA* sequence context was found basis set to calculate the electrostatic potential, using
by Zegar et al. 32) for this adduct. The same possibility ~Gaussian 9444). The charge was then fitted to each atomic
was also considered by Volk et aB3). Clearly, as noted  center with restrained electrostatic potential fitting (RESP)
by Volk et al. 33), “the role of sequence in promoting such (45). These partial charges were then normalized to maintain
dynamic behavior is at present a fascinating, but open,a charge of—1 on the modified nucleotide, using our
question” for benzd@]pyrene-derived adducts. For adducts previously described protocof§). Bond angle parameters
derived from aromatic amines, such base sequence effectadded to the force field for the two adducts, assigned by
have been clearly delineate®3j. analogy to chemically similar atom types already available
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in theparm98parameter set(/), are the same as those given MM-PBSA free energy analyses were carried out using
previously (86). the exact protocol described in detail in our earlier w@®) (

Molecular Dynamics Protocol and Free Energy Analysis N brief, the free energyGo) was computed from the
Molecular dynamics simulations were carried out using the Melecular mechanical energiegwy), the solvation free
AMBER 5.0 package48) with the Cornell et al. force field ~ €N€rgy Gsowaion, and the solute entropic contributions to
(49) and theparm98parameter se(?). The particle mesh (e free energyAGi = AEum + AGsowvaion — TAS). The

Ewald (PME) method50, 51) was used to treat long-range molecular me_chanical energidéw) were _calculated from
electrostatic interactions with a cubic B-spline interpolation ntermnal energies,) stemming from deviations of the bonds

and a 105 tolerance for the direct space sum cutoff. A 12 (Evondd, angles Eange, and dihedral anglesginearag from
A cutoff was applied to the nonbonded Lennard-Jones their équilibrium values, the van der Waals energisw),

interactions. The SHAKE algorithm5®) was applied to and electrostatic energieEdecrosaig. The solvation free

constrain all bonds involving hydrogen atoms with a toler- energies @SO'V"“‘P’) were estimated _from the ele_ctrostat|c
ance of 0.0005 A, and a time step of 1 fs was used in the solvation energiesds) calculated using the DelPhi program
dynamics simulations. The translational motion of the center (59, 60) and the nonpolar solvation energ@ibnpola); the

: latter was approximated &onpolar= YSa + b (y = 0.00542
of mass was removed approximately every 300 ps. Removal ) - P :
of the global rotational motion in a periodic system is keal/A% b = 0.92 kcallmol), whereS, is the solvent-

: . . accessible surface area (SASA) computed by Sanner’s
technically uncertain and hence was not implemented. . . .
. . ) i . algorithm in the MSMS progran6(). The solute entropic
However, visual inspection of the trajectories revealed no N . . .
. s contributions to the free energies were approximated with
abnormal overall rotation of the DNA duplexes, indicating

that energy leakage from internal motion to global rotation normal mode calculations3g, 62). We employed the
through the “flying ice cube effect’s) is not contributing following protocol, as described previousBg. First, seven

. . . structures at 200 ps intervals were selected from the last 1.5
in this case. In all, 20 Naions were added to the system P

for neutralization using th&€ Eap module in AMBER 5.0. ns in each trajectory; then, using a distance-dependent

The system was then solvated with a rectangular box of dielectric function € = 4r, wherer is the interatomic distance
_ in angstroms) to mimic solvent effects, steepest descent and
TIP3P waters 4) which extended~10 A from the DNA g ) b

atoms in each direction. This yields a periodic box size of conjugate gradient minimizations, followed by Newton
: Raphson minimizations, were carried out with no cutoff for
~52 A x ~52 A x ~65 A for the 16 (+) and 1R () P

o all nonbonded interactions until the root-mean-square devia-
adducts and the unmodified control. In all, 4635 water o of the elements in the gradient vector was less thaf 10
molecules were added for the30+) adduct, 4068 forthe | .5 mor® A-1 for each structure. Finally, we chose the
10R (-) adduct, and 3529 for the unmodified control. All - inimized structure with the smallest rmsd compared to the
systems followed the same minimization and equilibration yp average structure for each adduct, to estimate the
protocols, and these were the same as those employed ifyangjational, rotational, and vibrational entropies at 300 K.
our earlier work 86) on the CA*A sequence context. First,  pjsiortion Free Energy Analysido assess the distortions
the water molecules and counterions were minimized for jhquced by the adduct, we computed a distortion free energy
1500 steps of steepest descent, followed by 50 ps of gative to the unmodified B-DNA control for the $q+)
dynamics with the DNA fixed to allow the solvent to relax. gngd 1R (—) adducts in the CA*C sequence context, using
The whole system was then minimized for 1000 additional the ensembles obtained from the MD simulations. For each
steps of steepest descent, followed by 3 ps of dynamics withsnapshot of the BP-modified DNA structures selected at 10
25 keal/mol restraints on the DNA, which further allowed ps intervals, we excised the modified BP and replaced it with
the waters to relax. Then the SyStem was minimized for five a hydrogen atom that is bonded witf of the adenine base.
rounds of 600 steps of steepest descent with the restraintsthe bond length was adjusted to the value of the dtferH
on the DNA reduced by 5 kcal/mol each round, from 20 to pond. The chemical structure of this DNA duplex is thus
0 kcal/mol. Finally, the whole system was heated from 10 the same as that of the unmodified DNA control duplex in
to 300 K over the course of 40 ps using the Berendsen our simulations. We then applied the MM-PBSA method to
coupling algorithm §5) with a coupling parameter of 0.2 compute a free energy for these distorted but now chemically
ps. Production simulation was then continued at atmosphericunmodified DNA duplexes, as well as for the normal
pressure with a 0.2 ps coupling parameter and 300 K for unmodified control. We compared these data with the
2.5 ns. All systems exhibited reasonably stable oscillations corresponding values for the unmodified duplex to estimate
over the 2.5 ns simulation, as shown by the time dependencea distortion free energyG¥s°" caused by the intercalation:
of the root-mean-square deviations (rmsd) (Figure S1 of the
Supporting Information). Helicoidal parameters and DNA  AG™""= AE}, + AEJyy, + AEScrosiaict AGps + AGhonpoiar (1)
backbone torsion angles were computed using Dials and
Windows 66). Hydrogen bond occupancies were computed where
using the MOIL-View program&7). To quantitatively assess
the DNA helical bending, one base pair at each end of the AE?, = E,(distorted DNA)— E,, (unmodified control) 2
DNA duplex was first truncated to avoid possible end effects,
and then the overall axis bend angles were computed usingand
the CURVES program58), employing the “PP” option,
which yields a bend angle measured between the vectorsAgS,, = E g /(distorted DNA)— E,,(unmodified control)  (3)
composed of the first two and last two reference points
defining the axis. and so on for the other terms.
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Nucleotide Excision Repair Assaylethods for the nucle-
otide excision repair assay for thed(+) and 1R (—)-
trans-anti-[BP]-N°-dA adducts in both the CA*A and CA*C
sequence contexts were described in detail previo@dy (
In summary, site specific B)(+) and 1R (—)-trans-anti-
[BP]-Né-dA adducts in the SCGGACA*AGAAG-3' N-ras
oligonucleotide or in the'sSCTCTCA*CTTCC-3 sequence

Yan et al.

taken from NMR solution structures for the majeyn
conformer 81) and the minor conformer termeahti (30),
which were sufficiently stabilized to be able to be resolved
by NMR when mismatched with G. Interestingly, the starting
model termednti in this case +71.8 as in the NMR model
(30)] was not in the normanti domain as found in B-DNA

[ ~ —110 to —14C (71)], but in an area known as a high-

were obtained by incorporating appropriate phosphoramiditesanti region (72).

into the automated DNA synthesizer techniqB3-(65).
After DNA synthesis, the modified oligonucleotides were
deprotected and purified by reverse phase HP&%).(The

In the case of the ®(—) adduct, the experimental NMR
studies indicate that such conformational heterogeneity plays
only a very minor role 32—34). A normalanti conformation

identity of individual adducts was assessed after enzymatichas been fully characterized by high-resolution NMR inves-

degradation 25, 65) and confirmed by negative ion mode
electrospray mass spectrometBgy.

To obtain internally labeled DNA duplexes of 13946
base pairs, the modified oligonucleotides or their unmodified
controls (70 pmol) were '5end-labeled with }-3?P]JATP
(7000 Ci/mmol; ICN Pharmaceuticals) and mixed with five
other partially overlapping oligonucleotides (100 pmol) that
were phosphorylated with cold ATP. The oligonucleotides

tigations and is very predominan®4). Consequently, we
employed only thisnti conformation = —136.71), based
on an NMR solution structure3d), as a starting model.

We monitored the time dependenceydior each simula-
tion and compared these with the unmodified control. Results
are shown in Figure 2A. In the case of the unmodified control
(green curve) and the RO(—) adduct (blue curve)y
remained stably in the normal B-DNAnti range. For the

were annealed and ligated in the presence of T4 DNA ligase 10S (+) adduct, the simulation initiated in treyndomain

(Life Technologies, Inc.), followed by electrophoretic puri-
fication of the full-length fragments as described previously
(67, 69).

Oligonucleotide excision reaction mixture&/(-69) con-
tained (in 25uL) 35 mM HEPES-KOH (pH 7.9), 60 mM
KCI, 40 mM NaCl, 5.6 mM MgC}, 2 mM ATP, dATP,
dCTP, dGTP, and TTP (8a@M each), 0.8 mM DTT, 0.4
mM EDTA, 3.4% (v/v) glycerol, 5ug of BSA, 5 fmol
(75 000 dpm) of radiolabeled DNA substrate, andugQ(in
protein equivalents) dfleLacell extract. After the indicated
incubation times at 30C, reactions were stopped by the
addition of SDS [0.3% (w/v)] and proteinase K (20@/
mL; Boehringer Mannheim), followed by proteinase K
digestion for 15 min at 37C. DNA was purified by phenol/
chloroform extraction and resolved by electrophoresis in 10%
polyacrylamide denaturing gels, after which the radiolabeled
excision products were visualized by autoradiography. The
relative levels of excision were determined by densitometric
analysis of oligonucleotides in the 24- to 32-mer size range
on appropriately exposed X-ray films (using a Molecular
Dynamics computing densitometer with ImageQuant soft-
ware). The linearity of each densitometric quantification was
confirmed by counting Cerenkov radiations of the corre-
sponding gel slices.

RESULTS

Structural Analyses: Stable anti and syn Glycosidic
Conformers in the 10SH) Adduct. Two different starting
models were employed in the $@+) adduct simulation,
one with the orientation of the glycosidic torsion anglef
—71.8, in the overallanti region, and a second with this
torsion at 21.1 in the syn region (see Materials and
Methods). We used two starting models to carefully explore
the conformational possibilities for, since experimental
NMR investigations for this adduct with T opposite the lesion
could not resolve the structures due to conformational
heterogeneity, andsyn—anti equilibrium has been suggested
as an important element in the mobilitQq 31, 33, 70).

(orange curve) remained in that region and was quite stable
after ~200 ps. However, the simulation begun in the high-
anti region (red curve) did not remain there stably throughout
the 2.5 ns simulation. Instead, we see a hagli-+egion until
~500 ps, a transitional region from500 to 1000 ps, and
then a stable normanti domain until the end of the
simulation (Figure 2A). As shown in Figure 2C, a structural
transition at~500 ps in the 18 (+) isomeranti simulation

is also revealed from the time dependence ofdhandp’
torsion angles (Figure 1) that govern the orientation of the
BP moiety with respect to the base. No such transition was
observed for the other simulations. Furthermore, the time
dependence of the pseudorotation phase angleA*6 also
shows a transition, at800 ps, from the C2endoto the
C3-endodomain, only in the 18(+) anti simulation (Figure
2B).

Watson-Crick hydrogen bond analysis also supports the
observed transition in the 8)(+) adductanti simulation.
Specifically, one of the two WatserCrick hydrogen bonds
between A*6 and T17, namely, N3 (T17) to N1 (A*6),
is ruptured prior to~500 ps and then forms and remains
stably intact for the rest of the simulation, as shown in Figure
S2 of the Supporting Information. In treynsimulation for
this adduct, no WatsenCrick hydrogen bonds are present
at any time. Moreover, no other types of hydrogen bonds
between A*6 and T17 are observed in this case. In tHe 10
(—) adduct simulation, all WatserCrick base pairs remain
intact for this normaknti structure.

We monitored our simulations for possible formation of
hydrogen bonds between hydroxyl groups on the BP moiety
benzylic ring (Figure 1B) and DNA residues and did find
that such hydrogen bonds formed in theS1®) adduct
simulations. In thenti simulation, a hydrogen bond between
N*—H4 (C7) and 09 (BP) began to form after 500 ps and
then remained stably in place until the end of the simulation
(Figure 3C, red curve), with an occupancy-e85% in the
1-2.5 ns time frame. Theynsimulation for this adduct also
revealed a hydrogen bond involving the BP and the DNA,
between O9-HO9 (BP) and O6 (G16) (occupancy©778%

Consequently, our starting models for this adduct had to beover the 2.5 ns time frame) which did not, however,
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Ficure 2: (A) Glycosidic torsion angle and (B) pseudorotation phase anglén the modified adenine A*6 of the BX+) adductanti
andsynconformers, in the 1R (—) adduct, and in A6 of the unmodified control structure. (C) Torsion angleand ' for the 1085 (+)
adductanti andsynconformers and the F0(—) adduct. MD averagg values are-84.9 + 12.4 for the 15 (+) adductanti conformer
(1—2.5 ns),—45.4 4+ 12.9 for the 105 (+) adduct highanti conformer (6-0.5 ns), 25.8t 17.3 for the 105 (+) adductsyn conformer
(1—2.5 ns),—87.1+ 12.¢ for the 1R (—) adduct (+-2.5 ns), and-93.8+ 12.5 for the unmodified control (£2.5 ns). Average!' and
p' torsion angle values are154.4+ 9.8° and—123.4+ 9.0°, respectively, for the 1B(+) adductanti conformer, 24.8 10.2 and—91.8

+ 10.9, respectively, for the 1®adduct () synconformer, 150.7 8.6° and 101.1+ 9.0°, respectively, for the 1R (—) adduct (+-2.5
ns), and—168.6+ 10.3 and—100.6+ 11.9, respectively, for the 19(+) adduct highanti conformer (6-0.5 ns). The color code is as
follows: red, 1G5 (+) adductanti conformer; orange, )(+) adductsynconformer; blue, 1B (=) adduct; and green, unmodified control
structure. Note that O ns is actually following the equilibration protocol described in Materials and Methods.

involve a transition (Figure 3C, orange curve). In théR10 also deviated, oppositely as expect&@)( in the 1 (+)
(—) adduct simulation, no BPDNA hydrogen bonds were  (anti glycosidic conformer) and B(—) adducts (Figure S3).
observed that were maintained for any length of time. Similar local unwinding due to the intercalation of BP is

_Trajectory average helicoidal and backbone parameters arealso found in both adducts (Table S2). The quality of
given in Figures S3 and S4 of the Supporting Information. watson-Crick hydrogen bonding in thanti conformers is
These revealed the usual distortions needed to accommodat8jmilar in the two sequence contexts (Table S2). A notable
the intercalation of the planar and extended aromatic ring gistinction in the case of the CA*C sequenceS{#) adduct
system in the 18 (+) and 1R () isomers 86). These 4. conformer, however, is the roll value. The trajectory
torsional disturbances in and near the intercalation pOCket’average roll is 30for the 1G5 (+) adductanti conformer
which produce the stretching and unwinding needed for while it is 4° for the 1@ (—) adduct (Table S2). Since high
insertion of the aromatic moiety between the base planes,roII values are associated with DNA bendings), we

. . . * * - J
:Ledsgzllgt Itrr]léhgliagopr‘tiﬁgdlri‘ﬁrrgastiiﬂ;e%Cpeesci(f'i:(;gﬁ;r/esrigs monitored DNA bending in our simulations (Figure S5 of
adopts average values qf 8.0 and_ 8.3 A at the intercalationg]veersaugpezogglr? d'”;ﬁ;ﬁa;frnzhzvsgﬁégﬁf dﬂ::%tntthriltrizjgolry-
pocket in the 18 (+) (anti glycosidic conforme?) and 1R 0.0 the 1-2.5 ns time f 420893 h :
(—) isomers (Table S2 of the Supporting Information), b overthe " H”S ime r?]mgan oo over | €
respectively, compared to the normal values of 3.7 and 3.3 first nanosecond. However, the30+) adductanti simula-
A, respectively, in the same base pair step for the unmodified tion showed average bend angles of 42.82.4" over the
control. Buckle and propeller at the modified base pair are 0—0.5 ns time frame and 60.& 9.8 over the }-2.5 ns
time frame. By contrast, theynsimulation for this adduct

2syn conformers are not amenable to reliable helical parameter 98V€ & trajecto.ry-averaged bend angle of 24.52.1° over
calculations which depend on Watse@rick base pairing 43, 74). the 1-2.5 ns time frame (19.6- 11.7 over the 0-1 ns
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Ficure 3: Stereoviews of the (Aanti and (B)synconformations of the 19(+) adduct [d(A*C)d(GT)]. BP is in red, the A*6-T17 pair

in green, and the CYG16 pair in blue. The backbone and sugar atoms are in gray. O9 on BP and O6 on G16 are in yellhomi@y

is in orange; the hydrogen atoms of the-@909 hydroxyl group on BP and tH&* amino group on C7 are in white. The hydrogen bonds
betweenN*—H4 (C7) and O9 (BP) in thanti conformer and between GHO9 (BP) and O6 (G16) in theynconformer are shown as

solid pink dots. All stereocimages are constructed for viewing with a stereoviewer. (C) Time dependence of the hydrogen bond angle and
distance for the sequence-dependent hydrogen bonds belfeétt (C7) and O9 (BP)dnti conformer) and between GHO9 (BP) and

06 (G16) éynconformer) of the 18 (+) adduct in the CA*C sequence context over the 2.5 ns MD simulation.

time frame). For the IR (—) adduct, trajectory-averaged
bend angles are 184 8.7° over the first nanosecond and
21.94+ 9.4 from 1 to 2.5 ns. Thus, significant bending
compared to the unmodified control is found only in th&10
(+) adductanti simulation. Figure 4 shows the averages10
(+) (anti andsynglycosidic conformers) and FX—) adduct

structures, as well as the unmodified control structure,

derived from our simulations.
Thermodynamic Analyses: Similar Stabilities of anti and
syn Glycosidic Conformers in the 108)(Adduct The free

energy analyses showed that taeti and syn glycosidic
structures of the 18 (+) adduct have similar total free
energies, while both are more stable than the initial high-
anti structure of this adduct. Specifically, as shown in Table
1, the total free energy difference between dmti andsyn
structures of the 19(+) adduct is negligible, only 1.3 kcal/
mol favoring thesynstructure; however, the higlnti initial
structure of the 18 (+) adduct has a much higher energy
than theanti andsynstructures, by 12.2 and 13.5 kcal/mol,
respectively. Evidently, this starting model, taken out of
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" 10R (=) Adduct

Ficure 4: Stereoviews of the MD average structures oveR b ns. (A) 16 (+) adductanti conformer and (Bpynconformer with BP
in red, the A*6-T17 pair in green, and the G/&G16 pair in blue. (C) 1R (—) adduct with BP in red, the C5G18 pair in blue, and the
A*6 —T17 pair in green. (D) Unmodified control B-DNA structure with the-@518 and C#G16 pairs in blue and the A6T17 pair in
green. The backbone and sugar atoms and other residues are in gray. All structures are aligned so-(D&t gneups are at the top left.
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Unmodified control

Table 1: Free Energy Component Analysis of th&{#)- and 1R (—)-trans-anti-[BP]-N®-dA DNA Adducts in the CA*C Sequence Contéxt

10S(+) anti 10S(+) syn 10S(+) high-anti 10R(—) Ay Ao

Eelectrostatit] 265.0 (38.9) 350.9 (48.3) 339.7 (36.3) 330.7(57.8) —65.7 20.2
Evawl —184.8(9.1) —184.6 (9.3) —187.5 (10.9) —183.7 (9.5) -1.1 -0.9
EinD 1007.1 (18.9) 1000.5 (16.3) 1009.3 (17.9) 996.3 (17.3) 10.8 4.2
Ewn D 1087.3 (36.9) 1166.8 (46.4) 1161.5 (36.4) 1143.2(61.5) —55.9 23.6
[GnonpolaH! 25.4(0.2) 25.0(0.2) 25.4(0.1) 25.3(0.2) 0.1 -0.3
[Gpgl —5553.0 (35.3) —5630.7 (44.2) —5616.0 (31.0) —5620.8 (56.5) 67.8 -9.9
[Bsolvatior —5527.7 (35.4) —5605.8 (44.4) —5590.6 (31.0) 5595.5 (56.5) 67.8 —10.3
[Gpg + Eelectrostatit] —5288.0 (10.9) 5279.9 (10.7) —5276.2 (13.7) —5290.1 (11.8) 21 10.2
[Ewm + GpsUl —4465.7 (16.0) —4463.9 (14.3) —4454.5 (14.2) —4477.6 (14.9) 11.9 13.7
-TS —591.0 —593.7 —590.0 —592.3 1.3 -14
Giot —5031.3 —5032.6 —5019.1 —5044.6 13.3 12.0

a All energies are in kcal/mol. Values in parentheses are standard deviatipis10S (+) anti — 10R (—), andA, = 10S (+) syn— 10R (—).

necessity from a GA* mismatch structure because no other and electrostatic free energ@ds + Eclectrostaid differences.
suitable one was available, is not stable when the normal Melting data in this sequence contexi6) for the 11-mer
partner T is opposite the lesion. The enthalpic contribution 10S (+) (25 °C) and 1®R (—) (32 °C) adducts also reveal

to the free energy favors the RQ—) adduct by 11.9 and
9.4 kcal/mol, relative to thanti andsynconformers of the
10S(+) adduct, respectively, largely due to the interrigl)

greater thermal stability for the RY—) adduct. The solute
entropic term is greatest for thsynstructure of the 18(+)
adduct compared to all the other structures, probably because
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==

- T17
108 (+) Adduct syn conformer

10R (-) Adduct

Ficure 5: Stereoviews of the intercalation pockets of th& {®) [d(A*C)-d(GT)] and 1R (—) [d(CA*)-d(TG)] adducts. In the (Aanti

conformer and (Bsynconformer of the 18 (+) adduct, BP is shown as a red stick, the A*B17 pair as a green stick, and the-6316

pair as a blue stick. (C) In the R)X—) adduct, BP is shown as a red stick, the A*B17 pair as a green stick, and the-6518 pair as
a blue stick. All backbone and sugar atoms are in gray. The view is along the helix axis'fton3 &long the modified strand.

Table 2: van der Waals Interaction Energies at the Intercalation similar in the 1G5 (+) (bothanti and synconformers) and

Pocket 10R (—) adducts. The aromatic rings of BP in theSI@r)
10S(+) anti 10S(+) syn 10R(-) adductanfu andsyn structures st'ack with the partner T17 of
the modified nucleotide A*6 quite well; furthermore, the BP
BP-T17 —-13.0 —-11.5 —-12.3 tic ri h bstantial | ith the adi t
BP_C7/C5 6.2 59 _105 aromatic rings have substantial overlap wi e adjacen
BP—G16/G18 ~105 —13.2 -80 G16, but they do not stack with the adjacent C7 base (Figure
total —29.7 —29.6 —30.8 5A,B). In the 1®R (—) adduct, the BP aromatic rings also
aBP—C7 and BP-C5 are for 16 (+) and 1R (—) adducts, stack well with the normal partner T17 of the adducted
respectively. BPG16 and BP-G18 are for 16 (+) and 1®R (-) adenine residue A*6 (Figure 5C). However, the BP aromatic
adducts, respectively. All energies are in kcal/mol. rings in the 1® (—) adduct have less overlap with the

adjacent G18, compared to the overlap with G16 in the case

of greater flexibility due to lack of WatserCrick base  of the 1G5 (+) adduct; however, the BP rings stack better
pairing at the lesion site. with C5 in the 1® (—) adduct than with C7 in the B)+)

We evaluated a distortion free energy due to adduct @dduct (Figure 5).
intercalation for our simulated structures (see Materials and Relative Nucleotide Excision Repair Aciies. Linear and
Methods). As shown in Table S1 of the Supporting Informa- internally y-3?P-labeled DNA fragments containing a site
tion, the total distortion free energyG¥stotis 21.8 and 25.4  specific adduct were incubated in a defirtéelLacell extract
kcal/mol for the 1®& (+) adductanti and syn conformers, that had been shown to contain the entire repertoire of core
respectively, and 13.9 kcal/mol for the R@—) adduct. NER factors 67—69). After 40 min at 30°C, the reaction

In addition, we computed the energies for van der Waals mixtures were separated by denaturing polyacrylamide gel
interaction between BP and the residues involved in the electrophoresis to visualize the specific excision products
intercalation pocket in the B)(+) (both anti and syn consisting of oligonucleotides in the size range of-32
conformers) and 1R (—) adducts, and found that these residues. A quantitative evaluation was performed after
exhibit similar values (Table 2). These results are in accord autoradiography of the dried gel and laser scanning densi-
with structural observations. Specifically, the overlap between tometry of the bands representing excision products and the
the BP aromatic moiety and the adjacent base pairs is quitefull-length substrate in each lane. The excision activities were
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FiIGURE 6: Relative nucleotide excision repair activities and duplex
melting temperatures for the $Q+)- and 1R (—)-trans-anti-[BP]-
N6-dA adducts in the CA*A 89) and CA*C sequence contexts.
The melting temperatures for the unmodified controls are shown
in gray.

compared to a standard substrate containing&(19-cis-
anti-[BP]-N?-dG adduct 89). The relative yields of excision
products were in the linear, initial kinetic region. Examples
of such kinetic curves have been published previou3®y. (
We found that both the B(+)- and 1R (—)-trans-anti-
[BP]-N8-dA adducts in the CA*A 89) and current CA*C
sequence contexts were processed by NER enzynidslia
cell extracts. Quantitative analysis of specific excision
products in the 2432-nucleotide range showed that the
relative NER activities for the 19(+)- and 1R (—)-trans
anti-[BP]-N°-dA adducts in the CA*A context are18 and
~8%, respectively, while they are28 and~3%, respec-
tively, in the current CA*C context. The relative NER
activities and the melting temperaturdg, for the 1 (+)
and 1@ (—) adducts in the CA*A and CA*C sequences are
shown in Figure 6. The data show that tBésomers are
repaired more than thR isomers, independent of sequence,
and in the case of the 8J+) adduct, the CA*C sequence

Biochemistry, Vol. 42, No. 8, 2002347

to full molecular characterization through experimental NMR
investigations due to conformational heterogeneity. Hence,
simulation studies could play a useful role. In particular, we
are interested in the 8)+)-trans-anti-[BP]-N°-dA adduct

in a DNA duplex opposite its normal partner T, comparing
its conformational properties in the CA*C sequence context
examined here with those deduced previously in the CA*A
sequence contexB8). We also examined the corresponding
10R (—)-trans-anti-[BP]-N6-dA adduct whose NMR solution
structure has been determined in a number of sequence
contexts 83, 34), since conformational heterogeneity is much
lower in this isomer.

Our studies involved 2.5 ns molecular dynamics simula-
tions, in which all starting structures and protocols were
identical for the present CA*C investigation to those
employed previously for the CA*A work3g). Yet, we noted
a remarkable difference in the two trajectories. In the CA*C
case, a conformational transition was observed in the-500
1000 ps time frame, from the starting structure in which the
glycosidic torsion angle was higdmti to the normal B-DNA
anti domain (Figure 2A). This transition was accompanied
by a number of additional conformational rearrangements:
a shift in thea' and ' carcinoger-base linkage torsion
angles, the formation of the NH3 (T17) to N1 (A*6)
Watson-Crick hydrogen bond which had been ruptured, a
transition in the sugar pucker from the '‘@hdoto the C3-
endoregion at A*6 (Figure 2B), and the formation of a
hydrogen bond betwedi*—H4 (C7) and O9 (BP) (Figure
3C). Following the transition, the simulation showed stability
until the end. Our free energy analysis showed that the initial,
high-anti state was~12.2 kcal/mol higher in energy than
the stableanti form. By contrast, our earlier simulation in
the CA*A sequence context for the sameSI@-) isomer
showed no such transitioB). Instead, the glycosidic torsion
angley visited the entireanti/high-anti/synregion (Figure
7). Thus, these results suggest an energy surface for the
glycosidic torsion anglg with three wells,anti, high-anti,
andsyn in accord with well-known preferences for nucleic
acids {{7—81). It is noteworthy that the highnti domain
has been particularly observe82( 83) and noted through
computational studies for intercalation complexe)(
Furthermore, the energy landscape is modulated by the
different sequence contexts. In the CA*A case, the energy
well centered at higlanti appears to be broad with little
barrier to either theanti or the syndomain, offering easy
access to these regions (Figure 7, black curve). On the other
hand, in the CA*C sequence,synand ananti well with
little accessibility between them is suggested, indicating a
higher barrier (Figure 7, red and orange curves).

is more repaired than the CA*A sequence. Furthermore, the Because thesyn domain was not sampled through our
thermal melting data indicate that the more repaired adductsCA*C simulation starting from the highnti region, we

have lower thermal melting temperatures relative to the

carried out an additional simulation that began with the

unmodified duplexes than their less repaired counterparts.glycosidic torsion anglsyn(Figure 2A, orange curve). This

DISCUSSION

Influence of Base Sequence Context on Conformational
Equilibria

syn—anti Equilibrium. One goal of this study was to

simulation showed a stablsyn glycosidic conformation
whose free energy was very similar to that of the normal
anti glycosidic conformer (Table 1) which had become stable
after 1 ns during the simulation that began at hagiti: Thus,
our simulations suggest that syn conformer contributes
significantly to the conformational heterogeneity in both

elucidate the influence of base sequence context on confor-sequence contexts, but that the barrier betwsgrandanti
mational equilibria in a system which had not been amenable domains is greater in the CA*C case, as the simulation was
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Ficure 7: (A) Time dependence and (B) distribution of the
glycosidic torsion angle; at A*6 in the CA*A (36) and CA*C
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and computationallyq7—84).
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place during the rest of the simulation. This hydrogen bond
is sequence-dependent. Since it is between O9 on the BP
benzylic ring and the amino group on thiestde neighboring
cytosine C7, it can only be formed in the CA*C sequence.
In the CA*A sequence, this cytosine is replaced with an
adenine which cannot, when normally positioned in B-DNA,
contribute a hydrogen bond donor to O9 of BP. Moreover,
as mentioned in the Results, the SL¢+) adduct syn
glycosidic conformer in the CA*C sequence also has a
hydrogen bond involving BP and DNA, between-©909
(BP) and O6 (G16) (Figure 3B). However, as noted by a
reviewer, an analogous hydrogen bond should be feasible
in the CA*A sequence, involving\® of A7 and O9-HO9
(BP). Accordingly, we re-examined our CA*A simulation
data and did find that a very weak hydrogen bond/
electrostatic interaction involving® (A7) and O9-HO9 (BP)
can occur when theyndomain for the glycosidic torsion
angle is traversed (Figure S6 of the Supporting Information).
Interestingly, Pradhan et al. have obtained a high-resolution
NMR solution structure of a 1%(+) adenine adduct derived
from (+)-synBPDE [(+)-(7S8R,9S 10R)-7,8-dihydroxy-9,-
10-epoxy-7,8,9,10-tetrahydrobenafijyrene] viatrans ep-
oxide opening, also in the CA*C sequence cont&g).(They
proposed that a hydrogen bond betweer-B8lD7 (BP) and
N7 of G16 stabilizes their majorsyn glycosidic torsion)
conformer or slows its rate of interconversion, which
effectively means raising the barriétQ). Moreover, ROESY
experiments provided evidence for interconversion between
the major, syn and a minor, possiblyanti glycosidic
conformer {0). Since the orientation of O9 on the benzylic
ring is the same for both the $Q0+)-trans-anti-[BP]-Né-
dA and the 18 (+)-transsyn[BP]-Né-dA adducts (Chart
1), it is conceivable that the hydrogen bond between O9 (BP)
andN*—H4 (C7) found in our simulation, which stabilizes
theanti glycosidic conformer derived froranti-BPDE, may
also contribute to the stability of the minor, possilalgti

structure in this case only. This barrier appears to stem fromglycosidic conformer derived frormynBPDE.

the hydrogen bonds involving the ©8$109 hydroxyl group

Thus, our simulations are in harmony with the broad

on the BP benzylic ring and the adjacent bases in both thespectrum of experimental datd8d—34, 70) that indicate a

anti andsynconformations, namelp\*—H4 (C7) to 09 (BP)
in the anti conformer and O9HO9 (BP) to 06 (G16) in
thesynconformer (Figure 3A,B), which likely stabilize both
the anti and syn conformations in the CA*C sequence.
Possibly, the high-energy higimti conformation is near a
transition state between the stable normaaki and syn
conformations in the CA*C sequence context opposite T
(Table 1).

Our simulation for the 1B (—) adduct was very similar

in the present CA*C sequence as in the previous CA*A case,

with stableanti conformations and no evidence forsgn
component. Recent work38) indicates that a minosyn

conformer can be present for this isomer, at least in the

AA*G sequence context. While our trajectory did not find a
synconformer, its possibility as a minor constituent remains
open.

Sequence-Dependent Hydrogen BoMide sought to
determine why the simulation behaved so differently in the
CA*A and CA*C sequences when all other variables (starting
conformations and MD protocols) were identical. The key

delicatesyn—anti glycosidic bond equilibrium for a 18(+)
adduct, whose population balance can be easily affected by
the nature of the partner base, the stereochemistry of the
benzylic ring, and the neighboring base sequence context,
with the possibility of sequence- or stereochemistry-depend-
ent hydrogen bonds involving the BP and neighboring bases
playing a significant role.

Chart 1
N6-H
HO,
. 210
9
8
S 7
HO
OH

Benzylic Ring of
108 (+)-trans-anti-[BP]-N°-dA

Benzylic Ring of
108 (+)-trans-syn-[BP]-N®-dA

DNA Roll and BendingThe very easily perturbeslyn—

seems to lie in the hydrogen bond between O9 (BP) and anti conformational equilibrium may play a role in elucidat-

N*—H4 (C7) that forms during the transition from the high-
anti to the normalanti conformation and then remains in

ing DNA bending effects in the ®(+) adenine adduct.
Our simulations revealed one helical parameter that was
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10R (-) Adduct

Ficure 8: Stereoviews of the intercalation pockets of the (AB18-) adductanti conformer [d(A*C)Yd(GT)] and (B) 1® (—) adduct
[d(CA*)-d(TG)]. BP is in red, the A*6-T17 pair in green, the C7G16 pair in blue, and the C5G18 pair in blue. O9 on BP is in yellow,
andN* on C5 and C7 is in orange; the hydrogen atoms of the- @99 hydroxyl group on BP and th¢* amino group on C5 and C7 are

in white. The hydrogen bond betwedt—H4 (C7) and O9 (BP) is shown as solid pink dots. The backbone and sugar atoms are in gray.

distinctly different in the CA*C sequence compared to the neighboring base (cytosine) in the CA*C sequence context.
CA*A sequence in the 19(+) isomer, namely, the value Recall that the 18 (+) adduct is intercalated on thé-&de

of roll. Roll is known to be the primary helical parameter of A* while the 1R (=) adduct is 5intercalated. The
that governs DNA bending7f). Our simulations indicate  hydrogen bond betwee\t—H4 (C7) and O9 (BP) may play
essentially no significant additional roll or bending above a role here also. Such a hydrogen bond is not feasible
the unmodified control in the CA*A sequence or thgn  between the BP and the neighboring cytosine (C5) in the
glycosidic conformer in the CA*C sequence; however, we 10R (—) adduct in the CA*C sequence, because the right-
do find a significant bend, correlated with the sequence handed helical twist of B-DNA precludes its formation. In
specific hydrogen bond\*~H4 (C7) to O9 (BP), only in  the 165 (+) adduct (Figure 8A), the amino group of the 3
the anti conformer of the CA*C sequence. As shown in gjge neighboring cytosine, C7, is twistémvard the 09~
Figure 3, a hydrogen bond between O9 (BP) aife-H4 HO9 axial hydroxyl group on BP, placing the donor and
(C7) occursiin t_he_ structure of tl'cmt_i conformer over+2.5 acceptor atoms in proximity; however, in theRLG-) adduct

ns; however, it is not present in the starting highti  (Figure 8B), the free amino group of thé-&de cytosine,
conformer over 80.5 ns or during the transition over g jg twistedawayfrom the O9-HO9 axial hydroxyl group

the 0.5-1 ns time frame. The formation of this fgp 5o that no stabilizing hydrogen bond can be formed.

N*—H4 (C7)--09 (BP) hydrogen bond is accompanied by Other Conf ional Flexibilities: S Puck d

additional DNA bending in the 19(+) adduct (Figure S5), ther Conformational Flexibilities: Sugar Puc eran
External ConformersThe role that other conformational

suggesting that this hydrogen bond may help stabilize the I . . .
bentanti conformation. However, such a bend could be very SOUrCes of flexibility play in the conformational heterogeneity

easily perturbed via destabilization of the hydrogen bond with Of the 105 () adduct is also of interest. We do note that
concomitant rebalancing of thgyn—anti equilibrium. Ex-  the anti conformer in our simulation adopts the ‘@hdo
perimental bending studies through gel mobility and ligation Sugar conformation in the CA*C sequence context, while
investigations may have unknown effects on this equilibrium. thesynconformer has the A*6 sugar G&ndo(Figure 2B).
Experimental results for this isomer in the CA*A sequence Z€gar et al. §2) found a C3-endo-C2-endosugar pucker
context B5) suggest little additional bending over the interconversion at A,"3o the modified A*, for the 1R (—)
unmodified control, in line with our simulation for this adduct in the CAA* sequence. Interestingly, we found a
sequence. Experimental results are similar for the CA*C similar C3-endo-C2-endosugar pucker interconversion at
sequence context (N. E. Geacintov laboratory, unpublishedthe S-side neighboring base C5 for theS.0+) adduct in
data); it is possible that experimental conditions might the CA*C sequence (Figure S7 of the Supporting Informa-
stabilize either theynor theanti glycosidic conformer, and  tion). Our simulations did not reveal any evidence for a
thus affect the observed bending in this sequence. conformational component in which the bulky carcinogen

Another intriguing question is why the $0(+) anti is placed in a position that is on the helix exterior, although
conformer is more bent than theR(-) adduct, even though  experimental data3@) suggest that such a component may
the 3-intercalated BP and the'-fntercalated BP in the  be contributing somewhat to the conformational mix in the
respective 18 (+) and 1R (—) adducts have the same 10S (+) adduct.
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CA*C sequence (§° =-123°)

CA*A sequence (f’ =-102°)

Ficure 9: (A) Stereoview of the d(CA*GH(GTG) region of the 18 (+) adductanti conformer in the CA*C sequence context. BP is in
red, the A*6-T17 pair in green, the C5G18 pair in violet, C7 in blue, and G16 in orange. (B) Stereoview of the d(CAFE)TG) region

of the 1G5 (+) adduct in the CA*A sequence context. BP is in red, the AT&7 pair in green, the C5G18 pair in violet, A7 in blue, and
T16 in magenta. All backbone and sugar atoms are in gray.

Free Energy and the Steric EffecAs in the CA*A torsion angle’, which turns the benzylic ring of BP away
sequence, the free energy of theRL@—) isomer is from the sterically crowded region at C5 on itsside (Figure
significantly lower than that of the BX+) isomer (36), in 9, f' is —123 in the CA*C sequence and 102 in the
line with thermal melting data [1®(+) adduct, 25°C; 10R CA*A case). This rotation ofg’ optimizes the overlap
(—) adduct, 33°C] (76), which indicates less stability for  between the aromatic region of BP and thsi@le neighbor-
the 1@ (+) isomer. This lower stability stems essentially ing G16 base (Figure 5A). However, in the CA*A sequence,
from a stereochemical effect of the BP benzylic ring system the base is T16 with only one aromatic ring to stack with
(Figure 1) which, in combination with thé-3ide intercala- BP (36). This is consistent with the observation that the van
tion of the BP ring system and the right-handed helical twist der Waals interaction energy at the intercalation pocket of
of the DNA, places the OH-containing benzylic ring system the 135 (+) adduct in the CA*C sequence context29.7
in a crowded position in the B)(+) isomer B0, 33, 36). kcal/mol for theanti conformer) is greater than in the CA*A
The syn—anti conformational equilibrium, local unwinding, sequence context{26.9 kcal/mol 86)], largely due to the
and diminished stacking interactions between BP and theincreased number of interactions between BP and the 3
intercalation pocket all have a hand in causing the diminished side neighboring G16 base (Table 2). Thus, the base sequence
stability, which results from the need to alleviate the context, specifically, the'aheighboring purine G16, plays
crowding in this 1& (+) isomer only. the essential role in dictating the strategy to avoid crowding.

However, the dynamic balance between these variousin the CA*C sequencanti conformer, it involves rotation
contributions appears to depend on sequence. Rotation ofof ', while in the CA*A sequence, additional unwinding
the glycosidic bong, to thesyndomain is utilized 83) in helps provide the needed space.
both sequences. In addition, unwinding plays a greater role
in alleviating the steric crowding in the CA*A than in the
CA*C sequence; we previously found total unwinding near
the lesion site in the CA*A case 6f41° (36), while in the Our combined structural and thermodynamic studies
CA*C sequenceanti conformation total unwinding near the  suggest a rationale for the observed sequence dependence
lesion site is only~28° (Table S2). Instead, the crowding in our NER assay. It is believed that the NER damage
in the anti conformer is alleviated by rotating the linkage recognition machinery initially recognizes the distortions in

Structural Rationale for Sequence- and
Stereoisomer-Dependent Nucleotide Excision Repair
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the normal DNA helical structures induced by lesions rather
than recognizing the lesion per s#6(-88). The disruption

or weakening of WatsonCrick hydrogen bondingg@, 89),
DNA bending 90—92), and unwinding of the DNA double
helix are considered to be such distortions recognized by
the NER factors in a multipartite NER recognition model
(93).

The NER results shown in Figure 6 reveal the sequence-
dependent differential repair in the 30+) isomer. The most
plausible factor contributing to the enhanced NER excision
activity of the 15 (+) adduct in the CA*C sequence (Figure
6) is the possibility for enhanced roll with a significant bend,
stabilized by a sequence specific hydrogen bond iratfte
glycosidic conformation (Table S2 and Figures 3 and 4). The
synglycosidic conformer with its disrupted Watse@rick
hydrogen bonding is a component of the conformational
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CA), the National Science Foundation Advanced Computing
Center for Engineering and Science at the University of
Texas at Austin (Austin, TX), and the U.S. Department of
Energy National Energy Research Scientific Computing
Center. Our own SGI workstations, as well as those of the
Information Technology Services at New York University,

were used for visualization, modeling, and data analysis.

SUPPORTING INFORMATION AVAILABLE

Table S1 shows the distortion free energy analysis of the
10S(+) and 1R (—) adducts in the CA*C sequence context.
Table S2 shows the comparison of structural parameters for
CA*C and CA*A sequence contexts near the lesion site.
Figure S1 shows the rmsd relative to the average structures
for the 1(5 (+) adductanti and syn conformers, the 1R
(=) adduct, and the unmodified control structure over the

equilibrium in both sequences and hence would not account3 5 ns MD simulation. Figure S2 shows the Wats@rick

for the sequence-dependent differential NER. However, it
does play a role in the differential excision of tBeandR
stereoisomers of the same sequence, simmaonformer
plays little role in theR isomer conformational mix. Our
computed greater distortion free energy for thésomer
(Table S1) is in line with its higher excision susceptibility,
and relates to structural differences $§and R isomers
involving the quality of Watson Crick hydrogen bonding,
unwinding, and roll bending (Table S2). Moreover, recent
work has shown a correlation between this distortion energy
index and the observed NER efficiencies of intercalated
adducts for a number of case37). The 1R (—) adducts
behave quite similarly in our simulations for the two
sequences, and more similar susceptibilities to NER are

suggested by the data. Of course, repair is a complex process

governed by a combination of factors, which we term a
multipartite model for recognition3(7, 93).

Moreover, at the current state of the art it is not feasible
to quantitatively relate computed free energies with relative
rates of excision through kinetic theory, whex 1 kcal/mol
energy difference converts to an9-fold rate difference,
since uncertainty in the computed free energies is on the
order of several kilocalories per mole in systems of the type
examined here38). In addition, there is the well-known
sampling problem in molecular dynamics simulations, which
is still the key limitation to ensuring that important regions
of conformational space are well-travers8d)( nonetheless,
much insightful information is being gained, and the

technique is now taken to be a valuable partner to experiment 5.

(99).

Future experimental studies are needed to further examine
these suggestions of sequence dependence in NER, including

the possibility of next nearest neighbor effects. It is of interest

that sequence-dependent differential repair has also recently

been observed in the case of the hypoxanthine ahg 1,
ethenoadenineDNA adducts 9§6). Sequence- and stereoi-
somer-dependent NER could play a role in producing adduct-
induced mutational hotspots and thereby contribute to the
complexity of cancer initiation.
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