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ABSTRACT

The structures of the mirror image (+)- and (â€”)-m/n.s-a/ir/-adductsof
7,8-dihydroxj-9JO-epox) -7,8,9, lÃ¼-tetrahydroben/o(a)p>rene lo guaninc
A/2have been of great interest because the high biological activity of 7,8-

dih) droxy-9,10-epo\y-7,8,9,10-tetrahydrobenzo(a)py rene in mammalian
mutagenesis and tumorigcnesis has been attributed to the predominant
(+)-fca/ii-anfi-adduct. \Ve have carried out new potential energy mini
mization studies, involving wide-scale Â«informational searches on small
modified DNA subunits, followed by energy-minimized build-up tech
niques, to generate atomic resolution views of these adducts. These
energy-minimi/ed duplex dodecamers were then subjected to 100-ps
molecular dynamic simulations with solvent and salt to yield animated
molecular structures. The most favored computed structure for the (+)-
adduci places the pyrenyl moiety in the B-DNA minor groove, with its
long axis directed toward the 5' end of the modified strand, and with a
pronounced bend in the helix axis. In the (-)-adduct, there are 2 favored
structures. One places the pyrenyl moiety in the minor groove, whereas
the other positions it in the major groove: in both cases, the pyrcnyl long
axis is directed more toward the 3' end of the modified strand, and with

much less helix axis bend. Structures with intercalation character com
puted for these adducts are less preferred. The favored computed struc
tures agree with spectroscopic data on the (+)- and (-)-trans-anti-
adducts, whereas recent experimental evidence suggests that m-adducts
assume intercalation-type structures. Perhaps the Â«informationaldistinc
tions elucidated for the (+)- and (â€”)-rra/iÃ-anÃi-adductsplay a role in
their differential tumorigenic properties in mammalian systems.

INTRODUCTION

Benzo(a)pyrene, a by-product of the combustion of fossil
fuels, is among the most widely studied chemical mutagens and
carcinogens. Extensive investigations, which have been re
viewed (1,2), have elucidated much of the pathway that finally
leads to mutation. These studies have established that
benzo(a)pyrene is metabolized at the 7,8,9,10-positions to a
pair of diastereomeric diol epoxides. anti-BPDE* and syn-
BPDE. Each of these diastereomers consists of a pair ofenan-
tiomers termed (+)- and (-)-anti-BPDE, and (+)- and (-)-syn-
BPDE. Interestingly, only the (+)-anti-BPDE enantiomer is
highly tumorigenic on mouse skin (3) and as an initiator of
pulmonary tumors in newborn mice (4). In mammalian cells,
(+)-a/ir/-BPDE is more mutagenic than the other 3 stereoiso-
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mers (5), but in bacterial systems the relative order of mutagen-
icities of the different stereoisomers can be quite different (5-
7).

The molecular basis for the differences in biological activities
of the 4 BPDE isomers is not yet understood. The tumorigenic
(+)-iiijf/-BPDE enantiomer binds predominantly via trans-ad-
dition to /V2of guanine (8-12), with smaller fractions undergo
ing a'.v-addition at N- of guanine and fis- and /reins-addition at
W6of adenine (12). Similar types of adducts are formed in the
case of (-)-a////-BPDE, although the proportions of fis-A^-dG
and adenine adducts is greater than in the case of the (+)-anti-
isomer(7, 10-14). In addition, the formation of BPDE adducts
at O*1and /V7of guanine has been reported (7, 15). Although it

is not yet certain to what extent each of these different types of
adducts is responsible for the biological activities of the different
BPDE isomers. the mutagenic activity of a/if/-BPDE is attrib
uted primarily to the major A':-dG adduci arising from the

covalent binding, via fran.v-epoxide opening, of (+)-awf/-BPDE
to guanine (7, 16).

The importance of an?;-BPDE in carcinogenesis and muta
genesis has resulted in intense interest in the conformations of
the adducts arising from the covalent binding of the (+)- and
(-)-anti-BPDE isomers to DNA. Adducts derived from the

covalent binding of different benzo(a)pyrene epoxides and diol
epoxides to DNA have been classified into 2 general types:
conformers that have intercalation character or significant car
cinogen-base stacking interactions are termed Site I (or Type
I), whereas adducts in which the pyrenyl residue is positioned
at an external, solvent-exposed binding site have been termed
Site II (or Type II) (17) [reviewed by Harvey and Geacintov
( 18), Geacintov ( 19). and GrÃ slund and JernstrÃ¶m (20)]. A large
body of spectroscopic evidence has been accumulated that sug
gests that the (+)- and (-)-a/i//-BPDE-DNA and synthetic
polynucleotide adducts can be classified in this manner (21-
29), and that the predominant (+)-trans-anli-N~-dG adduct is
in a Site II position. The experimental data on (â€”)-aw/i'-BPDE

adducts has, however, reflected the contribution of a number of
reaction products. Recent experimental studies with synthetic
oligomers of defined sequence bearing a single adduct have
indicated that the fi'.y-/V:-guanine adduct derived from (-)-anti-

BPDE has a Site I conformation, whereas the corresponding
/ram-product of (+)-Â«/;//-BPDE falls into the Site II class4 (29.

30).
In addition, molecular modeling, with potential energy min

imization in the later studies, has been used in the effort to
uncover molecular details of the adduct structure. Beland (31)
first showed that the (+)-ira//.v-a////-adduct could be placed in
the B-DNA minor groove, whereas Drinkwater et al. (32) and
later Hogan et al. (33) offered intercalation-type models in
which the pyrenyl moiety is at least partly sandwiched between
adjacent base planes. Kadlubar (34) presented a second model
for the (+)-adduct that places the pyrenyl moiety in the major

4 N. E. Geacintov. M. C'osman. B. Mao. and A. Alfano. manuscript in

preparation.
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groove, by using a syn- rather than the normal anf/'-guanine

conformation at the modification site. Energy-minimized
models that place the pyrenyl moiety in the minor groove or in
the major groove via rotation of guanine to syn. and others in
which the pyrenyl moiety is intercalated, have also been offered
by Taylor et al. (35) and Miller et al. (36) for both enantiomer
adducts. On the other hand, energy-minimized structures that
place the pyrenyl moiety of both (+)- and (â€”)-adductsin the A-
DNA helix minor groove have been offered by Aggarwal et al.
(37) and by Anderson et al. (38). Energy minimized B-DNA
minor groove structures for the (+)-adduct have also been
computed by Neidle et ai. (39). Zakrzewska and Pullman (40)
(who also computed intercalated structures), Rao et al. (41)
(who also computed a (â€”)-adductstructure), and most recently
by Weston et al. (42). The latter group noted a favored align
ment of the pyrenyl moiety toward the 5' end of the modified

strand in this, but not in certain other polycyclic aromatic
hydrocarbon adducts. In addition, Loechler (43) has devised
novel energy-minimized structures with the (+)- and (â€”)-adduct
at a single strand-double strand junction in B-DNA that rep
resents the situation at the replication fork, as well as major
and minor groove forms. Syn- and a/if/-modified guanine con
formations were considered in relationship to mispairing poten
tial. These efforts all used a model-building approach to visu
alize the Site I and Site II structures that had been suggested
from the experiment.

In the present work, we offer new computational studies on
the tumorigenic (+)-mz/?s-<z/i//-guanine N2 BPDE adduci and
on its (-)-trans-anti-mirror image. In our approach, we make

comprehensive PEM searches of the adduct conformation space
in small DNA subunits. We then build the preferred small
structures to larger energy-minimized polymers; the final struc
tures are duplex dodecamers. Our first stage calculations, which
surveyed the adduct conformation space of the modified DNA
helix conformational building block, d(CpG), have been pub
lished previously (44, 45). Two favored types of structures were
revealed at this stage for both adducts: carcinogen-base stacked
forms and base-base stacked forms. Furthermore, these com
puted results agreed with the interpretation of experimental
circular dichroism studies on BPDE-modified dinucleoside
monophosphates (46). Here we offer results of our subsequent
search and build efforts for B-DNA-like forms. These yielded
energy-minimized structures of the modified duplex dodecamer
d(5 ' -G, -C2-G.,-C4-G5-C6-G7*-C8-G9-C, ,,-G,, -C, :-3 ' )Â»d(5' -G, .,-
Cij-G]5-Ci6-Gi7-C|8-Gi9-C:o-G:i-C22-G:.i-C24-3'), with the mod
ification at G7 designated by an asterisk (*). The important
energy-minimized structures then served as starting conforma
tions for MDS. The results culminate in molecular views, both
static and dynamic, the latter with explicit water molecules and
in the presence of counterions. for the adduct conformations.
Some preliminary results of these studies have been presented
(47, 48).

MATERIALS AND METHODS

Potential Energy Minimization Studies. Calculations to locate struc
tures of carcinogen-modified DNAs are carried out with the all atom
torsion angle space molecular mechanics program DUPLEX, described
in full detail recently (49). The potential set in DUPLEX is similar to
one devised by Srinivasan and Olson (50) and Taylor and Olson (51).
It includes van der Waals, electrostatic, torsional. deoxyribose strain,
and anomeric gauche terms. In addition, counterion condensation and
solvent are mimicked by using reduced partial charges on the nonlinked
phosphate oxygens and a distance-dependent dielectric constant, re

spectively. For duplexes, a hydrogen bond forcing function is used in
all first stage minimizations to locate hydrogen bonded minimum
energy conformations of any selected type: standard Watson-Crick,
Hoogsteen, or any other chosen kind (52. 53). This function can be
implemented selectively, permitting investigation of preferred degrees
of denaturation for carcinogen-modified DNAs. That is, we can begin
several minimization trials from identical molecular structures for
which the number and location of base pairs included in the hydrogen
bond forcing function differ. A terminal minimization is carried out for
all structures, in which the hydrogen bond forcing function has been
released, so that final structures are energy minima with unconstrained
hydrogen bonding geometry; distortions from ideal arrangements occur
when these are preferred. The minima are then energy ranked. The
hydrogen bond constraints, thus, are a device for dealing with the
multiple minimum problem, i.e., to guide the minimizer in the location
of specific conformations.

Our computational strategy involves broad searches of the confor
mation space of small modified DNA subunits. such as deoxydinucleo-
side monophosphates (the DNA helix conformational building blocks;
Fig. 1), and single strand and duplex trimers, followed by building to
larger structures. Although computer or hand-model building to match
particular types of data is occasionally used to generate starting struc
tures, it is not the norm. Instead, the starting structures for the min
imizations are generally simply combinations of standard preferred
rotamers for each flexible torsion angle. Then the most important B-
like small subunits are built to larger structures by embedding in a
longer B-form duplex (with, and finally without the hydrogen bond
forcing function implemented at chosen residues), or by other strategies
(52, 54). The present investigation was confined to B forms among the
canonical helices because the modified alternating C-G sequence stud
ied here favors the B over the Z helix (20). The A helix is not normally
observed in alternating C-Gs, but a transition to it could have taken
place during the molecular dynamics simulation if it were preferred for
the adduct. More exhaustive conformational searches permitting the
location of completely novel helices could not be carried out with the
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Fig. 1. Structure, numbering scheme, and variable conformational angle des
ignations for the trans-ami BPDE adduct to guanine .VJ in d(CpG). Top. the
dihedral angles A-B-C-D are defined as follows: \(pyr). Ol '-CI '-N1-C2: x(pur).
OI'-CI'-N9-C4: ,.. C5'-O5'-P-O.V; fi, C4'-C5'-O5'-P: â€¢>.C.V-C4'-C5'-O5': f,
P-O.V-C.V-C4'; f. O5'-P-O.V-C3': Â«'.N1-C2-N2-C10: ti', C2-N2-C10-C9: y,
CIO-C9-O9-HO9; f,'. C9-C8-O8-HO8: <'. C8-C7-O7-HO7. The angle A-B-C-D
is measured by a clockwise rotation of D with respect to A. looking down the B-
C bond. A eclipsing D is 0 degrees. Sugar pucker in the calculations is defined by
the pseudorotation parameter P (71). Bottom, a and b show conformations of the
(+)- and (â€”)-rrafl.v-anr/-adducts.respectively. R is G and the rest of the DNA
chain. For completion, we also show structures of the following additional
adducts: c, (+)-cis-anti', d. (-)-cis-anti; e. (+}-trans-syn: f. (â€”)-lrans-syn',g. (+)-
cis-syn: (A), (-)-cis-syn. Hydrogens are omitted for clarity only.
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Table I Energ\-minimi:ed structural Ivpes computed with 1)1'PLE.V /or Â¡lodecamer
d(5'G, C2 G, C4 G, CÂ«,G,*C, G, C,0G,,C,,.V)
d(3' C2Â»G2J C2; G;i C20GH C,Â»Gn C16Gu CM Gu 5')Â°

Energy*(kcal/mole)No.123TypeSite

IISite

IISitelDescriptionPvrenvl

moiety in minor groove, all base pairs intact Watson-Crick type,
overall B-DNAhelix.Pyrenyl

moiety in major groove. Hoogsteen base pairs with guanine syn at
modification site, other base pairs Watson-Crick type, overall B-DNAhelix.Pyrenyl

plane parallel to planes of bases, modified guanine displaced from
normal position in helix, one base pair denatured, all intact base pairs Watson-
Crick type, overall B-DNA helix.(+)-Enantiomer-683.1-666.0-666.5(â€”

(-Enantiomer-668.0-671.1-649.9

Â°Asterisk denotes modified G.
* AMBER energies computed without a nonbonded cutoff by minimisation (200 cycles steepest descent, followed by conjugate gradient minimi/ation until root

mean square gradient was less than 0.1 kcal/mol A) of the DUPLEX structures are: no. l(+). -1559.7: no. 2(+). -1539.9; no. 3(+), -1546.2: no. l(-). -1538.8:
no. 2(-), -1537.0; no. 3(-). -1523.3.

present generation of supercomputers. Details of the search strategies
used in this work arc given in the "Appendix."

All parameterizations for the carcinogen are the same as described
in the earlier work on the modified dimers (45), except that the pendant
hydroxyl groups on the saturated ring of the carcinogen are now also
flexible parameters, with 3-fold-staggered rotation barriers of 1.07 kcal/
mol (55), using mcthanol as the model for this C-O rotation. In the
earlier work, these had been fixed at ->' = 295Â°,fi' = 120Â°.and f' =
236Â°(see Fig. 1).

Molecular Dynamics Simulations. Molecular dynamics simulations
with full implementation of solvent and salt were carried out with the
program AMBER, version 3.1 (56). The starting conformations for the
MDS were the energy minima of Table 1 computed with DUPLEX, or
in the case of unmodified DNA, an energy minimized B-DNA (57)
double-stranded dodecamer, also computed with DUPLEX. The
"united atom" representation was used for DNA, and the "all atom"

representation was used for the carcinogen. A recent comparison of the
all atom versus the united atom AMBER force fields in MDS indicated
that the 2 models give qualitatively similar results (58), at least in
vacuo. Parameters for the carcinogen and linkage site were assigned
from standard values in the AMBER force field (59. 60). where avail
able. Those parameters that are not in the standard AMBER set were
assigned values that are given in the "Appendix." Table Al. The

electrostatic charges for the carcinogen were calculated using the mod
ified version of Gaussian 80. in which quantum mechanically derived
electrostatic potentials are fitted to a point charge model (61). These
partial charges, which are consistent with the rest of the AMBER set.
are given in the "Appendix." Table All. Phosphates were neutralized

with sodium ions by placing them 3.6 A from the phosphate bisector.
The solute was placed in a rectangular box surrounded by repeating
cubes of TIP3P-H;O (62). Solvent molecules that were closer than 3.0
Ã€to any solute atom or more than 11 A along any one of the rectangular
coordinate axes were removed. The number of water molecules and box
dimensions for each of the simulations carried out with these periodic
boundary conditions is given in the "Appendix." Table AHI. The Na+

concentration in these boxes ranges from 0.26 to 0.29 mol/liter. appro
priate for B-DNA.

Each system was first subject to potential energy minimization with
AMBER, in 2 steps: in Step 1. water molecules alone were minimized,
holding DNA rigid: in Step 2, the whole system was minimized. This
procedure was adopted to allow local ordering of water with no distor
tion to the starting conformer (63). In each step, 80 cycles of initial
steepest descent minimization were followed by 1020 cycles of conju
gate gradient minimization. The MDS were started by assigning a
random velocity to each atom in the system so that the velocity
distribution conformed to the Maxwellian distribution corresponding
to 10Â°K.Then the system was heated to 300Â°Kwith a temperature

coupling time of 0.1 ps and allowed to equilibrate for 8 ps. The resultant
system was then allowed to evolve over 100 ps. The SHAKE routine
(64). in which all bond lengths are held constant, with a tolerance of
0.0005 A, was used to achieve a time step of 0.002 ps in the MDS.
During the simulation, the temperature was held constant at 300Â°K

and the pressure was allowed to fluctuate around 1 bar with a pressure
coupling time of 0.6 ps. A nonbonded cutoff of 8.0 A was used.
Coordinate sets were written every 0.2 ps. To anneal the geometry of
the pyrenyl moiety, which deviated from planarity at the end of the
MDS in some cases, the final carcinogen structures were subjected to
100 cycles of steepest descent followed by 1900 cycles of conjugate
gradient energy minimization in vacuo. The DNA structure was held
to that at the end of the MDS. with only the modified residue subject
to this refinement. Since molecular dynamics structures are not static
potential energy minima, deviations from minimum energy geometry,
including out of plane vibrations in the pyrene ring, can occur during
the MDS. These are usually no more than 5-degrec deviations in
dihedral angles that are ideally 180Â°.Of course, one could artificially

damp these via improper torsion angle constraints, but we followed the
method of Rao et al. (41) and avoided this device. Instead, we generate
the planar conformation corresponding to the energy minimum to
illustrate where the most time is in fact spent.

PEM calculations with DUPLEX were carried out on the Depart
ment of Energy Cray Supercomputers at the National Energy Research
Supercomputer Center in Livermore. CA, and the MDS with AMBER
were performed on the Cray Supercomputers at the National Science
Foundation Supercomputer Center in San Diego. CA, and at Scripps
Clinic.

RESULTS

Potential Knergy Minimi/ation Studies. The extensive
searches with DUPLEX produced a large number of double-
stranded dodecamer structures in 3 structural categories. Table
1 gives the lowest energy form computed in each of these
categories and for each enantiomer adduci: (1) carcinogen in
minor groove, all base pairs intact and of the Watson-Crick
type (forms with some denaturation were higher energy); (2)
carcinogen in major groove, modified guanine syn, Hoogsteen
type base pair at modification site, other base pairs Watson-
Crick type; and (3) carcinogen plane approximately parallel to
planes of bases, one base pair ruptured at modification site
(forms with more denaturation were higher energy), all intact
base pairs of Watson-Crick type: the pyrenyl moiety displaces
the modified guanine, rather than being intercalated between
the base pair at the modification site and an adjacent pair, as
in other models (35, 40). (Our search strategies did not produce
any structures with the pyrenyl moiety intercalated between the
intact modified base pair and an adjacent pair.) The overall
structure is B-DNA in all three cases. Figs. 2 and 3 show stereo
views of these structures.

An interesting feature of these structural types is the confor-
mational difference between the (+)- and the (-)-enantiomer
adduci. In each case, the orientation of the (-t-)-adduct is the

3484

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/13/3482/2443806/cr0510133482.pdf by guest on 19 M

ay 2023
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Fig. 2. Energy-minimized structures for (+ )-trans-anti-BPDE adduci. A. B,
and ("arc. respectively, conformers I. 2. and 3 of Table 1. The \, Â«'.ti' torsion

angles (Fig. I ) have the following values in degrees: conformer 1: 253 (unti). 139,
257: conformer 2: 60 (syn). 333. 296; conformer 3: 317 (high anti). 130. 274.
Torsion angles and coordinates for all structures are available from the authors.
These stereo views are prepared for use with a stereo viewer, which we strongly
recommend. (An excellent, inexpensive viewer suitable for any size image can be
obtained from ML' 3-D VU Co.. 71 East 28th Avenue. Eugene. OR 97405;
telephone 503-484-6176.) To view with crossed eyes, left and right images must
be interchanged.

reverse of that of the (â€”);for structures lying in a groove, the
(+)-adduct distal aromatic ring is oriented toward the 5' end of
the modified strand while it is oriented toward the 3' end in
the analogous (â€”)-adductstructure. In structures with the pyr-

enyl moiety approximately coplanar with the base planes, the
distal ring points into the minor groove (towards the viewer) in
the (+)-adduct and into the major groove (away from the viewer)
in the (â€”)-adduct.The differences are manifested by an approx
imately 180Â°difference in the torsion angle ft' for like conform

ers in the enantiomer pair.
Molecular Dynamics Simulations. Each of these structures

was used as the starting conformation for a 100-ps molecular
dynamics simulation. The purpose of the MDS was primarily
to assess the effect of explicit solvation and counterions on each
DUPLEX energy minimum, and second, to view the carcinogen
mobility in this more natural environment. As a control, the
unmodified DNA, energy minimized with DUPLEX from a B-
DNA starting conformation (57), was similarly subjected to
MDS (Fig. 4). Here we present the important overall results
from the MDS. Complete analyses will be presented elsewhere.5

Figs. 5 and 6 show stereo views of the adduci structures of

Fig. 3. Energy-minimized structures for (-)-trans-anti-BPDE adduci. A, B,
and Care, respectively, conformers 1, 2. and 3 of Table 1. The \. Â«'.ii' torsion

angles have the following values in degrees: conformer 1: 255 (anti). 155, 71;
conformer 2: 80 (syn), 347. 97; conformer 3; 323 (high anti). 132. 131.

5S. B. Singh. Ph.D. thesis, in preparation.
Fig. 4. A. energy-minimized B-DNA-type structure of unmodified

d(GC)6Â«d(GC)6.B. structure A after 100 ps of molecular dynamics simulation.
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Fig. 5. Structures of Fig. 2 after 100 ps of molecular dynamics simulation and
energy minimisation of carcinogen-modified residue.

Figs. 2 and 3 after 100 ps of MDS. We observe that the largest
rearrangements occur during the first 50 ps of the simulation
(indicating that the conformers have equilibrated by that time),
with smaller fluctuations in the last half of the simulation. A
representative plot of the root mean square deviation of the
instantaneous from the 0-ps structure as a function of time
supports this observation (see "Appendix," Fig. A3). The con

tinuing mobility after 50 ps reveals the room temperature
motions of the adduct in solution and will be described in detail
(Na* ions remain within 8 A of the DNA at the end of the

simulation). For the present purpose, which focuses on the
global aspects of the solvated structures, we call attention to
the most important changes that have occurred to the starting
conformations of Table 1: (a) Conformer l(-f): the helix axis

has bent severely, with the modification site as the pivotal joint
about which the bending occurs. This movement has placed one
face of the pyrenyl moiety in full contact with the DNA back
bone, shielded from solvent, (b) Conformer 1(â€”):the carcinogen

has rotated within the groove, again placing one face of the
pyrenyl moiety in complete contact with the DNA backbone.
The long axis of the pyrenyl moiety has become directed more
nearly perpendicular to the local helix axis, (c) Conformer 3(-):

the pyrenyl moiety has slid snugly between base pairs from a
protruding orientation; C,s, the base pairing partner of the
modified G7, has also moved into the helix from a protruding
position. Complete terminal disruption of hydrogen bonds oc
curs at C, and G: of conformer 1(+), and G, of 2(â€”)and 3(+).

Full internal hydrogen bond disruption occurs at G7 of 2(+). In
the unmodified DNA, the MDS also produces a bend in the

helix axis, which is, however considerably smaller than for
conformer 1(+), without total disruption of base pairing at any
site. An additional control MDS for conformer 1(+) was carried
out in vacuo, with distance-dependent dielectric constant and
implicit hydrated Na+ ions (58, 65); it revealed only modest
further bending from the starting conformation at 100 ps ("Ap
pendix," Fig. A2) indicating that the strong bend is solvent

induced.
We have computed the helix axis bend angles during the

MDS as a function of time for conformers l(-t-) and 1(â€”),and

for the two controls, using the program CURVES (66, 67).
Since base pairs at Cl and G2 (the bottom 2 base pairs in all
Figs.) rupture during the MDS in conformer 1(+), these were
removed from the calculation of bend angle in all cases, for
consistency. In conformer 1(+), the bend angle in the DUPLEX
energy minimized structure is 20 degrees, and the bend angle
fluctuates between a low of 57 degrees and a high of 89 degrees,
with an average value of 76 degrees in the last 50 ps of the
MDS. In conformer l(-), the DUPLEX starting value is 23

degrees, and the fluctuation during the last 50 ps is between 14
degrees and 33 degrees, with an average value of 21 degrees. In
the conformer 1(+) in vacuo control the DUPLEX starting
value is 20 degrees, and the fluctuation in the last 50 ps ranges
from 26 to 51 degrees, with an average value of 41 degrees. In
the unmodified d(GC)6Â«d(GC)6control, the bend angle in the
DUPLEX starting structure is 6 degrees, its fluctuation in the
last 50 ps ranges from 13 to 39 degrees, with an average value
of 27 degrees. Fig. A4 in the "Appendix" shows the bend angle

time dependence for these simulations.

Fig. 6. Structures of Fig. 3 after 100 ps of molecular dynamics simulation and
energy minimization of carcinogen-modified residue.
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DISCUSSION

The energy rankings of Table 1 suggest that conformer 1(+)
is the most important one for the (+)-adduct. A space-filling
view of 1(+) after 100 ps of MDS is shown in Fig. 1A. In this
conformer, the pyrenyl residue is fitted snugly into the minor
groove of B-DNA. with one face in contact with the backbone,
stabilized by van der VV'aalsinteractions. Its characteristics are

consistent with those of the Site II adducts derived from the
binding of (+)-an//'-BPDE via r/w;s-addition to N2 of guanine

(19, 30). The following experimental characteristics of (+)-
trans-anti-.\'2-dG (the major (+)-anti-BPDE adduci) are con

sistent with the structure of the 1(+) conformer following the
MDS.

Linear dichroism measurements suggest that the average
angle between the long axis of the pyrenyl moiety and the mean
orientation of the DNA helix axis is 15-35 degrees (21-23,
27). In conformer 1(+) after MDS at 100 ps, the average angle
between the long axis of the pyrenyl moiety and the helix axis
is approximately 25Â°degrees. (This value was estimated, at 5-

ps intervals, by aligning the bent duplex so base planes appeared
maximally edge-on, drawing the 2 helix axis segments and the
long axis of the pyrenyl moiety, measuring the 2 angles between
pyrenyl long axis and helix axis and averaging them.) This
angle ranges between approximately 25 and 50 degrees during
the last 50 ps of the simulation, with an average value of 34
degrees, in good agreement with the experimental results.

The pronounced bend in the helix axis produced during the

Fig. 7. A. B. and C arc space filling views of Figs. 5.
respectively.

and 6. I and A.

MDS of conformer 1(+) is in accord with experimental findings
as well. Linear dichroism characteristics of BPDE-DNA ad-
ducts with Site II character suggest that there is a kink or
flexible joint at the site of the lesion (27. 28, 33). In the case of
(â€”)-BPDE-DNA adducts in which Site I binding predominates

over Site II adducts, the bending (or flexibility at the binding
site) appears to be significantly less pronounced6 (27. 28).

However, the bend in a long DNA polymer might well be less
severe than in a duplex dodecamer; the carcinogen-induced
local forces that are relieved by bending in the dodecamer could
be partially alleviated by other, more long range movements,
since the energy penalty of severely bending a duplex may be
greater for a long polymer than a dodecamer.

The pyrenyl residue in Site II (+)-a/;r/-BPDE-DNA adducts
is exposed to the solvent environment as measured by fluores
cence quenching (26, 68), fluorescence spectra (69), and optical
detection of magnetic resonance (25) experiments. Again, these
observations are consistent with the structure of conformer
1(+) after the MDS.

The above results are for random sequence DNA. but recent
findings for alternating duplex poly dGÂ«dCindicate similar con-
formational features (29). Furthermore, since more than 80%
of (+)-awf/'-BPDE adducts are to A'2 of guanine via trans-

epoxide opening (8-12), the experimental observations on ran
dom sequence DNA are dominated by this adduct.

Table 1 suggests that there are 2 conformers that are approx
imately equally favored for the (-)-trans-anti-.\r2-dG adduct.

Both are of the Site II variety, but one places the pyrenyl moiety
in the minor groove, whereas the second places it in the major
groove. The minor groove structure is stabilized by favorable
van der VV'aalsinteractions between the DNA backbone and

one face of the pyrenyl moiety. The major groove structure is
stabilized by favorable electrostatic interactions between the
hydroxyl groups on the saturated ring adjoining the pyrenyl
moiety, and the phosphodiester backbone near the modified
guanine. Recent experimental evidence reveals that the (â€”)-
trans-anti-ndduct does, indeed, adopt a Site II type conforma
tion (30). However, it has not yet been possible to distinguish
experimentally between major groove and minor groove var
iants, and the angle between the pyrenyl long axis and the
average helix axis has not yet been obtained for (-)-trans-anti-
A':-dG-adducts. Space filling views of these 2 conformers fol

lowing the MDS are shown in Fig. 7, B and C. Recent data
indicate that the A':-dG adduct of (-)-anfi'-BPDE formed by

ds-epoxide opening in duplex poly dG'dC has Site I-type
characteristics (30).

The most important movements that were noted during the
MDS. other than terminal fraying, all have the effect of reduc
ing the solvent exposure of the hydrophobic pyrenyl moiety.
However, complete burial in the groove with only the edges
exposed, which occurs in planar 2-aminofiuorene modified
duplex 11-mers (70), docs not seem to occur here because of
the puckered, hydroxyl-modified saturated ring. The complete
terminal disruption of base pairing, which happens in some
modified structures, but not in the unmodified control, could
reflect conformational strain induced by the carcinogen. This
strain might perhaps be spread over more residues and be
accommodated without fraying in a much longer polymer.

The prominent end effects, which differ in the different
structures, make it impossible to obtain meaningful energy
comparisons of the molecular dynamics structures at 100 ps.
(The MDS structures are, of course, continually fluctuating at

s S. S. Birke and N. F. (Â¡eacinun. unpublished obscnations.
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300Â°Krather than being potential energy minima, but average

equilibrated energies could be useful were it not for the varying
end effects.) Consequently, to obtain some energetic assessment
of the computed conformers, we use the values reported in
Table 1, although we recognize that the structural re
arrangement afforded by the MDS would affect the relative
energies. However, apart from terminal effects, we do not
believe that the rearrangements revealed by the MDS would
eliminate the strong energetic preference for the minor groove
structure in the (+)-adduct and the minor or major groove
structure for the (â€”)-enantiomer. Indeed, the minor groove
structures are further stabilized by improved van der Waals
contacts between the pyrenyl moiety and the DNA backbone.

We are cognizant of the limitations in the methods of poten
tial energy minimization and molecular dynamics simulations.
Potential energy minimizations suffer from the multiple mini
mum problem, which prevents the guaranteed achievement of
the global energy minimum and even of all important local
energy minima. We address this problem in a number of ways:
by working in the reduced variable domain of torsion angle
space, by using wide conformational searches on smaller sub-
units with fewer degrees of freedom to optimize simultaneously,
and by using a variety of building techniques to generate larger
structures from the smaller ones. Furthermore, accurate para-
metrization of force fields is not yet an achieved goal at the
state-of-the-art, although both DUPLEX and AMBER use
appropriate standard force fields for nucleic acids that have
proven useful in structure computation. Relative energy rank
ings are similar in the two force fields, in reasonable agreement,
considering the uncertainty in the potentials. AMBER energies
for the DUPLEX structures are given in the footnote to Table
I. In addition, molecular dynamics simulations, which bypass
the multiple minimum problem in principle, are currently lim
ited to about 100 ps because they are so computation intensive
(particularly with explicit solvation); therefore, one cannot be
optimistic about the likelihood of observing large conforma
tional movements between potential energy wells that may
occur in time frames that can be four or more orders of
magnitude slower. Our use of MDS, at this time, is therefore
primarily intended to solvate the energy minima located with
DUPLEX. It is necessary to use MDS rather than PEM for
this purpose because the large number of water molecules and
the DNA cannot rearrange much from their starting position
due to the multiple minimum problem with PEM; howxver, the
rearrangements due to solvation and subsequent fluctuations of
a given conformer at ambient temperature, such as the bending
motions revealed in Fig. A4, can be visualized by MDS. Com
parison of results with those for the unmodified control permits
us to assess the influence of the carcinogen on the DNA
structure.

Finally, we would like to note that our calculations have
highlighted an important difference in orientation between (+)-
and (-)-trans-anti-BPDE adducts. We find that the (+)- and
the (-)-/Â»wi.y-an//-adducts are oriented differently, with the
distal ring of the pyrene pointing into the minor or major
groove for intercalation-type structures (Site I), and more to
ward the 5' or the 3' end of the modified strand for minor

groove (Site II) or major groove (Site II) type structures,
respectively.

Other computed minor groove type structures (35-41, 43)
have 5' or 3' orientations of the pyrenyl moiety in (+)- or (â€”)-

enantiomer adducts (as judged from an examination of the
Figs.), with no clear pattern emerging except in the work of

Rao et al. (41 ), whose (+)- and (â€”)-minorgroove structures are

positioned like ours. Weston et a!. (42) explored the orientation
issue specifically for the (+)-adduct by potential energy min
imization and noted the preference, by 7 kcal/mole, for orien
tation toward the 5' end of the modified strand. The computed

intercalation type structures obtained by others revealed no
orientational preference related to enantiomer type (36, 40).
These differ from ours, furthermore, in that the pyrenyl moiety
is sandwiched between base pairs rather than occupying the
normal position of the modified guanine.

The difference in orientation between the pair of enantiomer
adducts, found even for a given category of conformer, might
have biological implications; a polymerase or a repair enzyme
could conceivably treat the (+)-adduct differently from the
(â€”)-,even when both are of the Site II type, or of the Site I

type, if the adducts are situated differently with respect to the
DNA. To be most relevant to the situation at the replication
fork, the structural distinctions would have to be valid at a
single strand-double strand junction. However, the orienta
tional differences noted here are an inherent aspect of the mirror
image nature of the adduci pair, and are therefore likely to
remain under those circumstances. In addition, we find a bend
in the DNA helix axis that is more severe after the MDS in the
(+)-fra/is-a/Jfi-adduct minor groove structure than in any of the
other modified forms, or in the unmodified control; perhaps
this distortion also plays a role in the biological distinction of
this adduci. A future goal in this work will be to include relevant
proteins in the simulations.
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APPENDIX: SEARCH STRATEGIES

The investigation of the (+ )- and (-)-trans-anti-BPDE adduci struc
tures began with earlier work (44, 45) on the modified deoxydinucleo-
side monophosphate d(C'pG) (Fig. 1). About 4000 trials, surveying

conformational space, were made in lhat study. Two types of energy
minima resulted: those with base-base stacking and those with carcin
ogen base stacking. In the present investigation, we started with the
most favored forms in each category whose DNA backbone conforma
tion was most similar to that of B-DNA (see Ref. 45, Table 1, conformer
2; Table 2. conformer I; Table 3, conformers 2 and 3; Table 4,
conformer 2). In the case of the base-base stacked structure, there were
2 such forms that were close in energy. Both were used in preliminary
trials of duplex tetramers. but the lower energy dimer minimum was
higher energy in the tetramer. and was eliminated from further study.
Each of the chosen dimer minima was incorporated in the B-DNA (57)
duplex polymer d(GC)<,Â«d(CJC)(,.with modification at the seventh resi
due of the first strand. The hydrogen bond forcing function was imple
mented to search for 0 (in the case of the base-base stacked states only).
I (at the modification site). 2 (at the modification site and above or
below it), and 3 (at the modification site and above and below it) base
pairs ruptured. In all trials, a 3-stage minimization procedure was used,
with hydrogen bond forcing function weights of 30. then 50 (a second
stage was needed to ensure convergence of the minimizer), and finally
0.

3488

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/13/3482/2443806/cr0510133482.pdf by guest on 19 M

ay 2023



(+)- AND (-)-r/M.V.SVIV77 BPDE ADDICT STRt CTl'RE

Another strategy used especially to locate carcinogen-base stacked
duplex polymers involved starting with the relevant single-stranded
dimer minimum, adding one residue to the 3' end. and searching out

the conformation space of the added residue, with 324 energy mini
mized trials. Torsion angles, to start, of the added residue, were the
following combinations in degrees: t = 60, 200, 300; f = 60. 180. 300;
Â«= 60. 180. 300: Ã = 180: ->= 60. 180. 300: P = O, 162: x = 195 (P
= 0) or 235 (P = 162), 240. Yet another approach, used previously
(52). was to add the third residue in a B-DNA conformation to the
carcinogen-base stacked dimer minimum and rotate it minimally by
visual inspection to achieve stacking of the added base with the carcin
ogen, followed by energy minimization. Single stranded trimers of
interest were then embedded in the duplex dodecamer in the same way
as were the dimers. described above.

Finally, Hoogsteen paired structures (Fig. Al) were sought by an

other procedure also used previously (54): an unmodified energy mini
mized duplex trimer d(CGC)Â»d(GCG)with Hoogsteen base pairs at the
central G-C pair was first computed. Then the carcinogen was added
and 16 energy minimization trials were carried out at 90Â°intervals of
the carcinogen-base linkage torsion angles n' and ft'. Thus, the confor

mation space governing the orientation of the carcinogen with respect
to the DNA was surveyed. The 2 lowest energy forms from this effort
were then embedded in the B-form duplex dodecamer and the energy
again minimized in 2 stages. To compare energies between protonated
and unprotonated structures, a terminal third minimization was carried
out in which the proton was removed, leaving the structure with only 1
of the 2 Hoogsteen-type hydrogen bonds. This is the structure given in
"Results" and used in the molecular dynamics simulations. It differs

very little from the protonated form except for the absence of the
second hydrogen bond.

Table A 1 Parameters assigned far AMBERcalculationsK,(kcal/mol-rad2)Angle

tvpeH2-N2-CT
35.0N2-CT-CA
63.0OH-CT-CA

63.0TorsionX-CA-N2-XVo/2ft,,

(kcal/mole) yn120.0-109.5Â°109.5Â°6.8

180.0 2.0Table

A3 H ater molecules and hox dimensions inMDSConformer

no.fromTable
1K+)2(+)3(+)K-)2(â€”

)3HUnmodified

d(GC)Â»,Â«d(GC)6No.

H2O Boxdimensions3476

57.59 x 46.578x3865
63.330 x 47.905x3615
58.801 x 48.870x3440
56.895 x 46.832x3957
64.499 x 47.240x3346
58.819 x 46.326x3503
58.377 x 47.731 x,

A347.53846.74545.91947.87046.31245.91346.215Table

A2 Modified guanine partial charges far AMBERcalculationsAtomN9C8N7C5(606NIHMC2N2HN2AN3C4CIOmoC9H9O9H09C8118O8HO8C7H707Charge"-0.3790-0.4280-0.57500.08800.7699-0.4796-0.71300.32180.8846-0.78340.3266-0.65110.41640.05860.07240.34400.0104-0.50120.26280.2072-0.0036-0.53540.30140.4374-0.0088-0.5196AtomHO7C6AC6HiC5AC5115C4H4C3AC3H3C2112ClIIIC12AC12BC12H12CllHllC10BC12CC10ACharge"0.2699-0.

1340-0.12110.07560.1450-0.14650.0873-0.09170.00530.1142-0.16260.0816-0.03300.0662-0.14420.07860.1017-0.0077-0.14120.0813-0.09600.07660.1224-0.0473-0.0202

1Fraction of electron.

CYTOSINE GUANINE

'cr
SUGAR SUGAR

Fig. Al. Hoogsteen base pair.
Fig. A2. Conformer of Fig. 2.-Iafter 100 ps of molecular d\namics simulation

in vacuo.
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I
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Fig. A3. Root mean square (RMS} deviation of instantaneous structure from
0-ps structure rcn/M time (or (-t-)-adduct minor groove molecular dynamics
simulation. This structure deviated more than other conformcrs during the M OS
from the 0-ps form.
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Fig. A4. Helix axis bend angle, computed at 5-ps intervals, as a function of lime during MDS simulation. I. unmodified d(GC)Â»Â«d(GC),,:K. conformer l(+); C,
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