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Molecular Views of Damaged DNA:
Adaptation of the ProgramDUPLEX to Parallel Architectures

Abstract. The nucleic acids molecular mechanics program DUPLEX has been designed with
useful features for surveying the potential energy surface of polynucleotides, especially ones that
are modified by polycyclic aromatic carcinogens. The program features helpful strategies for
addressing the multiple minimum problem: (1) the reduced variable domain of torsion angle
space; (2) search strategies that emphasize large scale searches for smaller subunits, followed
by building to larger units by a variety of strategies; (3) the use of penalty functions to aid the
minimizer in locating selected structural types in first stage minimizations; penalty functions are
released in terminal minimizations to yield final unrestrained minimum energy conformations.
Predictive capability is illustrated by DNA modified by activated benzo[a]pyrenes. The first
stage of adaptation to parallel computers is described.

Key Words: Molecular Mechanics, DNA, Carcinogens, Structures, Potential Energy Surface,
parallel computing.
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Carcinogenesis by Polycyclic Aromatic Chemicals

Polycyclic aromatic hydr_c_bons and amines are chemicals present in the environment.
Included among them are substances that are known to cause cancer. Chemical carcinogenesis
by these substances is now understood to involve a series of initiating events which include the
following steps [1-4]: (a) enzymatic conversion of the proximate carcinogen to a reactive
species, the ultimate carcinogen; Co)the ultimate carcinogen may be quenched by reaction with
solvent and/or it may be enzyma'tically detoxified, in which case no harm results; (c) the ultimate
carcinogen may react with DNA to form one or more covalently linked adducts. These adducts
can affect the shape of the DNA, and we believe that the conformation of the modified DNA
plays a key role in the outcome of the next steps; (d) the adduct may be repaired or by-passed
by mechanisms that are error-free or error-prone; (e) if error-free repair fails to occur, the
modified DNA may fail to act as a faithful template during replication. A mutation, a change
is base sequence can result; in combination with other such events this eventually can produce
cell transformation and tumors. Of course, many biological processes occur between the initial
steps and the appearance of tumors. Benzo[a]pyrene (Fig. 1), a substance present in automobile
exhaust, is a carcinogenic polycyclic aromatic hydrocarbon that is of great interest. Among its
metabolic activation products are a pair of mirror image molecules known as (+) and (-) anti-
benzo[a]pyrene-diol-epoxide (BPDE) (Fig. 1). The (+) enantiomer is highly tumorigenic in
mice while the (-) member of the pair is not; the (+) enantiomer is also considerably more
mutagenic in mammalian systems. Both (+) and (-)-anti-BPDE react with DNA to form
covalent adducts.

The major adduct for the (+) enantiomer is to the amino group of guanine, by trans epoxide
opening; the (-) enantiomer also forms such an adduct (Fig. 1). Since (+)-anti-BPDE is
tumorigenic, its major adduct may well be an important contributor to the carcinogenicity of this
molecule; however, the corresponding adduct of the non-tumorigenic (-)-anti-BPDE is not
harmful. Because such chemically similar DNA adducts can lead to such different biological
outcomes, it is considered likely that adduct structure plays a key role in governing its
mutagenicity and ultimate tumorigenicity. The extensive early literature on the benzo[a]pyrenes
is reviewed in references [3-5].

We will use our conformational studies on the fascinating (+) and (-)-trans-anti-BPDE adduct
pair to illustrate our approach, via the molecular mechanics program DUPLEX, to survey the
potential energy surface of carcinogen modified DNAs.

The Molecular Mechanics Program DUPLEX

The task in predicting nucleic acid structure de novo, with no experimental input, by molecular
mechanics is so formidable that it is usually not attempted by most workers in the nucleic acids
arena. To make predictions one must find a way to survey the multi-dimensional surface of the
potential energy to locate the structure that corresponds to the lowest energy, and other
structures accessible at ambient temperature. This multiple-minimum problem limits the
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applicationof both molecularmechanicsand moleculardynamicsto amcromolecules.

DUPLEX deals with this problemfor minimizationin a numberof ways: (1) it employs intet_tl
ratherthan Cartesiancoordinatesas the minimizationvariables. The internalcoordinatesm'ethe
flexible torsion angles thatdescn'bethe large movem_ thatgovern DNA shape. Limitingthe
allowed motions to the3 variables (while fixing nattily very small movements like bond
lengths, bond angles and those dihedralangles thatvary little in nature, such as those in an
aromaticmoiety) reduces the numberof variables_t mustbe simultaneouslyOptimizedfrom
3N - 6 (N -- # of atoms) in Cartesianspace to 7 for a nucleic a_d x_tidue;it also avoids the
predictionof chemicallyrealistic geometries. Pm_ermore, the simph'ficationexacts little cost
for our application: determiningconformations of DNA modified covalently by polycyclic
aromatic chemicals. Of course, for other types of investigations, such as studies of x_:tion
pathways, all degrees of freedom must be allowed. (2) ....We _v'e developed strategies for
searchingthe potential energy Surfaceby minimization. These can employ very large numbers
of trials, using arbitraryor selected combinations of the _n angle variables as starting
parametersfor small nucleic acid subunits. The resultingminimaare energy rankedand then
built to larger enex_ minimizedstructuresby variousbtdlding strategies [6-12].These include
combinatorial build=up, embedding small units in canonical hefices, and adding favored
carcinogen orientations found in Small units to larger standardhelices, all with energy
minimization. This procedureagain reduces the numberof variables in the searches. It is
especially useful for helical DNA, whose shapeis governedby shortrangeforces. Some of our
building strategies are philosophicallyderived from the build-up technique for polypeptides
pioneeredin Scheraga's laboratory[13, 14]. (3) Penalty functionsare employed as searching
tools to aid the minimization algorithmin locating structureson the potentialenergy surface
satisfyingspecified distanceboundsbetweenatompairs. These functionsare useful for finding
structureswith in_n distancesthat are within bounds of measuredNMRdata, or for
locating s_res with designatedh_gen bondingpatternseitherwithina given DNA strand
or between strands. In contrastto manyotherapproaches,thepenalty _nctions are releasedin
the final minimization stage, and unrestrainedstructuresthat fail to reta_ the targetdistances
are rejected. Thus, acceptedstructuresare unrestrainedlow energy minima.

The specific penalty fur.ctionswe employ are the following: for restraintson interproton
distances
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W N and Wm_ are adjustable weights (usually in the range of 10 - 30 kcal/mol-A2), d is the
current value of the interproton distance, dN is a target upper bound, and dr_ is a target lower
bound. Equation (1) is implemented when d is greater than dN, and equation (2) is implemented
when d is less than dry. The summation is over the n NMR derived distance bounds. These
functions can also be used as overall goodness-of-fit indexes for a given structure in relation to
the upper or lower bounds, with the d values now being achieved distances. For restraints that
guide the minimizer in locating selected hydrogen bonding patterns, the penalty function, unique
to DUPLEX, is

FHB = W _ [(d - do)2 + (I + cos(z))2 + p] (3)

If not implemented at a given site, this function can also be used to locate denatured structures,
which can be important in chemically modified DNAs. Here, d is the current value of the
hydrogen bond length, do is its ideal value, r is the current value of the angle about the hydrogen
participating in the hydrogen bond, and p = le, - e212 where et and e2 are unit vectors
perpendicular to the planes of the hydrogen bonded bases. The function is summed over all n
hydrogen bonds. It can also be used to evaluate the overall quality of hydrogen bonds achieved
in a model, with d and r now being the model values.

The force field employed by DUPLEX is one that has been developed for nucleic acids in the
laboratory of Olson [15- 17], with potential functions and parameterization now widely accepted
in the nucleic acids community. Details are given in reference 6. In DUPLEX, centurion
condensation can be mimicked by reduced partial charges on pendant phosphate oxygens [6], or
by explicit metal ions [18]; solvent is modeled by distance dependent dielectric functions
developed by Srinivason and Olson [17] and by Hingerty and co-workers [18].

Implementation on a Parallel Computer

For each molecular configuration, DUPLEX computes the energy as a sum of terms, one for
each pair of atoms. There are many such terms -- almost N*'2/2 for N atoms -- so that in a
large molecule most of the CPU time goes into their evaluation.

The code has been adapted for an iPSC/860 hypercube computer with 128 nodes after extensive
restructuring. Starting from the dihedral angles, each processor computes its own copy of the
atomic coordinates. Then it calculates its predetermined share of the energy terms and sends
the sum to a master node, which returns the grand total (total energy). Each processor then
calculates a new set of dihedral angles and continues as above.

For a case of 2 strands, having 12 base pairs each, and 759 atoms total, tested with up to 16
processors, the speedup is approximately equal to the number of processors. The program is
now being prepared for porting to the new Intel Paragon at Oak Ridge, a 2048 node processor.
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Studies of (+) and (-)-trans-anti-Benzo[a]pyrene-diol-epoxide Adducts

Our original studies for the two BPDE adducts of Fig. 1 employed no experimental information
other than the force field parameters (7,5). Many thousands of energy minimization trials were
first performed for a modified deoxydinucleoside monophosphate d(CpG); additional hundreds
of trials were carried out for single stranded trimers, and further trials were carried out with
modified duplex trimers that explored the orientation space of the carcinogen-base linkage in that
context. Finally, important conformers located from these searches were embedded in duplex
12-mers with energy minimization. The hydrogen bond penalty function was employed in all
duplex trials, to search for structures with Watson-Crick, Hoogsteen, or no base pairing at the
modification site, and Watson-Crick base pairs at all other loci (except at the site next to the
lesion where the possibility of no pairing was also explored). The penalty function was released
in terminal minimizations and final structures were energy ranked.

Three types of structures resulted from these trials: structures which placed the pyrenyl moiety
in (I) and B-DNA minor groove; (2) the B-DNA major groove; of (3) a base-displaced position,
with the modified guanine removed from its normal, base-stacked position and the pyrenyl
moiety located in its place. A striking observation in all three structural types was that the
pyrenyl group was always oriented oppositely in the enantiomer pair adducts: whether in the
minor or major groove, the (+) enantiomer adduct pointed in the 5'-direction of the modified
strand, while it was oriented in the 3'-direction for the (-) enantiomer adduct. For the base-
displaced conformers, the long axis of the pyrene ring in the (+)-adduct pointed toward the
major groove, while in the (-) adduct conformer of this type it pointed toward the minor groove.
Energetically, the structure in which the pyrene was in the B-DNA minor groove was lowest in
energy for the (+) adduct; for the (-) adduct the minor and major groove type structure were
about equal in energy. Base displaced structures were higher energy. Figures 2 and 3 show
these structures.

These pair of adducts were subsequently synthesized in a duplex 11-mer by Monique Cosman
in the laboratory of N. Geacintov, and analyzed by high resolution NMR studies in the
laboratory of D. J. Patel [19,20]. Our computed minor groove structures served as starting
conformations for minimizations with the NMR derived distance restraints. The NMR distances

were achieved in a single round of minimization and were retained once all restraints were
released. The root mean square deviations between the predicted starting structures and the final
NMR structures, following sequence and length adjustment of the predicted structures, were only
about 1A.

The prediction that adducts of enantiomer pair polycyclic aromatic hydrocarbon diol-epoxides
are oppositely oriented with respect to the DNA helix may be a more general phenomenon.
Benzo[c]phenanthrene (BPh) is another carcinogenic polycyclic aromatic hydrocarbons of
current interest. It is also metabolically activated to anti-diol-epoxides, like BPDE. The (+)
and (-)-anti-benzo[c]phenanthrene-diol-epoxide can form (+) and (-) trans-anti adducts to the
amino group of adenine (Fig. 1). Reference 11 summarizes the literature on the
benzo[c]phenanthrenes. Synthesis and high resolution NMR studies in the laboratories of



N. Geacintov and D. J. Patel, respectively, together with out computational searches which
incorporated the NMR data, have shown that the (+) adduct is intercalated between intact base
pairs on the 5' side of the modified strand (11), while the (-) adduct is intercalated on the 3'
side (21).

Biological Implications

Differing orientations of adducts of mirror-image molecules could well result in different
treatments of the lesions by replication or repair enzymes. Indeed, it has been shown in the
Geacintov laboratory that exonucleases which digest DNA from the 3'-end treat BPDE modified
single strands differently than do those that digest from the 5'-end, depending on the isomer
present. Specifically, single strands modified with the (+) adduct slow down a 5'-3'
exonuclease more, as would be expected for a 5'-directed orientation of the pyrene, while those
modified with the (-) adduct, which is a 3'-directed, slow down a 3'-5' exonuclease more [22];
this shows that enzymes do treat the adduct pair differently, at least in vitro. Perhaps the
strikingly different biological properties of (+) and (-)-anti-BPDE may result, in some part,
from different orientations in DNA.



Figure Captions

Figure I. Structures of polycyclic aromatic molecules and DNA adducts.

Figure 2. Structural types computed for (+)-anti-BPDE-trans-N2-dG adducts; A" pyrenyl
moiety in B-DNA minor groove; B: pyrenyl moiety in B-DNA major groove; C:
pyrenyl moiety in base-displaced position. Reproduced from Figure 2 of Cancer
Research 51, 3482-3492, with permission.

Figure 3. Structural types computed for (-)-anti-BPDE-trans-N2-dG adducts; A: pyrenyl
moiety in B-DNA minor groove; B: pyrenyl moiety in B-DNA major groove; C:
pyrenyl moiety in base-displaced position. Reproduced from Figure 3 of Cancer
Research 51, 3482-3492, with permission.
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