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ABSTRACT

New structures are presented for AF and AAF modified DNAs that place the
carcinogen in the minor groove of a B-DNA helix. These structures employ non-Watson-
Crick base pairing schemes with syn guanine at the modification site.

INTRODUCTION

It has long been known that base pairing schemes differing from the canonical
Watson-Crick type are possible both in DNA and RNA fragments and in polynucleotides.
Indeed, experimental evidence for such hydrogen bonding options have been in the
literature for decades. Hoogsteen, reverse Hoogsteen and reverse Watson-Crick are
among the more well-known forms, but many otners, not necessarily between Watson-
Crick partners, have been delineated1. However, it is only recently that non-Watson-
Crick pairing has attracted really widespread interest. One important reason for this
renewed interest is the recent availability of crystal structures and high resolution NMR
data; these are beginning to offer atomic resolution views of DNA duplexes which
manifest novel pairing schemes. The recent crystal structure of the antibiotic triostin
complexed with a DNA octamer2 was of particular importance in this regard, because it
called attention to the possibility of a Hoogsteen pair between a syn guanine and an N3
protonated cytosine (Figure la). This work, as well as solution studies by others has led
to an appreciation that base protonation in duplex oligomers can occur at physiological
pH, because the pK for .protonation can be much higher in DNA duplexes than it is in the
free base or nucleoside*. Consequently, pairing schemes that require protonation can no
longer be deemed irrelevant to the biological situation.

Accordingly, the time appears ripe for the consideration of unusual base pairs in
structures of DNAs modified by carcinogens, and we have begun to investigate such
forms. In the present work we report on initial studies that reveal structures of DNAs
modified by aromatic amines in which novel base pairs occur at the modification site. In
one study a duplex 11-mer was investigated in which a central G was modified at
carbon-8 and the opposite base was adenine. High resolution NMR data, obtained in the
laboratory of Dinshaw Patel at Columbia University was available for this investigation
when the modification was 2-aminofluorene (AF). This data was employed to guide the
search for unconstrained energy minimized structures consistent with it • Another,
purely theoretical study was carried out for a modified duplex 9-mer. In this case the
minimizations were carried out without reference to NMR results.
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MLTHODS

Our calculations are carried out with the program DUPLEX, described in full
de+Ml recently5. The potential energy set is similar to one devised by Srinivasan and
Olson6. It includes Van der Waals, electrostatic, torsional, deoxyribose strain and
anomeric gauche terms, in addition, counterion condensation and solvent are mimicked
by employing reduced partial charges on the non-linked phosphate oxygens and a distance
dependant dielectric constant, respectively. For duplexes, a hydrogen bond potential
similar to that of Olson is employed. In addition, a hydrogen bond forcing function is
used in all first stage minimizations to locate hydrogen bonded minima of any selected
type. This function, as well as constraints imposed to locate structures that match NMR
data, are released in terminal minimisations, so that final structures are unconstrained
energy minima. The constraints are employed as a device for dealing with the multiple
minimum problem, je_ to guide the minimizer in the location of specific forms. Full
details of the methods employed to locate modified duplex oligomers with selected base
pairing schemes are given in references ' • ' . References 4 and 9 detail our procedures
for incorporating distance constraints from NMR measurements in the first stages of the
minimizations.

DUPLEX performs minimizations in torsion angle rather than cartesian space.
This has enormous advantages in the search for novel forms because only the torsion
angles about which major conformational rearrangements occur are flexible during the
minimizations. Bond lengths, bond angles, and fixed dihedral angles, such as those in a
planar, aromatic moiety are not mobile. This approximation is valid in the first instance
since bond length, bond angle and dihedral angle variations are in fact very much smaller
than torsion angle variations, which can run the gamut from 0 to 360 degrees. The result
of this approximation is a vast diminution in the number of variables /three times the
number of atoms in cartesian space, but only seven—six for the backbone and one for the
sugar pucker—for a DNA nucleotide residue in torsion angle space). Consequently, the
minimizer is much more powerful in effectuating large movements from the starting
conformation. In addition, geometric distortions such as warping of planar aromatic
moieties, which is a constant hazard when all degrees of freedom are permitted to flex
during the minimization, are not possible. Of course, all degrees of freedom must be
allowed in studies where pathways between conformers are under investigation, since
bond length, bond angle and "fixed" dihedral angle movements are then important.

Our computational strategy involves broad searches of the conformation space of
small modified DNA subunits, such as deoxydinucleoside monophosphates (the DNA
conformational building blocks) and duplex trimers, followed by building to larger
structures by various strategies. No computer or hand model building to match
particular types of data is carried out to generate starting structures. Instead, the
starting structures for the minimizations are simply combinations of preferred rotamers
for each torsion angle. The strategy for locating a duplex structure with a given
hydrogen bond at the modified site begins with an unmodified duplex trimer. Energy
minimization produces a duplex trimer with Watson-Crick pairs at the termini and the
unusual pairing scheme at the center. Then the carcinogen is added to the central
guanine, and sixteen energy minimizations (at 90 degree intervals of the carcinogen-base
linkage angles eif and ft' , see Figure 2) are made to search the conformation space
of the carcinogen-base linkage. The lowest energy forms from this search are then built
to larger structures, either by embedding in a longer B-form duplex and minimizing the
energy again, or by build-up with addition of one or more residues at a time (with energy
minimization at each step), or by other strategies that have been detailed*'10.

The hydrogen bonding patterns that have been investigated in this work are shown



in Figure 1. The sequences investigated were d(CCATCG*CTACC).d(GGTAGAGATGG)
(Sequence I) a G-A mismatch, and d(GCGCG*CGCG).d(CGCGCGCGC) (Sequence II). The
asterisk designates the modification site. The modified guanines were syn (except where
an anti guanine structure is reported) and all torsion angles were of the B-DNA^ type at
the start of the minimizations.

RESULTS

The AF modification was first investigated for Sequence I, for which detailed
NMR results were available . The unconstrained AF modified duplex 11-mer of lowest
energy that matched all the available experimental data is shown in Figure 3. The key
observation about this structure is the fact that the AF is sandwiched into the minor
groove, which is clamped down on the aromatic amine in such a way as to minimize
solvent exposure of the hydrophobic moiety. This places the modified G and its opposite
A in a position where the single hydrogen bond between GO6 and H1+N1A (Figure lc) can
form when the Nl of A is protonated. The AF is in proximity to the opposite strand, the
modified guanine is syn, and the overall DNA structure is B-form, with the adenine
residue opposite the modification in the less prevalent B-II conformation and other
residues B-I . The narrowing of the minor groove to bury the AF produces a bend in the
DNA duplex. The structure shown in Figure 3 is the neutral pH structure, not protonated
at adenine Nl, so the hydrogen bond of Figure lc cannot form; however, the G06...N1
distance is such that the hydrogen bond could form if Nl were protonated, which the data
indicate occurs at acid pH. Small pivotal movements of the carcinogen accompany the
protonation but the overall structure is very similar. Thus, important stabilization to the
structure is afforded by the hydrophobic interactions that bury the carcinogen in the
minor groove in an orientation that permits the hydrogen bond to form when Nl is
protonated.

A second structure for AF modified Sequence I was computed with the hydrogen
bonding scheme of Figure Id. As may be seen from Figure 4S the syn modified G also
places the AF in the minor groove of the B helix, but not in proximity with the opposite
strand, as warranted by the NMR data . Interestingly, the two forms are close in energy,
with the protonated versic of the structure that matches the data favored by about 4
kcal/mole.

An additional important structure for AF modified DNA was obtained for
Sequence II which has C opposite the modified G, employing the hydrogen bonding
scheme of Figure lb. Figure 5 reveals that this structure looks very much like the
analogous one for the G-A mismatch of Figure 3, suggesting that the wedging of AF into
the minor groove may be important for C opposite modified G, as well es for A.
Interestingly, this syn guanine form is only 4 kcal/mole higher in energy than a guanine
anti major groove model (Figure 6) which is similar to one computed previously for an AF
modified alternating C-G duplex dodecamer*'*' . (Energies of protonated and
unprotonated forms are compared here by removing the proton from the protonated
structure and re-minimizing the energy. The structures change very little when the
proton is removed. The energies of the unprotonated variants are then used for
comparison).

Finally, we computed an AF modified DNA structure with Sequence II employing
the hydrogen bonding scheme of Figure la. Its energy is about 11 kcal/mole higher than
the anti guanine major groove model of Figure 6. A strongly cent duplex accommodates
the AF in the minor groove again here, but one face of the aromatic amine is exposed to
solvent (Figure 7).



Energy minimized structures for the acetylaminofluorene (AAF) adduct like those
of Figures 5 and 7 have also been obtained. (The AF structures for Sequence II were
derived from the analogous AAF ones, detailed in reference 8, by removal of the acetyl
and reminimizing). Interestingly, both minor groove models with all base pairs intact are
only about 2 kcal/mole higher in energy than Z-DNA type models in Sequence II for AAF8

modification. However, major groove models with guanine anti and all base pairs intact
are not feasible for AAF1 4 '1 5 .

DISCUSSION

A number of new structures have been computed for AF and AAF modified DNA
which feature novel hydrogen bonding patterns, syn guanines and placement of the
aromatic amine in the minor groove with hydrogen bonding retained between all base
pairs in the protonated structures. In addition, our previous anti guanine model for AF
modified DNA13'1* is energetically important for the deacetylated aromatic amine.
Intercalation-denaturation type structures are higher energy (about 20 or more kcal/mole
above the lowest energy form) in duplexes with a single AF or AAF8 lesion. However,
such structures may well play an important mutagenic role at the mobile, single stranded
replication fork.

Our studies have now provided us with two possible sets of conformational views
of aromatic amine modified DNA prior to, during and following replication. One
possibility, appropriate for AF modified DNA, places the AF in the major groove of an
essentially undeformed B-DNA duplex prior to replication (Figure 8a). If it escapes
repair before replication, carcinogen-base stacking may occur at the mobile, single
stranded replication fork (Figure 8b), leading to an error by the replication machinery
such as the AF-modified G-A mismatch structure (Figure 8c). A second possibility places
the carcinogen in the minor groove of a 3 form duplex prior to replication (Figure 5).
This is feasible for both AF and AAF8 modified DNA. During replication the modified
guanine would be syn at the replication fork, but all bases could be stacked, or the
carcinogen could be intercalated (Figure 8b). The syn guanine would be responsible for
the errror by the replication machinery, which could again put an A opposite the
modified G as in the AF-modified G-A mismatch structure, or cause a -2 deletion (Figure
9), as has been observed for AAF modification in an alternating C-G sequence16.

Of course, many other mutagenic pathways are possible, including depurination1^,
error-prone repair, perhaps induced by a Z form , and large genetic rearrangements18,
among others. Here we merely offer some possibilities suggested by our work to date. It
is not inconceivable that numerous mechanisms do occur, and indeed the current
literature on mutagenic outcome of AF and AAF modification16'18"3", which indicates a
diversity of mutational types in diverse systems, may also be indicative of diverse
mechanisms.
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FIGURE CAPTIONS

Figure 1. Hydrogen bonding schemes investigated at AF and AAJr modified guanines.

Figure 2. Structure, numbering scheme and variable conformational angle designations
for the N-acetylaminofluorene (AAF) adduct to guanine C-8 in d(CpG). The dihedral
angles A-B-C-D are defined as follows:

>')T(pyr): O1'-C1'-N1-C6; X (pur): O1'-C1'-N9-C8; V: C3!-C4'-C5'-O5'; <J>'p-O3'-C3'-C4';
Q\ C4'-C5'-O5I-P; O ': O5'-P-O3'-C3'; CO :C5'-O5'-P-O3'; ol':N9-C8-N-C2;
/S': C8-N-C2-C1; V: C8-N-C-Cm; £':N-C-Cm-H.

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°. Sugar pucker in the calculations is defined by
the pseudorotation parameter P . IUPAC torsion angle designations are given in
parentheses. In the IUPAC convention 180 degrees is added to X . In the aminofluorene
(AF) adduct, the COCH3 group is replaced by a hydrogen.

Figure 3. AF modified Sequence I, containing a G-A mismatch at the modification site,
in conformation matching the NMR data. The modified G and its opposite A are
positioned so that the hydrogen bond of Figure lc can form upon protonation. Torsion
angle details are given in reference 4. Coordinates and the full torsion angle set for all
structures are available from the authors. Stereo views are prepared for use with a
stereo viewer. An excellent stereo viewer suitable for any size image, can be obtained
from NU-3D-VU Co., 71 E. 28 St., Eugene, Oregon 97405, telephone (503) 484-6176. To
view with crossed eyes, left and right images must be interchanged.

Figure 4. AF modified Sequence I, containing a G-A mismatch at the modification site,
with modified G hydrogen bonding to A in pattern of Figure Id. *U - 59°, 0' =
5°, X(6) = 246° P(5) = 36°, P(6) = 132° (numbering begins from 5' end of modified strand
and continues from 5' end of unmodified strand). All other torsion angles are within B-
DNA ranges32. See caption to Figure 3.

Figure 5. AF Modified Sequence II, with modified G hydrogen bonding to C in pattern
shown in Figure lb. dL' =228°, 0' =322°, P(5) = 137°, X. (5) = 246°; residue 14 is
in B-II DNA conformation: <p\l4)> = 257°,0)'(14) = 196°, <p(14) = 124° . All other torsion
angles are within B-DNA ranges32. See caption to Figure 3.

Figure 6. AF Modified Sequence II, with modified G hydrogen bonding to C in standard
Watson-Crick pattern. All torsion angles are within B-DNA ranges32 U ' = 179°, ' =
43°. See caption to Figure 3.

Figure 7. AF Modified Sequence II, with modified G in hydrogen bonding pattern shown
in Figure la. d • = 92°, £ ' = 309°. P(l) = 103°, XT (5) = 235°, P(14) = 26°. All other
torsion angles are within B-DNA ranges32. See caption to Figure 3.

Figure 8. (a) d(CG-AF-C) d(GCG) in energy minimized B-DNA conformation similar to
that of Figure 6. (b) Single stranded d(CG-AF-C) with AF stacked between C's. The
modified displaced guanine is syn,, Torsion angles are similar to those of reference 10,
Figure 4b. (c) d(CG-AF-C) d(GAG) energy minimized trimer employed in build-up of
structure shown in Figure 4. The conformation is very similar to the trimer in the 11-
mer.



Figure 9. (a) Molecular view of a -2 deletion in Sequence II. (b) Interpretive diagram of
(a). Adapted from reference 10, Figure 7.
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