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Noncovalent interactions between aromatic molecules are
widely believed to be important contributing factors in the
stabilization of organized structure in biological macromol-
ecules.1,2 Among the most significant aromatic-aromatic
interactions are those found in helical nucleic acid structures.
Since the identity of the nearest neighbors to a given base pair
is the best single predictor of thermodynamics in DNA
duplexes,3 it is clear that aromaticπ-π interactions are crucial
to the stabilization of these structures.4 While there have been
a considerable number of theoretical studies aimed at modeling
theπ-π interaction in DNA,5 there have been remarkably few
experimental studies specifically addressing the thermodynamics
of stacking (separate from base pairing) in DNA itself.6 For
that reason we have undertaken a study of aromatic stacking in
the context of duplex DNA, and we hope to begin to elucidate
what are the important forces which stabilize this organized
structure. We report here the first experimental comparison of
the stacking abilities of natural DNA bases and of nonnatural
aromatic analogs in double-stranded DNA.
To separate stacking from pairing (hydrogen-bonding) inter-

actions in duplex DNA we placed the natural or nonnatural
nucleotide of interest in a “dangling” position (without a pairing
partner) at the end of a base-paired duplex (Figure 1).7 The
resulting stabilization of the duplex by the dangling base can
be measured by thermal denaturation experiments, with com-
parison to the duplex lacking the added nucleotide.
Electrostatic effects resulting from such localized charge have

been implicated both in the stabilization and in the geometry
of aromatic stacking.5 To examine such effects we compared
not only natural DNA bases but also nonpolar molecules with
similar shape and surface area. Thus, we compared the DNA
base thymine (1) and adenine (3) with their respective nonpolar
isosteres difluorotoluene (2) and 4-methylindole (4).9 We also
compared the stacking of the aromatic hydrocarbons benzene

(5), naphthalene (6), phenanthrene (7), and pyrene (8). The
synthesis of these nucleoside analogs has been reported.10-13

Results of the thermodynamic measurements made at pH 7.0
and 1 M NaCl are presented in Table 1. We measured melting
transitions (Tm) as a function of concentration for the duplexes
and calculated thermodynamic parameters by plotting 1/Tm vs
ln([oligonucleotide]). The linear fits were quite good (r2 g 0.97),
with error in free energies of approximately(2%. The
unsubstituted core duplex under these conditions has aTm (5
µM) of 41.0((0.5) °C and a free energy (37°C) of -8.05-
((0.16) kcal/mol.
Measurement of the duplexes with dangling thymine and

adenine residues shows, perhaps not surprisingly, that the purine
stacks on the duplex more strongly than the smaller pyrimidine
base. The two unpaired deoxyadenosines add 2.0 kcal of sta-
bilizing interaction to the self-complementary sequence, and thy-
mines add 1.1 kcal to the duplex stability. This relative stacking
ability is as predicted from nearest-neighbor parameters3 and
is consistent with dangling-end studies carried out in RNA.7

Interestingly, the data show that the nonpolar DNA base
mimics stack considerably more strongly than their natural
counterparts. Difluorotoluene raises theTm of the duplex by
13.4 °C, about twice the effect of thymine, although the two
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Figure 1. Structures and DNA sequences in this study. (A) Structures
of natural (1, 3) and nonnatural (2, 4-8) nucleosides examined here.
(B) Illustration of how placement of a single nucleotide residue at the
5′-end of a self-complementary strand brings it into an unpaired
“dangling” position directly adjacent to the duplex; comparison with
the unsubstituted 6-base-pair core duplex allows a measure of stacking
interactions by the dangling bases.7
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have the same size, shape, and surface area.9 Similarly, the
isosteric analog 4-methylindole increases theTm by more than
does the natural base adenine. The effects on free energies of
the duplexes mirror these results (Table 1).
These results show clearly that surface area alone is not a

good predictor of stacking affinity. It seems likely that the
increased hydrophobicity of these two nonpolar analogs con-
tributes favorably to their enhanced stacking. An alternative
explanation might be differences in polarizability, which would
influence van der Waals forces. However, methylindole is
calculated to be only slightly more polarizable than adenine,
and difluorotoluene is equally as polarizable as thymine.14 Thus
it appears that hydrophobicity differences exert the largest
influence here. The superior stacking of the two purine-sized
compounds relative to the pyrimidine-sized cases might be
explained by increased surface area, which would allow for
stronger interaction with the neighboring C-G base pair.
To investigate further the effects of size and hydrophobicity

on stacking interactions, we then examined the series of four
nucleotides in which the “base” moiety is benzene, naphthalene,
phenanthrene, and pyrene (Figure 1A). The results show (Table
1) that these compounds stack relatively strongly, and the
interaction generally becomes more favorable with increasing
size. The benzene nucleotide stacks with slightly greater affinity
than thymine. The naphthalene compound shows a largeTm
increase over the unsubstituted duplex of 15.2°C and a total
stacking energy of 2.9 kcal/mol, or twice that of benzene.
Interestingly, the phenanthrene nucleoside, although larger,

has a stacking propensity essentially the same as that of
naphthalene (compare seventh and eighth entries in Table 1).
Models indicate that the third ring in phenanthrene (which is
absent in naphthalene) does not contact the adjacent bases and
instead is likely to protrude toward the major groove of the
DNA. We surmise that lack of added contact with the nearest
neighbor precludes added favorable interactions. Since phenan-
threne is significantly more polarizable than naphthalene14 but
does not stack more strongly, the results are most easily
explained by solvophobic effects rather than dipole-induced
dipole effects. The amount of nonpolar surface area excluded
from solvent by stacking is expected to be similar for naph-
thalene and phenanthrene in these structures.
The pyrene compound interacts the most strongly of all the

natural and nonnatural bases studied. The duplex substituted
by this species has a melting transition 23.1°C higher than the
unsubstituted duplex and 12.5°C higher than for the case with
adenine. Addition of the two pyrene residues to the self-

complementary duplex adds a quite large 3.4 kcal / mol of
stabilization to the helix. Models indicate that a large fraction
of one face of this molecule can stack with the neighboring
base pair, and so the relatively high solvophobicity is apparently
put to good effect.
The overall order of stacking ability of these molecules is

thus found to be thymine< benzene< adenine< difluoro-
toluenee naphthalene∼ phenanthrenee methylindole<
pyrene, at least in this sequence context. It seems significant
that solvophobic effects appear to be the most important factor
in determining this order. When molecules of the same size
are compared, we find that the less polar structure stacks more
strongly than one of higher polarity. When nonpolar molecules
of different sizes are compared, we find that stacking propensity
appears to correlate with the surface area excluded from solvent.
A number of studies aimed at measuring aromatic-aromatic

interactions in smaller model systems have been reported
previously.15,16 A few of these have examined interactions of
DNA bases;16 and mono- and dinucleotides have been studied
as models for stacking interactions.17 The present results agree
with the previously known superiority of purines over pyrim-
idines at stacking, which was also observed by Leonard et al.
using nucleobases bridged by simple trimethylene linkers.16aIn
a comparison of adenines and naphthalenes linked by three-
carbon bridges, Gellman found evidence that naphthalene-
adenine interactions were qualitatively stronger than adenine-
adenine interactions,16c a result in accord with our finding of
superior stacking of naphthalene over adenine. In a simple
receptor system, Rebek et al. found increasing interaction of
adenine with aromatics of increasing size,16b also in agreement
with the present results.
Our results indicate that the natural DNA bases are not

particularly effective at stacking, at least in a global comparison
of aromatic structures. Evolution may not have favored bases
which stack too strongly, since helix unwinding is a requirement
for DNA replication. For designed nucleic acid structures,
where thermodynamic stability is often desirable, our results
indicate that one may gain stability simply by placing large
nonpolar aromatics at the ends of helical structure. It will of
course be useful to study this series of compounds in additional
sequence contexts to explore the generality of the conclusions.
It is worth noting that in a considerably different structure (a
hairpin loop) we have noted similar stabilization by nonpolar
DNA base analogs.11 Since thermodynamic rather than struc-
tural evidence of stacking is presented here, it will be of
significant future interest to obtain structural information18 about
dangling nucleotides to better evaluate the specific interactions
involved.
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Table 1. Comparison of Stacking Affinities of Natural DNA
Bases and Simple Aromatic Analogs, As Measured by Dangling
End Studies in a Self-Complementary DNA Duplex (Sequence
d(XCGCGCG)2)a

dangling moiety Tm (°C)b ∆Tm
-∆G°37

(kcal/mol)c
∆∆G°
stacking

(none) 41.0 8.1( 0.2
thymine 48.1 7.1 9.2( 0.2 1.1( 0.2
difluorotoluene 54.4 13.4 10.7( 0.2 2.6( 0.3
adenine 51.6 10.6 10.1( 0.2 2.0( 0.3
4-methylindole 54.6 13.6 11.1( 0.2 3.1( 0.3
benzene 48.3 7.3 9.4( 0.2 1.4( 0.2
naphthalene 56.2 15.2 10.9( 0.2 2.9( 0.3
phenanthrene 57.3 16.3 10.7( 0.2 2.6( 0.3
pyrene 64.1 23.1 11.4( 0.2 3.4( 0.3

a Stacking parameters (∆Tm, ∆∆G°) are obtained by subtracting data
for the core hexamer duplex from that for duplexes with1-8 added at
the unpaired (X) position.bConditions: 1 M NaCl, 10 mM Na‚phosphate
pH 7.0, 5.0µMDNA strand concentration.cValues obtained by plotting
1/Tm vs ln(CT) with data from at least five concentrations.
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