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Noncovalent interactions between aromatic nucleobases are the
major stabilizing forces which contribute to the structural integrity
of duplex DNA and RNA.1-3 However, base pairing in nucleic
acids is a consequence of more than just hydrogen bonding alone.
The predictive success of nearest neighbor analysis,4 along with
“dangling base” measurements which show duplex stabilization
in the absence of pairing,5 points out the importance of stacking
interactions to duplex integrity. Despite the existing work on
nucleic acid stability, however, it is not yet known whether
hydrogen bonds are absolutely required for stabilization of a base
pair (bp). To test this question, we have designed and synthesized
a series of non-hydrogen-bonding nucleoside analogues to probe
these fundamental interactions.6 We report herein the finding of
the first stable non-hydrogen-bonded base pair, and its selective
formation relative to mismatched pairs.
Prior studies on the base pairing properties of nonpolar

nucleoside analogues have almost invariably shown that pairs with
natural DNA bases are strongly destabilizing.7 When both
members of a base pair are nonpolar, the destabilization is lessened
somewhat;7ahowever, one study found that a nonpolar-nonpolar
pair still resulted in net destabilization of a 12-bp duplex by 2.9-
4.0 kcal mol-1 (9-14 °C in Tm) relative to an A-T base pair.7a

Possible reasons for this are the lack of hydrogen bonds between
the bases or the imperfect steric fit of the specific pairs studied
in the context of duplex B-form DNA. We hypothesized that
optimization of the steric fit of the nonpolar base pair within the
duplex, combined with the use of strongly stacking groups, might
enable selective pairing without compromising duplex stability.
Models of B-form DNA suggested that a recently described

pyrene nucleoside analogue (1)8 is sterically large enough to fit

well against model abasic site9 2 (also denotedφ) (Figure 1).

This combination yields a single contiguousπ-system spanning
nearly the entire distance between strands that would normally
be occupied by two nucleobases. We synthesized 12mer duplexes
containing1 and2 and measured their thermodynamic stabilities
in aqueous buffer (Table 1) with thermal denaturation studies.
To evaluate pairing selectivity,1was also paired against the four
natural bases as well as itself, and abasic nucleoside2was paired
against each of the four natural bases.
Thermodynamic parameters (25°C) were determined from

van’t Hoff plots using at least five different concentrations for
each duplex. Under the conditions described above, control
duplex3, containing an A-T pair at the central position, has a
Tm (5 µM) of 43.2°C with a corresponding free energy of-12.3
kcal mol-1. When A is paired with the abasic site, the result is
a strong destabilization of 5.3 kcal/mol (21.2°C in Tm), which
has been ascribed to the disruption of continuous stacking in the
helix.10 However, when pyrene nucleoside1 is paired opposite
the abasic site, the duplexes formed (8 and9) are only slightly
less stable than the control containing an A-T pair (by 0.6-0.7
kcal mol-1 and 1.6-2.2 °C in Tm). Comparison to an 11mer
duplex in which this pyrene-abasic pair is deleted (11, Table 1)
shows that the non-H-bonded pair is thermally (and perhaps
thermodynamically) stabilizing to the duplex despite its lack of
hydrogen bonds.
Studies were then carried out to investigate the pairing

selectivity of the pyrene nucleoside and its abasic partner.
Replacing a central pyrene-abasic nucleoside pair with P-X (P
) pyrene; X) A, C, G, T) destabilizes the duplex (relative to
P-φ) by 0.5-1.8 kcal mol-1 and 2.3-4.6 °C in Tm (Table 1);
thus, pyrene shows significant selectivity for the abasic site over
natural bases. The pairing preferences of the abasic nucleoside
were examined by placing it opposite each of the four natural
bases. Thermal denaturation measurements indicated that, con-
firming previous findings,10 each of the resulting duplexes was
severely destabilized relative to the pyrene-abasic pair, with an
18-23 °C decrease inTm and a loss of ca. 4.0-5.0 kcal mol-1 in
stability. Thus, the abasic nucleoside2 shows a large preference
for pairing with pyrene1. Interestingly, when two pyrenes are
paired against one another, a duplex (10) is formed which is only
0.5 kcal mol-1 less stable than the control having an A-T pair.
These findings suggested that multiple substitution of natural

base pairs with the pyrene-abasic site (P-φ) pairs might be
possible while still retaining reasonable duplex stability. To test
this, oligonucleotides were designed to form duplexes17 (20%
P-φ pairs) and18 (40% P-φ), and controls containing A-T
pairs were studied for comparison. Although the melting behavior
of putative duplex17made exactTm determination difficult due
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to a highly sloped upper baseline, nonlinear least-squares fitting8

approximated theTm as 67 °C. In comparison, the A-T
substituted duplex had aTm 8 °C lower. Since melting of single-
stranded oligomers containing pyrene also showed sloping base-
lines, we hypothesize that the sloped upper baseline with17 is
the result of single strand melting at elevated temperatures, which
may be the result of strong stacking by the pyrene residues. This
possibility is also supported by CD spectra of single strands
containing pyrene residues, which show evidence of stacked
secondary structure (data not shown). A nondenaturing gel shift
assay with duplex17 was used to generate a Jobs plot, which
clearly showed formation of a 1:1 duplex (full complexation at
0.48 mole fraction) (see Supporting Information). CD studies
with the duplex in the same buffer revealed spectra characteristic
of B-form DNA,12 similar to those for control duplex16.
Increasing the fraction of P-φ pairs to 40% (duplex18) resulted
in no helix formation being observed by either UV or gel shift
experiments; it is possible that the added hydrophobicity causes
intramolecular aggregation, preventing the desired complexation,
or that the additional, relatively flexible abasic sites contribute
an overly large entropic cost to helix formation.
These results establish that both pairing selectivity and stability

in DNA can be achieved without hydrogen bonds. Pyrene was
chosen to be paired against the abasic site because it may occupy
(220 Å2) the area normally covered by two natural bases (269
Å2).13 The pairing selectivity between pyrene and the abasic
nucleoside (compared to the natural bases) can be rationalized
through a best fit (least steric hindrance) argument, since pyrene
is far too large to fit in B-form DNA when placed edge-to-edge
with a natural base. The strong preference of the abasic site in
pairing with pyrene over natural bases is most easily explained

by the latter’s robust stacking ability (nearly twice that of
adenine).5e The notable lack of destabilization with the pyrene-
abasic pair is most likely a result of the strong stacking and of
the large size of pyrene, which may be able to maintain the
continuity of stacking in both strands of the helix. Structural
studies will, of course, be important in evaluating these hypoth-
eses.
It was initially surprising that pairing of pyrene against a natural

base only moderately destabilized the duplex relative to the case
with previous nonpolar nucleosides.7 We believe this is best
explained by the pyrene being accommodated within the helix,
partially intercalated between the opposing residue and an
adjoining base pair. This intercalation would allow the pyrene
to bury its hydrophobic surface, compensating for most of the
steric perturbation caused by its bulk being present in the duplex.
This hypothesis is supported by the unexpected stability of duplex
10, which has two pyrenes paired against each other.
The stable pairing of pyrene and the abasic nucleoside

represents a marked improvement in stability and selectivity over
previous base pairs having no hydrogen-bonding functionality.7

As such, the new findings suggest that base stacking and
geometric fit alone can stabilize duplex DNA.
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Figure 1. (A) Space-filling models of base pairs A-T and P-φ in the
geometry of B-form duplex DNA, illustrating how the added size of
pyrene (P) may compensate sterically for the lack of a base in its partner
(φ). (B) Illustration showing the positioning of various pyrene-X pairs
in the center of a DNA duplex, with the potential for stacking on
neighboring C-G and T-A pairs.

Table 1. Free Energies (-∆G°25 (kcal/mol) and Melting
Temperatures (Tm (°C) for DNA Duplexes Containing P-X Pairs (P
) Pyrene (1); φ ) Abasic (2); X ) A, C, G, T,φ))

aConditions: 100 mM NaCl, 10 mM MgCl2, 10 mM Na‚PIPES pH
7.0, 5.0µMDNA. Error in Tm is(0.5°C or less.bObtained by plotting
1/Tm vs ln(CT/4) with data from at least five concentrations; error esti-
mated at(5%. c Average from fits of at least five denaturation curves;
standard deviations are shown.d Fits from one denaturation curve each;
error estimated at(10%. eMelting transition could not be fit.
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