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Bifurcated or three-centered hydrogen bonds, in which the
hydrogen atom is within bonding distance of two heteroatoms
have been suggested to be present in selected small-molecule
structures,1 both DNA2 and RNA3, proteins,4 enzyme transition
states5 and complexes of ligands and nucleic acids, like those
with minor groove binding ligands.6-9 A number of heterocyclic
compounds such as distamycin,9 netropsin,7 Hoechst 33258,8 and
4′,6-diamidine-2-phenyl indole (DAPI)6 bind within the minor
groove of dA-dT-rich sequences. These agents make hydrogen
bonds with the functional groups on the edges of the dA-dT base
pairs. For all of the ligands noted above, some hydrogen-bonding
interactions are bifurcated. For the DAPI-DNA complex, the two
terminal amidines form conventional hydrogen bonds while the
central indole N-H forms a bifurcated hydrogen bond with the
O2-carbonyls of the central two dT residues (Figure 1).6 To probe
the contribution of such a three-centered hydrogen bond to the
stability of this complex we prepared a series of analogue
sequences in which either the O2-carbonyls of selected dT
residues, or the N3-nitrogen of a selected dA residue were deleted
and replaced simply by hydrogen or a C-H, respectively. These
deletions were accomplished by the incorporation of either a dm3-
2P or a dc3A base analogue10 for dT or dA, respectively (Figure
2). A recent crystallographic analysis indicates that dm32P forms
a Watson-Crick base pair with dA.11

As a target sequence we chose a d(GAATTC)2-containing
sequence very similar to the Dickerson dodecamer used in the
crystallization of the DAPI-DNA complex,6 but we altered the
nature of the dG-dC sequences such that the dodecamer was no
longer self-complementary (Table 1). This approach resulted in
a duplex in which we could make single analogue substitutions
in either strand. We employed two assays to assess the effects
resulting from specific eliminations of minor groove functional
groups on the stability of the ensuing DAPI-DNA complex. In
one case we employed a thermal denaturation assay since the
binding to the minor groove of ligands such as DAPI tends to
overstabilize the B-form helix and increase the observedTM

values.12 A second assay involved the measurement of dissociation
constants (KD) for both native and analogue complexes.

In the presence of one equivalent of DAPI in a 3µM solution
of the native DNA duplex, theTM value was observed to increase
by 7.9 °C relative to that measured for the DNA duplex alone
(Table 1). Replacement of either one of the central dT residues
with the dm32P analogue (and removing the corresponding O2-
carbonyl) resulted in an increasedTM of only 4.5°C. With both
of the central dT residues replaced no significant enhancement
in TM value was observed (<1 °C). By comparison, replacement
of one of the dA residues by the analogue dc3A resulted in an
enhancedTM value of 8.5°C, slightly larger than that observed
for the native sequence in the presence of DAPI. The final
sequence containing one dc3A residue and one dm32P residue
exhibited an intermediateTM enhancement of 6.4°C. These results
suggested that the absence of either or both O2-carbonyls from
the central dT residues reduced binding by the ligand, while the
corresponding deletion of the N3-nitrogen from a central dA
residue actually enhanced binding.

Dissociation constants (KD values) for the DAPI-DNA com-
plex were obtained by the titration of a fixed concentration of
the DAPI ligand by an increasing concentration of the oligo-
nucleotide.13 The DNA-ligand complex exhibits a dramatically
increased quantum yield relative to the free ligand, and this
fluorescence signal can be used to quantify binding.14 The method
of continuous variation in ligand concentration (Job plot analy-
sis15,16) was used to determine a DNA:ligand stoichiometry of
1:1. The dissociation constant obtained for the native duplex (KD

) 8.8 nM) at 25°C (Table 1) is consistent with similar values
obtained at 5.5°C.14 With a target containing one centrally located
dm32P residue at either position within the target site, the
measured dissociation constant increases between 25- and 30-
fold. With both of the central dT residues replaced by analogues,
we could not detect any significant binding at oligonucleotide
concentrations as high as 3µM. The loss of the related N3-nitrogen
of an adjacent dA residue resulted in a reverse effect. Introduction
of a single residue of dc3A into the binding site resulted in a
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Figure 1. Illustration of the bifurcated hydrogen bonding interactions6

between the indole N-H of DAPI and the O2-carbonyls of the two
centrally positioned dT residues (bold) of the duplex containing the
sequence: 5′ d(...GAATTC...)-3′ d(...CTTAAG...). Additional hydrogen
bonding interactions for the terminal amidines are not shown.

Figure 2. Illustration of Watson-Crick like base pairing10,11 between
dc3A and dm32P base analogues.
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moderate but reproducible 3-fold enhancement in binding. With
a single dm32P and dc3A residue present in the binding site, a
KD of 51 nM was obtained, roughly 6-fold greater than that
obtained for the native site. This value can be explained in terms
of both negative and positive effects on binding; with one dm3-
2P analogue reducing binding affinity by 25-fold and the dc3A
residue enhancing that affinity by 3-fold, one could predict a
dissociation constant some 8-fold higher than that of the native
sequence, consistent with the measured value.

∆G° values were calculated for both the native and analogue
complexes (Table 1). The loss of either O2-carbonyl from the
center of the binding site results in a loss of 2 kcal/mol in binding
energy, while the loss of the related N3-nitrogen from the adjacent
dA residue actually enhances binding by 0.7 kcal/mol. With the
loss of both centrally positioned O2-carbonyls we cannot ac-
curately determine a∆G° value, but with aKD of greater than 3
µM the ∆G° value for this sequence would be no higher than
about 7 kcal/mol (∆∆G° of g4 kcal/mol). The final entry in Table
1 results in an intermediate∆∆G° value of 1.1 kcal/mols
consistent with a loss of∼2 kcal/mol in binding energy for the
dm32P substitution and a gain of∼0.7 kcal/mol for the dc3A
substitution.

The crystal structure analysis of DAPI bound to a self-
complementary duplex containing the d(GAATTC)2 site has
indicated the presence of a bifurcated hydrogen bond involving
the indole N-H and the O2-carbonyls of the central two dT
residues6 (see Figure 1). The introduction of an analogue dm32P
residue for one of these central dT residues disrupts one of the
bifurcated hydrogen bonds between the ligand and the target
sequence but permits the second interaction to remain. The
observation that the loss of either bifurcated hydrogen bond from
the complex reduces the binding energy by 2 kcal/mol suggests
that each of the bifurcated interactions are at least energetically
equivalent to conventional hydrogen bonds between uncharged
partners, originally suggested to be between 0.5 and 1.2 kcal/
mol for the binding of substrate to a transition state.17 Similarly,
individual hydrogen bonds in base pairs, for example that
involving the N2-amino group of guanine, have been estimated
to contribute 0.7 to 1.6 kcal/mol of stabilization energy.18 Studies
with proteins suggest a value of at least 1 kcal/mol and perhaps
as high as 2.2 kcal/mol.19 With both bifurcated bonds absent
(substitution of both central dT residues by dm32P) we cannot

effectively determine a binding energy, but the limits of our assay
suggest a value of no more than 7 kcal/mol, or a reduction by
roughly 4 kcal/mol in binding energy. A linear relationship is
present for the values of∆TM and ∆G° reported here (see
Supporting Information) and this relationship suggests that the
0.7 °C enhancement inTM correlates to roughly a∆G° value of
about-6.5 kcal/mol, consistent with the observation that each
interaction of the bifurcated hydrogen bond contributes about 2
kcal/mol in binding energy.

Substitution of a single dc3A analogue into of the binding site
did not result in a loss of binding energy although a minor groove
functional group had been deleted. This is consistent with the
crystal structure analysis6 and suggests that the position and targets
for formation of the bifurcated hydrogen bond in this complex
are solely the carbonyls of the two dT residues in the center of
the binding site, although other modes of binding can be
induced.20,21It was unexpected that the dc3A-containing sequence
would exhibit tighter binding with the ligand than did the native
sequence. It has previously been suggested, most notably for the
structure of netropsin bound to the minor groove of DNA,7 that
the C2-H sites of the dA residues provide significant hydrophobic
contacts with the ligand. In the present complex such an effect is
also possible, and when the adjacent N3-nitrogen is deleted, the
minor groove edge of the dA residue should offer a more
hydrophobic surface. Hydrophobic interactions have been sug-
gested to contribute significant effects to minor groove binding
by other ligands.22 The enhanced binding by DAPI to the dc3A-
containing sequence could then be explained by enhanced
hydrophobic interactions, without any loss in interresidue hydro-
gen bonds. Consistent with this suggestion are the results for the
sequence containing both dc3A and dm32P residues.

Although experimental studies suggest energetic values of 1
to 2 kcal/mol for hydrogen bonding interactions in nucleic acids18

and proteins,19 corresponding theoretical studies, at least for
proteins,23,24suggest that polar functional groups do not contribute
significantly to structural stability. An earlier study with dista-
mycin and sequences containing dc3A suggested that the absence
of the N3-nitrogens had little effect on ligand binding.25 Although
we cannot compare that work directly with the current study, our
results suggest that the O2-carbonyls may be the more critical
ligand binding sites within the minor groove. An earlier study26

with peptides in chloroform suggests the energetic superiority of
two-centered over three-centered hydrogen bonds, but in systems
composed of multiple interactions, more favorable complexes are
predicted27,28 when both acceptors are in the same molecule and
optimally positioned. There is some experimental evidence for
this effect29 including the present work.
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Table 1. DAPI Binding to Native and Analogue Sequences

sequencea
TM

(°C)b
∆TM
(°C)c

KD
(nM)d

∆G°
(kcal/mol)

∆∆G°
(kcal/mol)

5′-GAATTC- 60.0( 0.5 7.9( 0.5 8.80( 0.85 11.0 -
3′-CTTAAG-

5′-GAAtTC- 56.5 4.5 267( 24 9.0 2.0
3′-CTTAAG-

5′-GAATTC- 57.4 4.6 214( 21 9.1 1.9
3′-CTtAAG-

5′-GAAtTC- 52.4 0.7 >3000 <7 g4
3′-CTtAAG-

5′-GAATTC- 58.3 8.5 2.78( 0.62 11.7 -0.7
3′-CTTaAG-

5′-GAATTC- 54.9 6.4 51.4( 8.9 9.9 1.1
3′-CTtaAG-

a a ) 3-deazaadenine,t ) 3-methyl-2-pyridone (see Figure 2).b TM

values were obtained in 200 mM NaCl, 20 mM phosphate pH 7.0.
c ∆TM values were determined in the presence of 1 equivalent of DAPI.
d Binding constants were obtained at a DAPI concentration of 1-24
nM and varying olgonucleotide concentrations at 25°C in 200 mM
NaCl, 20 mM phosphate pH 7.0.
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