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Abstract: 2-(2′-Hydroxyphenyl)benzoxazole (HBO) undergoes rapid photoinduced proton transfer from the
enol-imine to the keto-amine tautomer. When incorporated in duplex DNA opposite an abasic site, HBO appears
to be a good mimic of a natural DNA base pair based on duplex stability, UV and CD spectroscopy, and
molecular dynamics simulations. In the chosen sequence context, HBO exists exclusively as thesyn-enol
tautomer, which is consistent with an environment of the model base that is dominated by neighboring
nucleobases and not by solvation. Thesyn-enol efficiently undergoes photoinduced proton transfer to the keto-
tautomer, which should allow for the study of tautomerization within the duplex DNA.

Sequence-specific base pairing in duplex DNA is encoded
by the specific hydrogen bonding (H-bonding) patterns of the
adenine:thymine (dA:dT) and guanine:cytosine (dG:dC) base
pairs. High-sequence specificity is critically dependent on the
bases existing in their keto-amino tautomers. However, each
base may be converted to its minor, but often relatively stable
enol-immine tautomer by a double proton transfer (prototropic
tautomerism, Figure 1a). These tautomeric base pairs are
physiochemically distinct, possessing different hydrogen-bond-
ing patterns and different dipole moments.1 As a result,
prototropic tautomerism may be involved in spontaneous
mutagenesis, since the H-bonding patterns of the tautomers favor
mispairing.2 In addition, prototropic tautomerism may play an
important role in the biological function of DNA3 and may also
be intimately related to the vibrational motions involved in
duplex fluctuations.4 Herein, we report a model DNA base pair
that when incorporated into DNA is efficiently tautomerized
by light absorption (phototautomerization). Thus, the model base
pair should allow for the study of tautomerization in the
biological environment of duplex DNA.

Theoretical studies of base pair tautomerization have been
reported,5 but experimental investigations have been limited by
an inability to initiate and follow proton transfer within a specific
base pair in the DNA polymer. Experiments directed at
examining tautomerization usually involve stable base analogues
that are believed to favor rare tautomers, for exampleO6-
methyguanine orN6-methoxyadenine.2 These studies are not
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Figure 1. (a) Prototropic tautomerization of a natural base pair and
(b) phototautomerization of model base pair 2-(2′-hydroxyphenyl)-
benzoxazole (HBO).
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ideal, because the base analogues are known to cause structural
perturbations to the DNA duplex. Tautomerization has also been
examined with model nucleobases, free in solution, such as
7-azaindole.6 These studies have shown that solvation may play
a central role in facilitating the prototropic tautomerization of
the free bases, either electrostatically or by direct proton
exchange with the base H-bond donors and acceptors (water-
facilitated prototropic tautomerization). However, base stacking
in duplex DNA may result in an environment that is significantly
different from that experienced by the base in solution. Overall,
base pair tautomerization may be influenced by the water located
in the major and minor grooves, as well as the details of the
duplex environment, such as nucleotide sequence and thermal
fluctuations.

2-(2′-Hydroxyphenyl)benzoxazole (HBO) is a member of a
class of compounds that are known to undergo very rapid
(subpicosecond) excited-state intramolecular proton transfer
(ESIPT).7,8 HBO may exist in two tautomeric forms, the keto
and enol tautomers (Figure 1b), whose relative stabilities depend
on the electronic state. In the electronic ground state, HBO exists
as the enol-imine tautomer, while in the first excited singlet
state the keto-amine tautomer is more stable. Therefore, light
absorption triggers a very fast tautomerization by ESIPT from

the hydroxyl group to the endocyclic nitrogen (Figure 1). The
ring structure of HBO consists of a six-membered phenol ring
covalently attached to the fused five-six membered heterocyclic
benzoxazole. If positioned correctly in DNA, opposite an abasic
site, the HBO ring structure resembles a Watson-Crick base
pair. More specifically, the HBO ground-state enol is expected
to resemble the enol-imine nucleobase tautomer, while the
excited HBO keto-tautomer is expected to resemble the keto-
amino nucleobase tautomer (Figure 1). In this manner, HBO
should serve as a phototautomerizable model base pair.

The HBO phosphoramidite was synthesized as described in
the Supporting Information. The phosphoramidite was incor-
porated into oligonucleotides 5′-CGTTTCXTTCTC and 5′-
GAGAAXGAAACG at the positions labeled X with an ABI
392 DNA/RNA synthesizer. Each oligonucleotide was then
hybridized with a complementary oligonucleotide containing an
abasic site located at the position opposite HBO, resulting in
duplexes1 and2, respectively. To examine the stability of the
model base pair the duplex melting temperature (Tm) of 1 and
2 was determined. Duplexes1 and2 melted withTm values of
38 and 34°C, respectively. The stabilities of both1 and 2
compare favorably with that of the duplex containing a natural
dA:dT pair at the same position,Tm ) 39 °C. The higher
stability of HBO in1 may result from the increased overlap of
the benzoxazole fragment with flanking pyrimidines (dA and
dG) in this sequence context. However, in both sequence
contexts, the duplex stability implies that HBO is paired stably
opposite the abasic site, suggesting that HBO is stabilized by
interstrand hydrophobic packing without significant distortions
of the neighboring base pairs. These conclusions are further
strengthened by circular dichroism studies (Supporting Informa-
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Figure 2. Distance fluctuations in duplex1 containing HBO paired opposite an abasic site over the final 250 ps of simulation. Distancesr1, r2, and
r3 (upper left panel) correspond to those labeled in the figure. The C1′-C1′ distance (lower left panel) corresponds to the distance between the C1′
sugar carbons at the model and flanking base pairs.
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tion). CD spectra of duplex1, as well as the single stranded
oligonucleotide, demonstrate right-handed helix formation with
a structure similar to that of the A-form duplex.

To further understand the structure of duplex1, we conducted
molecular dynamics simulations using AMBER 6.9 The Cheatham
et al.10 force field was used, which is a slight modification of
the Cornell et al. force field.11 Atom charges for HBO were
generated from electrostatic potential fitting using the Jaguar
program,12 at the 6-31G* level. The simulation was run from
two starting structures corresponding to HBO in intercalated
or extrahelical (rotated by 45° relative to helical axis) configura-
tions. The DNA was solvated in a box of explicit water
molecules with neutralizing sodium counterions. The DNA
structures were first minimized, followed by water and sodium
ion equilibration. A 2 nsconstant volume production run was
then executed at 300 K. No significant differences were found
in the average structures which resulted from the two starting
configurations. The trajectories were stable and predict that the
DNA remains in a double helix structure with occasional fraying
of base pairs at the duplex termini. Most importantly, the
remaining base pairs, including those flanking HBO, were not
fluctional and remained H-bonded throughout the simulation
(Figure 2). HBO fluctuations were larger than those of the
flanking base pairs (Figure 2), probably due to the absence of
a covalent linkage between HBO and the abasic furan ring.
Regardless, HBO remained intercalated throughout the simula-
tion with the benzoxazole ring well stacked between the flanking
bases of the opposite strand. There were two significant
distortions in the DNA duplex resulting from the model base
pair. The C1′-C1′ distance between nucleoside sugar rings of
the HBO:abasic pair was greater than that for the natural pairs
(Figure 2) leading to a slight (∼20%) widening of the minor
groove as monitored by the closest phosphate distance. This is
consistent with the structure apparent in the CD spectra, as
discussed above. There was almost no change in the base pair
rise; however, there was a slight (4 degree) decrease in helical
twist at the model pair. Overall, the simulations predict that
the structure of duplex DNA containing the model base pair is
not significantly perturbed and implies that HBO paired opposite
an abasic site is a good mimic of a natural base pair (Figure 3).

The photophysics of HBO is known to be complicated by
solvent-dependent conformational isomerism.7 The syn-enol
(intramolecular O-H-N hydrogen bond),anti-enol (intra-
molecular O-H-O hydrogen bond), and in polar protic solvents
the “strongly solvated enol” (intermolecular hydrogen bonding
with solvent) are each observable in different solvents and have
unique spectroscopic signatures. The more polar protic solvents
favor the “strongly solvated enol” that is characterized by a long-
wavelength absorption band (∼375 nm) with a minimally
Stokes-shifted emission band (∼428 nm). In less polar solvents,
thesyn- andanti-enols dominate, and both exhibit characteristic
absorption maxima at approximately 334 nm, while only the
syn-enol shows a large Stokes-shift (emission maximum∼500
nm) due to ESIPT.

The steady-state absorption and emission spectra of HBO
were measured in hexane, DMSO, and pyridine, as well as in

the DNA duplex1. Spectra of1 (3 µM) were measured in 10
mM phosphate buffer (pH 7.0) and 100 mM NaCl. Our results
for free HBO in each solvent agree well with previously reported
data.7 In double-stranded DNA, with the sequence context of
duplex 1, HBO exists exclusively as thesyn-enol (Figure 4).
This assignment is demonstrated by the 338 nm absorption
maximum characteristic of thesyn-enol in a hydrophobic
environment, the absence of a red shifted absorption (∼375 nm)
corresponding to a “strongly solvated”anti-enol, and the
presence of a single, strongly Stokes-shifted fluorescence peak
at 500 nm. The absence of a “strongly solvated” enol, even in
aqueous solution, implies that the model base pair is sequestered
in a very hydrophobic environment, and may be well shielded
from the solvent. Alternatively, the electrostatic environment
of DNA may sufficiently bias HBO in favor of thesyn-enol. In
either case, the environment of the model base pair appears to
be dominated by interbase packing effects within the duplex
and not by solvation effects, despite the availability of waters
of solvation in both the major and minor grooves.13

In summary, HBO paired in duplex DNA opposite an abasic
site appears to be a good mimic of a natural DNA base pair.
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Figure 3. The average structure of duplex1 over the entire 2 ns of
simulation.
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The duplex DNA containing the model base pair is only
marginally destabilized, and is significantly more stable than a
mispair between bases. In addition, the CD spectra and the
simulations show a duplex that is structurally and dynamically

very similar to native DNA. Moreover, each tautomeric form
of HBO has a characteristic spectral signature that accurately
reports on the prototropic tautomerism of the model base pair.
The steady state absorption and fluorescence data are consistent
with an HBO environment that is very hydrophobic, implying
that HBO efficiently interstrand packs and fills the space vacated
by the abasic site. The steady state spectra also show that in
duplex DNA, HBO exists exclusively as thesyn-enol, and
efficiently undergoes ESIPT, resulting in the keto-tautomer.
Therefore, the model base pair should allow for a fast tautomer-
ization within the duplex, free from complicating structural
effects. Time-resolved experiments are currently underway to
determine the kinetics of the proton transfer and the lifetime of
the resultant HBO-keto tautomer, as well as any sequence
dependencies.
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Figure 4. Absorption and fluorescence spectra of HBO in hexane (solid
line), DMSO (dashed line), pyridine (dotted line), as well as duplex1
(solid circles). The excitation wavelength was 334 nm.
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