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Abstract

[2,2'-Bipyridyl]-3,3’-diol (BP(OH),) is known to undergo excited state intramolecular double proton transfer in solution. Steady state absorption
and fluorescence spectra of BP(OH), were studied here in solvents of varying polarity and hydrogen bonding capability, and in binary mixtures
of p-dioxane/water in order to test its applicability as a model base pair. Unique absorption due to water solvation was observed in the region of
400-450 nm. Only the di-keto-tautomer fluoresces in all the solvents studied here. A large blue-shift in the fluorescence band due to intermolecular
hydrogen bonding was observed in polar, protic solvents which increases with increasing solvent polarity. Results from the absorption spectra in
the binary mixtures were fitted to a binding isotherm model and three water molecules were found to solvate each of the two hydrogen bonding
centers in BP(OH),. Molecular dynamics simulations were performed for a dodecamer duplex DNA containing BP(OH), as a model base pair
in the center of the duplex. The results of the simulations indicate that BP(OH), can serve as a good mimic of a natural base pair with no major
perturbation to the helical structure’s stability. One of the two hydrogen bonds in BP(OH), resides in the major groove of the duplex DNA, whereas
the other one is situated in the minor groove. The preferential stacking between the flanking base pairs of duplex DNA and its unique spectroscopic
features in water make BP(OH), a potential probe for tautomerization in DNA and a possible sensor for water accessibility in the major and minor

grooves of DNA.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The DNA structure was originally proposed by Watson and
Crick to comprise a double helix [1]. Hydrogen bonding and
stacking interactions maintain the DNA double helix struc-
tural pattern. The hydrogen bonding patterns of adenine:thymine
(dA:dT) and cytosine:guanine (dC:dG) determine the sequence-
specific base pairing in duplex DNA. The keto-amine tautomers
are the dominant base pair forms which are responsible for high-
sequence specificity in duplex DNA. Double-proton transfer
reaction along two parallel hydrogen bonds joining the DNA
chains could originate rare tautomers as shown in Fig. 1a [1-4].
Although these enol-imine rare tautomers are relatively unsta-
ble, their existence may be longer than the DNA unwinding and
strand separation processes. This can cause a spontaneous or
induced base mispairing in DNA [5]. If undetected by the DNA
repair machinery, this violation of proper Watson—Crick pairing
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might cause an alteration of the genetic code leading to point
mutations [1,6].

Despite its potential importance, tautomerization in DNA has
not been well-characterized experimentally due to the inabil-
ity to selectively initiate and follow a proton transfer reaction
in a specific base pair without disturbing the other base pairs
in the DNA polymer. Experiments directed at examining tau-
tomerization usually involve stable base analogues that are
believed to favor rare tautomers, such as O°-methyguanine or
N6-methoxyadenine [5]. These studies are not ideal, because the
base analogues are known to cause structural perturbations to the
DNA duplex. On the other hand, a variety of molecules which
have intramolecular hydrogen bonds can be studied as model
base pairs. These molecules may be photoexcited to undergo
proton transfer [7,8]. This process is known as Excited State
Intramolecular Proton Transfer (ESIPT) (for a recent review
see Ref. [9]). Molecules that can undergo ESIPT allow for the
controlled initiation and subsequent time-dependent characteri-
zation of both the H-bond itself and the proton transfer process.

We have recently proposed one such molecule, 2-(2'-
hydroxyphenyl)benzoxazole (HBO), as a structural mimic of
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Fig. 1. (a) Tautomerization in natural base pairs. (b) Tautomerization in BP(OH), model base pair after single proton transfer (PT1) and double proton transfer (PT2).
The zigzag lines represent the sugar connections to the natural base pairs, and to the proposed C-atom in BP(OH)5.

a DNA base pair for which tautomerization may be initiated at
a defined time and position within duplex DNA [10-13]. We
characterized HBO in time and frequency domains in solution
[12,13] as well as incorporated in DNA [10,11,13]. In contrast
to other model base pairs, such as dimers of 7-azaindole [14],
HBO can be incorporated into duplex DNA in a way which
aligns the hydrogen bond of HBO with the hydrogen bonds of the
flanking bases [10]. Therefore, HBO may be used to probe the
biologically relevant duplex environment. However, it is impor-
tant to keep in mind the strengths and weaknesses of HBO as
a model. Some structural and electronic properties of HBO in
DNA are expected to be different from a Watson—Crick base
pair due to the fact that the phenyl and benzoxazole rings of
HBO are connected by one covalent and one H-bond, while
the natural pyrimidine and purine rings are connected only
by H-bonds. However, as a model of a DNA base pair, HBO
has several advantages. HBO is easily incorporated into duplex
DNA without a strong perturbation of the duplex [10]. Addi-
tionally, the change in magnitude and orientation of the HBO
dipole moment upon phototautomerization is expected to be

similar to that which occurs during natural tautomerization
[10,11].

In an effort to narrow the gap between a model base pair and
natural DNA base pairs in terms of structural similarities and
properties, a new base pair model is proposed here. The [2,2'-
bipyridyl]-3,3’-diol (BP(OH),) molecule (shown in Fig. 1b) is
known to undergo an extremely fast Excited State Intramolec-
ular Double Proton Transfer (ESIDPT) in solution [15]. As
shown in Fig. 1b, BP(OH), possesses two internal hydrogen
bonds which makes it a better representation of a natural DNA
base pair than HBO. These hydrogen bonds have been detected
by NMR [16] and IR [17] spectroscopy. In solution at room
temperature, BP(OH); absorbs in the region of 350 nm yet fluo-
resces strongly in the green. If incorporated in duplex DNA, this
allows for a selective photoinduced tautomerization in BP(OH);
without disturbing the duplex natural base pairs. Quantum
yields of fluorescence in the order of 0.2-0.4 were observed
in different solvents at room temperature with lifetimes of a
few ns [15,18-21]. Comparison of the absorption and emission
properties of BP(OH), with related systems possessing only
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one hydrogen bond reveals that the second hydroxyl group is
essential to the observation of the strong green emission. This
molecule is also planar in crystalline form [22] and is expected
to retain its planarity in solutions of non-interacting solvents
because of the two strong intramolecular hydrogen bonds. This
planarity is expected to allow maximum interaction with flank-
ing bases upon incorporation in duplex DNA, and minimum
structural perturbation to the helical structure. Electro-optical
absorption and emission and calculated excited state dipole
moments show that the dipole moments of the di-enol (DE) and
the di-keto (DK) tautomers are negligible, whereas it is 4.0-4.9
D for the mono-keto (MK) tautomer [23,24].

Over the past decade, a wealth of knowledge has been
obtained about the dynamics of the ESIDPT in BP(OH), due
to the ability to resolve the ultrafast proton transfer dynam-
ics in subpicoseond and femtosecond time regimes. Several
experimental [25-29] and theoretical [30-33] studies have char-
acterized the ultrafast dynamics in BP(OH),. Of central interest
is whether the protons are transferred simultaneously (concerted
process) or sequentially (two-step process). In the latter case,
the MK tautomer form should appear as an intermediate. From
the analysis of the fluorescence decays, it was concluded that
the double proton transfer in photoexcited BP(OH), occurs
through both a concerted and a stepwise mechanism [25]. By
careful selection of the excitation wavelength, an energy bar-
rier was ascertained in the first stage of the stepwise mechanism
which was estimated to be 2600 cm™! [26]. In sol—gel glasses
as a restricted matrix, the barrier height was estimated to be
~300cm™! [27].

The effect of solvent on the MK to DK proton transfer dynam-
ics in BP(OH), was studied in protic and aprotic solvents [28].
In aprotic solvents, no influence of the nature of the solvent, tem-
perature and deuteration of the hydroxyl groups on the proton
transfer dynamics was found. In protic solvents, however, the
proton transfer time is found to change proportionally with the
viscosity coefficient of the solvent. It was concluded that proton
transfer is promoted by several intramolecular modes in apro-
tic solvents, whereas in protic solvents the effect of interactions
of BP(OH); with neighboring solvent molecules on the excited
state potential energy surface play a crucial role in transferring
the second proton. No tunneling mechanism was visible from
the deuterium effect on the proton transfer dynamics. However, a
slowing down in the second proton transfer rate was correlated to
the higher viscosity of deuterated solvent as compared to its pro-
tonated analogue [28]. Anisotropy measurements show that the
disappearance of the di-enol tautomers is a (quasi-)barrierless
process [29].

In this paper, the BP(OH), molecule is examined as a poten-
tial model for a natural base pair to study tautomerization in
DNA. We examine the solvent effects on the absorption and
fluorescence spectra of BP(OH),. The study is carried out in
different solvents of varying polarity and hydrogen bonding
capability, and in binary solvent mixtures of p-dioxane and
water. p-dioxane and water are miscible in all proportions thus
provide the opportunity to study the effect of a broad range of
solvent polarity. Their mixtures show non-ideal behavior and are
proposed as media to study probes in microenvironments similar

to these encountered in vesicles and at interfaces [34]. Although
p-dioxane consists of a set of two identical CH,—O-CH> polar
groups at a short distance from each other, its average dipole
moment is almost zero due to the fact that the two groups oppose
each other in the molecular configuration [35]. In that aspect, p-
dioxane resembles the interior of the DNA environment in which
local dipolar base pairs exist at short distances from each other.
On the other hand, water is important as a natural solvent in
biological systems and exists in the major and minor grooves of
DNA. Combining the two solvents in a mixture, the role played
by p-dioxane in protecting the solute molecule in the first solva-
tion shell against the approach of proton donor species (water)
resembles the stacking inside DNA which prevents the base pairs
from exposure to water in the major and minor grooves of the
duplex.

We then model BP(OH); in a DNA duplex structure similar
to that used for the HBO model [10], and we discuss the stability
of BP(OH); when it is incorporated into the duplex by molecular
dynamics simulations. Finally, we discuss the unique spectro-
scopic features of BP(OH), in water and how they can make the
BP(OH), molecule a potential probe to study tautomerization in
DNA, and a possible water sensor in the DNA minor and major
grooves.

2. Experimental and theoretical methods

BP(OH); (98%) was obtained from Aldrich Chemical Co.,
Inc. and was used without further purification. All solvents
(spectroscopy grade) were purchased from Aldrich. Millipore
water was used. The concentration of BP(OH), in solution was
10 wM. Absorption spectra were obtained with an HP 845x
Diode Array spectrophotometer. Fluorescence spectra were
recorded on a Shimadzu RF-5301 PC spectrofluorophotome-
ter. In all the experiments, samples were contained in a 1 cm
path length quartz cell and the measurements were performed
at room temperature.

Geometry optimization and atomic charges (from electro-
static potential fitting) of BP(OH); nucleotide were carried out
using the GAMESS program [36] at the 6-31G* level of calcula-
tions. The crystal structure of BP(OH), was used as the starting
geometry [22]. The pyridyl rings of BP(OH); remained copla-
nar as predicted by the crystal structure [22] and by other ab
initio calculations [37,38]. The derived charges were then used
for the BP(OH), nucleotide in the molecular dynamics simula-
tions. The latter was performed using the AMBER 8 program
[39]. The Cheatham et al. force field [40,41] was used.

3. Results
3.1. Steady state spectra in different solvents

In order to fully interpret the effects of the biological envi-
ronment on the spectroscopy of BP(OH); as a model base pair
it is important to understand the spectroscopy of BP(OH); in a
variety of simple solvent environments of varying polarity and
hydrogen bonding capability.
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Fig. 2. Absorption (solid lines) and fluorescence (dashed lines) spectra of
BP(OH), dissolved in different solvents as indicated. The excitation wavelength
was 344 nm.

The absorption and fluorescence spectra of BP(OH); in dif-
ferent solvents are shown in Fig. 2 in the spectral region from
250 to 650 nm. The dielectric constants (&) and the empirical
parameters of solvent polarity (7”) are shown in Table 1 for
the solvents used here. A solvent such as p-dioxane, which
appears to be non-polar according to its static dielectric constant
(¢=2.21), has a high solvent polarity parameter (7" =0.55). p-
Dioxane has two CHy—O-CH; groups opposite to each other
which results in a net zero dipole moment. Hence, it is consid-
ered a non-dipolar solvent. However, p-dioxane exhibits a large
quadrupole moment [35] which is reflected in the 7" parameter.
In all the solvents used, the position of the absorption maximum
of the DE tautomer is almost the same. This is explained by the
absence of any measurable solvatochromic effect due to the very
low dipole moment of the DE tautomer [23,24]. In water, the
absorption spectrum shows two new peaks with maxima at 409

Table 1
Solvent parameters and fluorescence spectral maxima of BP(OH);

Solvent Dielectric 7" [42) Fluorescence spectral
constant (&) at maximum (nm)
25°C [42]

Cyclohexane 2.02 0.00 498

p-Dioxane 221 0.55 497

Acetonitrile 35.94 0.75 493

Methanol 32.66 0.60 476

Water 78.30 1.09 462

and 435 nm. The origin of these two peaks is due to the disruption
of the intramolecular hydrogen bonds in BP(OH), and the for-
mation of intermolecular hydrogen bonds with water molecules
(vide infra). In the fluorescence spectra, ESIDPT results in a
highly fluorescent zwitterionic DK, with a large stokes shift (ca.
7500 cm™! in aprotic solvents, Fig. 2). The fluorescence peak
maxima are shown in Table 1 for each solvent. In aprotic sol-
vents, the fluorescence peak position remains almost unchanged.
In methanol, however, the fluorescence peak is blue-shifted by
ca. 725cm~! from that in acetonitrile. Since methanol is less
polar than acetonitrile, this blue-shift must derive from inter-
molecular hydrogen bonding interaction between BP(OH); and
methanol in the excited state potential energy surface as sug-
gested by Marks et al. [28]. The blue-shift is more pronounced
in water (ca. 1361 cm™! from that in acetonitrile) due to the
stronger hydrogen bonding character of water [42].

To further understand the effect of water on the steady state
spectra of BP(OH),, we investigate next the spectral change in a
binary mixture of p-dioxane/water. This mixture was chosen in
order to follow the effect of changing the environment around
the guest molecule from weakly polar, aproic (p-dioxane) to
highly polar, protic (water) conditions. These solvent-induced
environments resemble biological environments as mentioned
earlier.

3.2. Steady state spectra in p-dioxane/water binary
mixtures

The absorption spectra of BP(OH); in the p-dioxane/water
binary mixtures are shown in Fig. 3 for different water content.
The spectra show a decrease in the absorbance intensity of the
peak at 344 nm as water content increases with a concomitant

wr—r—m——r————7——"—"—7—

0.8

0.6

Absorbance

0.4

0.0

Fig. 3. Absorption spectra of BP(OH); in p-dioxane/water binary mixtures. The
arrows indicate increasing water content. The water volume fraction (V) ranged
from O to 0.98.
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appearance of new absorption in the region of 400450 nm. A
peak at 409 nm grows in intensity as water volume fraction (V)
increases. As water content increases beyond a volume fraction
of 0.65, a second peak emerges at 435 nm. An isosbestic point
at 375 nm can be clearly seen up to a water volume fraction of
0.65. As the water volume fraction increases beyond 0.65, the
absorption spectra no longer pass through the isosbestic point
and the absorbance at 344 nm decreases dramatically. The exis-
tence of an isosbestic point is likely due to the presence of one
equilibrium reaction between BP(OH), and water, producing the
BP(OH),:(H>0), complex as observed in other systems [43],
where x is the number of water molecules in the complex. At
water volume fractions higher than 0.65, another equilibrium
starts to emerge due to more water molecules (y) being added to
the above complex. These two equilibria are expressed as:

BP(OH), + xH,0 = BP(OH),: (H,0), (1)
BP(OH);: (H20), + yH,O = BP(OH),: (H20)x+y )

The molecular structure of BP(OH); suggests that the first equi-
librium is due to the solvation of one of the two hydrogen
bonding centers in BP(OH), by water, while the other equi-
librium results in solvation of the second center.

For the above model of solvation to be valid, we should con-
sider the following assumption. Increasing the water content
changes the absorption spectra (and the fluorescence spectra,
vide infra). This change is due to local solvating water molecules
(xand y in Egs. (1) and (2)) interacting with the hydrogen bond-
ing centers. In this case, water molecules in the first solvation
shell will only participate by certain x and y numbers and the
rest of the water molecules will have the same effect as the bulk
water molecules.

Solvation of BP(OH),; by water molecules may be repre-
sented by the following relationship:

[BS,]
[B]

= KegIST" 3)

where [BS, ] represents the concentration of solvated BP(OH)»
by water molecules, [B] the concentration of unsolvated
BP(OH);, [S] the water concentration, n represents the total
number of water molecules in the first solvation shell involved
in solvating the two hydrogen bonding centers (x+y), and Keq
is the total equilibrium constant. An expression relating the rel-
ative concentrations to the observed absorbance (Agps), and to
the absorbances of solvated BP(OH), (Ags,) and unsolvated
BP(OH); (Ap) is given by [44]:

[BSn] _ Aobs - AB

= “4)
[B] ABS,, - Aobs
Combining Egs. (3) and (4), one obtains the expression:
AB + KeqAgs, [S]"
Acbs = = (5)

1 + Keg[ST"

Eq. (5) (often referred to as “binding isotherm”) can be used
to describe the observed change in the absorbance as a func-
tion of water concentration. As shown in Fig. 3, the change in

the peak intensity at 344 nm and the fact that there is no solva-
tochromic shift make it possible to apply Eq. (5) to describe this
change as a function of water concentration. It should be men-
tioned here that if more than one species exist in the ground state
in which they contribute to the overall intensity at 344 nm, this
may complicate the quantitative analysis using Eq. (5) to extract
the total number of solvating water molecules (). Johansson
et al. varied the temperature of a solution of BP(OH); solvated
in water [45]. As the temperature was elevated, they detected
an increase in the peak intensity at 344 nm, a decrease in the
intensity of the peaks at 400-450 nm, and the existence of an
isosbestic point. They also measured only one magnitude and
one direction of the transition dipole moments for these peaks.
The authors indicated that the results are compatible with only
one species of a given symmetry, the ground state of which has
two minima. The presence of the two minima is due to inter-
actions with the solvent molecules. Accordingly, the decrease
in the peak intensity at 344 nm seems to be a good measure for
how water solvates the BP(OH); molecule.

A plot of the absorbance change at 344 nm as a function of
water volume fraction shows asymptotic behavior at low water
content which starts to fall off sharply at water volume frac-
tion around 0.65. The data are shown in Fig. 4 along with the
non-linear least-squares fit to Eq. (5). The best fit yields n =6.15
which suggests that six water molecules are needed in order to
solvate the BP(OH), molecule. Giving the symmetrical geome-
try of BP(OH),, three water molecules can be assumed to solvate
each hydrogen bonding center (i.e. x=y =3 in Egs. (1) and (2)).
Using ab initio and semiempirical methods, Carballeira and
Perez-Juste found that two water molecules interact with each

[H,01 M
0 10 20 30 40 50

Absorbance (relative intensity)
T

PR T T R R

PRI [T S T T [N S S T S B
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Fig.4. Absorbance change at 344 nm for BP(OH); as a function of water volume
fraction (bottom axis) and water concentration (top axis) in the p-dioxane/water
binary mixtures. The solid line is the best non-linear least-squares fit to Eq. (5).
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hydrogen bonding center of BP(OH); [38]. In other systems, the
presence of water was found to disrupt the intramolecular hydro-
gen bond in the Piraxicam drug by forming a complex between
Piraxicam and 2.5 0.2 water molecules [43]. Lee et al. found
that proton dissociation from 1- and 2-naphthol (with only one
proton transfer center) depends on the presence of a specific
water cluster composed of a minimum of four water molecules
[46]. Similar results were also observed for 1-naphthol-2-
sulfonic acid (possessing an intramolecular hydrogen bond) in
which proton dissociation is suggested to be controlled by reori-
entational motions of the adjacent water molecules and requires
a common (HyO)44 cluster as the proton acceptor [47].

The ability of p-dioxane/water binary mixture to donate
hydrogen bonds is evaluated, using Kamlet-Taft parameter ¢, to
be very poor for lower water concentrations [43,48,49]. Above
25M concentration of water, this ability increases rapidly and
approaches the behavior in pure water. This is manifested in
Fig. 4 in which the sharp decline in the absorption intensity
of the 344 peak starts at water concentration between 25 and
30M.

Different levels of calculations show that solvation of
BP(OH), by water slightly stabilizes the DK tautomer with
respect to the DE tautomer in the ground state [32,38]. This
can be explained by the zwitterionic nature of the DK tautomer
which is more favorable in polar solvents. The first solvation step
represented by Eq. (1) is not expected to produce the MK tau-
tomer. This is because of the absence of any solvatochromic
shifts in the absorption spectra of the peak at 409 nm as a
function of increasing water content. Hence, the two peaks at
409 and 435nm observed here in water are due to the sol-
vated DE tautomer or the solvated DK tautomer in the ground
state.

The steady state fluorescence spectra were recorded for the
same binary mixtures after excitation at 344 nm and are shown in
Fig. 5. By increasing the water content, an increase in the fluores-
cence peak intensity is observed accompanied by a blue-shift. An
isoemissive point at 512 nm exists in the range of water volume
fractions from 0.1 to 0.65. The fluorescence spectral intensity
decreases and the spectra no longer pass through the isoemissive
point for volume fractions of water larger than 0.65, confirming
the presence of one equilibrium at water volume fractions up
to 0.65 and two equilibria at higher water content. The inset in
Fig. 5 shows the change in the fluorescence peak intensity as a
function of water volume fraction. As shown in Fig. 5, no new
peaks were observed in the fluorescence spectra as the water con-
tent increases. Changing the excitation wavelength has no effect
on the fluorescence band shape. This indicates the existence of
one tautomer in the excited state which is the DK tautomer.
From the time-resolved fluorescence measurements, Rurack et
al. [50] showed that upon excitation (in neutral water) the dif-
ferent Franck—Condon tautomers undergo rapid transformation
to produce the emissive DK tautomer. The existence of only one
fluorescence peak indicates also that there are no anion products
and that the protons stay intact with the BP(OH), moiety [51].
This is in agreement with the one major decay (>98%) parame-
ter observed in the time resolved fluorescence measurements of
BP(OH), in water [50].

Fluorescence (relative intensity)
.
.

0.0 0.2 04 0.6 08 1.0

=
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L B L L
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Fig. 5. Fluorescence spectra of BP(OH); in p-dioxane/water binary mixtures.
The arrow indicates increasing water content. The water volume fraction (Vy,)
ranged from O to 0.98. The inset shows the fluorescence peak intensity change
of BP(OH), as a function of increasing water volume fraction in the p-
dioxane/water binary mixtures.

Volume fractions of water higher than 0.85 result in a slight
decrease in the intensities of the absorption peaks at 409 and
435 nm (Fig. 3). This observation may be attributed to the forma-
tion of water aggregates around the BP(OH), molecule. Similar
effects were observed in the fluorescence spectra after excitation
at 409 or 435 nm (data are not shown).

3.3. Molecular dynamics simulations

Modeling BP(OH); inside a DNA duplex was performed
by conducting molecular dynamics simulations using AMBER
8 program [39]. The DNA structure used in the simulations
was similar to that reported for the HBO model [10], by
replacing the HBO molecule by the BP(OH), molecule. The
resulted duplex structure was composed of the oligonucleotide
“5'-CGTTTCXTTCTC”, where X represents the position of
the BP(OH); molecule in the dodecamer. The complementary
oligonucleotide contains an abasic site located at the position
opposite to BP(OH),. Geometry optimization at the 6-31G*
level was carried out from the starting conformation of the
BP(OH), nucleotide including the base and the sugar. Elec-
trostatic potential fit to atomic centers was used to derive the
charges. The atomic charges used for BP(OH);, nucleotide are
included in the supplementary materials (Fig. S1). The derived
charges for BP(OH), were then used in the molecular dynamics
simulations. The equilibrium bond and angle terms in simu-
lations were based on the geometry optimized structure, with
force constants approximated from the Cheatham et al. force
field [40,41].

The duplex DNA was then solvated in a box of explicit water
molecules with neutralizing sodium counter ions. The DNA
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Fig. 6. Distance fluctuations in duplex DNA containing BP(OH), paired opposite an abasic site over the final 250 ps of molecular dynamics simulations. Distances
R1, R2, and R3 (upper left panel) correspond to those labeled in the figure. The C1’'—C1’ distances (upper right panel) correspond to the distances between the C1’

sugar carbons at the model and at the flanking base pairs.

structure was first minimized, followed by water and sodium ion
equilibration. A 2 ns constant volume production run was then
executed at 300 K. The trajectories were stable and predict that
the DNA remains in a double helix structure. Most importantly,
all the base pairs, including those flanking BP(OH),, were not
fluctional and remained H-bonded throughout the simulations.
Fig. 6 shows the distance fluctuations of BP(OH), from its paired
abasic site and the fluctuations in the hydrogen bonding distances
in the flanking base pairs over the final 250 ps of the simulations.
BP(OH); itself is seen to undergo limited fluctuations during
simulations. The motion corresponds to slipping of BP(OH),
within the duplex and probably results from the absence of a
covalent linkage between BP(OH), and the abasic furan ring.
Regardless, BP(OH); remains intercalated throughout the simu-
lations with its unconnected pyridine ring well stacked between
the flanking bases of the opposite strand. The only other sig-
nificant distortion which occurred in BP(OH); is shown in the

C1’-C1’ distance in Fig. 6 in which the duplex shows a slight
(~15%) widening of the minor groove. This is again due to the
covalent linkage connecting BP(OH); to only one strand. Over-
all, the simulations predict that the structure of duplex DNA
containing the model base pair is not significantly perturbed and
imply that BP(OH), paired opposite an abasic site is a good
mimic of a natural base pair. The average structure of duplex
DNA over the entire 2 ns simulations is shown in Fig. 7 with the
hydrogen atoms removed for clarity. In this structure, the long
axis of the molecular plan of the BP(OH), molecule makes an
angle of 85° with respect to the helical long axis. The short axis
of the BP(OH); molecular plan is almost perpendicular to the
helical long axis. This geometry positions one of the hydrogen
bonds of BP(OH); in the major groove and the other one in the
minor groove of the DNA. The final 250 ps of the simulations
for all the base pairs are included in the supplementary materials
(Figs. S2 and S3).
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Fig. 7. The average structure of the dodecamer duplex containing the BP(OH)»
model opposite an abasic site over the entire 2 ns of molecular dynamics simu-
lations. Hydrogen atoms were removed for clarity.

4. Discussion

The excited state proton transfer reaction in BP(OH); occurs
along the H-bonds and was found to depend strongly on the
coplanarity of the molecular system. By employing different
levels of theoretical calculations, both the DE and DK tautomers
were predicted to be planar in Sg and S states [30-32,38]. The
deriving force of this reaction was reported to be due to a charge
redistribution in the excited state in which the nitrogen het-
eroatoms become more positively charged and the oxygen atoms
of the two hydroxyl groups become negatively charged, leading
to a zwitterionic DK [38]. The new N*—H---O~ hydrogen bonds
in DK (see Fig. 1) are expected to restrain rotation around the
inter-ring bond which keeps the molecular structure planar for
the DK tautomer. Fig. 2 shows that, unlike in other intramolecu-
lar hydrogen bonded systems [12], no primary fluorescence was

observed from the absorbing DE tautomer of BP(OH), even in
polar protic solvents. This observation, along with the copla-
narity of the DK tautomer, explains the efficient fluorescence
from the excited DK tautomer [15,18-21].

As a model base pair, BP(OH), shows promise based on
the following facts. BP(OH), can be selectively excited in the
presence of natural bases because its absorption bands occur at
longer wavelengths. The molecular size of BP(OH), is smaller
than any combined natural base pairs. Thus, if BP(OH); is incor-
porated in a DNA duplex from the carbon position shown in
Fig. 1 pairing with an abasic site, only minimum perturbation
is expected to the overall stability of the duplex as shown by
the molecular dynamics simulations presented above. Also, the
coplanarity of the BP(OH); molecule discussed above is impor-
tant in minimizing the effect of structural perturbation inside a
DNA duplex, and is expected to stabilize the duplex helical struc-
ture by providing through-space interactions with the flanking
bases. The two intramolecular hydrogen bonds in the BP(OH)»
molecule make it a better mimic of a natural base pair than,
for example, HBO [10]. Furthermore, the average structure of
the simulations presented in Fig. 7 shows that the geometry of
the BP(OH), molecule in the duplex positions one hydrogen
bond in the minor groove and the other one in the major groove,
thus providing a good probing of the fluctional motion of DNA.
The change in the dipole moment for only the MK tautomer
may preferentially stabilize this form in a DNA duplex due to a
selective interaction with the local dipoles of the flanking base
pairs. Also, the structures of the hydrogen bonds in the DK tau-
tomer and one of the two hydrogen bonds in the MK tautomer
of BP(OH); show a better alignment with those of the flanking
base pairs than in the case of the DE tautomer (see Fig. 1). This
may act as a probe of through-space interactions between the
hydrogen bonding centers of the base pairs in DNA. In addition,
the structure of the DK tautomer in the excited state resembles
the ground state structure of the keto-amine natural base pair
tautomers (Fig. 1). If through-space interactions dominate in
duplex DNA, this may stabilize the DK tautomer in the excited
state and eventually increase its lifetime as compared to its life-
time in solution. In the HBO model base pair, the keto lifetime in
DNA increased 17-fold over the keto lifetime in n-hexane [11].
In the case of BP(OH),, the presence of two hydrogen bonds
may induce more effect on the DK tautomer lifetime in DNA.

The spectral changes due to water solvation reveal impor-
tant features for BP(OH), as a model base pair. The absorption
peaks due to water solvation in the ground state (see Fig. 2) may
act as a probe of how BP(OH), will orient itself inside DNA.
Since the two peaks at 409 and 435 nm are due to water com-
plexes with BP(OH),, these peaks can be used as a probe of the
accessibility of the BP(OH); molecule to water in the minor and
major grooves. The difference in the absorption behavior after
solvation of each hydrogen bonding center in BP(OH); (Fig. 3)
will also make it possible to distinguish water accessibility from
one or both grooves in DNA. Furthermore, the large blue-shift
(36 nm) in the fluorescence peak of the DK tautomer in going
from a non-polar, aprotic solvent (cyclohexane) to a strongly
polar, protic solvent (water) makes BP(OH); a unique probe in
biological systems using fluorescence measurements.
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Finally, the size effect of the BP(OH), molecule on the sta-
bility of DNA duplex deserves mentioning. From the molecular
dynamics simulations presented here, no major perturbation is
caused to the helical structure by the presence of BP(OH),.
Increasing the molecular size by substituting a side chain in
BP(OH); is a possible mechanism to maximize interactions with
the flanking bases. Borowicz et al. [52,53] reported that sim-
ple methyl substitution in one or more positions in BP(OH),
leaves the photophysics of the double-proton transfer mecha-
nism almost unchanged.

5. Conclusions

The steady state absorption and fluorescence spectra of
BP(OH), were studied in solvents of varying polarity and hydro-
gen bonding capability. In all the solvents studied here, no
solvatochromic shift was observed in the absorption spectra. In
water, solvation of the hydrogen bonding centers of BP(OH),
results in two new absorption peaks in the red edge of the absorp-
tion spectrum. A blue-shift in fluorescence was only observed in
polar, protic solvents due to intermolecular hydrogen bonding
between BP(OH), and the solvent. In p-dioxane/water binary
mixtures, the intensities of the two new absorption peaks are
enhanced and the fluorescence peak of the DK tautomer shows a
blue-shift as the water content increases. The data were analyzed
using a binding isotherm model. The analysis shows that six
water molecules are needed to solvate the two hydrogen bond-
ing centers in BP(OH),. Given the symmetrical structure of the
BP(OH); molecule, three water molecules solvate each center.
Molecular dynamics simulations were performed for a duplex
DNA containing BP(OH); as a model base pair. The results of
the simulations indicate that BP(OH), is a good mimic of a nat-
ural base pair with no major perturbation to the stability of the
helical structure. One of the two hydrogen bonds in BP(OH),
resides in the major groove of the duplex DNA, whereas the
other one is situated in the minor groove. The unique spectro-
scopic features in water as a solvent make BP(OH); a potential
probe for tautomerization in DNA and a possible sensor for water
accessibility in the major and minor grooves of DNA. It is antic-
ipated that the work described here may serve as a stimulus to
incorporate this model in DNA for such study.
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