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Abstract Molecular beacon is a DNA probe containing a
sequence complementary to the target that is flanked by self-
complementary termini, and carries a fluorophore and a
quencher at the ends. We used the fluorescein and dabcyl as
fluorophore and quencher respectively, and studied with DFT
calculations at the GGA/DNP level, and taking into account
DFT dispersion corrections by the Grimme and Tkatchenko-
Scheffler (TS) schemes, the distance, where the most favor-
able energetic interaction between the fluorophore and
quencher in conjugated form occurs. This distance occurs at
a separation distance of 29.451 A between the centers of
Dabceyl and fluorescein employing the TS DFT dispersion
correction scheme, indicating FRET efficiency around
94.28 %. The calculated emission spectra of the conjugated
pair in water indicated that the emission and absorption
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spectrum overlap completely and thus no fluorescence can
be observed due to the fluorescence resonance energy transfer
(FRET) effect. The DFT results confirmed the experimentally
observing fluorescence quenching of the fluorescein-dabeyl
conjugated system by FRET.
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Interaction energy - Molecular beacons

Introduction

The molecular beacon (MB) principle is based on hybrid-
ization, that is these molecular probes experience spontane-
ous conformational changes when the single stranded
nucleic acid molecules in the loop hybridize to a comple-
mentary nucleic acid sequence in their target, resulting in the
emission of fluorescence [1].

Molecular beacons are probes having single stranded
nucleic acid molecules with a stem and loop structure. The
loop portion of the molecule contains a sequence that is
complementary to a predetermined sequence in a target
nucleic acid. The stem is formed by the annealing of two
complementary arm sequences that are on either side of the
probe sequence, the arm sequences in the probe are unrelated
to the target sequence. A fluorophore is covalently attached to
one end of the arm, and a nonfluorescent quencher is cova-
lently attached to the end of the other arm. In the absence of a
target, the stem of the hairpin holds the fluorophore so close to
the quencher that fluorescence does not occur. When the probe
encounters a target molecule it forms a hybrid that is more
stable and longer than the hybrid formed by the arm sequen-
ces, the probe binds to its target causing a conformational
change that forces the arm sequences to be apart causing the
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separation of the fluorophore and the quencher and the resto-
ration of fluorescence. This permits the detection of probe-
target hybrids in the presence of unhybridized probes [1, 2].

Molecular beacons are hybridization probes that can re-
port the presence of a complementary nucleic acid targets
without having to separate probe-target hybrids from excess
probes in hybridization assays [1, 2]. The MB have been
developed since 1996, by Tyagi and Kramer [2].

The fundamental mechanism of fluorescence resonance
energy transfer (FRET), involves a donor fluorophore in an
excited electronic state that transfers its excitation energy to
a nearby acceptor (forming a nonfluorescent conjugated
system) in a non-radiative fashion through long-range
dipole-dipole interactions.

FRET occurs between two appropriately positioned fluo-
rophores only when the distance separating them is 8 to 10
nanometers or less. In the presence of a suitable acceptor,
the donor fluorophore can transfer excited state energy
directly to the acceptor without emitting a photon [3-5].

Non-radiative energy transfer occurs over much longer
distances than short-range solvent effects, and the dielectric
nature of constituents solvent positioned between the con-
jugated system has very little influence on the efficacy of
resonance energy transfer, that depends mainly on the dis-
tance between the donor and acceptor fluorophore [3-5].

The Forster theory shows that FRET efficiency (EfrreT)
varies as the inverse sixth power of the distance between the
two geometrical molecules centers (R) [3-5]:

Ro®

Efiet = ———,
% Ro® + R®

(1)

where Ro is the characteristic distance where the FRET
efficiency is 50 percent, which can be calculated for any pair
of fluorescent molecules (also termed the Forster radius).
For distances less than Ro, the FRET efficiency is close to
maximal, whereas for distances greater than Ro, the effi-
ciency rapidly approaches zero.

Ro = (8.8x10%JK200n*)"/", 2)

where K is the orientation factor for a dipole—dipole inter-
action, J is the spectral overlap integral (the region of
overlap between the two spectra), Qo is the quantum yield
of donor without acceptor, and # is the refractive index of
the medium between the donor and acceptor. Most of the
parameters in Eq. 2 are constants that are obtained from the
literature [3-5].

For Fluorescein and dabeyl the forster radius Ro corre-
sponds to the value of 46.97 A. It is important to notice that
the level of a FRET signal can be reduced if the two
fluorophores are not properly aligned (K” value of approx-
imately zero) or if they are simply not positioned within the
Forster radius [3-5].
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If the fluorescence is inhibited this signals that the ac-
ceptor and donor molecules are within the Foster radius. It is
important to stress that when fluorescein in the conjugated
system fluoresce at its individual characteristic emission
wave length, this indicates that the distance between donor
and acceptor surpass the foster radius [3—5] and FRET has
not been observed.

Currently the requirements for high-sensitivity and high-
affinity of molecular biological probe are becoming increas-
ingly urgent. In this area the MB have been applied for real-
time monitoring of polymerase chain reactions [1, 6], de-
veloping DNA sensors [7], analysis in vivo [6], drug devel-
oping [8]. In recent years, the structure of MBs has presented
many improvements. MBs technology not only shares a wide
range of applications in the study of biology, but also will play
an important role in the detection and diagnosis of genetic
diseases, basic and clinical biomedical research.

Melting temperature [9, 10], the chain length of stem, the
GC nucleotide content, the ionic concentration [10] and the
distance and alignment between fluorophore and quencher
in conjugated form [1, 11] are the most important factors,
that determine the correct function of MB. The Fluorophore-
quencher conjugated system is in charge of signaling the
hybridization of the probe with the DNA target, by the
appearance of fluorescence.

In this work we studied the spectrum and the energetic
interaction between the fluorophore-quencher conjugated, de-
scribed by fluorescein-dabcyl molecules to obtain molecular
level information that is difficult to get experimentally, such as
the most stable geometrical conformation for the conjugated
system (most favorable interaction energy), the separation
distance between the fluorescein-dabcyl molecules at the most
stable conformation and the FRET efficiency (fluorescence
signal) for this geometrical conformation.

The molecular level information obtained in this work by
applying theoretical tools of computational chemistry, using
DFT calculations that include dispersion corrections, can
help scientists design other MB systems with strong fluo-
rescence signal with special significance in molecular diag-
nosis and in the development of DNA sensors.

Computational methods

The fluorescein and dabcyl, models studied were obtained from
the libraries of the National Center for Biotechnology
Information (NCBI). All computational DFT studies were per-
formed with the Material Studio 5.5 and the GAUSSIANO3W
programs [12, 13].

In this work we used density functional theory (DFT),
with the PBE1PBE hybrid functional by Perdue, Burke and
Ernzerhof, which uses 25 % HF exchange and 75 % corre-
lation weighting functional [14—16].
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The ground state geometry of both molecules were opti-
mized using GGA/PBE 6-31G (d,p) basis sets [13], from
this calculations we obtained, the highest occupied molecu-
lar orbital HOMO) and the lowest unoccupied molecular
orbital (LUMO) distributions. The optimized geometries for
dabcyl and fluorescein are shown in Fig. 1.

Initially we placed the fluorescein and dabcyl at six
different positions, with a separation distance between 25—
35 A that corresponds to FRET efficiencies between
97.48 % and 84.92 %. The efficiencies were calculated
according to Eqs. 1 and 2 and the constants described by

Fig. 2 Optimized geometries 1)
for six different conjugated
systems, created by allowing
different rotameric states.
Carbon atoms are in gray color,
oxygen atoms are in red, 38207
nitrogen atoms in blue, and )
hydrogen atoms are in white
color
¢

3)

3441

28698

Kim et al. [5]. Molecular beacons are capable of spanning a
large conformational space, mediated by the multiple rota-
meric states of the aliphatic thiol linker of the fluorophore
and the linker of dabcyl [5]. Since the donor and acceptors
are attached at the ends of the stem formed by the annealing
of two complementary sequences situated on either side of
the probe sequence (arms), the only conformations permit-
ted to the acceptor and donors, due to the rigidity of the arms
are turns, that is why in our conjugated systems we only
specified turns of the molecules as shown in Fig. 2 and
calculated their interaction energy at these conformations.

2)
29.530 V'Y
¢
4) _
25.556 %
6)

20431
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It is also important to note that since dabcyl is a
neutral and hydrophobic molecule, there is neither at-
traction or repelling between both molecules without
affecting the stability of the stem hybrid [1]. Also due
to this neutral nature of dabcyl, and the large distances
of separation between fluorophore and dabcyl, the ener-
getic influence on the conjugated system by the nucleo-
tides near the fluorophore and quencher is minimal,
therefore those nucleotides are not included in our
models.

The following analysis was carried for each conjugated
system:

First we carried a ground state geometry optimization at
the GGA-PBE/DNP level, where DNP stands for double
numerical plus polarization basis sets (comparable to a. 6-
31G(d,p) basis sets) for the individual donor and acceptor,
and then we calculated the geometrical optimization for the
conjugated systems at the same level of theory but including
DFT dispersion corrections [12] using two schemes that
introduce damped atom-pairwise dispersion corrections that
were develop by Grimme [17] and by Tkatchenko and
Scheffler [18].

It is known that the correct long-range interaction tail, for
separated molecules, is absent from all popular local-density
or gradient corrected exchange-correlation functionals of
density-functional theory as well as from the Hartree-Fock
(HF) approximation [19, 20].

A popular remedy for the missing vdW interaction in
DFT consists of adding a pairwise interatomic CzR °
term to the DFT energy, that includes a damping func-
tion to avoid singularities of the radius at short ranges
[17, 18].

At short range, the long-range expression is matched to
the DFT potential by multiplication with a damping function
fIR,%.R;), which reduces the additional dispersion contribu-
tion to zero, subject to a cutoff defined by some suitably
calculated combination R,-j-0 of the van der Waals radii of the
atom pair. The dispersion-corrected exchange-correlation
functional is then formed by simply adding the correction
potential to the ordinary DFT exchange-correlation func-
tional. As Cs;; coefficients are additive, the dispersion-

Table 1 Distances and FRET efficiencies for the conjugated systems
shown in Fig. 2

Conjugated System Distance (A) FRET efficiency
1 35.22 84.92 %
2 29.532 94.19 %
3 34.742 85.94 %
4 25.55 97.48 %
5 28.7 95.06 %
6 29.45 94.28 %
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Table 2 Interaction energies for the conjugated systems shown in

Fig. 2

Grimme (kcal/mol)

TS (kcal/mol)

Conjugate 1 —40.33627852 —21.11090878
Conjugate 2 —40.28833683 —19.5468426

Conjugate 3 —40.31017415 —21.62195211
Conjugate 4 —40.32906217 —19.88243441
Conjugate 5 —40.25495335 —22.79589595
Conjugate 6 —40.14011921 —22.99167876

corrected total energy E, may therefore be written as [12,
17, 18]:

N N
Ewor = Eprr + si Z Zf (SRR;Rij) CoiR;°, (3)

=1 j>i

where Eppr is the standard DFT total energy and the sums
go over all N atoms in the system.

In existing schemes, the R, and Cy; coefficients are
approximated from semiempirically determined parameters.
Differences between DFT exchange-correlation functionals
in the description of short to medium-range dispersion in-
teraction are taken into account by a suitable modification of
the correction potential through the parameters sq or Sg.

A serious shortcoming of the C4R ® schemes is their
empirical nature, since the parameters do not depend on
the electronic structure, but are rather obtained by fitting to
experimental Cy4 coefiicients and using training sets, such as
the Grimme scheme [17] that neglects the different atomic
environments.

The state of the art in the semiempirical correction meth-
ods is represented by the Tkatchenko-Scheffler (TS) scheme
[18]. This scheme relies on a parameter-free method for an
accurate determination of long-range van der Waals inter-
actions from mean-field electronic structure calculations.
Their method relies on the summation of interatomic Cg
coefficients, derived from the electron density of a molecule
or solid and accurate reference data for the free atoms. They
show that the effective atomic C6 coefficients depend
strongly on the bonding environment of an atom in a
molecule [18].

HOMO LUMO

Fig. 3 Frontier molecular orbitals, HOMO and LUMO for fluorescein
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Fig. 4 Frontier molecular orbitals, HOMO and LUMO for Dabcyl

The computed interaction energy was calculated using
the following equation.

Einteraction = Econjugated system Efluorescein - Edabcyl (4)

The distance between the fluorescein and dabcyl was
based on their geometrical centers as defined in the calcu-
lation of the forster radius.

In order to asses that fluorescence is quenched within
the conjugated system we calculated the fluorescence
and absorption spectra using the following methodology
employing the GAUSSIAN 03 package for a conjugated
system [13, 16].

Fig. 5 Molecular orbitals
involved in the fluorescence
spectra in conjugated 6 TS

For the fluorescence spectra the geometry optimization of
the first excited state was calculated using TD-DFT, CIS/
STO 3G (d), and then the energy, the first excited state was
calculated using TD-DFT,6-31 + G(d,p), all calculations
were in the presence of water using the [EFPCM solvent
model [16].

For the absorption spectra, the geometry optimization
of the ground state was calculated at the GGA/PBE
level using 6-31G (d,p) basis sets and the energy cal-
culation of the first excited states was calculated using
TD-DFT, 6-31 + G(d,p) all calculations were in the
presence of water using the IEFPCM polarizable con-
tinuum solvent model [16, 21].

The absorption and emission spectra data was processed with
the SWizard program [22] (SWizard is a user-friendly program
for post processing of spectral data. A spectrum is convoluted as
a sum of Gaussian, Lorentzian, or pseudo-Voigt functions), and
then visualized using the Origin Pro 7 program [23].

Results and discussion
The interaction energy for the six conjugated systems along
with their separation distance and FRET efficiencies are

presented in Tables 1 and 2, and the geometric conformations
of the six conjugated systems are shown in Fig. 2.

HOMO-2

LUMO
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Fig. 6 Molecular orbitals e
involved in the absorption
spectra in conjugated 6 TS

Table 2 shows the interaction energy for the six conjugated
conformations employing two different DFT-Dispersion cor-
rection schemes. It is interesting to note that the interaction
energies for the Grimme scheme are almost twice in value of
those interaction energies calculated by the TS scheme.

It is important to highlight that FRET signals the radia-
tionless transfer of excitation energy from donor to acceptor,
the efficiency of this energy transfer is usually distance
dependent, the shorter the distance between donor to accep-
tor the higher the FRET efficiency. On the other hand the
interaction energy indicates the most stable conformation
for the donor and acceptor in a neutral electronic state (no
excitations), the more negative the interaction energy the
more probable it is that the donor and acceptor are found at
this geometrical conformation, since this geometrical con-
formation has the highest stability it is important to know
the FRET efficiency of this conformation in order to evalu-
ate its degree of fluorescence quenching.

The calculations using the Grimme scheme for dispersion
corrections [17] showed conjugated 1 as the one having the
most favorable interaction energy, even though conjugated 1
has the lowest FRET efficiency from all six conjugated
systems, also the interaction energies using the Grimme
scheme for all six conjugated system are unrealistic varying
around £0.2 kcal mol ™" even though the distances between
donor an acceptor have large distance variations from
25-35 A.
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HOMO

LUMO+1

On the other hand the calculations using the TS scheme
for dispersion corrections [18] showed that conjugated sys-
tems 5 and 6 have the best interaction energy (higher stability)
and at the same time very good FRET efficiencies 95.06,
94.28 %. Conjugated systems 2 and 4 have less favorable
interaction energies (lower stability, lower probability of

6TS
100
a0 — Absorbance
— — -Fluorescence
@
2
@ 60+
2
o
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Fig. 7 Theoretical spectra for conjugated 6 TS, the absorption spectra
is shown with a black line , and the emission spectra is shown
with a red dotted line - - - - -
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existence), but their FRET efficiencies are very good 94.19 and
97.48 %. In the TS scheme the interaction energies between the
six conjugated systems varies around +2 kcal mol ™', higher
energetic variations than in the Grimme scheme.

From Fig. 2 we can observe that the N=N group in dabcyl
is closer to the three benzene rings from fluorescein in
conjugated 5 than in the conjugated 6 system, since the
fluorescein in conjugated 5 is rotated 180 degrees with
respect to conjugated 6.

Because the Grimme scheme is a parameterized DFT-
dispersion method [17] that relies heavily on a training
set, and does not takes the effect of the atomic envi-
ronment in their dispersion coefficient calculations, in
contrast to the TS scheme [18], the results obtained by
the TS scheme are more reliable than the results derived
from the Grimme scheme.

The frontier orbital of the molecules play an important
role in electronic transitions responsible for the emission
and absorption spectrum, those orbitals for the individual
acceptor and donor are shown in Figs. 3 and 4.

From Fig. 3 and 4, it can be seen that the HOMO and
LUMO of fluorescein are mainly localized in the three
benzene rings. The HOMO of dabcyl is localized on the
benzene ring near the amine group, and the LUMO is
localized on the benzene ring near the carboxyl group.

Our calculations shown in Fig. 5 and in Fig. 6
showed the orbitals involved in the fluorescence and
absorption spectra of the conjugated 6 using the TS
dispersion correction scheme. From Fig. 5 we can ob-
serve that the orbitals involved in the fluorescence spec-
tra correspond to the HOMO-2 and LUMO orbitals of
the conjugated 6 TS, and these orbitals are located on
the fluorescein molecule only. The LUMO orbital den-
sity is located mostly on the three benzene rings with
very small density on the benzene perpendicular to the
three benzene rings. The HOMO-2 orbital lies complete-
ly on the three benzene rings with no density on the
perpendicular benzene ring.

The calculations in Fig. 6, show that the orbitals involved
in the absorption spectra correspond to the HOMO and
LUMO+1 orbitals of the conjugated 6 TS, and these orbitals
lie only on the dabcyl molecule. The HOMO orbital has
scarce density on the carbonyl group of dabcyl similar to the
HOMO orbital of the individual molecule. On the other
hand the LUMO+1 orbital has good density on the carbonyl
group and it is distributed in similar form to the LUMO
orbital of the individual dabcyl molecule.

The absorption and fluorescence spectra of conjugated 6
TS that has 94.28 % fret efficiency is shown in Fig. 7, from
this figure we can observe two features, first there is a
complete overlap between the absorption and fluorescence
spectra, and second the fluorescence of fluorescein in the
conjugated system is at a wavelength of 432.9 nm, 39.2 nm

larger than in the individual molecule [24], from these two
features we are certain that quenching of the fluoresce has
taken place, in agreement with the experimental results
obtained by Tyagi and Kramer [1].

Conclusions

In this article, the interaction energy between fluorescein
and dabcyl (fluorescence quenching chromophore) mole-
cules was studied by computational modeling and DFT
calculations that include dispersion corrections. The theo-
retical calculations of the interaction between fluorescein
and dabcyl showed the geometrical conformation of fluo-
rescein and dabcyl molecules at the most favorable interac-
tion energy using the DFT with dispersion corrections from
the TS scheme (conjugated 6), which occurs at a distance of
29.45 A between the molecular geometrical centers of fluo-
rescein and dabcyl. This distance corresponds to a FRET
efficiency of 94.28 % and this distance is within the Forster
radius of 46.97 A.

The theoretical spectrum shows that there is a com-
plete spectral overlap between the absorption and fluo-
rescence spectra responsible for the quenching of the
fluorescence due to the FRET effect. Also the fluores-
cence of fluorescein in the conjugated system 6 TS
occurs at wavelength of 432.9 nm, 39.2 nm larger than
in the individual molecule due to some energy being
lost because of the FRET effect.

The results from this article and the methodology used
can help scientists design other MB systems with special
significance in molecular diagnosis and in developing DNA
Sensors.
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