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Abstract The complex formed by the inclusion of the
polarity-sensitive fluorescent probe 2-[2’-quinoxalinyl]-
phenoxathiin (QP) into f-cyclodextrin (f-CD) was
investigated by steady-state fluorescence spectroscopy
in order to confirm the previously stated intramolecu-
lar charge transfer nature of the first excited singlet
state of QP. A decrease in the emission intensity in the
presence of -CD was observed and explained on this
basis. The 1:1 stoichiometry of the inclusion complex
and its association constant of 2,223 M~! were com-
puted. The QP-$-CD complex was further studied by
molecular mechanics (MM+ force field), in order to
determine its structure and the type of interactions
between QP and fS-CD. All possible ways QP
could penetrate the $-CD cavity were considered and
several structures were generated and optimized. The
interaction, binding (van der Waals and electrostatic
contributions) and perturbation energies were also
calculated. The results have showed that the S-CD
cavity incorporates the central part of QP and that
complexation is mainly due to van der Waals
host—guest interactions.
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Introduction

During the study of new fluorescence probes for
proteins, we have found that some phenoxathiin
derivatives have the required properties to be used for
this purpose, i.e. position of the emission maxima at
larger wavelengths than proteins and significant quan-
tum yields [1-3]. As one of the requirements for
this application is also a sensitivity of the emission
properties to the change of the local polarity, a new
phenoxathiin  derivative, 2-[2’-quinoxalinyl]-pheno-
xathiin (QP) (Fig. 1) seems to be a potent candidate.
The fluorescence spectra in solvents of different
polarities evidenced a significant bathocromic shift of
the emission band in polar solvents, associated with the
increase of the excited state dipole moment. These
results, assisted by semiempirical calculations on both
the ground and excited state, were rationalized in
terms of an intramolecular charge transfer (ICT)
character of the first excited singlet state (to be pub-
lished). However, the lower fluorescence quantum
yield of QP (~0.05) compared to other phenoxathiin
derivatives and the presence of the single bond
between its two constituting fragments made us won-
der about the possibility of occurrence of a twisted
intramolecular charge transfer (TICT) excited state.
In order to gain more information on the behavior
of this compound, the complexation with cyclodext-
rins was performed. CDs are cyclic oligosaccharides,
toroidally shaped, consisting of 6, 7 or 8 glucopyranose
units joined by o-(1,4)-linkages and called «-, - and
p-CD respectively [4]. They have hydrophilic outer
surface and a relatively hydrophobic cavity, that pro-
vides microenvironments very similar to the biological
ones [5-7]. The purpose of our study is therefore
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Fig. 1 Molecular structure of 2-[2’-quinoxalinyl]-phenoxathiin

(QP)

twofold; firstly, to test the sensitivity of our compound
to the inclusion process as a potential fluorescence
probe and, secondly, to get new experimental support
on the ICT or TICT character of the first excited sin-
glet state. Since inclusion of non-rigid molecules such
as QP usually prevents the geometrical changes
occurring in excited state by forcing the guest to adopt
a constrained conformation, an enhancement of the
emission will be expected in case of a TICT, or a de-
crease of the fluorescence in case of an ICT excited
state [8-13]. The steady state fluorescence experiments
allow for the estimation of the association constant and
the stoichiometry of the inclusion complex. From the
theoretical point of view, we were interested in the
most probable structure of the complex and the rela-
tive contribution of the van der Waals and electrostatic
terms to the binding energy.

Experimental
Steady-state fluorescence

p-CD from Aldrich was used as received. QP was
prepared as described elsewhere [14]. Formation of
host—guest complex by QP with f-CD was done as
follows and was studied by steady-state fluorescence
measurements: to a stock solution of 10*M QP in
DMF:water (1:9 v/v) were added aliquots of 10~ M
f-CD solution, prepared by adding f-CD powder to
the stock solution above. The fluorescence emission
spectra were obtained on a FP-6300 Jasco spectroflu-
orimeter (excitation wavelength 360 nm).

Estimation of the association constant

The association constant, K, of the inclusion complex
was determined by plotting the fluorescence intensity,
F, as a function of the CD concentration, [CD]. The
experimental data were fitted by non-linear regression
analysis, considering the formation of 1:1, 1:2 or a
mixture of 1:1 or 1:1 and 1:2 complexes [15]. The best
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fit was obtained with eq. 1 describing the formation of
1:1 host—-guest complexes:

- 1+K-C

(1)

where F) is the fluorescence intensity in the absence of
CD and F; is the fluorescence intensity of the complex.

Computational details

The structure of the QP—f-CD inclusion complex was
determined using semiempirical (AM1 Hamiltonian)
and in vacuo molecular mechanics (MM+ force field)
calculations performed with the Hyperchem 5.02 pro-
gram. The molecular modeling of the host-guest
interaction was done in three steps: (i) obtaining of the
starting geometries and atomic charges of the free host
and guest by AM1 semiempirical calculations (opti-
mization method Eigenvector-Following); the geome-
try of f-CD was taken from neutron diffraction studies
[16]; (ii) generation of several structures for the com-
plex by docking the QP molecule into the f-CD cavity.
All the possible ways the guest could penetrate the
fp-CD cavity were considered, that is with either the
phenoxathiin (Px) or quinoxaline (Qx) moiety, through
the secondary (model A) or primary (model B) cavity
rim. The most stable structure of the complex was
searched by modifying the host—guest distance; (iii) full
optimization of the most stable structures found. The
energies characterizing the inclusion process were then
calculated.

The interaction energy between guest and host is
defined as the energy difference between the optimized
complex and the optimized free guest and free host [2]:

Einteraction = Lcomplex — (EQP + Eﬁ—CD)free <2)

The binding energy was estimated as the energy
difference between the totally optimized complex and
the guest and host ‘“frozen’ in their conformations
from the complex, according to the relationship:

Ebinding = Ecomplex - (EQP + Eﬁ*CD)

frozen in the complex

(3)

In the case of the MM+ force field used, the binding
energy represents the sum of the van der Waals and
electrostatic energies, allowing for the estimation of
their relative contributions [17].

The perturbation energy for each component, host
and guest, due to the formation of the complex was
defined as the difference in the energy of the totally
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optimized component compared to its energy in the
complex.

Results and discussion
Fluorescence quenching due to inclusion

The fluorescence spectra of QP in the presence of
increasing amounts of f-CD are presented in Fig. 2. It
can be seen a progressive decrease of the intensity
reflecting the complexation process. The quenching of
the emission in the presence of f-CD proves that the
restricted motion of the guest is not the main factor
determining the relative contribution of the radiative
and nonradiative deactivation processes in the isolated
compound. Since no fluorescence increase was ob-
served upon QP complexation, we can conclude that
the first excited singlet state of QP is of ICT nature. A
comparison of the position of the emission maxima in
water and in the f-CD presence shows that there is no
significant change due to the inclusion; the main effect
remains that of the water polarity and hydrogen
bonding capacity.

Association constant

The fit based on eq. (1) and revealing the 1:1 stoichi-
ometry of the complex formed in aqueous solution is
presented as inset in Fig. 2 and the respective data are
listed in Table 1. The goodness of the fit was charac-
terized by the correlation coefficient, %, and by the low
values of the standard errors for K and F; around 6%
and 1.6% respectively. The calculated association
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Fig. 2 Fluorescence spectra of QP in DMF:water in absence and
presence of various concentrations of f-CD; inset: plot of the
fluorescence intensity of complexed QP vs. various concentra-
tions of -CD

Table 1 Estimated association constants (K) and fluorescence
intensities (F;) for the 1:1 QP-3-CD complex

K M F; (au.) r

CD type F-stat

p-CD 2222.8 + 131.0 3298 £52 0.9934 1702.8

constant of 2,222.8 M~" is in agreement with the relative
dimensions of QP and of the -CD cavity and is com-
parable to those previously obtained for other Px
derivatives, ranging between 1,000 and 8,000 M~ [2, 18].

Molecular mechanics calculations

According to the dimensions of the QP molecule
(15.5 A length, 49 A width), and to the -CD dimen-
sions [15, 19], the QP molecule is not totally entrapped
into the -CD cavity. QP was firstly approached and
introduced in the -CD cavity from the Qx to the Px
moiety, from the secondary (model A) and primary
(model B) rim. In both models, the docking of the
guest was performed considering a defined guest-host
distance (sulphur atom of Px and nitrogen atom of Qx
from QP and two oxygen atoms of -CD rings were
choosen as reference), that was restricted to a chosen
value, allowing for the total relaxation of all the other
internal coordinates the complex; this parameter was
varied with a step of 1 A in the limit 6-3 A and the
lowest energy structures were selected for the total
optimization. The optimizations were performed up to
a gradient of 0.05 kcal/(A mol). The results for the
three more stable geometries are given in Table 2.

In both models, the energy of the system decreased
significantly when the Px—Qx junction was included in
the -CD cavity, designating this structure of the com-
plex as the most favorable (Fig. 3). The van der Waals
interactions have the major contribution to the stability
of the complex (80-90%). Inclusion of QP through the
secondary rim seems to lead to the most stable complex.
However, considering the approximations involved in
the calculations and the solvent neglect, the slightly
increased binding energy obtained for primary rim
inclusion (-30.58 kcal/mol) is not high enough to ex-
clude this possibility of complex formation.

The results obtained when QP was inserted into the
cavity from the Px to the Qx fragment (not shown)
indicate the same structure of the complex.

Conclusions

The fluorescence study of the inclusion of QP into
p-CD indicated the formation of a binary 1:1 complex
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Table 2 Energy

. Fragment of QP FEvindin % van der Waals % electrostatic E e turbation
contributions to the total incl%lded in CD (kcal/rflol) interactions interactions (kpcal/mol)
energy of the QP-f-CD
complex for Px, Qx moieties Panel (A)
and Px-Qx junction PX -25.27 94.02 5.98 3.64
penetrating the f-CD cavity Ox 26.53 85.56 14.44 2.70
through the (A) secondary Px-Qx -33.85 83.90 16.10 4.40
rim and (B) primary rim

Panel (B)

PX -27.57 89.34 10.66 4.52
Qx -29.85 86.91 13.09 3.34
Px—Qx -30.49 88.36 11.64 4.03

Fig. 3 The proposed structure of the QP-f-CD complex. The
dotted lines represent hydrogen bonds

in aqueous solution. The structure of the QP-3-CD
complex corresponds to the Px—Qx junction accom-
modated into the -CD cavity and the stability of the
complex is due to van der Waals forces. The fluores-
cence intensity of QP decreases upon complexation,
confirming the ICT nature of the first singlet excited
state of QP.
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