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Summary

The aim of this paper is to study the use of computer molecular modelling and "H-NMR NOE data for gaining insight into the
mode of inclusion of the ibuproxam (IBX) molecule in the hydrophobic cavity of B-cyclodextrin (8CyD) in solution. In the
IBX-BCyD complex, the guest molecule shows very favourable structural features for a spectroscopic investigation of this type. The
interatomic distances relative to some atoms of the IBX-8CyD complex, were calculated with molecular graphic systems. Through
the comparison between the experimental values of nuclear Overhauser enhancements and the theoretical data obtained with
molecular modelling studies, it was possible to establish the real structure of the IBX-8CyD complex in solution.

Introduction

In a previous study, we evaluated the capacity
of the cyclodextrins (a, B8, y) for forming inclu-
sion complexes with (RS)-2-(4-isobutylphenyl)
propiohydroxamic acid (ibuproxam, IBX) to in-
crease the solubility, dissolution rate and, pre-
sumably, also the bioavailability of this drug
(Mazzi et al., 1988).

This study showed that BCyD was the most
suitable for complexing with IBX in an aqueous
medium; we thus considered it interesting to con-
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duct further investigations into the conforma-
tional structure of the IBX-8CyD complex.

Important information on the solid-phase
structure of these complex systems may be ob-
tained via X-ray analyses when a suitable crystal
of the product to be tested is available (Saenger,
1976, 1984). X-ray diffractograms of lyophilized
IBX-BCyD complex have been reported in a pre-
vious paper (Mazzi et al.,, 1988). These spectra
demonstrated the complete amorphousness of the
product obtained, thus making it impossible to
gain more complete information from them. The
use of two techniques, computer-aided molecular
modelling and NMR NOE studies, has proved to
hold promise for such purposes, especially for
systems or molecules of biological interest which
‘act’ in an aqueous medjum.
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The aim of the present investigation was fo-
cussed on the use of computer molecular mod-
elling and NMR NOE data for gaining insight
into the mode of inclusion of the IBX molecule in
the hydrophobic cavity of BCyD in solution.

Materials and Methods
Materials

(RS)-2-(4-Isobutylphenyl)propiohydroxamic
acid (IBX) was obtained by courtesy of L. Manetti
Roberts & Co. (Firenze, Italy), B-cyclodextrin
(BCyD) was purchased from Sigma Chemicals
Co. (St. Louis, U.S.A.) and used without further
purification. The IBX-BCyD inclusion complex
was obtained as previously described (Mazzi et
al., 1988). All other materials and solvents were
of analytical reagent grade.

Methods

'H-NMR

Chemical shifts were measured relative to the
peak of the solvent D,0O (4.74 ppm) with a Bruker
AMX 600 at 600 MHz in Fourier transform mode.
The NOE experiments were performed on a Var-
ian Gemini 200 at 200 MHz with a Varian NOE
DIFF program, version 6.3 A. All spectra were
recorded with a 5 mm tube at the probe tempera-
ture (25°C) in D,O.

For the NOE experiments the same solutions
were used as for 'H-NMR, without degassing.
Other NOE experiments were performed using
DMSOd,, again without degassing.

To assess whether the calculated NOE were
independent of the concentration effect, the ex-
periments were carried out at different concen-
trations of the IBX-B8CyD complex (5, 10 and 15
mg/ml). The results were constant at the differ-
ent tested concentrations. The NOE measure-
ments were made during steady-state experi-
ments.

Computer graphics -
All molecules were constructed using the Dis-
cover program, version 2.7.0 and Insight II pro-

gram version 2.0.0. from Biosym Technologies
(10065 Barnes Canyon Road, San Diego Ca.
92121), run on the Personal Iris from Silicon
Graphics. The method for calculation of force
fields was CVFF without any simulation of
molecular dynamics.

Results and Discussion

It has been shown that computer-aided molec-
ular modelling can be used to predict the confor-
mation and interaction energy of B-cyclodextrin
complexes (Cabral Marques et al., 1990; Dauchez
and Vergoten, 1990; Van Helden et al., 1990;
Konstense et al.,, 1990; Lejo Yeux et al., 1990;
Myles et al., 1990).

In this study, the molecular graphics studies
also represent an important tool for investigating
the conformation of the most favoured complexes
and to obtain a better knowledge of the geometry
of the system and of the topology of the interac-
tions between IBX and B-CyD.

It is well known that B-CyD is a toroidal
molecule with a truncated cone shape, having
secondary hydroxyl groups on the C-2 and C-3
atoms which are located on the wider side of the
truncated cone, while the primary hydroxyl groups
on C-6 are positioned on the opposite narrower
side. It might well be supposed, in view of size of
the IBX, that two types of complex exist: one in
which the two IBX methyl groups (H1-IBX) are
nearer the wider side of the B-CyD toroidal
structure (complex A, Fig. 1) and the other where
the two IBX methyls are instead located on the
opposite side, i.e., near the narrower opening of
the body of the cone (complex B, Fig. 1).

Thus, the conformations at minimum energy
levels of the two possible complexes were calcu-
lated (see Figs. 2a, b and 3a, b), and for each the
interatomic distances and docking energies of the
R and S enantiomers, respectively, were mea-
sured (Table 1). With this type of calculation the
theoretical findings are strictly related to the
complexes in a vacuum and not in solution.

It is not possible, from analysis of the findings
in Table 1 alone, to establish which of the two
complexes, A or B, actually exists in aqueous
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Fig. 1. Scheme of the two possible complexes between IBX
and BCyD.

solution, since all four of the hypothesized struc-
tures show approximately the same values for
both the formation energy and docking energy.
This result clearly indicates that complexes A and
B (Fig. 1) have the same probability of existence,
at least theoretically. It should also be pointed
out that in this specific case B-CyD is probably
unable to discriminate between the two enan-
tiomers, R and S.

Table 2 lists the chemical shift values of IBX,
B-CyD and the IBX-B-CyD complex, respectively,
as well as the differences between the signals of
the two molecules alone and complexed. It may
be noted that the more significant values are
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recorded for the IBX aromatic protons, for which
the multiplicity of the signal also changes, passing
from a doublet for IBX alone, to a double dou-
blet for complexed IBX.

The same change in the multiplicity of the
signal of the aromatics, with very similar chemical
shifts, is recorded for IBX in MeOH, DMSO and
CHCI,;. It may thus be supposed that the protons
of the aromatic ring, both in the complexed IBX
and in MeOH, DMSO and CHCl, solutions, are
‘immersed’ in a hydrophobic medium which cer-
tainly has very different polarity features from
those of H,O. This different chemical environ-

Fig. 2. (a,b) Relative position of IBX and SCyD in complex
A; minimized structure with Discover program (see experi-
mental section).
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TABLE 1
Energy values (kcal / mol)

Complex A (R) Complex A (S) Complex B (R) Complex B (S)
Formation energy
of complex 209.7 2105 213.2 207.5
Docking energy -30.6 -30.5 —-26.3 -35.0

ment thus allows a change in multiplicity of the
aromatic signals to occur. Hence, the 'H-NMR
findings only indicate that the aromatic ring of
IBX is located inside the hydrophobic cavity of
B-CyD, but gives no clear indications concerning
the positioning of the whole molecule relative to
B-CyD. On the other hand, it is possible with
NOE experiments alone to identify complex A as
that which is more favoured in an aqueous
medium. Indirect proof of the existence of the
complex in aqueous solution and hence of the
validity of NOE as an investigation tool was ob-
tained from the observation that in DMSOd¢ no
nuclear Overhauser effect is recorded between
the IBX and B-CyD protons and thus no complex
exists in this organic solvent. For this test DMSO
was found to be the most suitable organic solvent
in that it allowed preparation of solutions at the
desired concentrations.

TABLE 2

Chemical shifts (ppm) of the IBX and B-CyD protons in free
and complex states in D,0 solution

Protons Free state Complex state Aree complex
(ppm) (ppm)
IBX
H1 0.909 0.964 —0.055
H2 1.876 1.906 -0.030
H3 2.524 2.545 -0.021
H4,7 7.300 7.126 0.174
H5,6 7.315 7.275 0.040
H8 3.660 - -
H9 1.491 1.506 -0.015
B-CyD
Hi1 5115 5.093 0.022
H2 3.693 3.681 0.012
H3 3.996 3.899 0.097
H4 3.630 - -
H5 - - -
Hé6 - 3.834 -

Table 3 lists the interatomic distances in A
relative to some atoms of the IBX-BCyD com-
plex, calculated with molecular graphic systems
and the increments of some proton signals calcu-
lated with NOE experiments in D,O solution.
Because our available IBX sample is a racemate
we also considered it to be useful to report in
Table 3 the average data relative to the R and S
enantiomers of both complexes A and B.

A significant nuclear Overhauser enhancement
is observed (Table 3) between the H1-IBX and
the H3-BCyD protons with a signal increase of
0.8% (see Fig. 4a). Another intense nuclear Over-
hauser effect was recorded between the H9-IBX
and H6-BCyD protons with an increase in the
signal of 0.25% (see Fig. 4b). By presaturating the
signal relative to the H1-IBX protons, as well as
the NOE effect on the H3-8CyD protons, we also
recorded an increase of 0.16% of the signal with
a chemical shift value of 3.54 ppm. The signals of
the protons at positions 2, 4 and 5 of BCyD fall
around this value. (Fig. 4). It is well known that
the protons at position 5 are the only ones, to-
gether with those at position 3, which are posi-
tioned towards the inside of the BCyD hydropho-
bic cavity (Fig. 1). Moreover, it was calculated by
molecular modelling that for complex A there is
an interatomic dist%nce between the H5-BCyD
and H1-IBX of 6.0 A (Table 3). It appears to be
reasonable to attribute this slight NOE effect
exclusively to the protons at position 5 of BCyD,
ruling out any interaction with the protons at
positions 2 and 4 which are both positioned to-
wards the outside of the hydrophobic cavity and
are hence unfavourably placed for interaction
with the H1-IBX protons.

Comparing the values of the interatomic dis-
tances obtained with the method of force fields in
a vacuum with the increments of the NOE sig-
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TABLE 3

The shortest distances (A) between different atoms of IBX-B-CyD complex evaluated with molecular modelling and the increments (%)
of the signals calculated via NOE experiments

Distances between Complex A Complex A Complex B Complex B Complex A Complex B 'H-NMR

H-CyD and H-IBX (R) ) (R) s) [average (R; S)] [average (R; S)) NOE/D,O
(increments of the
signals %)

H3-8CyD-H1-IBX 4.0 38 5.6 6.3 39 6.0 0.8

H6-8CyD-H9-IBX 4.6 4.2 7.5 7.9 4.4 7.7 0.25

HS-CyD-H1-IBX 6.1 5.9 3.6 4.0 6.0 3.8 0.16

nals, it is reasonable to suppose that the complex
present in solution is that of type A (Fig. 1).

In this complex, the guest molecule shows very
favourable structural features for a spectroscopic
investigation of this type, since two chemically
very different groups are arranged at the para
position on the benzene ring. In our NOE experi-
ments the strongest nuclear Overhauser effects
were seen just between these two terminal groups
of IBX and the protons at position 3 and 6 of
BCyD. This happy coincidence thus enabled us to
establish the positioning of the guest molecule in
the hydrophobic cavity of the BCyD toroidal
structure. The NOE findings from the study of
the IBX aromatic protons, even if significant, are
nevertheless insufficient alone to diagnose the
structure of the complex. They merely show how
the benzene ring is completely inserted inside the
hydrophobic cavity, and do not indicate the posi-
tioning of the whole IBX molecule in relation to

BCyD.

Conclusion

b In the case of the IBX-BCyD complex, it was
seen that investigation with molecular modelling
alone, while allowing the construction and three-
dimensional manipulation of the molecular com-
plex, is insufficient for describing the real struc-
ture of this complex in solution. This method

Fig. 3. (a,b) Relative position of IBX and SCyD in complex B; must therefore be combined with other investiga-

minimized structure with discover program (see Materials and tive techniques such as 'H-NMR and, particu-

Methods). larly, NMR NOE.
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Fig. 4. 'H-NMR spectra of IBX-8CyD complex in D,O solution and NOE experiments a and b. (a) Nuclear Overhauser effects
when the protons H1-IBX had been presaturated. (b) Nuclear Overhauser effects when the protons H9-IBX had been saturated.

The interactions between these two techniques
allow a comparison and an integration of the
theoretical findings obtained in a vacuum (com-
puter graphics) with experimental findings re-
lated to the complex in solution, and certainly
lead to more complete results which correspond
more closely to reality. More complete structural
information can also be obtained by combining
the two techniques with X-ray measurements
which unfortunately are often difficult to carry
out for many inclusion complexes.
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