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Abstract A general method is proposed to model the
behavior of cyclodextrins (CDs) and of their inclusion
compounds through energy minimizations and molec-
ular dynamics (MD) simulations at a constant tem-
perature. In this way, the formation of a host—guest
compound is obtained starting from many trial geom-
etries with the guest outside the CD cavity without any
a priori assumption. The MD simulation results are
analyzed through two functions: (i) the similarity maps
of the root-mean-square distances between instanta-
neous conformations found in the MD runs to recog-
nize different families of conformers; (if) the pair
distribution function PDF, yielding the probability
density of finding appropriate atom pairs as a function
of their distance at equilibrium. As an example, the
inclusion compound formed by f-CD and (-)-menthol-
p-D-glucoside is investigated. The lowest-energy
inclusion compound is in good agreement with the
results of single-crystal X-ray analysis, while at room
temperature the MD runs show a closely similar
arrangement with thermal fluctuations. In this case, the
PDF between diagnostic hydrogen atoms of f-CD and
of the guest molecule are fully consistent with the
experimental NOE results obtained from NMR mea-
surements in solution.
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Introduction

Atomistic computer simulations are an established tool
to investigate host—guest compounds [1]. Much interest
has been devoted to study the energetics of binding in
inclusion compounds and the relevant contributions,
be they dispersion, electrostatic or hydrophobic forces,
and the release of high-energy water molecules from
the host cavity [1, 2]. However, most papers focus on
calculating the potential energy of the isolated mole-
cules and of the bound system. Such calculations are
quite fast and reliable, but they correspond to describe
a frozen system at 0 K, whereas thermal motion is
relevant for calculating average properties at a finite
temperature. For such goal, only molecular dynamics
(MD) simulations can provide an appropriate tool
[1, 3, 4], even though the time length of the simulations
[5] may sometimes become a computational problem.

In this paper, a methodology to model the formation
of the inclusion compounds of cyclodextrins is
described, and a new data analysis is proposed. The
procedure is applied to study the inclusion compound
formed by f-cyclodextrin (-CD) with glycoconjugate
(-)-menthol-f-p-glucoside (1) shown in Scheme 1. The
simulations are carried out in vacuo, with implicit sol-
vent and with explicit water assuming a 1:1 stoichi-
ometry as found experimentally [6]. The geometries of
the initial adduct obtained by placing (1) outside the
CD cavity in different trial arrangements (as detailed
in the next section) are first optimized, and then sub-
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jected to MD runs at a constant average temperature,
until equilibrium is achieved. Final energy minimiza-
tions of many instantaneous conformations periodi-
cally sampled in the MD runs at equilibrium eventually
yield the most stable state. In this way, an inclusion
compound is obtained, with the main axis of the guest
molecule roughly parallel to the average C; symmetry
axis of the macrocycle. In the most stable geometry,
the menthyl group is buried inside the hydrophobic
cavity, with the polar glucoside moiety protruding
above the secondary rim of f-CD, in agreement with
the solid-state structure. Furthermore, it is shown that
at equilibrium the thermal motion of the host-guest
compound produces a distribution of intermolecular
distances fully consistent with NMR measurements in
solution, so that the proposed method can provide
useful information for this technique.

The paper also shows that MD simulations are
important to describe the conformational rearrange-
ments leading to the host—guest compound and the
average properties at equilibrium in solution. The
rearrangements of the adduct leading to the inclusion
compound can be monitored by the similarity maps,
constructed through the root-mean-square distances of
the same atoms in two instantaneous geometries
(RMSD maps) saved during the MD runs, allowing easy
recognition of distinct families of conformers. The
equilibrium mobility and the distribution of the

Fig. 1 The initial trial
arrangements of compound
(1) placed close to -CD.
Both molecules were
separately optimized before
docking
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interatomic distances, for instance between diagnostic
atoms for NMR experiments, are best analysed through
the pair distribution function (PDF), yielding the
probability density of finding the selected atoms as a
function of their separation. Conversely, the most stable
state found by geometry optimizations can be compared
with the crystalline structure, provided packing effects
do not greatly modify the host-guest geometry.

Methodological section

The simulations and the data analysis were performed
with InsightIl/Discover 2000 [7], using the consistent
valence force field CVFF [8] with a Morse potential for
bonded atoms. We note that CVFF describes the non-
bonded interactions through van der Waals and Cou-
lombic terms only, with no extra term for the hydrogen
bonds (H-bonds). The structures of f-CD and of com-
pound (1) were generated with the available templates
of InsightIl, then subjected to an MD run in vacuo and
finally optimized up to an energy gradient lower than
4 %107 kJ mol™! A™! (see also ref. [9]). The resulting
geometries turned out to be in good agreement with the
X-ray crystal structures. Compound (1) was then placed
close to -CD choosing 12 unbiased trial geometries
(Fig. 1) as starting points for the initial optimizations,
so that the main different sides of (1) could approach
the two rims and the outer surface of f-CD in different
orientations. An inclusion compound was not assumed
in this stage, unlike what is often done (see for instance
refs. [3, 10]). All these arrangements were thoroughly
optimized with an implicit water solvent in an effective
dielectric medium, and the resulting adducts were
subjected to MD simulations. The dynamic equations
were integrated using the Verlet algorithm with a time
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step of 1fs at a temperature of 300 K, controlled
through the Berendsen thermostat. The MD runs lasted
for 2 ns, and showed significant rearrangements usually
lasting for less than 300 ps, without any further change
at longer times. The equilibration was monitored
through the time changes of the energy contributions
and of appropriate geometrical parameters, such as the
distance between the centers of mass of the menthyl or
glucoside moiety of the guest and the center of mass of
the host. Eventually, many instantaneous conforma-
tions generated during the MD trajectory were opti-
mized to find of the most stable one. The energy
minimizations and the MD runs in explicit water were
carried out as before after adding more than one
thousand solvent molecules at the density of 1 g cm™ in
a cubic cell with axes of 33 A using periodic boundary
conditions, and lasted for 500 ps until equilibrium was
achieved. Because of the great computational cost due
to the large number of atoms, these simulations were
only carried out for a few relevant geometries men-
tioned in the next section.

For the data analysis of the MD runs, the similarity
maps, or RMSD maps, are constructed by calculating
for a given set of n instantaneous conformations, or
frames, the n X n root-mean-square distances among
selected atoms, and plotting them as a function of the
frame indices as a bi-dimensional map with an appro-
priate color coding. The RMSD between two frames is
defined as the minimum value of the function [7]

| X o 1/2
{N;M—ri) } (1)

where the index i runs over the N selected atoms, the a,
b superscripts indicate two different frames, and r is the
vector position of the given atom, while the minimum
value is chosen to remove trivial effects related to
rigid-body translations or rotations. Therefore, similar
conformations belonging to the same family of con-
formers have a small RMSD, and unlike conformations
a large RMSD. On the other hand, the PDF, often
indicated with the notation g;;(r) (this function was less
correctly denoted as Radial Distribution Function, or
RDF, in ref. [9]), gives the probability density of
finding atoms j at a distance r from atoms i, and for a
finite system it is defined as [7]

gi(r) = d(Ny(r))/dV(r) (2)

where d(Nj(r)) is the average number of times the j
atoms are comprised in a spherical shell of thickness dr
at a distance r from atoms ¢ within an MD run. Thus,

gii(r) yields the average local density of atoms j in the
shell volume dV(r) comprised at a distance between r
and r + dr from atoms i, and it vanishes at large r.

Results and discussion

A preliminary study of the isolated molecules showed
that f-CD has a truncated conical shape, with very
little distortions from an average C; symmetry in
vacuo. Minor distortions with a slight tilting of the
glucoside rings are present in explicit water, but this
feature does not greatly affect the symmetry of the
cavity. On the other hand, compound (1) has an
elongated shape, with a roughly orthogonal arrange-
ment of the average planes through the sugar and the
menthyl rings.

The formation of the inclusion compound
in the implicit solvent and in vacuo

Initial geometry optimizations of the adducts in the
dielectric medium were carried out for 12 trial
arrangements shown in Fig. 1 with compound (1) out-
side the -CD cavity. These optimizations led to a few
distinct geometries only. In particular, the guest mol-
ecule placed above the $-CD rims formed in most cases
an inclusion compound with relatively strong interac-
tions, while close to the outer surface it only yielded
loosely bound adducts. In the lowest-energy initial
geometry, the apolar menthyl group enters the hydro-
phobic cavity, while the glucoside moiety stays above
the secondary rim forming only a few intermolecular
H-bonds. When insertion takes place from the opposite
side, the energy is larger by about 10 kJ mol™ partly
due to some strain of the guest molecule, while inser-
tion of the glucoside moiety leads to an even less stable
state by further 2 kJ mol™. Larger relative energies
were found when the guest molecule remained outside
the cavity or close to the outer surface.

All the optimized geometries were then subjected to
MD runs at room temperature for 2 ns in the effective
dielectric medium and in vacuo. In this way, the guest
molecule could explore a large part of the configura-
tional space, and eventually find a favorable arrange-
ment by forming an inclusion compound. However,
when compound (1) was initially placed near the outer
surface of -CD, it could “‘diffuse” towards either rim,
eventually forming again an inclusion compound, or it
could fly away, thus maximizing the configurational
entropy. The MD runs yielding an inclusion compound
further stabilized the system with a concomitant
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Fig. 2 The most stable inclusion compound formed by com-
pound (1) with f-CD. This geometry corresponds to the absolute
energy minimum found after the MD runs. For clarity, 5-CD is
shown by a line drawing, and the glycoconjugate in a ball-and-
stick model with the O atoms indicated as darker spheres. The
hydrogen atoms have been omitted for clarity

decrease of the number of unlike arrangements. The
final energy minimizations in the dielectric medium
eventually led to the most stable geometry shown in
Fig. 2 with the menthyl group in the hydrophobic
cavity, and the glucoside moiety above the secondary
rim, stabilized by intermolecular H-bonds. This
geometry optimized in vacuo was found to nicely agree
with the crystal structure determined by X-ray analysis
([6], and L. Malpezzi, unpublished results). Therefore,
energy minimizations do yield the solid-state structure,
provided crystalline packing does not greatly affect the
geometry of the inclusion compound.

The upside-down arrangement with the glucoside
group above the primary rim is less stable by about
7 kJ mol™, due to the lack of intermolecular H-bonds
and to some strain of the macrocycle. A similar
destabilization (about 6-7 kJ mol™) is also found when
the glucoside moiety enters the cavity, mainly due to
some strain of the macrocycle and/or of the guest
molecule. However, in water the arrangement with the
menthyl group inside the cavity is further stabilized by
the H-bonds of the glucoside group with the solvent. In
fact, it was found that upon solvation with explicit
water the arrangement with the included glucoside
moiety is not stable, since in an MD run it slowly exits
the cavity to form H-bonds with water.

The simulations in explicit water and the data
analysis in solution

The main inclusion compounds obtained in the
dielectric medium with the menthyl group inside the
p-CD cavity were also found by MD simulations in
explicit water starting from the same initial arrange-
ments with the guest outside the cavity. In particular,
the geometry shown in Fig. 2 was quickly reached
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starting from the first arrangement of the second row in
Fig. 1, with a concomitant expulsion of a few included
water molecules. The MD runs provide much impor-
tant information about the dynamics of the process,
including the equilibrium fluctuations and rearrange-
ments, and the RMSD maps provide an important tool
to follow these rearrangements and to detect different
families of conformers. A typical RMSD map obtained
from the MD simulation in water leading to the
geometry shown in Fig. 2 is reported in Fig. 3. The
RMSD maps of the individual host and guest molecule
(center and right) are essentially featureless, showing
no major intramolecular rearrangement. Conversely, in
the map of the whole adduct (at left) the large RMS
distances between the initial 25 frames, roughly, and all
the other ones (indicated by the thin black stripes close
to the two axes) correspond to the different geometry
before and after guest inclusion. Afterwards, the
squares along the diagonal with small RMS distances
(<1 A, shown with blue and magenta pixels) indicate
similar conformations belonging to the same family of
conformers, whereas the off-diagonal squares with
larger RMS distances (shown with green, cyan and
black pixels) correspond to largely different confor-
mations. In this case, the two families correspond to
different orientations of the guest within the cavity
obtained by a rotation of about 90° around an axis
roughly parallel to the approximate C; symmetry axis
of f-CD. The sharpness of the transition between the
families is enhanced by the chosen binning (a frame
was saved every 0.5 ps), but the conformational change
is anyway quite fast.

The equilibrium geometries sampled in an MD run
at room temperature after inclusion, and in particular
the distances between diagnostic atoms, are analysed
through the PDF plots. As an example, Fig. 4 reports
the plots of the PDF between the hydrogens {H3} of
p-CD adjacent to the secondary hydroxyls, and the
three hydrogens of one methyl group of the isopropyl
substituent of compound (1) (upper panel), or of the
methyne hydrogen of the same substituent (lower
panel). The distances between these hydrogens are
diagnostic in NMR experiments for detecting the for-
mation of an inclusion compound and its geometry.
Fig. 4 shows that during the MD runs these distances
span a wide range of values both with implicit and with
explicit solvent due to thermal fluctuations and local
rearrangements. In particular, the methyl hydrogens of
the isopropyl group lie most likely at a distance of
about 2.4 A from the {H3} hydrogens of B-CD, as
shown by the largest peak in the upper panel of Fig. 4,
but they can also be found at a much larger separation.
Still, they are usually found at a distance smaller than
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Fig. 3 The RMSD maps of the host—guest adduct, of f-CD and
of compound (1), from left to right, obtained from the MD runs
in explicit water with concomitant expulsion of water molecules
from the cavity. In each plot, the horizontal and vertical axes
indicate the frames encountered in the MD run (one frame was

4 A, while larger values are seldom found. On the
other hand, the methyne hydrogen of the same iso-
propyl group is always at distances larger than 4 A
from the {H3} hydrogens of p-CD (lower panel of
Fig. 4), farther than the neighboring methyl hydrogens.
It should be noted that in water the peaks (filled
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Fig. 4 The pair distribution function PDF between selected
hydrogens of -CD and of compound (1) obtained from the MD
runs in implicit solvent (empty symbols) and in water (filled
symbols). The figure shows the PDF of hydrogens {H3} of -CD
and the three hydrogens of one methyl group of the isopropyl
substituent in (1) (upper panel), or the hydrogen of the methyne
group of the same substituent (lower panel)
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saved every 0.5 ps), and the root-mean-square distance between
the corresponding conformations (in A) is shown in false colors
(the scale is reported at left; note that the diagonal terms are
equal to zero by definition). Root-mean-square distances larger
than 2 A are shown in black

symbols) are shallower and broader than in the
dielectric medium (empty symbols) because the sol-
vent allows the system to probe for longer times the
whole range of intermediate distances. However, in
each panel the peak positions do not change, and the
volume integrals of the curves are the same, since they
yield the total number of the hydrogens involved in the
calculation. Therefore, broader peaks must be signifi-
cantly shallower. The results shown in Fig. 4 and those
calculated for other sets of hydrogens are in excellent
agreement with the NOE data measured in NMR
experiments ([6] and A. Mele, unpublished results),
considering that a NOE signal is observed for hydro-
gen atoms at a distance lower than about 4 A. It should
also be stressed that these experiments probe distances
averaged over the measurement time, and therefore
the PDF is best suited for a comparison with theoret-
ical calculations.

Conclusions

MD simulations provide many important results about
the conformation and dynamics of cyclodextrins and
on the stability, conformational properties and equi-
librium fluctuations of their inclusion compounds
[1,3,4]. The proposed methodology involves optimiza-
tion of many trial adducts with the guest placed outside
the CD cavity, and MD runs of all the optimized
geometries at a constant temperature. In this way, any
a priori assumption about the host-guest geometry is
avoided. The paper shows that the RMSD similarity
maps are most useful to distinguish among different
families of conformers encountered in the MD trajec-
tory, including the formation of the inclusion com-
pound and its possible rearrangements. The most
stable inclusion compound obtained by full energy
minimizations of the isolated molecule in vacuo can be
compared with the solid-state structure, and large
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differences between the calculated and the observed
geometry are symptomatic of significant intermolecu-
lar packing effects in the crystalline state. Moreover,
the MD simulations are useful to establish the geom-
etry of the host-guest compound in solution, in par-
ticular the formation of the inclusion compound from
an outer adduct with concomitant expulsion of a small
cluster of included water molecules. From the MD
runs, the average properties of the system at equilib-
rium can be calculated. In particular, this paper shows
that the pair distribution function PDF, yielding the
probability density of finding diagnostic groups of
atoms as a function of their separation, is most useful
for the interpretation of the NOE data measured in
NMR experiments.
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