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Abstract Ligand/cyclodextrin is a peculiar type of

ligand/receptor system. We report the results of a

docking procedure using b-naphtyloxyacetic acid as

ligand and various models of b-cyclodextrin as recep-

tor. The results indicate that docking strategies can

successfully be applied to any ligand/cyclodextrin sys-

tem with the final aim of predicting log K values.
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Abbreviations
ADME-Tox Absorption, Distribution, Metabolism,

Excretion and Toxicity

CD Cyclodextrin

CSD Cambridge Structural Database

GB-SA Generalized Born-Surface Area

RMS Root Mean Square difference between

two sets of atomic coordinates

MIF Molecular Interaction Field

Introduction

Modern drug design requires that Absorption, Distri-

bution, Metabolism, Excretion and Toxicity (ADME-

Tox) be addressed early in drug discovery [1]. Molec-

ular host-guest based systems are well-known tools to

optimize drug release in the body. Cyclodextrins (CDs)

have been widely used as hosts to form inclusion

complexes, and can improve the solubility and bio-

availability of poorly water-soluble compounds [2],

making complexation with CDs a very useful strategy

for drug delivery [3–6]. Reliable in silico prediction of

the stability constants (log K) is mandatory to improve

the design of inclusion complexes [7].

In principle, log K can be estimated by using dock-

ing tools [8]. This study is one part of a more general

computational project focused on determining log K

between CDs, derivatized and not, and molecules of

pharmaceutical interest. Here, we report the results

obtained in describing the inclusion complex between

b-naphtyloxyacetic acid as ligand and b-CD as a

receptor, obtained through a docking procedure espe-

cially designed for investigating CDs inclusion com-

plexes.

Methodology

b-CD structures

b-CD (code BCDEXD03) and the complex of b-CD

with naphthyloxyacetic acid (code ODEJOW) were

found in the Cambridge Structural Database (CSD,

version 5.27; data updates January 2006). These com-

pounds were checked with Mercury [9], saved in the

Tripos mol2 format (necessary for subsequent calcu-

lations) and read in MOE [10] to carefully check the

coordinates, delete co-crystallized water molecules,

and add hydrogen atoms when necessary. Finally,

the geometry of hydrogens was minimized under

MMFF94x and GB-SA conditions [11, 12] (RMS
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gradient < 0.001Å). These minimization conditions

were adopted throughout the study.

Eight b-CDs models (Table 1) were used: the first

(1a) was simply extracted from the complex with

b-naphthyloxyacetic acid; the second (1b) was obtained

from the minimization of 1a; 1c is the crystallographic

structure of b-CD (BCDEXD03); 1d was obtained

from the minimization of 1c; 1e was obtained from 1d
by manual rotation of the primary oxygens which were

oriented towards the exterior of the cavity and sub-

sequent minimization; 1f was built using MOE Builder

to obtain a symmetric b-CD and minimized after ori-

enting the primary oxygens to point towards the inte-

rior of the cavity; 1g and 1h were the same as 1f except

for the orientation of the primary oxygens: these were

oriented outwards with regard to the cavity (1h) and

were oriented in an intermediate manner (three

pointing inwards and four pointing outwards) (1g).

Ligand structure

After extraction from the crystallographic structure

(code ODEJOW), b-naphthyloxyacetic acid was mini-

mised before its use in the docking runs.

Geometrical descriptors

For each b-CD conformation, three centroids

(Fig. 1A) were defined as dummy atoms by the MOE

Builder: the first (named P) was due to the six oxygen

atoms of the primary face, the second (C) to the six

glycosidic oxygen atoms, and the third (S) to the 12

oxygen atoms of the secondary face.

For the ligand (Fig. 1B), the centroid of the distal

aromatic portion was also defined (L) together with the

centroid of the carboxylic moiety (M).

Molecular Interaction Fields (MIFs)

MIFs [13–15] were calculated using the program GRID

[16]. Two probes were chosen, water (OH2) and the

hydrophobic probe (DRY). Default parameters were

utilized, except for the number of planes of grid points

per Angstrom (NPLA directive) which was set to 2.

Since the volume of MIFs varies with the energy cutoff

value, –5.0 kcal/mol was taken as cutoff for the

hydrophilic field and –0.05 kcal/mol for the hydro-

phobic field. An in-house program was then used to

obtain the number of points proportional to the two

MIFs volumes [17].

Docking

A modified MOE-Dock module, kindly provided by

the Chemical Computing Group, was used. Briefly, a

Genetic Algorithm search procedure was used with

MOE default parameter (1500 generations per run, 3

mutation frequencies, 7 birthrates) and GB-SA

conditions [11]. The ligand flexibility was taken into

account, and a random initial orientation was used [18].

Each run (one run for each b-CD model) generated

100 poses. All the complexes present in the eight final

databases were finally minimised.

The 100 poses were ranked by their E (the total

energy of the complex) and the b-CD of the complex

with the lowest E was used as a template to superpose

the remaining 99 poses. For each pose the ligand RMS

was calculated with respect to all the others (4950 RMS

were thus calculated for each database). Two poses

showing RMS < 0.8Å and differing in E by less than

3 kcal/mol were considered equal and thus only the

one with lower E was retained. This screening pro-

duced for each b-CD model a database of poses

(ranging from 61 to 87) significantly different one from

the other which was analysed with the aid of the dis-

tance between centroids, as described in ‘‘Geometrical

descriptors’’ (P, C, S, L and M, Fig. 1). Finally, to

complete the analysis, the eight databases were merged

together and the complexes were sorted by their E

value.

All calculations were performed on a Linux based

dualprocessor Appro1124 server and on standard PCs

operating with Microsoft Windows XP.

Table 1 b-CDs used as a
receptor in this study

Name Description

1a b-CD extracted from the complex with naphthyloxyacetic acid (no minimization)
1b b-CD extracted from the complex with naphthyloxyacetic acid (MMFF94x and GB-SA)
1c b-CD X-ray structure (no minimization)
1d b-CD X-ray structure (MMFF94x and GB-SA)
1e b-CD X-ray structure (MMFF94x and GB-SA) and all primary OHs pointing outwards with

regard to the cavity
1f Symmetric b-CD with primary OHs pointing inwards
1g Symmetric b-CD with three primary OHs pointing inwards and four pointing outwards
1h Symmetric b-CD with primary OHs pointing outwards
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Results and discussion

b-CD/b-naphthyloxyacetic acid as a model system

for docking studies

Docking tools are generally applied to traditional

ligand/receptor systems where the receptor is a protein

with an active site located in its interior. In very simple

terms, in the docking procedure the computer program

places the ligand in the active site to predict the

binding affinity of the ligand towards the receptor.

CDs exhibit low selectivity towards drugs, and CD

inclusion complexes have low dissociation constants

compared to receptor/drug complexes [19]. These

characteristics, together with the similar size of recep-

tor and ligand, make the CD/ligand system a particular

type of ligand/receptor system, and mean that any

standard computational procedure must be tailored to

it. In this study, the b-CD/b-naphthyloxyacetic acid

complex was selected to be submitted to computational

runs, in order to determine a docking strategy tailored

to it and able to reproduce experimental data, such as

X-ray [20] and log K [21].

Once the procedure has been set up, at least in

principle the docking method can be used to predict

log K values for all CD/drug inclusion complexes.

Characterization of b-CD receptors

Since the receptor (i.e. the b-CD) is very flexible, (the

active site is not constrained in any protein structure)

the study had to take more than one conformation into

account. Rather than performing a generic conforma-

tional analysis, from which to extract the most repre-

sentative b-CD models, here we preferred to prepare

eight b-CD models by modulating those features

involved in the modifications induced on b-CD by

complex formation [22]: (a) the shape of the cavity

which tends to become oval in the presence of ligands

and (b) the position of the primary oxygens, which in

the X-ray structure of b-CD alone point at random

towards the interior or the exterior of the cavity,

whereas in crystallographic structures of b-CD com-

plexes they always point outwards [17].

The eight final models are fully described in Meth-

odology and listed in Table 1, whereas their geomet-

rical characterization is summed up in Table 2. The

cavity shape is described by dmin and dmax (respectively

the shortest and the longest distance between the gly-

cosidic oxygens and their centroid C (see Fig. 1A)) and

Fig. 1 3D chemical structures with relative centroids discussed
in this study, (A) b-CD, (B) b-naphtyloxyacetic acid

Table 2 Energy values, geometrical descriptors and MIFs numerical results for b-CD in its different conformations (see text)

E [kcal/mol] (a) dmin [Å] (b) dmax [Å] (c) CP [Å] (d) CS [Å] (e) DRY (f) OH2 (g) r (DRY/OH2) (h)

1a 652.08 4.94 5.17 2.88 2.12 415 1751 0.24
1b 585.70 4.82 5.02 1.77 2.51 476 1909 0.25
1c 620.89 4.81 5.17 3.13 2.10 55 1780 0.03
1d 584.26 4.80 4.98 2.80 2.36 122 1929 0.06
1e 584.00 4.80 4.98 2.33 2.36 415 1871 0.22
1f 572.56 5.00 5.05 3.66 2.41 138 1842 0.07
1g 572.63 5.00 5.05 3.14 2.41 163 1693 0.10
1h 579.11 5.00 5.05 2.60 2.41 451 1803 0.25

(a) b-CD energy calculated as described in the text

(b) The shortest distance between the glycosidic oxygens and their centroid C (see Fig. 1A)

(c) The longest distance between the glycosidic oxygens and their centroid C (see Fig. 1A)

(d) The distance between the centroids C and P (see Fig. 1A)

(e) The distance between the centroids C and S (see Fig. 1A)

(f) Number of final points of the MIF calculated with the DRY probe at –0.05kcal/mol

(g) Number of final points of the MIF calculated with the OH2 probe at –5kcal/mol

(h) Ratio between number of DRY points and number of OH2 points
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thus 1f–1h show a circular cavity, whereas the

remaining models possess an oval cavity. The distance

CS describes the position of the CD oxygens located on

the secondary face, from which the entrance of the

ligands should occur, whereas CP describes the posi-

tion of the CD primary oxygens: the higher the CP the

more the larger number of primary oxygens point

inwards.

In previous studies, we have shown that the forma-

tion of an inclusion complex considerably changes

some 3D molecular properties of CDs, as a conse-

quence of changes in the orientation of primary

oxygens [17, 23]. In particular, we found that the more

lipophilic the ligand, the higher the lipophilic content

around the primary face and the cavity. The ratio

between hydrophilic and lipophilic content for models

1a–1h is shown in Table 2, and suggests that, when the

primary oxygens point outwards (1a, 1b, 1e and 1h),

the hydrophobic contribution is larger, as shown by

the high r value and the increased presence of yellow

regions in Fig. 2.

Finally, the lowest energies exhibited by the

symmetric conformations (1f–1h) confirms that they

are a reasonable model, regardless of their lack of

experimental origin.

Docking results

The starting point in analysing the results is to define a

criterion to judge whether poses found by the docking

procedure are inside or outside the cavity. In this study,

the ligand is considered to be inside the cavity when at

least one of the distances MP, MC, MS, LP, LC, LS

(Fig. 1A), as suggested by the X-ray data analysis, is

below 2.5Å.

Docking results are reported in Table 3, where for

each receptor model investigated (1a–1h), we report

the total number of final poses (see Methodology) and

those among them that lie outside or inside the b-CD

cavity. The low percentage of poses inside the cavity

for all models suggests that b-naphtyloxyacetic acid has

little tendency to enter the b-CD cavity, which is in

agreement with the low log K value (2.57 [21]). Pre-

liminary results for larger compounds (e.g. imipramine

and nicardipine) appear to confirm that ligands with

higher log K enter the cavity to a greater extent.

The conformation of the receptor seems to have

some influence on the entrance of the acid into the

cavity since, in b-CD models with all primary oxygens

pointing outwards (1e and 1h), the number of ligands

retrieved in the cavity is higher. This fact must be

confirmed for ligands having greater affinity for the

receptor.

Fig. 2 GRID results visualization: hydrophilic regions (blue)
at –5.0kcal/mol and hydrophobic regions (yellow) at –0.05kcal/
mol. (A) 1f, (B) 1g, (C) 1h

Table 3 Docking results

Final
poses (a)

Poses inside
the cavity (%)

X-ray
orientation (b)

Opposite X-ray
orientation (c)

1a 87 1 (1) 1 0
1b 64 27 (42) 6 21
1c 61 4 (7) 2 2
1d 67 9 (13) 3 6
1e 65 11 (17) 2 9
1f 79 6 (8) 6 0
1g 80 10 (13) 9 1
1h 66 11 (17) 7 4

(a) Poses significantly different found by the docking procedure

(b) Poses located in the interior of the cavity and oriented in
agreement with the X-ray data (code ODEJOW)

(c) Poses located in the interior of the cavity and oriented in the
opposite way than the X-ray data (code ODEJOW)
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From Table 3 it appears that, for all models (1a–1h),

the molecules of b-naphtyloxyacetic acid which were

found in the interior of the CD cavity are located in

two main poses: one, in agreement with the X-ray data

(Fig. 3A), has the naphthyl group is in the vicinity of

the CD secondary oxygens, the other is in the opposite

situation (Fig. 3C) with the polar moiety in the vicinity

of CD primary oxygens. These results are in line with

NMR data [20] indicating that, in solution, both these

types of 1:1 complexes are found (similar behaviour is

described in the literature for different CD/ligand

systems [24–27]). Furthermore, this agreement with

experimental data demonstrates that the proposed

docking procedure is reliable, since it reproduces real

situations.

An additional comment is that the different b-CD

models influence the ratio between the two differ-

ent poses (Table 3), and in particular that for

symmetrical models (1f, 1g and 1h) show a preference

for the X-ray-like pose. The reverse is true for results

obtained using models 1c, 1d, and 1e, which were

obtained starting from the X-ray structure of the b-CD

not involved in complex formation.

Finally, since the docking procedure requires final

minimization of the complex, the results obtained from

the eight models were merged into one database and

sorted by increasing energy (E, the total energy of the

complex). Analysis of this database reveals that the

complex with the lowest energy (Fig. 3B) was obtained

starting from 1g, the ligand is in the same orientation

as in the crystallographic structure (Fig. 3A) and the

b-CD has lost its symmetry because of minimization

(dmin = 4.31 Å, dmax = 5.32 Å). It must be pointed that

the loss of symmetry also occurred for all complexes

obtained from 1f, 1g and 1h. In addition, in models

derived from 1g, the CD primary oxygens retain their

orientation also after minimization.

The second-lowest-energy complex in the database

differs from the first by less than 1 kcal/mol and has the

ligand outside the CD cavity; thus also energy criteria

confirm the low tendency of b-naphtyloxyacetic acid to

form inclusion complexes with b-CD.

Of the following 79 complexes, 21 have the ligand

with X-ray orientation, whereas 58 have the ligand

outside the cavity. Complex 82 is the first to have the

ligand in the opposite orientation to that of the X-ray

(Fig. 3C); its E is 19 kcal/mol above that of the most

stable complex (Fig. 3B).

Taken together, these results suggest that, in CD/

ligand systems, the role of the energy values in the

prediction of log K is not clear, partly because the

contribution of entropy has been neglected. Con-

versely, the ratio between the number of ligand mol-

ecules that are found in the interior of the cavity

and those that are found outside would appear to be

the numerical docking result on which attention to

Fig. 3 Docking poses: the ligand is shown in green. (A) The
crystallographic complex (code ODEJOW), (B) The complex of
minimal energy E, (C) complex 82, that with lowest energy of
those with the ligand in the opposite to the X-ray orientation
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determine should be concentrated to determine a

scoring function able to predict log K.

Conclusions

b-CD is a peculiar receptor, which can be used in

docking studies provided that the computational pro-

cedure is tailored to it.

This study highlights that a symmetric b-CD built by

computational tools with randomly oriented primary

oxygens can be used as a representative receptor

model of b-CD, since it is able to reproduce experi-

mental NMR and crystallographic data for the systems

b-CD/b-naphtyloxyacetic acid, chosen as reference

complex. This result is of particular significance, since

the computational building of derivatised CDs to use in

further studies, will not have the support of crystallo-

graphic data.

Work is therefore in progress to extend this study,

and should enable log K to be predicted for derivatised

CDs with any ligand before their synthesis, topic of

particular relevance in the design of new CD-based

systems to be used in drug delivery.
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