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Abstract

The molecular basis for the remarkable enhancement of the solubility of paclitaxel by O-dimethylcyclomaltoheptaose
(DM-�-CD) over cyclomaltoheptaose (�-cyclodextrin, �-CD) was investigated with Monte Carlo docking–minimization simula-
tion. As possible guests of inclusion complexation for the host cyclic oligosaccharides, two functional moieties of the suggested
solution structure of paclitaxel were used where one is the C-3�N benzoyl moiety (B-ring) and the other is a hydrophobic (HP)
cluster site among the C-3� phenyl (C-ring), C-2 benzoate (A-ring), and C-4 acetoxy moieties. The energetic preference of inclusion
complexation of DM-�-CD over �-CD was analyzed on the basis of more efficient partitioning process of DM-�-CD into the
hydrophobic cluster site of the paclitaxel. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Paclitaxel (Fig. 1) is a diterpenoid natural product of
the Pacific yew (Taxus bre�ifolia)1 showing encouraging
activity against ovarian, breast, head and neck, and
non-small-cell lung cancers.2 It binds to the �-tubulin

binding site on microtubles, promotes their assembly
from tubulin heterodimers, and stabilizes them against
depolymerization. The resulting abnormal tubulin–mi-
crotubule equilibrium disrupts the normal mitotic spin-
dle apparatus, which underlies the ability of paclitaxel
to block cell proliferation at the tetraploid G2-M phases
of the cell cycle.3 Recently paclitaxel has been approved
in the form of Taxol for treatment of breast and
refractory human ovarian cancer. One of the major
problems with paclitaxel therapy arises from the ex-
tremely low-aqueous solubility of the drug.4 In order to
circumvent this problem, several trials such as encapsu-
lation by liposomes, organic solvent formulation with
polyethoxylated castor oil, and complexation with solu-
blizing agents have been performed.5–7 One of the latter
is to use the inclusion complex of paclitaxel with cyclic
oligosaccharides like cyclodextrins.8 Cyclodextrins
(CDs) are cyclic oligosaccharides consisting of cova-
lently linked glucopyranose rings. CDs (�-, �-, and
�-CD) have been used extensively to increase the
aqueous solubility of drugs9,10 and to increase the sta-
bility of labile drugs.11,12 CDs were modified chemically
or enzymatically to improve their aqueous solubility or

Fig. 1. Chemical structure of paclitaxel with numbering
scheme.
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modulate their toxicity. The property of enhancing
solubility and stability derives from the formation of a
water-soluble inclusion complex, in which the hollow,
truncated, cone-like CD structure encapsulates and
shields hydrophobic or labile drug molecules in the
electron-rich, apolar interior, while the outer, hy-
drophilic region of the CDs enables solubilization
through interaction with water molecules.13 O-
Dimethylcyclomaltoheptaose (DM-�-CD) was demon-
strated to be the most efficient solublizing agent for
paclitaxel.14. DM-�-CD enhanced paclitaxel solubility
by approximately 100,000-fold5 comparing about ten-
fold of 1.5% �-cyclodextrin (�-CD).7 This remarkable
difference of solubility was not completely understood
at the molecular level. In the present paper, we investi-
gated the inclusion complexation of paclitaxel with
�-CD and DM-�-CD based on computational calcula-
tions. The preferential solubility enhancement of pacli-
taxel by DM-�-CD was scrutinized by the Monte Carlo
docking–minimization method.

2. Results and discussion

The Monte Carlo (MC) docking simulations showed
general tendencies of inclusion complex formation and
lowering interaction energies for both CDs with pacli-
taxel. The interaction energy was defined as the differ-
ence between the sum of the independently calculated
energy of each host–guest molecule and the energy of
each configuration in the process of MC docking simu-
lations.15 In the process of MC docking simulation,
CDs were considered as ligands and paclitaxel as a
receptor molecule. During the simulations, the whole
coordinates of CDs were flexible. Two different binding
sites of the solution structure of paclitaxel were as-
sumed, where one was the C-3�N benzoyl (B-ring) moi-
ety and the other was the hydrophobic (HP) cluster
among the C-3� phenyl, C-2 benzoate and C-4 acetoxy
moieties (Fig. 2(A)). These assumptions were based on
the recent report by Ojima et al. who reported that this
hydrophobic cluster played a significant role in the
conformational equilibrium of paclitaxel.16 Fig. 2 shows
the molecular models used in this MC docking simula-
tions. MC docking simulations were performed in a
vacuum and with an implicit solvent system where the
dielectric constant was set to 1 and r, respectively. The
distance-dependent dielectric constant (�=r) was used
to simulate solvent water.17 Fig. 3 compares each of the
interaction energies obtained after the MC runs. After
1000 trials, interaction energies reached an equilibrium
value and fluctuated around it in a stable manner.
Therefore, we considered these states (�1000) an equi-
librium status, and the average energy was calculated
based on this status.

In �=1, the interaction energy of DM-�-CD with the
B-ring of paclitaxel was slightly lower than that of
�-CD (B-ring docking). The average interaction energy
of the �-CD–paclitaxel complex was −249.6�1.4
kcal/mol, and that of the DM-�-CD–paclitaxel com-
plex was −251.0�1.9 kcal/mol in the equilibrium
state. However, the interaction energy of DM-�-CD
with the HP cluster of paclitaxel was much lower than
that of the �-CD (HP cluster docking). The average
interaction energy of the �-CD–paclitaxel complex was
−236.5�1.7 kcal/mol, and that of the DM-�-CD–pa-
clitaxel complex was −243.2�1.0 kcal/mol in the
equilibrium state. The difference of interaction energy
between the DM-�-CD–paclitaxel complex and the
�-CD–paclitaxel complex is −6.7�2.0 kcal/mol. In
the case of �=r, the interaction energy difference of the
HP cluster docking was similar to that in �=1. The
difference of interaction energy between the DM-�-
CD–paclitaxel complex and the �-CD–paclitaxel com-
plex is −6.4�1.9 kcal/mol. However, the interaction
energy difference of B-ring docking was higher than
that in �=1. The difference of interaction energy be-
tween the DM-�-CD–paclitaxel complex and the �-
CD–paclitaxel complex is −4.6�1.9 kcal/mol in �=r
compared with the value of −1.3�2.4 kcal/mol in
�=1. These results are summarized in Table 1.

We tried several MC runs from different initial
configurations for each CD and obtained similar results
(data not shown).

Figs. 4 and 5 each show the lowest energy configura-
tions among the inclusion complexes of �-CD and
DM-�-CD with paclitaxel. When all the configurations
in an equilibrium state were superimposed by a least-
squares fitting, the RMSD calculated all over non-
hydrogen atoms were only of the order of 1 A� . Thus,
each of the lowest energy configurations safely repre-
sents the overall feature of inclusion complexes. When
compared with �-CD, DM-�-CD made a complex with
the HP cluster of paclitaxel at a deeper site in the cavity
due to the effective partitioning of the dimethyl groups
of DM-�-CD into the HP cluster site. The center of
geometry was moved into a deeper position inside the
cavity of DM-�-CD. This shift of center of geometry is
shown in Table 2. It shows the comparison of the
average distance between the center of geometry of the
CDs and paclitaxel during the HP cluster docking
simulations. DM-�-CD was located closer to the HP
cluster of paclitaxel than �-CD. In other words, DM-�-
CD made a more compact complex with paclitaxel than
�-CD did, whereby this compactness endowed more
favorable van der Waals interaction, thus explaining
the formation of a stable inclusion complex. Table 2
also shows the radius of gyration (RG) of the HP cluster
site of paclitaxel. DM-�-CD led to an increase in the
RG of the HP cluster more effectively than �-CD after
the complexation. These results suggest that DM-�-CD
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Fig. 2. Stereoview of molecular models used in the MC simulations. (A) Paclitaxel, (B) �-CD, and (C) DM-�-CD. Conformation
of paclitaxel based on the proposed structure where the H-2��C-2��C-3��H-3� dihedral angle of this conformation is 124°.16 It has
the hydrophobic cluster among the C-3� phenyl, C-2 benzoate and C-4 acetoxy moieties.

may break the hydrophobic cluster within the paclitaxel
more efficiently than �-CD, and thus enhance the solu-
bility of paclitaxel. This somewhat effective partitioning
of DM-�-CD into the hydrophobic cluster moiety of
paclitaxel explains why the paclitaxel can be favorably
solubilized in the presence of DM-�-CD.

Table 1 shows the interaction energy profile of each
MC docking in detail. Van der Waals energy seems to
be the major contribution to the stability of inclusion
complex in both cases. Especially, the contribution of
the van der Waals energy term in the HP cluster

docking was much higher in the DM-�-CD–paclitaxel
complex than in the �-CD–paclitaxel complex, suggest-
ing that the dimethyl groups of DM-�-CD played a
critical role of inducing the stable inclusion complex.

Throughout this research, MC docking simulation
was applied to the investigation for the paclitaxel com-
plexation with two different CDs in terms of the differ-
ences in the interaction energies and configuration of
inclusion complexes. We propose that the effective par-
titioning by DM-�-CD over �-CD would be the deci-
sive factor for the solubility enhancement of paclitaxel.
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Furthermore, these results will also provide very useful
information on the future design of more effective
complexing agents to enhance paclitaxel solubility. Fur-
ther researches for the development of novel CD
derivatives will be needed in this respect.

3. Experimental

Molecular mechanics calculations were performed
with the INSIGHTII/DISCOVER program (version 2000,
Molecular Simulations Inc., San Diego, USA) using the

Fig. 3. Energy profile of the Metropolis Monte Carlo docking simulations. The interaction energy was defined as the difference
between the sum of independently calculated energy of each host–guest molecule and the energy of each configuration in the
process of MC docking simulations. The simulation was performed in �=1: (A) B-ring; (B) HP cluster; and in �=r : (C) B-ring;
(D) HP cluster.

Table 1
Average interaction energies of the MC docking simulations in equilibrium state

vdW E b Electro EDocking Total E cComplex Internal E a

39.5�2.5−149.2�1.8−139.9�1.4 −249.6�1.4�-CDB ring docking�=1
−158.6�3.3 47.9�1.8 −251.0�1.9DM-�-CD −140.2�1.9

�E d −1.3�2.48.4�2.8−9.4�4.1−0.3�2.6
11.7�2.0 −236.5�1.7−126.1�2.5�-CDHP cluster docking −122.1�1.1

−140.5�1.9 17.7�1.0 −243.2�1.0DM-�-CD −120.3�1.4
−14.4�3.1 6.0�2.2�E d −6.7�2.01.8�1.8

�=r B ring docking �-CD −143.8�1.7 −151.4�3.2 11.6�3.3 −283.6�1.5
14.6�1.9 −288.2�1.2−157.3�2.0−145.6�1.1DM-�-CD

−5.9�3.8 3.0�3.8 −4.6�1.9�E −1.8�2.0
HP cluster docking −125.7�1.2 −127.4�3.2 −3.8�3.7 −256.8�1.3�-CD

−136.3�2.2 −0.9�1.8 −263.2�1.4DM-�-CD −126.0�1.0
�E −8.9�3.9−0.3�1.6 −6.4�1.92.9�4.1

a Internal E is summation of the energy of deformation bond length, the bond angle, and the dihedral angles.
b vdW E is summation of the repulsive and dispersive van der Waals energy.
c Total E is summation of Internal E and nonbond energy (vdW E+electrostatic E).
d �E is defined as the difference between the interaction energy of the DM-�-CD–paclitaxel complex and the �-CD–paclitaxel

complex.
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Fig. 4. Stereoview of each of the lowest energy configuration among the inclusion complexes between both CDs and C-3�N
benzoyl moiety (B-ring) of paclitaxel. (A) �-CD–paclitaxel complex; (B) DM-�-CD–paclitaxel complex in �=1; and (C)
�-CD–paclitaxel complex; (D) DM-�-CD–paclitaxel complex in �=r.

consistent valence force field (CVFF)18 on a SGI OC-
TANE 2 workstation (Silicon Graphics, USA).

The molecular model of �-CD was obtained from the
crystallographic geometry.19 The molecular structure of
the DM-�-CD was derived from the crystal structure of
�-CD by modifying the substituents using the builder
module within INSIGHTII. The conformational search of
DM-�-CD was performed by simulated annealing
molecular dynamics–full energy minimization strat-

egy,20,21 and the lowest energy conformation of DM-�-
CD was selected for the MC docking simulations. The
molecular structure of the paclitaxel was obtained from
the paclitaxel crystal structure in the Cambridge Data-
base.22 This structure was energy-minimized until the
maximum derivative reached below 0.01 kcal/mol/A� .
The H-2��C-2��C-3��H-3� dihedral angle was restrained
to 124° according to the proposed torsion angle of the
solution structure calculated from the coupling constant
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(J) of NMR measurements and MM2 calculation in the
published report16 prior to running the minimization
(Fig. 2).

Because the molecular size of paclitaxel is larger than
a CD, we regarded the CDs as ligands and the B-ring
or HP cluster of paclitaxel as the binding sites of the
receptor during the MC docking process. CDs were

positioned to form an inclusion complex with the aid of
the docking module of INSIGHTII. The MC docking
simulation started by conjugate-gradient energy mini-
mization of this initial configuration for 100 iterations
and accepted it as the first frame. The coordinates of
both the binding site (B-ring or HP cluster) of pacli-
taxel and all CDs were made flexible during the MC

Fig. 5. Stereoview of each of the lowest energy configuration among the inclusion complexes between both CDs and hydrophobic
(HP) cluster moiety of paclitaxel. (A) �-CD–paclitaxel complex; (B) DM-�-CD– paclitaxel complex in �=1; and (C) �-CD–
paclitaxel complex; (D) DM-�-CD– paclitaxel complex in �=r. The cavity of DM-�-CD more deeply embeds hydrophobic cluster
moiety than �-CD.
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Table 2
Average distance between host and guest and RG of HP
cluster site of paclitaxel in HP cluster docking

Complexed RG (A� )Dielectric Distance (A� )
constant CDs

�=1 �-CD 6.61�0.31 3.74�0.06
6.20�0.17 3.83�0.06DM-�-CD

6.82�0.29�=r 3.70�0.06�-CD
6.40�0.20DM-�-CD 3.83�0.06

supported by grants of the Bioproducts and Biotechnol-
ogy Research Group (01-J-BP-01-B-59) from the Min-
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simulations. But the other geometries of paclitaxel in-
cluding the H-2��C-2��C-3��H-3� dihedral angle were
restrained to the initial conformation.

Trials to a new configuration were accomplished by
changing the position and orientation of the CDs. In
this process, the CDs could take translational move-
ment to the x, y, and z axes (maximum 1 A� ) and
rotation around the x, y, and z axes (maximum 180°).
Six degrees of freedom were present for this system
(three translational and three rotational). Trial began
with a random change of up to 5 degrees of freedom
among them. If the energy of the resulting configura-
tion was within 10,000 kcal/mol from the last accepted
one, it was subjected to the 100 iterations of conjugated
gradient energy minimization. The energy tolerance of
10,000 kcal/mol was imposed to avoid significant over-
lap of van der Waals radii in the random search. After
the energy minimization, acceptance was determined by
the following two criteria: (a) An energy check with the
Metropolis criteria at 300 K;23 and (b) a root-mean-
squared displacement (RMSD) check, which compared
the RMSD of the new configuration against those
accepted so far. Configurations within 0.1 A� RMSD of
preexisting ones were discarded to avoid accepting sim-
ilar configurations. The next trial began like the above
procedure. The MC docking simulations continued un-
til there was complete energy convergence. No cutoff
was imposed on the calculation of nonbonded interac-
tions, and the dielectric constant was set to 1 in vacuo
or r in the implicit solvent for the electrostatic
interaction.17
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