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Abstract Molecular recognition between 4aS/R-galan-
thamine diastereoisomers (1: 4aS-galanthamine; 2: 4aR-
galanthamine) and a-cyclodextrin (a-CD) were studied
by use of docking and molecular dynamics (MD)
simulation approaches. The binding energy of constructed
2---a-CD complexes is ~17 kcal mol~! lower than that of
1---a-CD, implying a stronger binding ability of 2 with a-
CD than that of 1. The theoretical modeling result is
consistent with our previous CZE result, which demon-
strated that a-CD is an efficient chiral additive for
separating 1 and 2. The modeling result also indicates that
both hydrophobic interaction and H-bond force may work
as major factors for molecular recognition between the
galanthamine diastereoisomers and a-CD.
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Abbreviations Galanthamine:
4aS,6R,8a5-4a,5,9,10,11,12-Hexahydroxy-3-methoxy-11-
methyl-6H-benzofuro[3a,3,2-e,f]benzazepin-6-ol

Introduction

4aS-Galanthamine, a tertiary alkaloid isolated from
Amaryllidaceae, is a centrally acting, competitive, and
reversible inhibitor of acetylcholinester (AChE), which
enhances cognitive functions in Alzheimer’s patients. [1]
Although it has been used in the past for the treatment of a
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variety of neurological disorders, it is currently attracting
more attention as a possible agent in the treatment of
Alzheimer disease (AD). This compound has excellent
pharmacological and pharmacokinetic profiles and ex-
hibits very low hepatotoxicity and side effects. [2, 3, 4] A
number of total synthesis procedures are presently
available and the chromatographic techniques for galan-
thamine detection, such as HPLC, HPLC-UV and HPLC-
MS are well established. [5, 6, 7, 8, 9] However, little
work has been reported on the chiral separation of 4aS/R-
galanthamine diastereoisomers. With the fact that the
inhibition of AChE is enantiomerselective, 4aR galantha-
mine should be strictly controlled for medicinal use. Our
previous experiments have proved that «-CD is an
efficient chiral additive for separating 4aS/R-galantha-
mine diastereoisomers using capillary zone electrophore-
sis (CZE). [10] The diastereoisomers show a ~1.4 fold
difference in binding affinity for «a-CD: Kj..,.cp=
23.90 (mol 1™, K»....cp=33.98 (mol 1"1)~!. As an aid
in attempting to obtain structural insight into the possible
recognition and binding mechanism between 4aS/R-
galanthamine diastereoisomers with «-CD, molecular
modeling procedures were performed here by separate
docking runs of molecule 1 or 2 into a-CD. The located
complexes with the highest affinity were then used as
starting structures for molecular dynamics (MD) simula-
tion in order to examine in more realistic detail how the
diastereoisomers bind to a-CD. The binding energy of 1
or 2 with a-CD was calculated with Eq. (1)

Ecp (1)

where E¢omplex 18 the total energy of the complex, Ejgomer 18
the energy of the global minimum conformation of 1 or 2,
and E ¢p is the energy of the free a-CD. The chemical
structures of compounds 1 and 2 are shown in Fig. 1. The
four rings in the molecule are defined as ring I, II, IIT and
IV, respectively.

Ebinding = Ecomplex - Eisomer -
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Fig. 1 Chemical structures of 4aS-galanthamine (left) and 4aR-
galanthamine (right)

Experimental

All molecular modeling studies were performed on a
Silicon Graphics O2 computer running MSI InsightIl
software. [11, 12] The basic modeling methodologies
leading to the molecular dynamics (MD) trajectories and
the energy-minimized complexes were performed using
the CVFF [13] molecular mechanics force field imple-
mented in the Discover_3 module of Insightll. Energy
minimization was performed using the standard steepest
descent and conjugated gradients minimization algo-
rithms implemented in the program. For exhaustive
conformational analysis of both galanthamine di-
astereoisomers, molecular dynamics simulation at 800 K
was carried out. For molecular modeling of the interaction
between 1 (or 2) with «-CD, molecular dynamics
simulation at 300 K was performed and both galantha-
mine and a-CD were allowed to relax in these MD
procedures.

Results and discussion

Molecular structures of 4aS/R-galanthamine and «-CD

The published crystal structures of 4aS-galanthamine and
its derivatives indicate that the four-ring system of
galanthamine has a rigid conformation. [14] Therefore,
the structure of 1 was obtained directly by extracting
galanthamine from the crystal structure of complex of
galanthamine with AChE. [15] An exhaustive conforma-
tional analysis of both 1 and 2 was also carried out by the
molecular dynamics simulation method. The system was
heated to 800 K for 5 ps, and MD trajectories for 10 ps
were performed after that. A time step of 1 fs was used
and the coordinates were saved at every 0.1 ps. Cluster
analysis and minimization of the resulting conformers
were performed for 1 and 2. The most stable conforma-
tions of 1 and 2 are shown in Fig. 2. The energy of the
most stable conformation of 1 is 73.3 kcal mol~! and that
of 2 is 101.7 kcal mol™'. One intramolecular hydrogen
bond is present in the most stable conformer of 1 between
the hydroxy group and the O atom of the dihydrofuran
ring (06—04=2.88 A, 06-H6—04=136.06°), which is
similar to the correspondent crystal structures. The
backbone structure of 1 obtained by the above MD

Fig.2 The most stable conformation: 4aS-galanthamine with
E=733 kcal mol™' (left), 4aR-galanthamine with E=
101.7 kcal mol™! (right)

analysis fits well with the published crystal structure, [15]
the RMSD of all corresponding backbone atoms was
0.09 A, indicating that the MD procedure used in this
project is reasonable for the conformational analysis of
galanthamine.

The most stable conformations of 1 and 2 were
superimposed using the InsightIl superimpose module.
All backbone atoms of rings II, IIT and IV were selected
as comparison atoms. The calculated RMSD is 0.27 A,
which indicates that the geometry of rings II-III-IV of
molecule 1 is similar to that of molecule 2, whereas the
orientation of the cyclohexene ring (ring I) of 1 is
obviously different from that of 2 due to the different
chirality of the C4, atom. In molecule 1, the angle
between mean planes of ring I (plane equa-
tion: 3.285x+6.230y—7.099z4+8.957=0.0) and ring 1I
(6.089x—-5.168y—6.018z+4.725=0.0) is 72.3°, whereas in
molecule 2, the plane angle between the mean planes of
ring I (4.436x+2.741y—-8.533z464.79=0.0) and ring II
(6.645x+0.2961y+7.4677z+77.92=0.0) is 19.9°. Therefore,
unlike molecule 1, where the ring I is nearly vertical to
ring II, ring I in molecule 2 is nearly in the same plan with
ring II and the whole molecule looks much flatter than
molecule 1. This structural difference may be the key
factor for molecular recognition between the 4aS/R-
galanthamine diastereoisomers and «-CD.

The structure of a-CD was obtained from the Cam-
bridge Structure Databank, its CSD entry is CHXAMHO3.
[16] Conformational analysis was also done on it by
dynamics simulation at 300 K and the energy of the most
stable conformation located is 167.2 kcal mol~'. The
internal cavity of CD, which is hydrophobic, is a key
structural feature of the molecule, providing the ability to
complex and accept a variety of guest molecules. [17] The
guests must satisfy the size criterion of fitting at least
partially into the cyclodextrin cavity to form an inclusion
complex. The inner diameter of a-CD is 5.7 A, which
may be suitable to accommodate a phenyl group, a
cyclohexene ring or a tetrahydrozepine ring of galantha-
mine selectively. The selectivity of a-CD ring for rings of
galanthamine is a crucial factor for separating galantha-
mine diastereoisomers.



Docking

The initial three-dimensional structures of the 1---a-CD
and 2---a-CD complexes were generated manually by
placing the galanthamine into the cavity of a-CD using
computer graphics by means of the Insight II Docking
module. The positions of galanthamine relative to a-CD
were scanned by moving the galanthamine manually on
the screen while InsightIl calculates and displays ener-
gies. [18] The captured structure with the lowest energy
was considered as the starting docking conformation for
further molecular dynamics simulations. Both galantha-
mine and «-CD are held rigid during the interactive
docking.

Molecular dynamics

In order to examine in more realistic detail how galan-
thamine diastereoisomers bind to «-CD, molecular
dynamics (MD) simulations at a constant temperature of
300 K were performed on 1--a-CD and 2--a-CD
complexes obtained by the above docking procedure.

Fig. 3 Typical conformations of 1---a-CD: the most stable confor-
mation with E=220.5 kcal mol™! (left), the other conformation with
E=221.4 kcal mol™! (right)
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After the initial 5 ps heating period and temperature
stabilization, MD trajectories were run for 100 ps. A time
step of 1 fs was used and the coordinates were saved at
every 1 ps. During the MD simulations all the 1, 2 and CD
molecules were allowed to relax. Cluster analysis and
minimization were performed on the resulting 1---a-CD
and 2---a-CD conformers. Two typical conformers were
found for both 1.-a-CD and 2:--a-CD. The molecular
structures of these four typical conformers are shown in
Figs. 3 and 4. The energy of the most stable conformer of
1--a-CD is 220.5 kcal mol™!, and that of the other
conformer 221.4 kcal mol™!. The energy of the most
stable conformer of 2---a-CD is 232.3 kcal mol™', and that
of the other conformer 239.0 kcal mol~'. The binding
energy of 1---a-CD is about —20 kcal mol™! and that of
2---a-CD about —37 kcal mol™! according to Eq. (1). The
calculated binding energy of 2---a-CD complex is up to
17 kcal mol™' lower than that of the 1--a-CD complex.
The result indicates that the binding ability of 2 with a-
CD is stronger than that of 1, which is consistent with our
CZE results. The different interactions of 1 with a-CD
and 2 with a-CD resulting from the different geometry of
1 and 2 may form the basis for their chiral separation.
In the two typical conformers of the 1---a-CD complex,
either the tetrahydroazeping ring (ring IV) or the cyclo-
hexene ring (ring I) insert into a-CD’s hydrophobic cavity
from the broad side of the cavity. There are two H-bonds
found between the methoxy group of 1 and hydroxy group
of a-CD in one of the typical conformers. Therefore, both
hydrophobic interaction and H-bond force are contribut-
ing factors for the formation of the 1---a-CD complex.
In the most stable conformer of the 2---a-CD inclusion
complex, the benzene ring (ring III) is deeply inserted
from the broad side and oriented toward the narrow side
of the a-CD’s hydrophobic cavity. In the other conformer,
the hydrophobic cyclohexene ring (ring I) is inserted into
the cavity of a-CD in a similar orientation. There is no H-

Fig. 4 Typical conformations of 2---a-CD: the most stable conformation with E=232.3 kcal mol™! (leff), the other conformation with

E=239.0 kcal mol™! (right)
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bond found between 2 and «-CD. The hydrophobic
interaction between guest and host is the main binding
force for the formation of stable 2---a-CD complex.
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