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Enantioselectivity of the propranolol on 0-cyclodextrin was simulated by molecular modeling. Monte Carlo 
(MC) docking and molecular dynamics (MD) simulations were applied to investigate the molecular mechanism 
of enantioselective difference of both enantiomeric complexes. An energetic analysis of MC docking 
simulations coupled to the MD simulations successfully explains the experimental elution order of propranolol 
enantiomers. Molecular dynamics simulations indicate that average energy difference between the 
enantiomeric complexes, frequently used as a measure of chiral recognition, depends on the length of the 
simulation time. We found that, only in case of much longer MD simulations, noticeable chiral separation was 
observed.
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Introduction

Chiral discrimination has been a subject of great interest in 
the development, use, and action of phamaceutical agent. 
Most often the enantiomers of chiral drugs have different 
pharmacological and toxicological properties and therefore 
the quantitative enantiomeric composition of these drugs 
should be determined.1 Propranolol (1-isopropylamino-3-(1- 
naphthyloxy)-2-propranolol; Figure 1) is an important &- 
adrenergic blocking agent which has gained widespread 
usage in the treatment of angina pectoris, cardiac dysrhy
thmias and hypertension. The pharmacological properties of 
the enantiomers of propranolol are quite different, and the Q 
adrenergic blocking activity resides in the (S)-(-) isomer 
while the (R)-(+) -enantiomer has only a membrane stabiliz
ing effect.2-5 Further, the hepatic oxidation of propranolol is 
highly stereospecific.3 It is therefore important to have a 
method for the precise and accurate determination of the 
enantiomeric purity.

An important method for separating enantiomers involves 
cyclodextrins.6 ^-Cyclodextrin (步CD) is a macrocyclic 
molecule formed by a-(1 t 4) glycosidic links between

Figure 1. Chemical structure of propranolol. The chiral carbon is 
indicated by asterisk.

^Corresponding Author: Phone & Fax: +82-2-450-3520, e-mail: 
shj ung@konkuk. ac .kr 

seven D-glucose monomer units, adopt a toroid shape. The 
resulting cavity of the cyclodextrins well characterized com
plexing properties with the appropriate guest molecules.7 
The inherent chirality of the cyclodextrin molecules allows 
them to form diastereomeric complexes with enantiomeric 
compounds. Thus, it has been used as bonded chiral phases 
in liquid chromatography (LC) or as chiral mobile phase 
additives in LC and capillary electophoresis (CE) for the 
enantiomeric separation of racemic molecules.1,8

In this study, the inclusion complexes formed between 0
CD and both propranolol enantiomers were modeled and 
refined by molecular modeling methods to correctly predict 
the elution order for enantiomeric separations. The inter
action energies and conformation of both propranolol-0-CD 
complexes were compared.

Experiment지 Sections

Modeling host and guests m이ecules. Molecular mechanics 
and dynamics calculations were performed with the Insightll/ 
Discover program (version 2000, Molecular Simulations 
Inc. San Diego, U.S.A.) using consistent valence force field 
(CVFF)9 on a SGI OCTANE 2 workstation (Silicon Graphics, 
U.S.A.). The 0-CD structure was obtained by energy mini
mization of a crystallographic geometry.10 The conformational 
search of (R)- and (S)-propranolol were performed by 
simulated annealing molecular dynamics-full energy mini
mization strategy,11,12 and the lowest energy conformation of 
each enantiomer was selected for further simulations. The 
conformations of these molecules are depicted in Figure 2.

Monte Carlo docking minimization simulations. The 
host and guest molecules were positioned in the neighbor
hood with a distance of ~15 A.13 Monte Carlo docking
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Figure 2. Stereoview of molecular models used in the MC 
simulations. (A) (R)-propranolol, (B) (S)-propranolol, (C) &CD.

simulations started by conjugate gradient energy minimi
zation of this initial configuration for 100 iterations and 
accepted it as the first frame. In the course of trial to a new 
configuration, propranolol could take translational move
ment of maximum 3 A to x, y, and z axis and rotation of 
maximum 180o around x, y, and z axis. Total 6 degrees of 
freedom was present for this system (3 translational, 3 
rotational). Each cycle began with a random change of up to 
5 degrees of freedom among them.14 If the energy of the 
resulting configuration was within 10000 kcal/mol from the 
last accepted one, it was subjected to the 100 iterations of 
conjugated gradient energy minimization. The energy toler
ance of 10000 kcal/mol was imposed to avoid significant 
overlap of van der Waals radii in the random search. After 
the energy minimization, the resulting structure was accept
ed based on criteria. (a) An energy check with the Metro
polis criteria at 300 K,15 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 pre-existing ones 
were discarded to avoid accepting similar configurations. 
The Monte Carlo simulations were performed until energy 
convergence. No cutoff was imposed on the calculation of 
non-bonded interactions, and the dielectric constant was set 
to 1. Boltzmann averages of energies were evaluated at 300 
K.

Molecular dynamics simulations. We used lowest-ener- 
gy structures from the MC docking simulations as starting 
conformations for further molecular dynamics simulations.16 
No cut-off was imposed on the calculation of non-bonded 
interactions. Constant NVT molecular dynamics calculations 
were performed using the leap-frog algorithm with a 1 fs 
time step. The initial atomic velocities were assigned from a 
Gaussian distribution corresponding to a temperature of 300 
K. The system was equilibrated for 500 ps and the produc
tion run was done for 100 ns. The temperature was controll
ed by velocity scaling in equilibration phase and by 
Berendsen algorithm17 in production phases with a coupling 
constant of 0.2 ps. Intermediate structures were saved every 

10 ps for analysis. The dielectric constant was set to 1 or r. 
The effects of the implicit solvent are approximated using a 
dielectric constant proportional to the distance (£ = r).18

Results and Discussion

Monte Carlo docking minimization simulations. The 
pathways of MC docking simulations showed a general 
tendency of inclusion complex formation and lowering 
complexation energy. The complexation energy was defined 
as the difference between the sum of the energy of individual 
host and guest molecule and the energy of the inclusion 
complex.19 Figure 3 compares the complexation energies in 
MC runs for both complexes. For each enantiomer, the MC 
process could be divided into two phases: the initial and 
equilibrium phase. In the initial phase (from trial 1 to 5000), 
the complexation energies decreased rapidly, and the guest 
(both enantiomers) kept in contact with the host and the 
guest searched for stable conformations in the cavity of the 
host. In the equilibrium phase (from trial 5000 to the end), 
the complexation energies reached its equilibrium value and 
fluctuated around it in a stable manner.
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Figure 3. Energy profile of the Metropolis Monte Carlo docking 
simulations. The complexation 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. 
The average energy was evaluated using the relation, <E> = (1/N) 
SEy, where N is the number of trials and Ei is its energy. (A) 
Complexation energy, (B) Average complexation energy (<C. E.>).



Molecular Modeling of the Chiral Recognition of Propranolol Bull. Korean Chem. Soc. 2003, Vol. 24, No. 1 97

Figure 4. Stereoview of lowest-energy configurations of the 
inclusion complexes of both enantiomers of propranolol and &CD 
in MC docking simulations. (A) (R)-propranolol-6-CD complex, 
(B) (S)-propranolol-p-CD complex.

The average complexation energies of (R)-propranolol-P- 
CD complex are lower than that of (S)-propranolol-P-CD 
complex. The average complexation energy of the (S)- 
propranolol-P-CD complex was 43.89士 1.62 kcal/mol, where
as that of the (R)-propranolol-P-CD complex was 44.43 士 

1.06 kcal/mol in the equilibrium phase. A Boltzmann average 
of resulting complexation energies for the each MC docking

was calculated.20 The Boltzmann average of the (S)- 
propranolol-P-CD complex is -45.63 kcal/mol, whereas that 
of the (R) -propranolol-P-CD is -45.93 kcal/mol in equili
brium phase. The lower complexation energy of the (R)- 
propranolol-P-CD complex could indicate the formation of 
thermodynamically more stable inclusion complex. The 
energy analysis below 20,000 trials also shows similar result 
(data not shown). These results are consistent with reported 
experimental results that R isomer was retained longer in the 
separation process than the S isomer.1,21 We computed the 
average distance between the propranolol's naphthyl moiety 
and the geometric center of the P-CD to assess the relative 
compactness of the two complexes. In order to do this 
effectively, a dummy atom was defined to represent the 
geometric center of the naphthyl moiety. The average dis
tance between the naphthyl moiety of propranolol and the P- 
CD center is 2.33 A for the less tightly bound (S)- 
propranolol and 1.09 A for the more tightly bound (R)- 
propranolol. Figure 4 shows the lowest energy configuration 
of each inclusion complex of (R)- and (S)- propranolol with 
P-CD. The orientation of guest was defined as being ‘up’ or 
‘down’ meaning that the naphthyl moiety was oriented 
toward the secondary rim or toward primary rim of P-CD, 
respectively. The energetic analysis of each complex indicat
ed the major guest orientation of R-complex was "down” 

Figure 5. The average potential energy (<P. E.>) and interaction energy (<I. E.>) in the MD simulations. The interation energy was defined 
as nonbond energies between host and guest molecule. The average energy was evaluated using the relation, <E> = (1/N) SEi, where N is the 
number of frames and Ei is its energy. (A) <P. E.> in £ = 1, (B) <I. E.> in £ = 1, (D) <P. E.> in £ = r, and (D) <I. E.> in £ = r.
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and that of S-complex was "up”. Each stable complex show
ed the tight inclusion complex between the hydrophobic 
moiety of guest and hydrophobic cavity of QCD.1

The MC docking simulations are sufficiently accurate to 
model enantiomeric separations, thus it can serve as an 
effective method for selecting starting points for further 
investigation. Consequently, we carried out molecular dynamics 
simulations to investigate the interaction energy between 
each host and guest over a time period. The lowest energy 
conformation in MC docking simulations was used as an 
initial conformer for molecular dynamics simulations.

M이ecular dynamics simulations. In most molecular 
dynamics studies of CD complexes, calculations were carried 
out for quite short simulation time (< 5 ns).22-23 12 ns MD 
simulations in water was considered by Dodziuk et al, 
however, these systems have not reached complete equili
brium states particularly for the chiral recognition process.24 
Therefore, we have extended the MD simulations with the 
implicit solvent for considerably longer times, about 100 ns, 
and analyzed how the calculated average energy differences 
between the enantiomeric complexes depend on the length 
of the simulation. The time change of the potential energy 
and interaction energy during the MD simulations of both 
complexes is shown in Figure 5. The interaction energy was 
defined as nonbond energies between host and guest mole
cule. The average energy was evaluated using the relation, 
<E> = (1/N) EE；, where N is the number of frames and Ei is 
its energy. Figure 5 shows that R isomer is not always pre
dicted to form more stable complex. Before 20 ns, the 
average potential energy and interaction energy was invert
ed. (R)-propranolol-/3-CD complex kept up more stable for 
the rest of simulation. Energy difference in £ = r (the effects 
of the implicit solvent) is higher than in £ = 1 (AI.E.s-r = 0.95 
kcal/mol in £ = r, AI.E.s-r = 0.22 kcal/mol in £ = 1). These 
results strongly indicate that solvation effect is one of the 
important parts of chiral recognition process by Q-CD. These 
MD simulations correctly predict the R isomer to be bound 
tighter. These results also indicate that much longer MD 
simulations times must be applied in order to get the reliable 
results of for enantiomeric separation.

Conclusion

Throughout this study, we investigated the molecular 
models of chiral discrimination by Q-CD through the 
differences in the interaction energies and configuration of 
inclusion complexes by molecular modeling. The calculated 
results are in agreement with experimental observation in 
predicting the correct elution order in propranolol sepa
ration. Molecular dynamics simulations indicate that average 
energy difference between the complexes, which is frequent
ly used as a measure of chiral recognition,22-25 depends on 

the length of the simulation time. We found that only in case 
of much longer MD simulations, more than 10 times for the 
general MD time scale, noticeable chiral separation was 
observed. Our results suggest that molecular modeling 
methods such as MC and 100 ns MD simulations successful
ly explained the experimental results about the chiral 
recognition process of propranolol by Q-CD. We hope that 
our suggested methods would be applicable for a variety of 
other chiral separation systems.
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