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The three-dimensional structures and molecular electrostatic potentials of the cis(Z) and trans(E)-
isomers of flupenthixol and clopenthixol were examined by computer graphics and molecular mechan-
ical and quantum mechanical calculations, and their internal molecular motions were studied by
molecular dynamics simulations in vacuo and in aqueous solution. The simulations demonstrated that
both the side chains and the tricyclic ring systems of clopenthixol and flupenthixol are highly flexible.
The angle between the two phenyl ring planes varied between 105 and 171° during the simulations in
solution. The electrostatic potentials around the 2-substituent were significantly more negative in the
trans(E)-isomers than in the cis(Z)-isomers. The stronger negative potentials may weaken electrostatic
receptor interactions and, thereby, cause the trans(E)-isomers to be less active than cis(Z)-isomers.
Differences both in three-dimensional structure and in electronic structure may cause the difference in
pharmacological activity between cis(Z)- and trans(E)-thioxanthenes.
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INTRODUCTION

The cis(Z)-isomers of several thioxanthene derivatives
have antipsychotic effects, while the corresponding
trans(E)-isomers are virtually inactive (1,2). The cis(Z)-
isomers are also much more potent than the trans(E)-
isomers in pharmacological tests related to antipsychotic ac-
tivity (3-5) and in dopamine receptor binding experiments
(5,6). Cis(Z)-thioxanthenes show high binding affinities to
dopamine D1 and D2 receptors in the brain, and it has been
questioned whether their antipsychotic action is mediated
mainly via antagonism of central dopamine D2 receptors or
by combined effects on D1 and D2 receptors (7).

Thioxanthene derivatives have a tricyclic ring system
which is folded about the central S1-C9 axis (Fig. 1), an
electron withdrawing substituent at the 2 position on the
tricyclic nucleus, and a side chain with a nitrogen atom sep-
arated from the tricyclic nucleus by three carbon atoms.
Both flupenthixol and clopenthixol have an N-hydroxy-
ethylpiperazinyl group at the end of the side chain, and their
only difference in chemical structure is that flupenthixol has
a CF; group and clopenthixol a chlorine atom as 2 substitu-
ent (Fig. 1). Due to the exocyclic double bound (C9-C16)
and the 2 substituent, the thioxanthenes may exist as cis(Z)-
and as trans(E)-isomers. The molecular conformation of
thioxanthenes may be described by the dihedral angles (D1-
D3) of the side chain, the angle (o) between the two phenyl
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rings, and the distance (d) between nitrogen atom N1 in the
side chain (Fig. 1) and the center of the substituted phenyl
ring.

The detailed molecular mechanisms of interaction be-
tween thioxanthenes and dopamine receptors are not
known. Dopamine has a trans extended conformation in
crystals (8,9), and it has been suggested that the thioxan-
thenes mimic the three-dimensional trans conformation of
dopamine in their interactions with dopamine receptors (10).
Tollenaere et al. reported from crystallographic data and
PCILO quantum chemical calculations that a good confor-
mational fit could be obtained between trans dopamine and
both the active and the inactive isomer of flupenthixol (11).
Reboul and Cristau (12,13) compared geometrical parame-
ters in crystal structures of dopamine receptor antagonists
and concluded that the compounds had no common pre-
ferred conformation. Several other computational and crys-
tallographic studies of dopamine receptor agonists and an-
tagonists have since been performed in order to determine
three-dimensional pharmacophoric patterns (14-18).

However, a limitation in the postulated pharmacophoric
patterns may have been that previous studies of dopamine
receptor ligands have been based upon fairly static concepts
of molecular structure. The method of molecular dynamics
simulations, which combines a molecular mechanical force
field with Newton’s equations of motion for a molecular sys-
tem, has provided new insight into the molecular motions
and functioning of biologically active molecules (19-21).
This study examines the molecular dynamics, conforma-
tions, and molecular electrostatic potentials of the cis(Z)-
and trans(E)-isomers of flupenthixol and clopenthixol, by
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Fig. 1. Chemical structure and atom numbering scheme of flu-
penthixol. In clopenthixol the CF; group is replaced by chlorine
atom Cl1; otherwise similar atom numbers were used. Dihedral
angles: D1, C9-C16-C17-C18; D2, C16-C17-C18-N1; D3, C17-
C18-N1-C19.

computer graphics and other computational techniques. The
main purpose of our study was to explain the differences in
pharmacological activities between cis(Z)- and trans(E)-
thioxanthenes from their ¢lectronic and molecular structures
and their molecular dynamics.

METHODS

The subsequent steps of the molecular modeling proce-
dure are shown in Fig. 2. Molecular mechanical geometry
optimizations and molecular dynamics simulations were per-
formed with the AMBER 3.0 programs (22-24), using the all
atom force field and a 15-A cutoff radius for nonbonded
interactions. A distance-dependent dielectric function e = r;
(r;- interatomic distance) was used for electrostatic interac-
tions in vacuo, and a constant dielectric function (¢ = 1.0)
was used for electrostatic energies in the calculations with
aqueous solvent. The calculations in vacuo were performed
on a DEC VAX 8600/VMS computer. Molecular dynamics
simulations in aqueous solution were performed on the VAX
8600 for the first 20 psec and on a Cray X/MP-28 computer
for the following 30 psec.

Quantum mechanical atomic point charges were calcu-
lated with the QUEST 1.0 program (22,25) on a Cray X/
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Fig. 2. Flow chart showing the molecular modeling procedure.

MP-28 computer, using an STO-3G basis set. The QUEST
program, which is supplied with the AMBER programs, is an
extended GAUSSIAN-80 program (26) that calculates elec-
trostatic potentials over several layers of molecular surfaces
by ab initio quantum mechanical methods and projects the
potentials into net atomic point charges by an optimization
procedure. Electrostatic potentials were calculated over four
surface layers 0.2 A apart, the innermost surface corre-
sponding to 1.4 times the van der Waals radii.

Molecular graphics was done with the MIDAS programs
(27-29) on an Evans & Sutherland PS390 workstation with a
DEC MicroVAX II/Ultrix system as the host machine. Wa-
ter-accessible molecular surfaces (30) and electrostatic po-
tentials 1.4 A outside the surface were calculated with the
MIDAS programs, using a 10-A cutoff radius, and illustrated
by color coding of the surfaces.

Molecular Mechanical and Quantum
Mechanical Calculations

The AMBER force field did not contain parameters for
bond angles and torsion angles around the sulfur atom in the
central thioxanthene ring. The following parameters were
used: S-C bond—1.75 A, 300 kcal mol~! A~2, from the
crystal structure of di-p-tolyl sulfide (31); C-S—C angle—
98.9°, 62 kcal mol ~ ! rad ~2, from the microwave spectrum of
dimethylsulfide (32); and torsion angle X—-C-S—-X, where x
may be either H or C—1.8 kcal mol !, twofold barrier. The
rotational barrier about the ~C-S- torsion angle had previ-
ously been determined by quantum mechanical ab initio cal-
culations, using the QUEST program, of the energies of
thiophenol with the C-C-S—H torsion angle at different fixed
positions (33).

Molecular mechanical energy minimizations were per-
formed by the steepest descent method for 100 cycles, with
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an initial step length of 0.05, followed by conjugate gradient
minimization until convergence, which was reached with a
1.0 X 10~7 kcal/mol energy difference or a gradient differ-
ence of 0.02 between subsequent steps.

The crystal structures of cis(Z)-flupenthixol (34),
trans(E)-flupenthixol (35), and cis(Z)- and trans(E)-
clopenthixol (36) were used as starting coordinates in the
calculations. The crystal structure determinations had been
performed with free bases, and since thioxanthenes are pro-
tonated at physiological pH (10), hydrogen atoms were
added to the nitrogen atoms of the piperazine ring at stan-
dard distances and angles before further calculations were
performed.

The protonated structures were initially refined by mo-
lecular mechanical energy minimization in vacuo, without
including electrostatic interactions, and atomic point charges
were calculated from this first set of refined structures. For
computational reasons due to the size of the molecules, each
molecule was divided into two overlapping fragments and
the charges calculated for each fragment. A second set of
structures was obtained by energy refinement in vacuo in-
cluding electrostatic interactions. A layer of water with
thickness 8 A, containing approximately 240 randomly dis-
tributed water molecules, was added around each of these
refined structures, and the solute-water systems were re-
fined by molecular mechanical calculations including solute—
solvent and electrostatic interactions.

Molecular Dynamics Simulations

Starting coordinates for molecular dynamics simula-
tions were obtained by molecular mechanical energy mini-
mization of the crystal structures. Simulations without pres-
sure monitoring and with conservation of total energy were
performed for 50 psec at 300 K, with a step length of 0.001
psec, after 5 psec of initial equilibrium dynamics starting
from 0.1 K. Bonds involving hydrogen were constrained us-
ing the Shake method. The nonbonded interaction list was
updated every 50 steps during the simulations in vacuo and
for the first 20 psec of the simulations in water and every 10
steps during the following 30-psec simulation in water. On
the VAX 8600 computer a 50-psec simulation of flupenthixol
in vacuo took 2 hr of CPU time and a 20-psec simulation of
flupenthixol in water took 65 hr of CPU time. On the Cray
X/MP-28 computer a 20-psec simulation of flupenthixol in
water, with more frequent updating of the nonbonded inter-
action list, was done in 87 CPU min. The simulations with
clopenthixol were slightly faster due to the smaller number
of atoms.

The coordinates of the molecular system were saved to
a disk file 100 times during each simulation in vacuo, 250
times during each simulation of a cis(Z)-isomer in aqueous
solution, and 100 times during each simulation of a trans(E)-
isomer in aqueous solution. The ‘“Newton’’ module of the
AMBER program package had been slightly modified such
that the coordinates of water molecules were saved only for
the initial and final coordinate sets, if desired.

The angle («) between the least-squares planes of the
phenyl rings and the distance (d) between the center of the
substituted phenyl ring and the nitrogen atom N1 of the side
chain (Fig. 1) were calculated for each of the saved coor-
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dinate sets. Structures having different conformations,
which were observed during the molecular dynamics simu-
lation in vacuo, were selected and energy refined in vacuo
and in aqueous solution as indicated in Fig. 2.

RESULTS

Molecular Conformation and Potential Energy

The relative energies, dihedral angles of the side chain,
angle between the two phenyl rings, and distance between
the center of the substituted phenyl ring and nitrogen atom
N1 are given in Table I for clopenthixol and in Table II for
flupenthixol. Structures 1 and 6 of clopenthixol were ob-
tained by refinement of crystal structures and the other eight
by refinement of structures from molecular dynamics simu-
lations in vacuo. Structures 1 and 5 of flupenthixol were
obtained by refinement of crystal structures and the other
five from molecular dynamics simulations in vacuo.

The refined crystal structures of cis(Z)- and rrans(E)-
clopenthixol had highest energies among the conformations
in vacuo, and the refined crystal structure of trans(E)-
clopenthixol also had the highest energy in solution (Table
I). The refined crystal structures of cis(Z)-flupenthixol and
trans(E)-flupenthixol had slightly higher energies (0.1 and
0.9 kcal/mol) than the minimum energy conformations in
vacuo (Table II). In aqueous solution the refined crystal
structures of cis(Z)- and trans(E)-flupenthixol had 6.5-7.2
kcal/mol lower energies than the other conformations (Table
II).

The energy difference between the minimum energy
conformations of cis(Z)-clopenthixol was 5.8 kcal/mol in
vacuo and 4.6 kcal/mol in aqueous solution, and the energy
difference between the minimum energy conformations of
trans(E)-clopenthixol was 8.5 kcal/mol in vacuo and 9.2 kcal/
mol in aqueous solution (Table I). The trans(E)-isomers of
both flupenthixol and clopenthixol had higher potential en-
ergies than the cis(Z)-isomers (Tables I and II). The energy
differences between cis(Z)- and trans(E)-isomers were due
mainly to intramolecular electrostatic interactions within the
side chain, as shown in Table IV. The electrostatic interac-
tion energies within the side chain were on average 2.4 kcal/
mol higher in vacuo and 6.0 kcal/mol higher in solution for
the trans(E)-isomers than for the cis(Z)-isomers of flu-
penthixol. For clopenthixol the intramolecular electrostatic
interaction energies within the side chain were on average
3.6 kcal/mol higher in vacuo and 12.9 kcal/mol higher in so-
lution for trans(E)-isomers than for the cis(Z)-isomers.

The electrostatic interaction energy between the posi-
tively charged piperazine ring and the 2 substituent was
lower for cis(Z)-clopenthixol than for trans(E)-clopenthixol
in vacuo and in aqueous solution and within similar ranges
for cis(Z)-flupenthixol and trans(E)-flupenthixol (Table 1V).

Atomic Point Charges and Electronic Structure

The net atomic point charges were fairly similar for
cis(Z)- and trans(E)-flupenthixol, except for atoms C8, C11,
C14, C16, and C17 in the vicinity of the exocyclic double
bond (Table V). The atomic point charges were also similar
for cis(Z)- and trans(E)-clopenthixol, except for atoms C9,
Cl11, Cl14, C16, and C17 around the exocyclic double bond.
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Table 1. Dihedral Angles (D1-D3) of the Side Chain, Angle () Between Least-Squares Planes of the Two Phenyl Rings, Distance (d)
Between the Nitrogen Atom (N1) of the Side Chain and the Centroid of the Substituted Phenyl Ring, and Relative Molecular Mechanical
Energies of Clopenthixol in Vacuo (E,,.) and in Aqueous Solution (E,,,.)

Dihedral angle Plane Atomic Relative energy
S (deg) angle distance (kcal/mol)
tr.
No. Config. Phase? DI D2 D3 a () d(A) E. Eou
1 cis vac 152.4 188.1 296.1 146.2 6.1 5.8
2 " " 132.8 307.8 296.4 144.2 5.4 4.6
3 " " 63.9 178.7 195.2 148.5 4.8 5.8
4 " " 146.3 306.2 295.3 143.7 5.8 0.0
S " " 159.3 270.1 190.8 145.3 5.8 1.5
1 cis wat 149.3 191.1 302.5 149.6 6.1 0.9
2 " ” 142.2 301.5 288.5 149.1 5.4 2.7
3 " " 63.0 183.9 201.8 156.3 4.8 4.6
4 " " 155.1 298.2 297.0 146.5 6.0 3.8
5 " " 150.3 276.5 190.8 152.4 5.7 0.0
6 trans vac 113.5 181.1 70.8 143.3 7.6 13.6
7 " v 207.7 184.8 170.7 145.0 7.6 6.5
8 " " 209.1 171.7 64.0 144.8 7.5 6.1
9 " " 298.8 134.4 68.2 142.0 6.9 7.1
10 " " 213.9 55.1 63.2 144.4 6.0 5.1
6 trans wat 111.4 174.4 64.3 143.8 7.5 20.6
7 " " 210.2 179.6 188.0 143.5 7.6 11.9
8 ” ” 210.2 182.0 71.1 147.0 7.6 11.4
9 " " 298.0 154.0 93.0 144.0 7.2 16.3
10 " " 220.4 35.1 53.2 160.0 5.4 15.0

4 vac, in vacuo; wat, in aqueous solution.

It is interesting to note, therefore, that as shown in Fig. 6,
the electrostatic potentials of cis(Z)- and trans(E)-isomers
were significantly different around the 2 substituent for both
flupenthixol and clopenthixol. The lowest electrostatic po-
tentials 1.4 A outside the water accessible surface around the
CF; group was —2.07 kcal/mol in trans(E)-flupenthixol and
3.01 kcal/mol in cis(Z)-flupenthixol. The lowest electrostatic
potentials 1.4 A outside the water accessible surface around

the chlorine atom was —3.47 kcal/mol in trans(E)-clo-
penthixol and —0.74 kcal/mol in cis(Z)-clopenthixol.

Molecular Dynamics Simulations

In the following the terms g (gauche), a (anti), and —g
(—gauche) are used for dihedral angles in the ranges of 0-
120, 120-240, and 240-360°, respectively. The molecular dy-

Table II. Dihedral Angles (D1-D3) of the Side Chain, Angle (a) Between Least-Squares Planes of the Two Phenyl Rings, Distance (d)
Between the Nitrogen Atom (N1) of the Side Chain and the Centroid of the Substituted Phenyl Ring, and Relative Molecular Mechanical
Energies of Flupenthixol in Vacuo (E,,.) and in Aqueous Solution (E,,,,)

Dihedral angle Plane Atomic Relative energy
S (deg) angle distance (kcal/mol)
tr.
No. Config Phase® DI D2 D3 o (®) dA) Evac Eom
1 cis vac 244.7 174.0 287.2 143.3 5.7 0.1
2 " " 154.1 181.9 299.2 147.2 6.1 0.2
3 " " 152.2 170.7 60.8 147 .4 6.1 0.1
4 " " 67.7 190.2 303.7 141.8 4.7 0.0
1 cis wat 148.5 178.9 314.8 140.4 5.6 0.0
2 " " 157.9 186.8 310.1 138.5 6.2 10.0
3 " " 152.0 168.2 57.7 136.2 6.2 7.2
4 " " 64.9 174.2 294.1 138.5 4.9 10.5
5 trans vac 208.7 301.7 301.8 145.9 6.4 3.9
6 " " 114.6 179.5 191.8 141.1 7.6 6.6
7 " " 211.5 52.1 185.3 145.4 5.9 3.0
5 trans wat 217.6 306.7 310.8 150.4 6.2 10.8
6 " " 103.3 179.9 167.4 148.6 7.4 25.7
7 " " 226.0 49.5 179.6 142.2 5.9 17.3

¢ vac, in vacuo; wat, in aqueous solution.
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namics simulations in vacuo and in aqueous solution dem-
onstrated that both the side chains and the tricyclic ring
systems of clopenthixol and flupenthixol are highly flexible,
as shown in Figs. 3 and 4. The angle (o) between the phenyl
rings ranged from 103 to 175° during the simulations in vacuo
and from 105 to 171° during the simulations in aqueous so-
lution (Table III). The angle between the phenyl rings was
146° and the distance between the nitrogen atom N1 and the
substituted phenyl ring was 6.3 A in the crystal structure of
cis(Z)-clopenthixol (36). The corresponding mean values
during the molecular dynamics simulation of cis(Z)-
clopenthixol in aqueous solution were 143° and 6.1 A (Table
III). For cis(Z)-flupenthixol the corresponding angle and dis-
tance were 151° and 5.8 A in the crystal structure (31) and,
on average, 142° and 5.7 A during the molecular dynamics
simulation in aqueous solution (Table III).

Structure 1 of cis(Z)-clopenthixol, which had an a,a,—g
conformation, was used as starting coordinates in the mo-
lecular dynamics simulation in vacuo. Already in the equi-
librium phase the side chain changed to an a, — g, —g confor-
mation which was retained for 16 psec. The following con-
formations were then observed: 16-32 psec g,a,a; 32-35 psec
a,—g,—g; and 35-50 psec a,—g,a.

As may be noted from Table I, dihedral angles D1-D3 of
the side chain had an a, —g, —g conformation in both struc-
ture 2 and structure 4 of cis(Z)-clopenthixol. However, the
outer parts of the side chains had different conformations
such that the side chain was folded over the ring system in
structure no 2, while structure 4 had a more extended side
chain, as shown in Fig. 5. The distance between the sulfur
atom in the thioxanthene nucleus and the hydroxyl group at
the end of the side chain stayed close to 2.7 A during the
initial 16 psec of the in vacuo simulation, when cis(Z)-
clopenthixol conformations similar to that of structure 2
were observed.

Fig. 3. Superimposed molecular structures of cis(Z)-clopenthixol
(above) and trans(E)-clopenthixol (below) observed during molecu-
lar dynamics simulations. Left: 33 structures observed at 1.5-psec
intervals during 50-psec simulations in vacuo. Right: 33 structures
observed at 1.5-psec intervals during 50-psec simulations in aqueous
solution. Color coding of atoms: S, red; N, green; O, blue; Cl,
yellow; C and H, white.
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Fig. 4. Superimposed molecular structures of cis(Z)-flupenthixol
(above) and trans(E)-flupenthixol (below) observed during molecu-
lar dynamics simulations. Left: 33 structures observed at 1.5-psec
intervals during 50-psec simulations in vacuo. Right: 33 structures
observed at 1.5-psec intervals during 50-psec simulations in aqueous
solution. Color coding of atoms: S, red; N, green; O, blue; F, yel-
low; C and H, white.

Structure 6 (Table I) was used as starting coordinates in
the molecular dynamics simulation of trans(E)-clopenthixol
in vacuo. During the equilibrium phase the side chain shifted
from a g,a,g to an a,a,a conformation, which was retained for
the first 7 psec of the simulation, whereafter the following
conformations were observed: 7-12 psec a,a,g; 12-20 psec
—g.a,8; 20-35 psec a,g,g; 3547 psec —g,a,g; and 47-50 psec
a,g.g.

The molecular dynamics simulation of cis(Z)-
flupenthixol in vacuo was started from structure 1, which
had a —g,a, —g conformation (Table II). This conformation
was retained throughout the equilibrium phase, and the fol-
lowing conformations were observed during the simulation:
0-21 psec —g,a,—g; 21-28 psec a,a,—g; 28-33 psec a,a,g;
3341 psec a,a, —g; 41-50 psec g,a, —g.

The molecular dynamics simulation of trans(E)-
flupenthixol in vacuo started from structure 5, which had an
a,—g,—g conformation (Table II). This side-chain confor-
mation was retained during the equilibrium phase and for the
initial 2 psec of the simulation, and then the following con-
formations were observed: 2-15 psec g,a,a; 15-20 psec
a,—g,—g; and 20-50 psec a,g,a.

The side-chain conformations of dihedral D1-D3 in the
starting structures, —g,a,—g for cis(Z)-flupenthixol,
a,—g,—g for trans(E)-flupenthixol, a,a,—g for cis(Z)-
clopenthixol, and g,a,g for trans(E)-clopenthixol, were re-
tained throughout the 5-psec equilibration periods and the
subsequent 50 psec of molecular dynamics simulations in
aqueous solution. As shown in Figs. 3 and 4, the molecular
motions were somewhat dampened during the molecular dy-
namics simulations in aqueous solution, compared to the
motions in vacuo. Nonbonded interactions with the 2 sub-
stituent caused the side chain of trans(E)-flupenthixol to stay
close to the central C9-S1 axis during the simulations, and
the side chain of the cis(Z)-isomer to be tilted toward the 2
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Table IHII. Angle (o) Between Least-Squares Planes of the Two Phenyl Rings and Distance (d) Between the Centroid of the Substituted
Phenyl Ring and Nitrogen Atom N1 in the Side Chain During Molecular Dynamics Simulations (MD) of Flupenthixol (FP) and Clopenthixol

(CP)*
MD in vacuo MD in water
Configuration o (deg) d (A) a (deg) d (A)
cis(Z)-CP 103-170 (141) 3.5-6.3(5.3) 123167 (143) 5.6-6.6 (6.1)
trans(E)-CP 103175 (139) 5.4-7.7(6.7) 105-168 (143) 7.1-7.8 (1.5)
cis(Z)-FP 105174 (140) 4.46.6 (5.8) 106171 (142) 5.2-6.2 (5.7)
trans(E)-FP 104-174 (141) 5.1-7.8 (6.5) 114-168 (139) 5.9-6.8 (6.4)

“ Observed range with mean value in parentheses.

substituent (Fig. 4). In both isomers the side chain was at-
tracted to the CF; group by electrostatic interactions, but in
trans(E)-flupenthixol a close contact was prevented by the
rotational barrier about the exocyclic double bound.

The dihedral angle N2-C23-C24-0O1 in the hydroxy-
ethyl group of cis(Z)-flupenthixol shifted from a gauche to an
anti conformation after 13.8 psec of the simulation in solu-
tion and remained in this conformation throughout the rest of
the simulation. The hydroxyethyl group in trans(E)-
flupenthixol remained in a gauche conformation, and the
hydroxyethyl group in trans(E)-clopenthixol remained in an
anti conformation, during the simulations in solution. The
dihedral angle of the hydroxyethyl group in cis(Z)-
clopenthixol shifted from a —gauche to an anti conforma-
tion after 7.4 psec and back to a — gauche conformation after
24 psec during the simulation in solution.

The piperazine ring at the side chan (Fig. 1) had a chair
conformation in the crystal structures of cis(Z)- and
trans(E)-isomers of clopenthixol and flupenthixol. The en-
ergy barrier for ring inversion of N,N-dimethylpiperazine
was 13.3 kcal/mol (37), and the barrier for inversion of the

Fig. 5. Molecular structures of clopenthixol observed during molec-
ular dynamics simulations in vacuo. Left: cis(Z)-clopenthixol. Red,
a,—g,—g conformation (similar to structure 2) observed after 14
psec; green, a,—g,—g conformation (similar to structure 4) ob-
served after 35 psec. Right: trans(E)-clopenthixol. Red, a,a,a con-

formation observed after 4 psec; green, —g,a,g conformation ob-
served after 13 psec.

piperazine ring in flupenthixol and clopenthixol is likely to
be even higher due to the substituents on the nitrogen atoms.
As expected, therefore, only chair conformations of the pip-
erazine ring, with the amino hydrogens in axial positions,
were observed during the simulations. The chair conforma-
tion of the piperazine ring in trans(E)-clopenthixol may be
seen in the red-colored structure at the right in Fig. 5.

DISCUSSION

In molecular dynamics simulations Kinetic energy is
added to the molecular system, in order to explore the nature
of molecular motions across potential energy barriers be-
tween different low-energy conformations. It was expected,
therefore, that various conformations of the side chain
would be observed during the molecular dynamics simula-
tions of clopenthixol and flupenthixol in vacuo, as shown in
Figs. 3 and 4. It was not expected, however, that also the
ring systems would move as much as they did during the
simulations, the angle between the two phenyl rings ranging
from 105 to 171° in solution and slightly more in vacuo (Table
III). The flexibility of the molecules and the magnitude of
molecular motions between different conformations during

cis(Z)-CP

Bty W
Fokd

trans(E)-FP

cis(Z)-FP

Fig. 6. Molecular structure and water-accessible surfaces of cis(Z)-
clopenthixol (structure 1), trans(E)-clopenthixol (structure 6),
cis(Z)-flupenthixol (structure 1), and trans(E)-flupenthixol (struc-
ture 5). CP, clopenthixol; FP, flupenthixol. Color coding of surfaces
according to electrostatic potentials (e, kcal/mol): yellow, ¢ < 0;
blue, 0 < ¢ < 12; white, 12 < e < 15; red, ¢ = 15. Color coding of
atoms as in Figs. 3 and 4.



468

Sylte and Dahl

Table IV. Nonbonded Interaction Energies (kcal/mol) of the Clopenthixol (CP) and Flupenthixol (FP) Structures Shown in Tables I and II#

EEL, EEL, vdw
Str.

Compound no. Configuration E,. E, .. E,. E, . E, .. E, .
Cp 1 cis(Z) 35.1 114.5 -2.6 —18.6 -0.1 -0.1
2 " 324 110.6 -2.0 -159 0.0 0.0
3 " 34.5 117.1 -5.1 -26.5 -03 -0.3
4 " 28.0 114.4 -1.9 -15.3 0.0 0.0
5 " 28.4 110.0 -2.0 —15.5 0.0 0.0
6 trans(E) 41.4 132.1 -1.2 —-12.2 0.0 -0.1
7 " 342 125.0 -1.2 -11.7 0.0 0.0
8 " 34.1 124.6 -1.2 -12.0 0.0 0.0
9 " 333 124.9 -1.1 ~11.3 0.0 0.0
10 " 33.0 124.5 -1.8 -18.6 0.0 -0.1
FP 1 cis(Z) 314 121.1 0.0 5.4 -0.1 0.0
2 " 31.7 119.6 0.9 6.3 -0.1 -0.1
3 " 31.8 118.0 0.8 5.7 -0.1 -0.1
4 " 31.8 119.8 0.8 6.9 -03 -0.3
5 trans(E) 339 127.7 0.9 7.0 0.0 -0.1
6 " 34.8 125.9 0.7 6.0 -0.1 0.0
7 " 33.6 123.3 1.2 8.0 0.0 0.0

¢ EEL,, electrostatic interactions within the side chain; EEL.,, electrostatic interactions between the piperazine ring at the side chain and
the 2 substituent on the ring system; vdW, van der Waals interactions between the piperazine ring and the 2 substituent; E, ., energy in

vacuo; E,,,,, energy in aqueous solution.

the simulations clearly indicate that the receptor-bound con-
formations of cis(Z)-clopenthixol and cis(Z)-flupenthixol
may be different from those having lowest energy in vacuo
or in solution. A similar hypothesis has recently been pos-
tulated for the receptor bond conformation of acetylcholine
(38).

The speed and magnitude of the molecular motions in
the simulations show that in order to truly understand their
mechanisms of action, their receptor interactions at the mo-
lecular level should be regarded as dynamic processes. As
illustrated in Fig. S, computer graphic visualization also
showed that the motions between various conformations
took place in a way that was quite different from what we
had anticipated. Rather than rotating around single bonds
while the rest of the molecule kept its shape, the conforma-
tional changes took place by twisting of the whole structure
such that most of the mass was kept in place.

The flexibility of the thioxanthene ring systems during
the simulations may be sensitive to the parameters used for
bond angles and dihedral angles in the region of the S1 and
C9 atoms. The fact that the average angle between the phe-
nyl ring planes during the simulations agreed reasonably well
with the crystal structures indicates that the parameters
were appropriate. It is interesting to note that variations in
the angle between phenyl ring planes of a similar magnitude,
from 90 to 168°, were observed during simulations of four
different tricyclic antidepressant drugs in aqueous solution,
based on the supplied AMBER parameters only (39). These
compounds-have a central seven-membered ring with a di-
methylene bridge where the thioxanthenes have a sulfur
atom and a C-C double bond (in amitriptyline and nortrip-
tyline) or an N-C single bond (in imipramine and chlor-
imipramine) as the exocyclic bond. From all this it seems
that substantial variations in the folding of the tricyclic ring
systems may be a general feature of the molecular dynamics
of such drugs in aqueous solution.

The fact that the refined crystal structures of cis(Z)- and
trans(E)-clopenthixol had the highest energies in vacuo dem-
onstrates that molecular dynamics simulations may yield
conformations with lower energies than those observed by
X-ray crystallography. The refined crystal structures of flu-
penthixol did not have significantly higher energies than the
other conformations. It is unlikely, therefore, that the higher
energies of the refined crystal structures of cis(Z)- and
trans(E)-clopenthixol were due to the force-field parameters
that were used. It seems more likely that this was due to
crystal packing forces, which have been demonstrated to
increase the potential molecular mechanical energy of cis(Z)-
chlorprothixene by 3.7 kcal/mol (40).

The differences between cis(Z)- and trans(E)-isomers in
atomic point charges in the area of the exocyclic double
bond were reflected in the different magnitudes of electro-
static interactions within the side chains (Table IV). This
was the main reason for the lower molecular energies of the
cis(Z)-isomers than of the trans(E)-isomers of clopenthixol
and flupenthixol. Also, because the side chain lies closer to
the 2 substituent in the cis(Z)-isomer than in the trans(E)-
isomer, electrostatic interactions between the positively
charged piperazine ring and the 2 substituent stabilized
cis(Z)-clopenthixol more than trans(E)-clopenthixol. A sim-
ilar difference in electrostatic interactions between the 2 sub-
stituent and the protonated dimethylamino group in the side
chain has been found for cis(Z)- and trans(E)-chlor-
prothixene (40) but was not observed for the cis(Z)- and
trans(E)-isomers flupenthixol (Table IV).

One of the most striking findings in this study was the
difference between the cis(Z)- and trans(E)-isomers of clo-
penthixol and flupenthixol in electrostatic potentials around
the 2 substituent (Fig. 6). This was due to the closer contact
between the side chain and the 2 substituent in cis-isomers,
where the positive charge of the protonated piperazine ring
to a large extent neutralized the negative electrostatic poten-
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Table V. Atomic Point Charges of ¢is(Z)- and trans(E)-Isomers of
Clopenthixol (CP) and Flupenthixol (FP)*

Clopenthixol Flupenthixol

Atom cis(Z) trans(E) Diff cis(Z) trans(E) Diff
Cl11 -0.148 -0.041 -0.107 0.090 0.014 0.076
Cl1 -0.107 -0.136 0.029 -0.161 -0.112 —-0.049
H1 0.073 0.100 —0.027 0.101 0.075 0.026
C2 0.213 0.217 -0.004 -0.130 -0.138 0.008
Cll -0.220 -0.212 -0.008

Ci15 0.754 0.780 -0.026
F1 -0.220 -0.230 0.010
F2 -0.224 —-0.226 0.002
F3 —0.240 -0.240 0.000
C3 -0.095 -0.101 0.006 —0.083 -0.070 -0.013
H3 0.110 0.107 0.003 0.093 0.089 0.004
C4 -0.157 -0.137 -0.020 —0.058 —0.081 0.023
H4 0.111 0.106 0.005 0.081 0.084 —-0.003
C12 0.238 0.173 0.065 0.106 0.141 -0.035
Sl1 -0.126 —0.117 -0.009 -0.098 —0.101 0.003
C13 0.132 0.085 0.047 0.093 0.058 0.035
C5 —-0.094 —-0.081 -0.013 -~0.067 -0.058 —0.009
H5 0.087 0.087 0.000 0.080 0.083 —0.003
Cé6 -0.071 —0.084 0.013 —-0.090 —0.094 0.004
Hé 0.082 0.085 —0.003 0.086 0.087 —0.001
C7 —0.040 —-0.045 0.005 -0.041 -0.020 -0.021
H7 0.070 0.068 0.002 0.072 0.068 0.004
C8 -0.135 -0.170 0.035 -0.142 -0.218 0.076
HS8 0.074 0.079 —-0.005 0.085 0.103 -0.018
9 0.152 0.017 0.135 —-0.044 -0.015 -0.029
Cl4 -0.015 0.093 -0.108 0.058 0.130 -0.072
Ci6 —-0.304 -0.149 -0.155 -0.156 -0.102 —0.054
Hi161 0.117 0.085 0.032 0.097 0.045 0.052
C17 0.178 —0.016 0.194 0.009 —0.190 0.199
H171 0.004 0.061 —0.057 0.051 0.133 —0.082
H172 0.050 0.068 —0.018 0.043 0.090 —0.047
Ci18 -0.203 -0.210 0.007 -0.203 -0.210 0.007
H181 0.119 0.145 —0.026 0.119 0.145 —0.026
H182 0.116 0.149 —-0.033 0.116 0.149 —0.033
N1 0.296 0.302 —0.006 0.296 0.302 —-0.006
HI11 0.234 0.233 0.001 0.234 0.234 0.000
C19 -0.091 -0.091 0.000 -0.091 -0.091 0.000
HI191 0.067 0.067 0.000 0.067 0.067 0.000
H192 0.152 0.152 0.000 0.152 0.152 0.000
Cc22 -0.073 —0.073 0.000 -0.073 -0.073 0.000
H221 0.178 0.178 0.000 0.178 0.178 0.000
H222 0.117 0.117 0.000 0.116 0.116 0.000
C21 -0.412 —-0.412 0.000 -0.413 —-0.413 0.000
H211 0.178 0.178 0.000 0.178 0.178 0.000
H212 0.177 0.177 0.000 0.177 0.177 0.000
N2 0.672 0.672 0.000 0.672 0.672 0.000
H21 0.188 0.188 0.000 0.188 0.188 0.000
C20 —-0.202 -0.202 0.000 -0.202 —0.202 0.000
H201 0.103 0.103 0.000 0.103 0.103 0.000
H202 0.165 0.165 0.000 0.165 0.165 0.000
C23 -0.386 —0.386 0.000 -0.387 —0.387 0.000
H231 0.157 0.157 0.000 0.157 0.157 0.000
H232 0.172 0.172 0.000 0.172 0.172 0.000
C24 0.222 0.222 0.000 0.222 0.222 0.000
H241 0.073 0.073 0.000 0.073 0.073 0.000
H242 0.011 0.011 0.000 0.011 0.011 0.000
01 —-0.534 -0.534 0.000 -0.534 -0.534 0.000
H99 0.359 0.359 0.000 0.359 0.359 0.000

“ The numbering of atoms is shown in Fig. 1. Diff, difference be-
tween charge of cis(Z)- and charge of trans(E)-isomer.
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tial created by the 2 substituent on the ring system. A similar
difference in electrostatic potentials around the 2 substituent
has been found for cis(Z)- and trans(E)-chlorprothixene (40),
which indicates that this represents a general difference be-
tween cis(Z)- and trans(E)-thioxanthenes.

It has been suggested that the primary interaction of the
protonated neuroleptic drug molecules with the dopamine
D2 receptor is electrostatic, with a negatively charged resi-
due at the active site (41,42). It seems likely that the negative
molecular electrostatic potentials around the 2 substituent in
trans(E)-thioxanthenes may weaken such electrostatic inter-
actions and, thereby, cause these isomers to be less active
than the cis(Z)-isomers in dopamine receptor binding and
related tests. It is also possible that the differences in mo-
lecular shape between cis(Z)- and trans(E)-isomers, which
are illustrated in Figs. 3 and 4, prevent a sufficiently strong
complementary binding of trans(E)-isomers to the receptor.
Differences both in three-dimensional structure and dynam-
ics and in molecular electrostatic potentials may therefore
explain why trans(E)-thioxanthenes have so much lower
pharmacological activities than the cis(Z)-isomers.
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