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Abstract: Molecular modelling analyses based on molecular mechanics, semi-empirical
(PM3) and DFT (at BALYP/6-31G* level) calculations show that TGS and its major
metabolites MIM, MIMA, MIMAG, ODMTGS, TGSG1, TGSG2 and TGSG3 have
LUMO-HOMO energy differences ranging from 4.4 to 5.0 eV from DFT calculations so that
they all would be moderately inert kinetically. The molecular surfaces of TGS and its
metabolites are found to abound in neutral {(green) and electron-rich (red and yellow) regions
so that the compounds may undergo lyophilic and electrophilic attacks. The molecular
surface of none of the compounds is found to abound in electron-deficient {blue) regions so
that the compounds may not react readily with cellular nucleophiles such as glutathione and
nucleobases in DNA. This means that none of the compounds may cause significant
oxidative stress associated with glutathione depletion or DNA damage associated with
oxidation of nucleobases.
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INTRODUCTION

Irritable Bowel Syndrome (IBS) is a common chronic functional disorder with different
pathophysiologies and a spectrum of severity (Dossman, 1999, Appel-Dingemanse, 2002). Although
both motor and sensory functions of the gut appear to be altered in individuals with IBS (Appel-
Dingemanse, 2002), the exact pathophysiology of IBS remains unknown. Tagaserod (TGS; 3-(5-
methoxy-1H-indol-3-ylmethylene-N-phenylcarbazimide) is a novel selective 5-HT, receptor partial
agonist that is indicated in patients with IBS. Clinical studies have shown TGS accelerates small bowel
transit and improves overall GI symptoms in patients with constipation-predominant IBS {(Sandham
and Pfannkuche, 2006; Vickers et af., 2001). The drug is rapidly absorbed following oral administration
with peak plasma concentrations being reached after about 1 h. Tt is approximately 98% bound to
plasma proteins, primarily to ¢ -acid glycoprotein. It is well tolerated, with transient diarrhoca/soft
stools being the most frequent adverse event {Camilleri, 2001; Fidelholtz ef &f., 2002; Hasler and
Schoenfeld, 2004).

TGS is metabolized mainly via two pathways. The first is a pre-systemic acid-catalysed
hydrolysis taking place in the stomach producing 3-(5-methoxy-1H-indol-methanal (MIM) which is
oxidized to 3-(5-methoxy-1H-indol-methanoic acid (MIMA). MIMA is glucuroniated to form the
terminal metabolite 3-(5-methoxy-1H-indol-methanoic acid-glucuronide (MIMAG). The main
metabolite of TGS is O-desmethyl tegaserod (ODMTGS) formed from oxo-demethylation of TGS in
liver microsomes. TGS can be glucuroniated at three nitrogen centres producing three isomeric
glucorunides denoted as TGSG1, TGSG2 and TGSG3.

In this study, molecular modelling analyses have been carried out using the program Spartan 02
(Spartan, 2002) to provide information on the relative toxicity of TGS and its metabolites MIM,
MIMA, MIMAG, ODMTGS, TGSG1, TGSG2 and TGSG3.
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COMPUTATIONAL METHODS

The geometries of TGS and its metabolites MIM, MIMA, MIMAG, ODMTGS, TGSGI1, TGS8G2
and TGSG3 (Fig. 1) have been optimised based on molecular mechanics, semi-empirical and DFT

e,
0
Ghu
|
~ h NH\[(N\/\/\ cH,
\ g
Tasg W “a
1
Xy N\/\/\CH'
NGIn
TGSG2
~ \“/NHYNH\/\/\CE
NH
TGS H"%
Acid hydrolysis
GIu
aQ A Ny /‘N \“/ \/\/\
0
oH TGSGI
= \ o
N m\”/“\/\/\
MIM
ODMTGS
HC
\0 H'so
o
\ Oty
“ o
\ Z 0
N \
MIMA HN

MIMAG

Fig. 1: Metabolic pathways for TGS in humans (Vickers ef af., 2001)
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calculations, using the molecular modelling program Spartan "04. Molecular mechanics calculations
were carried out using MMFF force field. Semi-empirical calculations were carried out using the routine
PM3. DFT calculations were carried at B3LYP/6-31G* level. In optimization calculations, a RMS
gradient of 0.001 was set as the terminating condition. For the optimised structures, single point
calculations were carried out to give heat of formation, enthalpy, entropy, free energy, dipole moment,
solvation energy, energies for HOMO and LUMO. The order of calculations: Molecular mechanics
followed by semi-empirical followed by DFT ensured that the structure was not embedded in a local
minimum. To further check whether the global mininmum was reached, some calculations were carried
out with improvable structures. It was found that when the stated order was followed, structure
corresponding to the global minimum or close to that could ultimately be reached in all cases. Although
RMS gradient of 0.001 may not be sufficiently low for vibrational analysis, it is believed to be
sufficient for calculations associated with electronic energy levels. The study was carried out in the
Discipline of Biomedical Science, The University of Sydney during January to March 2007.

RESULTS AND DISCUSSION

Table 1 gives the total energy, heat of formation as per PM3 calculation, enthalpy, entropy, free
energy, surface area, volume, dipole moment and energies of HOMO (Hight occupied molecular orbital)
and LUMO (Lowest occupied molecular orbital) as per both PM3 and DFT (Density functional thory)
calculations for TGS and its metabolites MIM, MIMA, MIMAG, ODMTGS, TGSG1, TGSG2 and

Table 1: Calculated thermodynamic and other parameters of TGS and its metabolites — DM means dipole moment

Heat of Free Solvation
Calculation Total energy formation Enthalpy Entropy energy energy

Molecule type (kcalmol !/ au*) (kcalmol™!)  (kcalmol *K™') (calmol 'K™) (kcalmol ™'y (kcal mol™")
TGS PM3 5.06 17.06 239.29 16041 191.47 -12.00
DFT -972.49 241.07 15922 193.62 -11.57
MIM PM3 -43.65 -31.46 113.83 106 .63 82.04 -12.19
DFT -591.66 115.16 105.58 83.70 -11.7¢9
MIMA PM3 -106.44 -86.83 118.74 11037 85.84 -19.61
DFT -666.90 12009 109.15 87.56 -18.79
ODMTGS  PM3 15.44 3275 232.59 15649 185.93 -17.31
DFT -933.18 23412 15543 187.80 -16.76
TGSG1 PM3 -231.19 -205.00 353.14 221.57 287.08 -26.19
DFT -1657.24 355.03 220.14 289.43 -24.98
TGSG2 PM3 -240.50 -214.06 35293 226.81 285.30 -26.44
DFT -1657.27 35415 22543 286.97 -25.13
TGSG3 PM3 -231.66 -207.10 352.84 22141 286.82 -24.55
DFT -1657.25 35433 220.10 288.74 -23.07
MIMAG PM3 -367.40 -337.13 204.07 16177 155.84 -30.27
DFT -1312.38 20522 16043 157.41 -29.42

Molecule Calculation type  Area (A")  Volume (A4°) DM (debye) HOMO (V) LUMO (eV) LUMO-HOMO (V)

TGS PM3 345.87 314.16 4.6 -8.45 -0.45 8.00
DFT 361.58 32560 5.9 -3.27 -0.85 4.42
MIM PM3 200.09 180.52 4.9 -8.52 -0.33 8.19
DFT 200.18 180.28 5.7 -5.62 -1.04 4.58
MIMA PM3 204.81 186.64 7.2 -8.79 -0.54 8.25
DFT 205.29 186.65 73 -3.79 -0.89 4.90
ODMTGS PM3 344.07 307.08 5.8 -8.47 -0.50 7.97
DFT 340.63 305.60 6.0 -5.32 -0.87 4.45
TGSG1 PM3 505.66 467.56 7.9 -8.46 -0.43 8.03
DFT 493.34 436.06 8.0 -3.37 -0.80 4.57
TGSG2 PM3 509.70 467 .45 6.0 -8.38 -0.43 7.95
DFT 496.60 463.74 4.5 -3.19 -0.81 4.38
TGSG3 PM3 507.02 466.92 7.5 -8.42 -0.48 7.94
DFT 498.89 464.45 10.0 -3.53 -1.12 4.41
MIMAG PM3 332.25 307.13 53 -8.78 -0.46 8.32
DFT 326.42 305.79 25 -5.85 -0.81 5.03

* in au (atomic units) from DFT calculations
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TGSG3. Figure 2-9 give the regions of negative electrostatic potential (grevish-white envelopes) in (a),
HOMOs (where red indicates HOMOs with high electron density) in (b), LUMOs in (c) and density
of electrostatic potential on the molecular surface (where red indieates negative, blue indicates positive
and green indicates neutral) in (d) as applied to optimised structures of TGS, MIM, MIMA,
MIMAG, ODMTGS, TGSG1, TGSG2 and TGSG3.

The LUMO-HOMO ¢nergy differences for TGS and its major metabolites MIM, MINMA,
MIMAG, ODMTGS, TG5G1, TGSG2 and TGSG3 are found to range from 4.4 to 5.0 ¢V from DFT
calculations indicating that they all would be moderately inert kinetically.

In the case of TGS, the electrostatic potential is found to be more negative around nitrogen and
oxygen atoms, indicating that the positions may be subject to electrophilic attack. In the case of MIM,
MIMA, ODMTGS, TGSG1, TGSG2, TGSG3 and MIMAG, the electrostatic potential is found to
be more negative around the oxygen atoms, indicating that the positions may be subject to electrophilic
attack.

In the case of TGS and ODMTGS, both the HOMOs with high electron density and the LUMOs
are found to be located on the non-hydrogen atoms of the three rings. In the case of MIM and MINMA,
both the HOMOs with high electron density and the LUMOs are found to be located on essentially
all the non-hydrogen atoms. In the ease of TGSG1, TGSG2 and TGSG3, both the HOMOS with high
electron density and the LUMOs are found to be located on the non-hydrogen atoms of the three rings
of TGS but on the non-hydrogen atoms of glucuronic acid moiety. In the case of MIMAG, both the
HOMOS with high electron density and the LUMOs are found to be located on the non-hydrogen
atoms of the two fused rings, but on the non-hydrogen atoms of glucuronic acid moiety.

The overlap of HOMO with high electron density and region of negative electrostatic potential
at some positions, gives further support to the idea that the positions may be subject to electrophilic
attack.

L2

o

Fig. 2: Structure of TGS giving in: (a) The clectrostatic potential (greyish envelope denotes negative
clectrostatic potential), (b) The HOMOs, (where red indicates HOMOs with high electron
density) (¢) The LUMOs (where blue indicates LUMOs) and in (d) Density of electrostatic
potential on the molecular surface (where red indicates negative, blue indicates positive and
green indicates neutral)
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Fig. 3. Btructure of MIM giving in: (&) the electrostatic potential (greyish envelope denctes negative
electrostatic potential), (b) the HOMOs, (where red indicates HOMOs with high electron
density) (¢) the LUMOs (where blue indicates LUMOs) and in (d) density of electrostatic
potential on the molecular surface (where red indicates negative, blue indicates posttive and

green indicates neutral)
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Fig 4 Btructure of MIMA giving it (a) the electrostatic potential gravidy envelope denotes
negative electrostatic potential), (&) the HOMOs, Gwhere red indicates HOMOs with high

electron densityy (¢ the LUMOs (where blue indicates LUMOs) and in () densty of
electrostatic potential on the molecular surface (where red indicates negative, blue indicates

positive and green indicates neutral)
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Fig. 5: Structure of ODMTGE giving in: (a) the electrostatic potential (greyish envelope denotes
negativ e electrostatic potentialy, (b) the HCMOs, (where red mdicates HOMOs with high
electron density) () the LUMOs (where blue indicates LUMOs) and in (d) density of
electrostatic potential on the molecular surface (where red ndicates negative, blue mdicates
positive and green mndicates neutral)
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Fig & Btucture of TG3G1 giving in: (a) the electrostatic potential greyidh envelope denotes
negative electrostatic potential), (&) the HOMOs, Gwhere red indicates HOMOs with high
electron densityy (¢ the LUMOs (where blue indicates LUMOs) and in () density of
electrostatic potential on the molecular surface (where red indicates negative, blue indicates
positive and green ndicates neotral)
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Fig 7. Btucture of TGEG2 giving in: (a) the electrostatic potential érevish envelope denoctes
negativ e electrostatic potential), (&) the HOMOs, Gwhere red mdicates HOMOs with high
electron density) (¢) the LUMOs (where blue indicates LUMOs) and in (d) density of
electrostatic potential on the molecular surface (where red indicates negative, blue indicates
positive and green mdicates neutral)

By,
™
L¢]

Fig & Btuchure of TGEG3 giving in: (a) the electrostatic potential greyii envelope denotes
negative electrostatic potential), (&) the HOMOs, Gwhere red indicates HOMOs with high
electron density) (¢ the LUMOs (where blue indicates LUMOs) and in () densty of
electrostatic potential on the molecular surface (where red indicates negative, blue indicates
positive and green ndicates neutral)
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Fig. 9: Structure of MIMAG giving in: (a) the electrostatic potential (grevish envelope denotes
negative electrostatic potential), (b) the HOMOs, (where red indicates HOMOs with high
electron density) (¢) the LUMOs (where blue indicates LUMOs) and in (d) density of
electrostatic potential on the molecular surface (where red indicates negative, blue indicates
positive and green indicates neutral)

The molecular surfaces of TGS and its metabolites are found to abound in neutral (green) and
electron-rich (red and yellow) regions so that the compounds may undergo lyophilic and electrophilic
attacks. The molecular surface of none of the compounds is found to abound in electron-deficient (blue)
regions so that the compounds may not react readily with cellular nucleophiles such as glutathione and
nueleobases in DNA. This means that none of the compounds is expected to cause significant oxidative
stress associated with glutathione depletion or DNA damage associated with oxidation of nucleobases.
The solvation energy values of TGS and its metabolites from PM3 ealeulations are found to range from
-12.0 to -30.3 keal mol™! with TGS having the lowest value, indicating that all the metabolites of TGS
would be more soluble in water than the parent drug. When the dipole moments of the compounds are
compared with solvation energy values, it is found that a high dipole moment does not necessarily
correspond to a high solvation energy value, pointing out the complexity of the dissolution process
in which processes such as hydrogen bonding and resonance stabilization may be playing key roles.

CONCLUSION

TGS is a novel selective 5-HT, receptor partial agonist that is indicated in patients with IBS.
Molecular modelling analyses based on semi-empirical and DFT caleulations show that TGS and most
of its metabolites have similar LUMO-HOMO energy differences so that they would not differ
significantly in their kinetic lability. The molecular surfaces of TGS and any of its metabolites are
found to abound in electron-deficient regions so that none is expected to react readily with glutathione
and nucleobases in DNA. This means that TGS and its metabolites may not cause oxidative stress or
damage to DNA.
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