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Structural and electronic properties of ajoene molecule
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Abstract

The structural and electronic properties of ajoene molecule have been investigated theoretically by performing semi-
empirical molecular orbital theory calculations. The geometry of the system has been optimized and the electronic properties of
the system considered has been calculated by semiempirical self-consistent-field molecular orbital theory at the AM1 level

within RHF formalism in its ground state.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Garlic (Allium sativum L., Liliaceae) contains
more than 100 biologically useful secondary metab-
olites. Besides alliinase, allicin, S-allycystein, dia-
llylsulfide and allymethyltrisulfide; alliin is present as
the major sulfur-containing compound. When raw
garlic bulb is crushed/damaged, alliinase is released
from the tissue and produces allicin by cleaving alliin
from garlic oil [1]. It is an important substance for the
medicinal properties of garlic. Allicin is in turn the
precursor to several sulfur-containing compounds
responsible for the flavor, odor and pharmacological
properties of garlic and is rapidly converted to
diallyldisulfide and others because of its instability.
Allium spp. has also been reported to contain high
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levels of potent antioxidant quercetin and its deriva-
tives. Potential antioxidant activity aids in the
protection against oxidative stress related diseases.
Some of these effects are synergistic to nitric oxide.
Ajoene, one of the derivatives of allicin, has been
found as a major sulfur-containing compound in an
oil-macerated garlic extract and it has been described
essentially as a potent inhibitor of platelet aggregation
in vitro and in vivo. It is formed by self-condensation
from allicin but is not present in dehydrated garlic
powder [2,3].1_3

(E,Z)-ajoene ([92285-01-3] 2-propenyl 3-(2-pro-
penylsulfinyl)-1-propenyl disulfide; 4,5,9-trithiado-
deca-1,6,11-triene 9-oxide; CoH;40S3) has cis-(Z-)
and trans-(E-) isomers, both with varying degrees

! http://www.umt.edu/medchem/teaching/medchem/mclect].htm

2 http://www.microscopy.fus.edu/phytochemicals/pages/ajoene.
html

3 http://wilkes1.wilkes.edu/~kklemow/Allium.html
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and specificities of bioactivity. The diastereomer with
Z configuration being slightly more potent [2]. Ajoene
is only found in small quantities in natural garlic oil.
Z-ajoene arrested HL60 cells in G(2)M phase of cell
cycle in a dose and time dependent way. In PtK2 cell,
it induced a complete disassembly of the microtubule
network, that was associated with an increased
number of cells blocked in early mitotic stages.
Z-ajoene inhibited tumor growth by 38% and 42% in
mice grafted with sarcoma 180 and hepatocarcinoma
22, respectively. The microtubule cytoskeleton
appeared to be one of the Z-ajoene targets. The ability
of Z-ajoene to preferentially suppress the growth of
neoplastic cells could provide a new approach in
tumor therapy [4—8].

Ajoene has been shown to induce apoptosis in a
leukemic cell line as well as blood cells of leukemic
patient. Activation of caspases was necessary for
ajoene-induced apoptosis. Ajoene induced the
release of cytochrome c. It also led to a dissipation
of the mitochondrial transmembrane potential [9].
The interactions between the flavoenzymes and
ajoene are expected to increase the oxidative stress
of the respective cell [10]. Ajoene has been shown to
be effective in short-term treatment of tinea pedis
[11]. The parent compound allicin is also a powerful
antifungal agent.

Ajoene protected acutely infected Molt-4 cells
against HIV-1 and blocked further destruction of
CDA4-T cells in vitro. The mode of anti-HIV action of
ajoene can be ascribed to the inhibiton of early events
of viral replication, particularly virus adsorption [12].

Ajoene has also been shown to reduce nitrite
accumulation, a parameter for nitric oxide synthesis,
in lipopolysaccharide (LPS)-activated RAW 264.7
macrophages dose indicating that allicin and ajoene
inhibit the expression of iNOS (inducible NO synthase)
in activated macrophages. There was a reduction in
iNOS mRNA steady-state levels [13]. Ajoene inter-
action with model membranes revealed significant
modifications in phospholipid dynamics using ESR
experiments. The interaction resulted in an increase of
the membrane fluidity in its hydrophobic part and could
be related to clinical properties of ajoene [14].

Ajoene impairs platelet aggregation by inhibiting
the functional exposure of platelet integrins
GPIIb/IIa. Strong inhibition of the proliferation
induced human lymphocytes by the mitogens

phytohemagglutinin (PHA), phorbol myristate acetate
(PMA) and anti CD-3, and the capping formation
induced in B lymphocytes by anti-IgM antibodies
were reported for ajoene. On macrophages, ajoene
was also found to partially inhibit the LPS-induced
production of tumor necrosis factor (TNF) and
decrease the phagocytic activity of thioglycolate-
elicited mouse peritoneal macrophages for IgG-
opsonized human erythrocytes. Ajoene is a potent
modulator of membrane-dependent functions of
immune cells [15].

Ajone has also been reported to exhibit antimuta-
genic and antibiotic effects such as antimicrobial,
antiviral and antiprotozoal activity. Inactivation of
superoxide radicals by presence of garlic extract leads
to the decrease of mutagenic effects of adriamycin.
However, garlic extract does not stimulate DNA-
repair systems [16—19]. Polasa and Krishnaswamy
[20] reported a significant reduction in the excretion
of urinary mutagens by carcinogen-exposed rats fed
dried powdered garlic. Work continues in the search
for therapeutically useful organosulfur compounds
similar to ajoene in oil-macerated garlic products.
Recently, Calvey et al. [21,22] isolated and identified
cepaenes, structurally related compounds to ajoene,
both from ramp (Allium tricoccum, wild leek, closely
related plant to wild garlic species) and onion, and
reported antithrombotic activity.

Similar to ajoene, E-10-devinylajoene (iso-E-10-
DA), another oil-macerated garlic extract compound,
had antimicrobial activity against Gram positive
bacteria. Trans-structure and/or the position of double
bond of iso-E-10-DA reduces the antimicrobial
activity [18]. Two other antioxidants isolated and
identified from garlic shoot were kaempferol-3-O-
beta-D-glucopyranose and isorhamnetin-3-O-beta-D-
glucopyranose [23].

Antithrombotic activity is associated with disul-
fides directly attached to a phenyl ring and is further
enhanced by an alpha-sulfonyl group. CH3;SO,CH,.
SSPh proved to be a potent inhibitor of platelet
aggregation, with an ICsy of 5 uM [3]. Dirsch and
Vollmar [24] have shown ajoene to dose-dependently
inhibit the release of LPS-induced prostaglandin E, in
RAW 264.7 macrophages. This effect was attributed
to an inhibition of cyclooxygenase enzyme activity by
ajoene. Ajoene was proposed to be a non-steroidal
anti-inflammatory natural product.
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This is the first report on the theoretical investi-
gation of ajoene, the thermally labile organosulfur
compound from garlic, because of its biological and
medical importance. The results of such theoretical
work will aid in the elucidation of structure— activity
relationships of anticoagulant activity of compounds
in garlic extract before they can be safely evaluated
and commercially developed as beneficial pharma-
ceuticals for the treatment of blood clotting disorders
and reducing the risk of stroke and cardiovascular
disease.

2. Method of calculation

In the present study, the ajoene molecule has
been considered theoretically for the first time by
performing semi-empirical molecular orbital theory
calculations in the gas phase. Preoptimization has
been performed by applying the molecular-mechanics
method [25] using MM + force field [26]; this makes
it easier to perform full optimization by extended
methods. The Austin Model 1 (AM1) semi-empirical
method [27] within the Restricted Hartree—Fock
(RHF) [28] formalism has been considered to
optimize fully the geometry of the system considered.
Geometry optimization is carried out by using a
conjugate gradient method (Polak—Ribiere algorithm
[29]), then the electronic structure of the system has
been calculated by applying the semiempirical self-
consistent-field molecular orbital (SCF MO) method
within the RHF formalism. The SCF convergency is
set to 0.001 kcal mol ! and the RMS gradient is set to
0.001 kcal/u%mol_l) in the calculations. We have
performed all the calculations by using the
HyperChem-7 packet [30].

3. Results and discussion

The closed formula of the ajoene molecule is in the
form CoH;40S3. AM1 method consideres 74 valence
electrons in ajoene molecule; there are 37 doubly
occupied levels. Sixty six molecular orbitals have been
considered in the calculations. Ajoene molecule has
singlet multiplicity in its ground state, the molecular
point group of ajoene is C;. Ajoene molecule has two
isomers in garlic-oil extracts; Z-ajoene in cis- form and

Z-Ajoene (cis)

E-Ajoene (trans)

Fig. 1. Naturally occuring ajoene isomers in garlic-oil extracts [5].

E-ajoene in trans-form. Naturally occuring ajoene
isomers in garlic-oil extracts are shown schematically
in Fig. 1. The geometry optimization of AM1 method
yields a nonplanar and nonlinear structure as the stable
form of isolated ajoene molecule in gas phase.
Interestingly here we show for the first time that both
ajoene isomers have the same geometry after optim-
ization in the gas phase. The optimized geometry, atom
labels, and the excess charge on the atoms of the ajoene
molecule are shown in Fig. 2. The bond lengths of the
optimized ajoene molecule are shown in Fig. 3. The
molecular orbital eigenvalue spectra of the ajoene
molecule is given in Fig. 4. The 3D plots of the HOMO
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Fig. 2. The optimized structure of the ajoene molecule. Both
isomers have the same structure after optimization in the gas phase.
The structure of ajoene is nonplanar and nonlinear with C,;
symmetry in its ground state; optimization has been performed by
AMI1 method. Calculated excess charge on the atoms of ajoene are
given on the lower panel.



274 S. Erkog et al. / Journal of Molecular Structure (Theochem) 631 (2003) 271-276

Fig. 3. The bond lengths of the optimized structure of the ajoene
molecule.

and LUMO of the ajoene molecule are shown in Fig. 5.
The 3D plots of the total charge density and the
electrostatic potential of the ajoene molecule are
shown in Fig. 6.

There is a large positive charge development
(about +1.4e) on the sulfur atom bonded to oxygen,
other two sulfur atoms have relatively less excess
charge. Oxygen atom has negative excess charge of
about —0.8e, which is the only atom in ajoene
molecule having attractive potential. Oxygen atom in
ajoene may play an important role in the interaction of

Fig. 4. The molecular orbital eigenvalue spectra of the ajoene
molecule.

ajoene and its environment. The highest occupied
molecular orbitals are localized mainly on the carbon
atoms having double bond in the central part of the
molecule, however, the lowest unoccupied molecular
orbitals are localized mainly on the sulfur atoms
bonded to each other. Hydrogen atoms bonded to
central double bonded carbon atoms have the largest
positive excess charge (about +0.15¢) among all the
hydrogen atoms in the molecule; these hydrogen
atoms are expected to leave the molecule first in a
proton transfer reaction. This may be related to
potential antioxidant activity of ajoene.

The calculated energy values of the system studied
are given in Table 1. The highest level energy,

Fig. 5. 3D plots of HOMO and LUMO of ajoene molecule.



S. Erkog et al. / Journal of Molecular Structure (Theochem) 631 (2003) 271-276 275

Charge density

Electrostatic potential

Fig. 6. 3D plots of total charge density and electrostatic porential of
the ajoene molecule.

the highest occupied and the lowest unoccupied
molecular orbital energies (HOMO and LUMO,
respectively), the frontier molecular orbital energy
gap (LUMO-HOMO energy difference, E,), the
lowest level energy, and the calculated dipole moment
values of the system considered are also given in
Table 1.

According to the AM1 calculation binding energy
of the ajoene molecule is about —2511 kcal mol ™',

Table 1

Some of the calculated energy values and dipole moment () of the
ajoene molecule in its ground state. TE: total energy; BE: binding
energy; IAE: isolated atomic anergy; EE: electronic energy; CCI:
core—core interaction; HoF: heat of formation; LMO: lowest
molecular orbital; HOMO: highest occupied molecular orbital;
LUMO: lowest unoccupied molecular orbital; Eg: HOMO-LUMO
difference (frontier molecular orbital energy gap)

Quantity(kcal/mol) ~ Value Quantity Value

TE —51820.053 LMO (eV) —36.109
BE —2511.392 HOMO (eV) —8.747
TIAE —49308.661 LUMO (eV) —1.840
EE —265009.204 Eg (eV) 6.907
CCI 213189.151  HMO (eV) 5.378
HoF 14.805  w(Debye) 3.944

heat of formation of ajoene is about 15 kcal mol ' and
it is endothermic. Frontier molecular orbital energy
gap, namely the HOMO-LUMO gap, E, of the ajoene
molecule is about 7 eV. The ajoene molecule has a
dipole moment of about 4 Debyes. This dipole
moment value is not small, therefore ajoene molecule
may be considered to be a sort of polar molecule and
interacts with its aqueous environment easily.

Theoretical investigations will aid in the elucida-
tion of antiplatelet aggregation and antioxidant
activity and clarification of the uncertainty about
the conditions under which biologically active
molecules such as ajoene or other potential health
hazards before they can be safely evaluated and
commercially developed as beneficial therapeutic
agents.
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