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Abstract An extract of the roots of Levisticum officinale L.
(Apiaceae) exhibited significant antimycobacterial activity
against Mycobacterium fortuitum, where diacetylene com-
pounds were identified as the active components in this ex-
tract. In contrast, polyacetylenes isolated from different
sources surprisingly exhibited no anti-mycobacterial
activity. Additionally, a whole series of furanocoumarin ethers
of the polyacetylene falcarindiol exhibited anti-proliferative
properties. We have studied the relationship between the
electronic properties and biological activity of these struc-
turally related compounds and a good qualitative correla-
tion between predicted lipophilic parameters and activity has
been established.

Keywords Antimycobacterial activity · Polyacetylenes ·
Falcarindiol · log P

1 Introduction

Polyacetylene natural products are widespread in the plant
families Asteraceae and Apiaceae exhibit many biological
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activities. Some of these compounds are highly poisonous
such as cicutoxin from water hemlock (Cicuta virosa). Re-
cently, the toxicity of these compounds has been shown to be
due to their ability to bind to GABA-gated Cl− channels of
GABA receptors, and these channels play an important role
in the acute toxicity of these compounds [1].

Certain diacetylenes have been found to have antimyco-
bacterial [2], anti-staphylococcal [3], and anti-proliferative
activities [4]. Polyacetylenes are also synthesized de novo
as phytoalexins [5] and it is highly likely that these com-
pounds are produced by plants as part of their chemical de-
fense against microbes in their environment.

Our interest in this class of natural product started with
the evaluation of members of the plant family Apiaceae with a
view to discover and characterize new classes of
antibacterial agents from plants [3,6,7]. Certain compounds,
particularly falcarindiol display moderate bacterial, and mam-
malian cytotoxicity and are active against multi-drug resistant
(MDR) strains of Staphylococcus aureus which is a contin-
uing problem in the clinical setting. We have characterized
a number of these agents to date and have noticed that sim-
ple changes to the polyacetylene core dramatically influence
biological activity.

Significant antimycobacterial activity against Mycobac-
terium fortuitum was attributed to the active components
3(R)-falcarinol [3(R)-(-)-1,9-heptadecadien-4,6-diin-3-ol]
(panaxynol) 1 and 3(R)-8(S)-falcarindiol [3(R)-8(S)-(+)-1,9-
heptadecadien-4,6-diin-3,8-diol] 2 from an extract of the roots
of Levisticum officinale L. (Apiaceae) [6]. 3(R),8(R)-dehy-
drofalcarindiol 3 and 1,3 R,8 R-trihydroxydec-9-en-4,6-yne 4
were inactive, while a whole series of polyacetylenes
exhibited inhibitory activity against MK-1 cell growth (pan-
axynol 1, (9Z)-l,9-heptadecadiene-4,6-diyne-3,8,11-triol 5,
8-acetoxy-heptadeca-1,9-diene-4,6-diyne-8-ol 6, and japo-
angelols A, B, C and D 7, 8, 9 and 10, respectively) [8].

This paper describes an evaluation of the calculated
molecular properties of a series of polyacetylenes (Scheme
1) in an attempt to explain differences in bioactivity, partic-
ularly as cytotoxic agents against bacterial and mammalian
cell lines.
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Scheme 1

2 Computational methods

2.1 Model building and conformational analysis

The initial structures of a series of polyacetylenes were built
and saved as mol2 files by Chemoffice Ultra 7.0.0 [9]. These
structures were imported into MacroModel [10], atom and

bond types were adjusted and minimized with the MMFFs
force field parameters [11]. The generalized Born/surface
area (GB/SA) continuum solvent model for H2O [12] imple-
mented in MacroModel was used to simulate an aqueous
environment, with a constant dielectric function (ε = 1). An
extended non-bonded cutoff (van der Waals 8 Å; electrostatics
20 Å) was used.
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Fig. 1 The representative structures of 2 with the virtual log P(v log P) and relative energies (E) calculated using the HF/3-21G(d) basis set

Using the optimized structures, a systematic conforma-
tional search on each molecule was performed. All com-
pounds used 500 step Monte Carlo conformational analysis,
with the energy cut off generally set to �E = 10 kJ/mol
above the lowest energy conformation. The ensembles of
generated structures were clustered and analyzed using the
cluster analysis program Xclusterl [12]. Representative
structures for each molecule were selected and subjected
to ab initio calculation using Gamess US software and
HF/3-21G(d) basis set [13].

2.2 Calculation of molecular properties

Molecular lipophilicity potential (MLP) is a structure–prop-
erty descriptor that visualizes the lipophilic properties of the
molecule on its three-dimensional (3D) surface and was cal-
culated by projecting the Broto–Moreau lipophilicity atomic
constants on the molecular surface [14]. The virtual log P ,
Broto log P and lipole, of all single molecules and complexes
were evaluated by VegaZZ software [15,16].

The correlations between different calculated values and
activities were examined by the Gretl software package [17].

3 Results and discussions

The conformational, electronic, and molecular properties
were studied to examine the possible relationship between
structure and broad cytotoxic activity on several different
targets, although the mechanism of action of polyacetylenes
is still not known.

The conformational space of all compounds was exam-
ined using a Monte Carlo conformational search and five
representative structures were fully optimized using an HF/3-
31G(d) basis set. This produced a set of stable structures
for each compound, with some conformations that could
be adopted. The conformational flexibility of molecule 2 is
shown in Fig. 1 as an example, and the energies calculated
by the ab initio method are given relative to the most stable
conformation. It was noticed that lipole and virtual log P de-
pend on the conformation of a molecule, and the predicted
values of virtual log P(v log P) from 2 are also depicted in
Fig. 1. The virtual log P varies in a wide range from 3.42 to
4.29, and depends on the spatial arrangement of the terminal
double bond and the hydrocarbon chain. The lowest value
of virtual log P was observed when those two moieties are
in a trans conformation, while the cis arrangement will re-
sult in high virtual log P values. The arrangement of other
groups of the molecule will contribute to the variations of the
virtual log P within extremes. Since it is not known which
conformation is bioactive, the average values of lipole and
virtual log P were used in further calculation. The most stable
conformation was selected from five representative confor-
mations of each molecule and used in calculation of other
molecular descriptors used in this study.

3.1 Antibacterial activity of polyacetylenes

The molecular properties of the set of molecules with known
antibacterial activity are shown in the Table 1. Although this
set is small, a trend was observed in which the antibacterial
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Table 1 Calculated molecular descriptors log P , HOMO, LUMO, their difference, dipole moment, and antibacterial activity against Mycobacte-
rium fortuitum from [1,2]

Molecule log P lipole Virtual logp P HOMO(eV) LUMO(eV) Difference(eV) Dipole(Db) LogMIC(exp) LogMIC
(calc)

1 4.762 6.530 5.180 −9.2286 3.550 12.779 2.044 4.80 4.59
2 3.409 4.206 3.860 −9.3744 3.318 12.693 1.731 4.19 4.41
3 03.172 4.717 3.736 −9.3204 3.413 12.733 4.529 <3.30 3.37
4 −0.249 2.073 0.232 −9.6066 3.208 12.814 3.319 <3.15 3.06

MIC is defined as a molar minimum inhibitory concentration

Table 2 Calculated molecular descriptors log P , HOMO, LUMO, their difference, dipole moment, and inhibitory activity against MK-1 cell
growth from [3]

Molecule log P lipole Virtual logp P HOMO(eV) LUMO(eV) Difference(eV) Dipole(Db) LogMIC(exp) LogMIC
(calc)

1 4.762 6.530 5.180 −9.2286 3.550 12.779 2.044 5.92 5.71
5 2.293 3.337 3.049 −9.5526 3.1185 12.671 2.198 5.10 4.98
6 3.672 3.809 4.804 −9.2961 3.4209 12.717 1.836 4.97 5.07
2 3.409 4.206 3.860 −9.3744 3.3183 12.693 1.731 4.91 5.17
7 8.705 2.010 7.330 −8.5428 1.7469 10.290 6.068 4.83 4.75
8 8.705 1.843 6.528 −8.1135 1.9953 10.109 11.075 4.90 4.69
9 8.564 3.323 8.090 −8.7156 1.6902 10.406 7.465 4.87 5.07
10 8.564 2.389 7.251 −8.6886 1.7199 10.409 8.493 4.81 4.84

MIC is defined as a molar minimum inhibitory concentration

Fig. 2 a Lowest energy conformation of 1, b map of electrostatic potential, c map of lipophilicity potential

Fig. 3 a Lowest energy conformation of 2, b map of electrostatic potential, c map of lipophilicity potential

activity decreases with the decreasing log P . This is expected
since it is known that the log P is usually correlated with
a biological activity [18]. It was also found that biological
activity could be correlated to predict dipole moments. The
correlations were tested using the Mixed Approach method
[19] and regression analysis. Results of the regression
analysis are shown in Eq. (1).

LogMIC = 4.3(±0.6) + 0.21(±0.09)

× log P − 0.35(±0.15) × Dipole (1)

n = 4, r = 0.94, F = 8.45, s = 0.77,

where n is number of molecules, r is correlation, F is Fisher’s
significance factor and s is the standard deviation. It has to be
considered that the data set is small and this result might not
be statistically significant. Although the fit is good (Table 1),
these correlations should be treated with caution, especially
since the small difference in log P between 2 and 3 does
not fully explain the different activity. Therefore maps of
electrostatic and lipophilicity potential were compared for
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Fig. 4 a Lowest energy conformation of 3, b map of electrostatic potential, c map of lipophilicity potential

Fig. 5 a Lowest energy conformation of 4, b map of electrostatic potential, c map of lipophilicity potential

molecules 1–4 (Figs. 2, 3, 4, 5, respectively). It is noticeable
that the polarity and the lipophilicity of the substituents on
the diacetylene moiety are different for all molecules. The
higher polarity of the surface of the substituent may explain
the lower antimicrobial activity of the molecule. Since the
mechanism of cytotoxicity of the polyacetylene class is not
known, we can hypothesize that the hydrophobic interaction
between substituents on the polyacetylene structure and the
target in the cell could play an important role for antibacterial
activity.

3.2 Anti-proliferative properties

A separate study on a series of polyacetylene compounds
was carried out to determine their inhibitory activity against
MK-1 cell growth [8]. Molecular properties were calculated
for each and correlated with their anti-proliferative activity.
A correlation was observed between activity and calculated
lipole. This suggests that the activity might depend on drug
influx into cells [20]. Additionally, a correlation was observed
between activity and LUMO energy. A similar correlation
between the anti-proliferative activity and the ELUMO was
observed for bispyridinium compounds in the inhibition of
choline kinase and the equation for predicting activity has
given excellent results [21]. The mechanism of action was
explained by the occurrence of either charge transfer or bipo-
lar interactions. We believe that a similar mechanism could
be involved in inhibition of MK-1 cell growth, since a cor-
relation between activity and LUMO energies was observed.
These correlations were tested using regression analysis and
the results are given as Eq. (2).

LogMIC = 4.4(±0.25) + 0.24(±0.083)

×lipole − 0.06(±0.15) × LUMO

n = 8, r = 0.76, F = 7.92, s = 0.22.

These findings do not have statistical significance and
there is a problem to accurately calculate activities of most
molecules, however it has predicted the activity of the highly
potent molecule 1. Therefore, these correlations should be
used as qualitative indicators, rather than quantitative pre-
dictions of anti-proliferative activities.

Although it has been found that compound 3 is not active
against bacteria, the log P and the LUMO energy value is
similar to those of anti-proliferative compounds. Therefore,
we have decided on the basis of this study to evaluate the anti-
proliferative activity of 3, for which we are awaiting results.

4 Conclusions

Molecular modeling analysis of a series of the polyacety-
lene compounds has allowed us to correlate molecular prop-
erties with experimental antibacterial and anti-proliferative
data. Although the datasets are small for a full QSAR study,
based on the reasoning described above, we have concluded
that antimicrobial activity correlates well with the calculated
log P and with the presence of a hydrophobic group on the
substituent of the polyacetylene moiety. The anti-prolifera-
tive activity increases with increasing lipole in a series of
polyacetylene compounds. A good correlation was also ob-
served between activity and LUMO energies, suggesting that
charge transfer might be involved in the mechanism of action.
The preliminary QSAR study indicated that it is not possible
to quantitatively predict activities, but a fairly good qualita-
tive tendency between experimental activities and calculated
values for molecular properties was found for this series of
polyacetylenic natural products.
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