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The phytochemical analysis of ethyl acetate and methanol
extract of Goniothalamus wynaadensis Bedd. leaves led to an
isolation of eight (1–8) known molecules, among them seven
(2–8) isolated for the first time from this species, which includes
(+)-goniothalamin oxide (2), goniodiol-7-monoacetate (3), go-
niodiol-8-monoacetate (4), goniodiol (5), (+)-8-epi-9-deoxygo-
niopypyrone (6) etc. The phytochemical modification by
acetylation of 3 and 4 gave goniodiol diacetate (9) with
absolute configuration (6R, 7R, 8R) confirmed by single crystal
X-ray diffraction. Compounds 3–9 were cytotoxic against breast,
ovarian, prostate and colon cancer cell lines with IC50<10 μM.
Cell cycle analysis and Annexin-V assay on MDA-MB-231 cell

using goniodiol-7-monoacetate (3) exhibited apoptotic re-
sponse as well as necrotic response and showed cell prolifer-
ation arrest at G2/M phase. An in silico target identification for
these molecules was carried out with an α-tubulin protein
target by covalent docking. To gain an in-depth understanding
and identify the stability of these protein-ligand complexes on
thermodynamic energy levels, further assessment of the
isolated molecules binding to the Cys-316 of α-tubulin was
performed based on reaction energetic analysis via DFT studies
which hinted the isolated molecules may be α-tubulin inhibitors
similar to Pironetin. Molecular dynamics reiterated the observa-
tions.

Introduction

The Goniothalamus genus comes under the Annonaceae family
and comprises about 160 species widely found in subtropical
and tropical Asia regions.[1] Goniothalamus are rich in acetoge-
nins, alkaloids, and styryl-lactone type of molecules.[2] Styryl
lactones are found explicitly in the Annonaceae family and are
one of the major phytoconstituents of Goniothalamus species
apart from acetogenins.[3–7] These compounds are categorised
primarily under the 5,6-dihydro-α-pyrones class of compounds
found in plants, marine resources and microorganisms.[7] They
possess α,β-unsaturated-δ-lactone ring skeleton with different
substitutions at the C-6 position, as styryl (Ar� CH=CH2), or
substituted ethylbenzene (R� CHR’� CHR’’� Ar) type of
substituents.[7] These α-pyrones are important pharmacophores
responsible for the medicinal properties. α-Pyrones, with
variable substitutions, have displayed a diverse range of

biological activities, like anti-fungal, antimicrobial, antifeedant,
anti-rheumatic, anti-osteoporotic, anticancer, etc.[2,7,8]

These styryl lactones having α-pyrone skeletons are not
restricted to the Annonaceae family but are also spread in
various plant families like Lamiaceae, Piperaceae, Lauraceae,
Zingiberaceae, etc.[7,8] These types of secondary metabolites
have been isolated from Cryptocarya, Polyalthia and Orthosi-
phon genera, which belong to one of these families. For
example, phytochemical goniothalamin was initially isolated
from G. sesquipedalis and was later found to be present in
several other Goniothalamus species like G. griffithi, G. malaya-
nus, G. amuyon, G. gigantus, etc.[2,5,10–12] Styryl lactone- Goniotha-
lamin received the critical focus of research because of its
therapeutic potential against various ailments like cancer,
microbial infections, malaria, and osteoporosis, which has been
continuously explored.[2,5,13–16] Other potent styryl-lactones iso-
lated from this genus are 5-acetyl-goniothalamin, altholactone,
isoaltholactone, 5-hydroxygoniothalamin and more.[2,6]

In the present study, a specific species of Goniothalamus
was selected, G. wynaadensis, which is endemic mainly to
Wayanad and Kannur regions, in Kerala and Kodagu region in
Karnataka state, in India. From this species to date, only seven
molecules have been reported, out of which four were lactones,
namely goniopypyrone, goniothalamin, (+) altholactone, and 8-
acetoxy-goniolactone.[17] Medicinal importance of the G. wynaa-
densis was reported among the tribes of Brahmagiri, Pushpagiri,
and Nilgiri hilly regions of Wayanad, Mananthavady, Kerala,
India, where they consume the bark juice of this species for the
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joint related ailments.[18] Previously we have reported antimicro-
bial and anticancer analysis on the leaves extract of this plant
species in different non-polar to polar solvents for the first
time.[18] Based on our previously reported bio-guided fractiona-
tion, the more biologically potent ethyl acetate and methanol
extracts were further subjected to the purification of individual
phytochemicals in the present work. Apart from the goniothala-
min and the synthesised compound, i. e., goniodiol diacetate,
seven phytochemical molecules (2–8) were isolated for the first
time from G. wynaadensis and one phytochemical molecule is
synthesised in the present work. The isolated compounds were
studied for the anticancer activity on four cancer cell lines
visually ovarian (SKOV3), breast (MDA-MB-231), prostate (PC3)
and colon (HCT-15) cancer cell lines. The tested set of
compounds showed anti-proliferative potential with IC50 less
than 10 μM for each. Cell cycle analysis on the selected
molecules suggested the phases in which the compounds
showed significant activity. Annexin V apoptotic assay further
helped identify compounds with anti-apoptotic effects. Further,
the in silico molecular modelling analysis and Molecular
Dynamics (MD) simulation studies were performed to ascertain
the molecular target for the plausible mode of action for
compounds with the most potent anticancer activity.

Result and Discussion

Isolation and characterisation

The bio-guided fractionation of the leaves extracts of Goniotha-
lamus wynaadensis displayed ethyl acetate and methanol

extract to be active. Ethyl acetate extract (2.5 g) and methanol
extract (2.0 g) was subjected to column chromatography using
silica gel (60–120/100–200/230–400 mesh size) as stationary
phase and eluted via gradient method using hexane-ethyl
acetate as solvent. The pure compounds were isolated by
multiple times running column chromatography and, at times,
separated by RP-HPLC. The structures of isolated compounds
were elucidated with the help of IR, 1D NMR (1H-NMR, and 13C-
NMR), 2D NMR (COSY, HSQC, HMBC, and ROESY/NOESY), HR-
ESI-MS and single-crystal X-ray diffraction (XRD) (Supporting
Information). The obtained data for all the pure compounds
were compared with the existing literature on different species
of Goniothalamus, as well as from the species Polyalthia
parviflora, to ascertain if the pure isolated compounds struc-
tures were reported earlier in these different species. The
phytochemical analysis of AcOEt and MeOH extract led to the
isolation of eight known phytochemical molecules, among
them seven molecules reported for the first time from
Goniothalamus wynaadensis Bedd. in this report (Figure 1).

The spectral data obtained for most of the isolated
compounds have a common pattern: in the 1H-NMR spectra, a
broad multiplet signal at δ 7.2–7.4 for 5 Hydrogens hinted
toward the presence of monosubstituted phenyl moiety (1–8)
(Figure 1). The doublet signal varying near δ 6.0 and doublet of
doublet signal varying at δ 6.9 was assigned to H3 and H4 of an
α,β-unsaturated moiety, which may be part of δ-lactone ring in
molecules (1–5 and 8), which was confirmed further by 2D
NMR. Further, two different signals were observed for one
proton each between δ 3–5 ascribable to H7 and H8 protons,
which are deshielded due to heteroatom. The variation in the
chemical shift for these two protons in all the compounds is

Figure 1. Compounds (1–8) isolated from the Goniothalamus wynaadensis Bedd.
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due to the substitution of a different functional group, such as
acetate, methoxy, alcohol and epoxide, at these carbon
positions C7 and C8. These were also supported by 13C-NMR
spectra with observed signals between δ 60–80 ppm due to
carbon attached to heteroatom oxygen.

Compound 1 was obtained as a solid with a melting point
of 80–82 °C from the AcOEt fraction, and the 1H� 13C-NMR data
were similar to the reported compound goniothalamin (1). Its
molecular formula was deduced to be C13H13O2 based on its ESI-
MS- m/z 201.2 [M+H]+. This molecule was first reported from
the bark of Cryptocarya caloneura;[19] later, the same molecule
was also isolated for the first time by K. Jewers et al.[20] from the
bark of Goniothalamus andersonii. This was also obtained from
the Goniothalamus wynaadensis species.[17] Compound 2 was
obtained as a viscous oil. The molecular formula was deduced
to be C13H12O3 based on its HR-ESI-MS- m/z 217.0862 [M+H]+.
The HR-ESI-MS data with m/z addition of 16 to goniothalamin
(1) (ESI-MS- m/z 201.2 [M+H]+) hinted at the addition of
Oxygen atom possibly across the C� C double bond of
goniothalamin (1). This observation was also supported by 1H-
NMR and 13C-NMR data of compound 2. Based on the 1H-NMR
and mass data, it was evident that the goniothalamin (1) was
epoxidised at C7 and C8. The 1H and 13C-NMR spectra were
found to be identical with the compound (+)-goniothalamin
oxide (2), which was first time reported from Goniothalamus
macrophyllus by Sam et al.,[21] and the absolute configuration of
2 was confirmed as 6R, 7R, 8R by Chuah et al.[22]

Compound 3 was obtained as a clear crystal solid with a
melting point of 146–148 °C; the molecular formula was
ascertained to be C15H16O5 by HR-ESI-MS- m/z 277.1069 [M+

H]+. The 1H and 13C-NMR spectra resembled the unambiguous
crystal compound, goniodiol-7-monoacetate (3), reported by
Wu et al.[23] from the leaves of the Goniothalamus amuyon.
Interestingly compound 3 and 5 isolation was first reported by
Talapatra et al. in 1985[24] from the leaves of Goniothalamus
sespquipedalis with relative configuration 6S, 7S, 8S based on
Newman projections and steric repulsion arguments. However,
later Wu et al. reported goniodiol-7-monoacetate (3) to have
the absolute configuration as 6R, 7R, 8R[23] by single-crystal XRD
and by circular dichroism (CD) studies. Further, a similar
crystalline compound was obtained in the column chromatog-
raphy, slightly polar to compound 3, as a solid with a melting
point of 112–114 °C. The molecular formula was confirmed to
be C15H16O5 by HR-ESI-MS- m/z 277.1071 [M+H]+, which was

almost identical to compound 3. However, there was a differ-
ence in the chemical shift value for H7 and H8 in the 1H-NMR
and a difference in the C7 and C8 value for the 13C-NMR
spectrum. Ironically the compound was found to be goniodiol-
8-monoacetate (4), where the position of the acetate group was
shifted to C-8 from C-7 in the case of goniodiol-7-monoacetate
(3). This compound also was later found to be reported by Wu
et al. in 1992[25] from the leaves of Goniothalamus amuyon. The
relative configuration of the compound was reported as 6R, 7R,
8R.

In order to confirm the conflicting information on the
relative configuration at C6, C7 and C8, we have attempted a
simple acetylation reaction on compounds 3 and 4. As
compounds 3 and 4 only vary in the position of the secondary
hydroxy group at C-8 and C-7, acetylation of these compounds
was anticipated to yield the same product. So, compounds 3
and 4 were subjected individually to an acetylation reaction of
the free hydroxy group (at C-8 in 3 and at C-7 in 4, respectively),
which delivered the same single-crystalline product goniodiol
diacetate (9) (Scheme 1).

Further, compound 9 was subjected to crystal growth in a
chloroform-ethanol medium by slow evaporation method and
was subjected to single-crystal XRD (Figure 2), and the data has
confirmed the compound (9) has an absolute configuration of
6R, 7R, 8R (Supporting Information). The melting point of
compound 9 was found to be 155–157 °C which was identical

Scheme 1. Reagents and conditions: a) Goniodiol-7-monoacetate/Goniodiol-8-monoacetate (0.5 mmol) Pyridine (1 mmol), acetic anhydride (5 mmol), at room
temperature, isolated yield about 85–90% 4 h.

Figure 2. Crystal structure of compound 9.
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to the earlier report, where the molecule was synthesised from
the goniodiol-8-monoacetate by Wu et al.[25]

Compound 5 was obtained as a viscous oil; the molecular
formula was deduced to be C13H14O4 by HR-ESI-MS- at m/z
235.0966 [M+H]+. The 1H and 13C-NMR spectrum data of this
compound resembled goniodiol (5), which was earlier
reported[24] from the leaves of the Goniothalamus sesquipedalis
wall with relative configuration 6S, 7S, 8S at these stereogenic
centers. This configuration was proposed based on a biogenetic
pathway where goniothalamin (1) was expected to undergo
epoxidation leading to (+)-goniothalamin oxide (2) followed by
epoxide opening to produce goniodiol (5). However, later
goniodiol (5) was reported by Fang et al.[26] with absolute
configuration as 6R, 7R, 8R, which was further proven[27] by the
supporting data of CD studies. Here, we have ascertained the
structure based on extensive 1H-1H COSY, HMBC, HSQC and
ROESY spectrum and by coupling constant values between H6,
H7 and H8. Its specific rotation was found to be +38.70 (c=

0.0046, CHCl3), which aligned to the absolute configuration of
goniodiol (5) as 6R, 7R, 8R, as reported by Fang et al. earlier.[26]

Further, compounds 6 and 7 were purified from the polar
fraction of ethyl acetate extract but required RP-HPLC. The
linear gradient of methanol with water was used as the mobile
phase in HPLC. Both compounds 6 and 7 were eluted at 40% of
methanol with retention times of 16.54 min and 17.62 min,
respectively. Compounds 6 and 7 were interesting and had
puzzling spectroscopic features. Compound 6 was obtained as
a white solid with a melting point of 130–132 °C, while
compound 7 was slightly viscous. Compound 6 has displayed
HR-ESI-MS at m/z 235.0965 [M+H]+ and m/z 257.0782 [M+

Na]+, and compound 7 with HR-ESI-MS at m/z 235.0966 [M+

H]+ and m/z 257.0784 [M+Na]+, which hinted at the proba-
bility of similar structural features with the possibility of
diastereoisomer or enantiomer relation between 6 and 7.
Interestingly the molecular formula was the same as goniodiol
(5), but NMR data has significant changes. In all the compounds
1 to 5, the 5,6-dihydro-2-pyron ring, i. e., δ-lactone with
conjugated unsaturation at C3 and C4, is present, but in the
case of compounds 6 and 7, H3, H4 and C3, C4 has moved to
up field.

The 2D NMR data was of real significance here; the 1H-13C
correlations by heteronuclear single quantum coherence
(HSQC) spectrum of 6 exhibited the direct correlations between
δ 2.99 [d, 1H (H-4a), 2.88 (d, H-4b)], and methylene proton
signal at δ 2.23 (br. s, 2H (H-9)) to the methylene carbon signals
at δ 36.5 (C4) and 29.8 (C9), respectively, confirming the
presence of two methylene groups. The 1H-13C heteronuclear
multiple bond correlation (HMBC) and 1H� 1H correlation
spectroscopy (COSY) spectra of 6 further confirmed the
presence of two methylene groups and a saturated pyrone ring.
The 1H-NMR, 13C-NMR and HSQC spectrum displayed the
correlation of methine proton signals at δ 4.93, 4.46, 4.43 and
3.59 ppm to methine carbon signals at δ 76.7, 65.8, 74.3 and
72.6, which indicated the presence of four oxygen-bearing
carbons of the probably fused pyrano-pyrone ring in 6. The
presence of one free-OH group was confirmed by the IR
spectrum with hydroxy stretching at 3397 cm� 1. The overall

data suggest that compound 6 has a phenyl pyrano-pyrone
type skeleton.[22,28–31] Compound 6 has 1H,13C-NMR and 2D NMR
parameters similar to (+)-8-epi-9-deoxygoniopypyrone (6),
which have been reported earlier from the leaves of Goniotha-
lamus tamirensis.[31] This structure was confirmed to have chair-
boat conformation for fused pyrano pyrone skeleton, between
the possible conformations of chair-boat, boat-boat and chair-
chair conformation, which was confirmed by 1H-1H nuclear
Overhauser effect spectroscopy (NOESY). The detailed explan-
ation for the confirmation of chair-boat conformation present in
the fused pyrano pyrone skeleton of compound 6 is described
by Tai et al.[31] and Lan et al.[30]

Similarly, compound 7 was found to be mimicking com-
pound 6 and was found to have a phenyl pyrano-pyrone
skeleton. Comparison of the 1H, 13C-NMR and 2D NMR data of 7
with the available literature led to confirmation of the
compound to be (� )-8-epi-9-deoxygoniopypyrone, which is an
enantiomer of compound 6. Compound 7 was previously
isolated from the leaves of Goniothalamus tamirensis,[31] and the
leaves of Polyalthia parviflora,[27] and the structure was un-
ambiguously confirmed. It is straightforward that compound 6
and 7 is the product of intramolecular Oxa-Michael addition
reaction on Goniodiol (5) in a suitable enzymatic condition in
the plant species. All compounds 1–7 were separated from
ethyl acetate extract.

The phytochemical investigation of the methanol extract
(2g) also yielded the above compounds in minor quantities. It
also yielded one more known compound, 8-methoxygoniodiol
(8), previously isolated from the methanolic extract of Polyalthia
parviflora leaves.[27] The compound 8 was obtained as a viscous
oil; the molecular formula was deduced to be C14H17O4 by HR-
ESI-MS- at m/z 249.1118 [M+H]+. The 1H and 13C-NMR data of
this compound resembled goniodiol (5) with the methoxy
group’s replacement of the hydroxy group at C8. The presence
of the methoxy group at C8 was confirmed by HMBC and
ROESY spectrum (Supporting Information). The absolute config-
uration of the compound was reported and confirmed as 6S, 7S,
8R.

All the isolated molecules and synthesised compounds,
except compounds 1 and 2, were subjected to preliminary
anticancer studies on four cancer cell lines which are tabulated
below. Further, these molecules were run through in silico
molecular modelling studies to find the possible target and
pathway for the possible anticancer activity. Even though all
the isolated molecules were reported earlier from different
species of Goniothalamus, Goniothalamus wynaadensis Bedd.
can be considered a single repository or storage tree for all
these molecules in one species.

Preliminary anticancer activity

The test set of the molecules, along with the synthesised
molecule 9 were subjected to preliminary MTT assay screening
on four cancer cell lines ovarian (SKOV3), breast (MDA-MB-231),
prostate (PC3) and colon (HCT-15) cancer cell lines and one
normal cell lines. The MTT assay revealed that compounds 3, 4
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and 8 displayed comparable cytotoxicity to vincristine in all four
cancer cell lines tested (Table 1). The compound 8-Meth-
oxygoniodiol (8) showed the most potent activity against
ovarian cancer cell lines with IC50 7.23 μM, better than standard
vincristine. Goniodiol-7-monoacetate (3) and goniodiol-8-mono-
acetate (4) showed almost equivalent cytotoxicity against breast
cancer cell lines at 7.49 μM and 8.06 μM, and goniodiol
diacetate (9) showed slightly less potent activity in comparison
with 3 and 4. At the same time, removing the acetoxy group
from both positions at C7 and C8 led to a significant reduction
in cytotoxicity against MDA-MB-231 cells. This shows that the
presence of acetoxy/methoxy group on the 7th or 8th carbon has
a favourable effect on the cytotoxic effect of these compounds
on breast cancer cell lines. The cytotoxic effects observed from
the MTT assay represent these molecules as cytotoxic against

SKOV3, MDA-MB-231, PC-3, and HCT-15 cancer cell lines but not
against normal cell HEK-293, improving the therapeutic index.

Cell Cycle Analysis

To examine the effect of cell cycle progression, MDA-MB-231
cells were incubated with one of the potent isolated com-
pounds, goniodiol-7-monoacetate (3) (HBT-96 A), at different
concentrations (3,74, 7.49, 14.98 μM) for 24 h. Cells also were
treated in the absence (untreated control) or presence of the
positive control compound VIN (Vincristine). After staining the
cell nuclei with PI (Propidium iodide), the percentage of cells at
different phases of the cell cycle was quantified using flow
cytometry (Figure 3 and 4). The treatment of the standard drug,

Table 1. Cytotoxic activity (MTT assay) of the isolated and synthesised compounds (3–9).

Compound IC50 � SD in μM (triplicate experimentation)

SKOV3 MDA-MB 237 PC-3 HCT-15 HEK-293

Goniodiol-7-monoacetate (3) 7.89�2.02 7.49�1.38 8.7�0.78 8.51�1.56 >100

Goniodiol-8-monoacetate (4) 7.57�1.09 8.06�1.30 8.2�1.26 8.89�0.63 >100

Goniodiol (5) 7.83�1.58 >100 8.0�1.48 8.43�0.49 >100

(+)-8-Epi-9-deoxygoniopypyrone (6) 9.9�1.02 8.45�1.66 9.1�1.20 8.06�1.29 >100

(� )-8-Epi-9-deoxygoniopypyrone (7) >100 7.67�1.18 8.9�0.67 8.10�0.94 >100

8-Methoxygoniodiol (8) 7.23�0.69 10.72�0.12 6.7�1.13 7.18�1.88 >100

Goniodiol diacetate (9) 8.80�1.89 9.79�1.10 8.6�0.96 8.84�1.28 >100

Vincristine 9.02�1.28 7.00�1.19 7.59�1.33 6.14�1.39 >100

Figure 3. Flow-cytometric analysis on MDA-MB-231 cell lines; Vincristine and goniodiol-7-monoacetate (3) (HBT-96A) indicated concentrations. CC=Cell
control, VIN=Vincristine.
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vincristine (VIN), arrested the cell growth at the G2/M phase
(53.66%) at its IC50 concentration (7.00 μM) along with a
significant accumulation of apoptotic cell death at SubG1
(Figure 3 and 4) compared to untreated control. On the
treatment of cells with HBT-96 A at its half IC50 concentration
(3.74 μM), 55.57% cells were accumulated in G0/G1 phase and
23.12% cells in the G2/M phase which is almost similar to
untreated control. However, when the concentration increased
to its IC50 (7.49 μM), HBT-96 A caused a marked increase in the
cell population at the G2/M phase (42%) with a concomitant
decrease in the G0/G1 phase (41.01%) as compared to un-
treated control, clearly indicating G2/M phase arrest. Further
increase in the concentration of HBT-96 A (14.98 μM) also
caused G2/M phase arrest (42.3%) but not in a dose-dependent
manner. At all three concentrations of the study, HBT-96 A
cause no significant induction of apoptotic cell death at SubG1
relative to the untreated control. Cell cycle study clearly
revealed that HBT-96 A arrested the cell growth in the G2/M
phase at IC50 and higher concentrations with no significant
accumulation of apoptotic cell death at SubG1.

Annexin V/ PI staining assay

Quantification of apoptosis was determined by using Annexin
V/PI staining. MDA-MB-231 cells were treated with different
concentrations of goniodiol-7-monoacetate (3) (HBT-96 A). This

assay distinguishes the amount of live, early apoptotic, late
apoptotic and necrotic cells, as shown in Figure 5. The results
showed that goniodiol-7-monoacetate (3) increased the per-
centage of early apoptotic cells by 2.04% at 3.74 μM, 1.66% at
7.49 μM and 7.69% at 14.98 μM after 24 h treatment while the
standard drug vincristine displayed early apoptotic cells by
11.80% at 7.00 μM. As shown in Figure 5a and b, on the
treatment of compound 3, the percentage of cells in the late
apoptosis also increased compared to the control. The observed
results suggest that the isolated compound, goniodiol-7-
monoacetate (3), induced cell death through apoptosis in MDA-
MB-231 cells. A significant percentage of necrosis is also
observed but, in a dose, dependent manner.

In Silico target identification on isolated compounds

A molecular modelling study was performed to understand the
role of the binding mode of the isolated molecules and their
interactions. The docking study was performed on the mole-
cules to analyse their interactions in an α-tubulin protein (PDB
ID-5FNV) via Maestro, Schrödinger. Pironetin, an α,β-unsatu-
rated δ-lactone isolated from Streptomyces species fermenta-
tion broths, is the only phytochemical known to bind α-tubulin.
Pironetin has been reported as a potent cell cycle inhibitor
which arrests cells in the M phase (IC50 in the range of 1.5–
26 nM), and intravenous injection inhibits tumor growth in a

Figure 4. Flow-cytometry analysis on MDA-MB-231 cell lines: percentage of cell cycle arrest at different phases when treated with goniodiol-7-monoacetate (3)
(HBT-96A) and vincristine.
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mouse model of leukaemia at a dose of 6.3 mgkg� 1.[32–34] The
isolated molecules from Goniothalamus wynaadensis Bedd. also

have a common pharmacophore i. e., α,β-unsaturated δ-lactone
in their structure. The α-tubulin-based tubulin polymerisation

Figure 5. a) Flow cytometric analysis of apoptosis in MDA-MB-231 cells treated with goniodiol-7-monoacetate (3) (HBT-96A) and vincristine for 24 h. b)
Percentage of cells in each phase represented in the bar graph.
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inhibitor also has the same pharmacophore that is an α,β-
unsaturated δ-lactone (Figure 1). In the present work, molecular
docking studies were carried out on isolated lactone molecules
against α-tubulin by covalent docking. Further, to support the
molecular modelling, the energy and thermodynamic-based
DFT analysis were also carried out via the Maestro Material
Science Version 12.0.012 platform of Schrödinger software.

Tubulin protein crystal structures were obtained from the
protein databank (PDB). The PDB id 5FNV was used in this
study, and the Maestro Version 12.0.012 platform of Schrö-
dinger software was used to process the three-dimensional
structures of 5FNV protein and to locate the residue in the
structure at 4 Å distance from the cysteine-316. The pharmaco-
phoric similarity between the isolated compounds and pirone-
tin, i. e., the presence of α,β-unsaturated δ-lactone ring, is one
of the main justifications for choosing this protein structure.
The α,β-unsaturated δ-lactone ring acts as a Michael acceptor
and connects covalently to cysteine-316 in α-tubulin. This
information intrigued us to choose α-tubulin as a target for
molecular modelling and DFT studies. Protein preparation was
done using the protein preparation wizard. Hydrogen atoms
were added. Waters with less than three hydrogen bonds to
non-waters were removed from the protein after sample water
orientations were obtained using PROPKA at pH 7. Using the
OPLS3e force field, the primary protease-ligand complex’s
restrained minimisation was accomplished. Finally, the protein
was saved in PDB format for docking. Using the GetAccess
(http://curie.utmb.edu/getarea.html)[35] software, the relative
surface accessibility of the cysteine residues in the 3D structure
of the α-tubulin protein was determined.

In a 2D sketcher of the Schrödinger software, the three-
dimensional structures of the isolated molecules were created
and saved with individual names, and the LigPrep panel was
used to set up and start ligand preparation calculations. LigPrep

was used to create stable low-energy 3D structures, which are
then used to generate various protonation states, configuration,
tautomers, and ring conformations for each input structure.
Schrödinger software’s Maestro Version 12.0.012 platform was
used to perform the covalent docking analysis of α-tubulin with
isolated molecules and determine the binding energy
(kcalmol� 1). The receptor grid was defined in the coordinate
region ranging from 10–12 Å by defining the amino acid
residue at the active site of α-tubulin that is Cys-316 at chain C
under default settings.

Very interestingly, the isolated molecules are binding in the
same active site of the protein by the covalent binding at the
Cys-316 residue of α-tubulin observed in, in silico studies. The
observed interaction network of the isolated molecules with
residues in the binding region is found to be similar to the
reported results of docking of Pironetin (Figure 6a) at the active
site of α-tubulin. We observed during molecular mechanics
modelling studies via covalent docking method analysis study
that the binding of compound 8 (Figure 6d) at the active site of
the α-tubulin residues was comparable to that of standard α-
tubulin inhibitor Pironetin. The docked pose of compound 8 on
superimposition with Pironetin represented maximum align-
ment in line with the Pironetin binding pattern (Figure 6b). This
seems to have an impact on the docking score of compound 8
with respect to Pironetin (Table 2). As per the studies reported,
the Pironetin binding pattern to α-Tubulin is based on an
induced fit mechanism.[36] The amino acid residues of α-tubulin
on the Pironetin binding site undergo a major shift by 10 Å at
the T7 loop and H8 helix (Cys-316, Leu-136, Phe-255, Leu-252,
Leu-378). This, in turn, leads to the microtubule disassembly, as
the resulting deviated but stable orientation of T7 loop appears
to be attained in both α and β-subunits of Tubulin.[36] Hence,
the isolated molecules specifically represented the stable
interactions with Leu-136, Phe-255, Leu-252, and Leu-378.

Table 2. Docking score of test set compounds and standard compounds.

Sl.
No.

Comp. Docking
score

Amino acids involved in different interactions

Covalent
bonding
interaction

Hydrogen
bonding
interactions

Polar interactions Hydrophobic interaction

01 Pironetin � 7.325 CYS-316 ILE-238 GLN-256, SER-165, GLN-
133, SER-241, THR-239,
SER-241

LEU-378, MET-377, CYS-376, LEU-318, LEU-317, CYS-316, VAL-353, PHE-
202, PHE-255, LEU-167, CYS-4, LEU-252, PHE-135, LEU-136, LEU-242,
LEU-248, GLY-354

02 1 � 6.491 CYS-316 SER-241 SER-165, GLN-256, THR-
239, GLN-133,

LEU-242, LEU-378, ILE-238, PHE-202, CYS-4, LEU-136, LEU-167, PHE-255,
LEU-259, LEU-252

03 2 � 7.093 CYS-316 SER-241 THR-239, GLN-256, GLN-
133, SER-165

LEU-259, LEU-242, LEU-378, ILE-238, PHE-202, LEU-136, LEU-167, LEU-
252, CYS-4, PHE-255

04 3 � 7.25 CYS-316 ILE-238 GLN-256, SER-241, THR-
239

PHE-255, LEU-318, LEU-378, LEU-252, LEU-136, LEU-167, LEU-242, ILE-
238, PHE-202, CVY-200, LEU-259

05 4 � 7.064 CYS-316 ILE-238 THR-239, SER-241, GLN-
256

LEU-318, LEU-378, LEU-259, PHE-202, PHE-255, CYS-200, LEU-167, LEU-
136, LEU-252, CYS-4, LEU-242

06 5 � 7.201 CYS-316 SER-241,
ILE-238

THR-239, SER-165, GLN-
256

LEU-259, LEU-378, PHE-202, PHE-255, CYS-4, LEU-136, LEU-252, LEU-
167, LEU-242

07 8 � 7.979 CYS-316 ASN-258,
ILE-238

SER-241, THR-239, GLN-
256

LEU-256, PHE-202, LEU-167, PHE-255, LEU-136, LEU-259, LEU-242, LEU-
318, LEU-378

08 9 � 6.752 CYS-316 – SER-237, THR-239, SER-
241, GLN-256

LEU-318, LEU-378, VAL-260, LEU-259, PHE-202, PRO-268, LEU-167, CYS-
200, PHE-255, CYS-4, LEU-136, LEU-252, LEU-242, LEU-248, LEU-238
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Compound 8 with maximum alignment showed slightly higher
docking scores (Table 2) during docking analysis than Pironetin.

Computational study of the reaction between cysteine thiol
group and isolated molecules

To gain an in-depth understanding and identify the stability of
these protein-ligand complexes on thermodynamic energy
levels, further assessment of the isolated molecules binding to
the Cys-316 of α-tubulin was performed based on reaction
energetic analysis via DFT studies. To understand the mecha-
nism of formation of covalent bonding between isolated
molecules and Cys-316 in the protein α-tubulin, 2D structures
of isolated molecules and Cysteine were sketched and imported
into the 3D workspace, which was followed by minimisation

and optimisation. Molecules were optimised using B3LYP� D3
on the Jaguar platform (version: 10.2, Schrodinger release 2019-
2) with a 6-31 G** basis set and polarisation function on all
atoms. The accuracy level was set to ultrafine and maximum
iteration steps of 100 with a switch to analytical integrals near
convergence. The optimised molecules were imported into the
Jaguar reaction module to calculate Gibbs free energy
(Scheme 2). Gibbs free energy change (~G) values for putative
reactions between Cysteine and isolated molecules were
calculated by density functional theory (DFT) on the Maestro
Material Science 3.4.012 platform of Schrodinger software.
Gibbs free energies are stated in (kcal/mol) assuming standard
condition (T=298.15 K and p=1.0 bar). HOMO and LUMO
structures of the molecules were also obtained along with the
optimisation (supplementary information). The possible Michael
addition reactions of Cys-316 with isolated molecules

Figure 6. a) The molecular docking image (3D) of compound Pironetin in complex with α-tubulin and its interactions with amino acid residues. b) Display of
relative positions and interactions of 8-methoxygoniodiol (8) with Pironetin towards the α-tubulin complex. c) Major interactions of amino acids residue
within 4 Å regions at the α-tubulin binding site to 8-methoxygoniodiol (8) and d) Major interactions of amino acids residue within 4 Å region at the α-tubulin
binding site to standard ligand Pironetin.
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Scheme 2. A computational study for the probable reaction of Cysteine with isolated molecules (change in free energy – ~G values in kcal/mol).
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(Scheme 2) were carried out using the Schrodinger Material
Science suit.

The results suggest that nucleophilic attack by cysteine thiol
on an α,β-unsaturated δ-lactone results in the formation of a
new covalent bond. The Gibbs free energy change for the
reaction of cysteine thiol with Pironetin is found to be
� 4.090 kcal/mol (Scheme 2). This indicates that the reaction is
spontaneous and, in turn, suggests that there is no need for
additional energy to facilitate the occurrence of the reaction in
the form of input energy or through the stabilisation of the
products, and interestingly Yang et al. group presented similar
results experimentally.[37] In the present study, the isolated
molecules undergo a Michael addition type reaction with
Cysteine thiol in an α-tubulin protein. The values of Gibbs free
energy change for the isolated molecules are shown
(Scheme 2), which indicates that the reactions are spontaneous
and they have a good affinity to undergo Michael addition
reaction. When we compare the results of docking score and
~G values by DFT, all the isolated molecules show comparable
scoring function with respect to Pironetin and negative ~G
values, i. e., spontaneous reaction except for goniodiol (5) and
8-methoxygoniodiol (8) where it is thermodynamically unfav-
ourable and displayed positive ~G values. Hence, the DFT
analysed nucleophilic attack on isolated molecules indicates
that these molecules can act as an inhibitor of α-tubulin.

Molecular Simulation Studies

As per the in vitro studies, 8-methoxygoniodiol (8), and
goniodiol-7-monoacetate (3) were observed to be the most
potent compounds. The biological results (Figure 4 & 5)

seemingly correlated with the covalent molecular docking
analysis (Figure 6 & 7) with α-tubulin as well as the Michael
addition between cysteine thiol with α,β-unsaturated δ-lactone
represented stability potential during the DFT analysis. Thus,
molecular dynamics simulation studies were performed to
confirm the stability of predicted docked poses interactions and
understand the nature of molecular interactions. A total range
of 19,595–19,598 water molecules were kept in the complex
simulation box. The system simulation captured 1000 structures
from the trajectory during a runtime of 100 nanoseconds. The
RMS deviations of each protein-ligand complex, 8-meth-
oxygoniodiol (8) (Figure 8), and goniodiol-7-monoacetate (3)
(Figure 9) structures with α-tubulin obtained from MD simu-
lation were plotted.

8-Methoxygoniodiol (8)

The protein backbone, C-alpha chain, represented a well-
stabilised interaction from 30 nanoseconds (nsec) frame on-
wards. The protein-ligand fitting complex during the MD
simulation run showed a maximum storm displacement
between 1.3–1.4 Å in the 30–100 nsec run within the acceptable
range of 2 Å. The RMSF plot (Figure 8b) further displayed the
least fluctuations and stability of the ligand-protein complex
binding with amino acid residues. The majority of interactions
in the protein-ligand complex were Hydrogen bond (H-bond),
hydrophobic and via water bridges with respective amino acid
residues, as observed from the Histogram plot (Figure 8c).
Among these, H-bonding with ILE-238, ASN-258, SER-241 and
hydrophobic connectivities with LEU 242, PHE-202 and the
hydrophobic connectivities accompanied by water bridges and

Figure 7. a) The molecular docking image (3D) of compound goniodiol-7-monoacetate in complex with α-tubulin and its interactions with amino acid
residues. b) Major interactions of amino acids residue within 4 Å regions at the α-tubulin binding site to goniodiol-7-monoacetate (3).
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H-bonding for ILE-238 are all crucial interactions at the active
binding pocket of the protein that was maintained during the
majority time fraction of the MD Simulation period.

Goniodiol-7-monoacetate (3)

The MD simulation run suggested that Goniodiol-7-monoace-
tate formed a stable complex with C-alpha chain of the protein.
The stability of the complex could be observed from 20 nsec
onwards in the protein-ligand fitting RMSD plot (Figure 9a).
RMSD between 20–100 nsec ranged from 1–1.4 Å, well within
the permitted range of RMSD. The RMSF plot (Figure 9b)
representing ligand connectivities displayed minuscule fluctua-
tions with the active pocket binding amino acid residues. Most
of the ligand’s interactions are hydrophobic and H-bonding
based and were maintained for the most time during the MD
simulation run, which is more than 30% of the time frame as
per the histogram plot (Figure 9c). Connectivities with LEU-259,

PHE-255, LEU-242, SER-241, and ILE-238 were the major
interaction between amino acid residues and ligands.

Conclusions

The phytochemical analysis of ethyl acetate and methanol
extract of Goniothalamus wynaadensis Bedd. leaves led to the
isolation of eight (1–8) known molecules; seven (2–8) molecules
were isolated for the first time from this species. The
phytochemical modification by acetylation of 3 and 4 gave
goniodiol diacetate (9) with absolute configuration (6R, 7R, 8R).
Compounds 3–9 were selectively potent against MDA-MB-231,
SKOV3, PC-3 and HCT-15 cell lines with IC50<10 μM. Cell cycle
analysis and Annexin-V assay on MDA-MB-231 cell using
goniodiol-7-monoacetate (3) exhibited apoptotic response as
well as necrotic response and showed cell proliferation arrest at
G2/M phase.

Further, an in silico target identification for the isolated
molecules was carried out with an α-tubulin protein target by

Figure 8. a) Compound 8 Protein-ligand RMSD plot; b) Protein-ligand RMSF plot; c) Histogram plot of compound 8; d) Protein-ligand complex with crucial
amino acid residues in interaction.
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covalent docking. Compound 3 and 8 displayed docking score
of � 7.25 and � 7.979 comparable to α-tubulin inhibitor,
Pironetin, at � 7.325. To gain an in-depth understanding and
identify the stability of these protein-ligand complexes on
thermodynamic energy levels, further assessment of the
isolated compounds binding to the Cys-316 of α-tubulin was
performed based on reaction energetic analysis via DFT studies,
which hinted the isolated compounds may inhibit α-tubulin,
similar to Pironetin. Molecular dynamics simulation performed
on compound 3 and 8 in the binding pocket of α-tubulin
confirmed the stability of predicted docked poses interactions
and reiterated the nature of molecular interactions in the
binding site. We can conclude here that the isolated new
molecules are potential anticancer compounds, and more
different chemical modifications can be carried out with the
inputs from in silico studies to develop a promising anticancer
candidate.

Experimental Section

General experimental procedures

IR spectroscopic data were obtained via Perkin Elmer spectrum II
FT-IR. High-resolution mass spectra (HR-MS) were obtained on an
FTMS in ESI mode. NMR 1D and 2D NMR were performed with
Bruker Avance 500 and 400 MHz, with TMS being the internal
reference. Column chromatography (CC) for isolation of secondary
metabolites was carried out with Merck-Sigma Aldrich silica gel of
mesh size 60–120, 100–200, and 230–400 and RP-HPLC. RP-HPLC
was performed using a UHPLC Shimadzu. All the solvents were
used after distillation. The melting point of the isolated compound
was measured from Equiptronics (EQ-730) melting point apparatus.
The TLC was analysed on a silica gel pre-coated aluminium-based
plate, visualised with UV light, iodine vapour, or H2SO4 in MeOH
staining solution wherever needed.

Experimental section for Isolation and Synthesis

Plant material

The leaves of G. wynaadensis Bedd. were collected from wild plants
growing hilly forest region of Wayanad district, Kerala, namely Peria
forest, Chembra hills, and Thamarasserey garden (Western Ghats)
during the non-flowering season. The plant identification was done
by Taxonomist from M.S. Swaminathan Research Foundation

Figure 9. a) Compound 3 Protein-ligand RMSD plot; b) Protein-ligand RMSF plot; c) Histogram plot of compound 3; d) Protein-ligand complex with crucial
amino acid residues in interaction.
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(MSSRF) at Community Agrobiodiversity Center, Puthoorvayal,
Kalpetta, Wayanad, Kerala, India. The herbarium voucher specimen
(MSSH WAYANAD No. 0462) was deposited at MSSRF Herbarium.

Extraction and isolation

The powder of dried G. wynaadensis leaves (2.5 Kg) was soaked in
solvents in order of increasing polarity in the aspirator and
collected as six separate extracts, as described in our previous
article.[18] Following the bio-guided fractionation results, the most
active extract – Ethyl Acetate extract (2.5 g) was subjected to
column chromatography (CC) using silica gel, and eluted via
gradient method using hexane-ethyl acetate solvent system to yield
fractions GWEAex1 (90 :10), GWEAex2 (80 :20), GWEAex3 (70 :30),
GWEAex4 (60 :40), GWEAex5 (50 :50), and GWEAex6 (40 :60).
Fraction GWEAex3 (70 :30) (89 mg), yielded two UV active, charring
active spots. These were further separated by column chromatog-
raphy using 230–400 mesh silica gel to yield goniothalamin (1)
(36 mg) and (+)-goniothalamin oxide (2) (40 mg). Fraction GWEx4
(60 :40) (388 mg) yielded two UV active, charring active spots,
which were found to be goniodiol-7-monoaccetate (3) (180 mg)
and goniodiol-8-monoacetate (4) (165 mg). Further, more polar
fraction GWEAex5 (50 :50) (90 mg) yielded goniodiol (5) (68 mg)
using 100–200 mesh size silica gel CC. Fraction GWEAex6 (40 :60)
(300 mg) yielded (+)-8-epi-9-deoxygoniopypyrone (6) and (� )-8-
epi-9-deoxygoniopypyrone (7), which were further separated using
the reverse phase-high performance liquid chromatography (RP-
HPLC). The linear gradient of methanol with water was used as the
mobile phase in HPLC; compounds 6 and 7 were eluted at 40% of
methanol with retention time at 16.54 min. and 17.62 min.,
respectively.

The methanol extract (2 g) was chromatographed on silica gel CC,
and eluted via gradient method using hexane-ethyl acetate solvent
system to yield fraction GWMex1 (90 :10), GWMex2 (80 :20),
GWMex3 (70 :30), GWMex4 (60 :40), GWMex5 (50 :50), etc. Out of
these fractions, GWMex3 (70 :30) fraction has an UV active as well
as charring active spot, which was further separated by a flash
column chromatography using 230–400 mesh silica gel yielded 8-
methoxygoniodiol (8) (20 mg).

Acetylation of compounds 3 and 4

Compound 3/4 (0.5 mmol) was taken in a 25 ml round bottom flask.
To this, excess acetic anhydride (5 mmol) was added. The reaction
mixture was allowed to stir at room temperature. To this reaction
mixture, pyridine (1 mmol) was added. The reaction mixture was
allowed to stir for 4 h and was monitored by TLC. On completion of
the reaction, pyridine in the reaction mixture was quenched with
saturated copper sulfate solution. It was further extracted with
water and ethyl acetate (3×10 mL). The organic layer was
separated, dried over sodium sulfate and evaporated under a
vacuum. Pure compound 9 was separated by flash column
chromatography.

Spectroscopic data

Goniothalamin (1)

Solid, m.p.=80–82 °C; [α]0pt25D � 70 (c=0.0017, CHCl3); IR (cm� 1):
νmax 1731, 1497, 1457, 1268. 1H-NMR (CDCl3, 400 MHz) δ 7.41–7.26
(5H, m, H-10–H-14), 6.93 (1H, dt, J=9.6, 4.4, H-4), 6.73 (1H, dd, J=
16.0, 0.8, H-8), 6.28 (1H, dd, J=16, 6.4, H-7), 6.09 (1H, dd, J=8.2, 4,
H-3), 5.11 (1H, m, H-6), 2.55 (2H, m, H-5). 13C-NMR (CDCl3, 100 MHz)
δ 162.9 (C-2), 143.6 (C-4), 134.8 (C-9), 132.2 (C-8), 127.7 (C-11), 127.7

(C-13), 127.4 (C-12), 125.7 (C-10), 125.7 (C-14), 124.7 (C-7), 120.7 (C-
3), 77.0 (C-6), 28.9 (C-5). ESI-MS: m/z 201.20 [M+H]+ calc. for
C13H13O2, 201.08.

(+)-Goniothalamin oxide (2)

Viscous compound; [α]0pt25D +28.62 (c=0.0025, CHCl3); IR (cm� 1):
νmax 1725, 1457, 1243, 1156, 1082.

1H-NMR (CDCl3, 400 MHz) δ 7.38–
7.26 (5H, m, H-10–H-14), 6.94 (1H, dddd, J=9.8, 3.6, H-4), 6.07 (1H,
td, J=9.6, 1.6, H-3), 4.45 (1H, td, J=9.6, 5.6, H-6), 3.90 (1H, d, J=2.0,
H-8), 3.27 (1H, dd, J=5.7, 2, H-7), 2.59 (2H, m, H-5) and 13C-NMR
(CDCl3, 100 MHz) δ 162.8 (C-2), 144.3 (C-4), 135.6 (C-9), 128.7 (C-12),
128.6 (C-11), 128.6 (C-13), 125.7 (C-10), 125.7 (C-14), 121.5 (C-3), 77.1
(C-6), 61.5 (C-7), 57.2 (C-8), 25.9 (C-5). HR-ESI-MS: m/z 217.0862 [M+

H]+ calc. for C13H13O3, 217.0865.

Goniodiol-7-monoacetate (3)

White crystals, m.p.=146–148 °C; [α]0pt25D +16.4 (c=0.025,
CHCl3); IR (cm� 1) νmax: 3417, 1731, 1494, 1455, 1266, 1228.

1H-NMR
(CDCl3, 500 MHz) δ 7.41–7.29 (5H, m, H-10–H-14), 6.89 (1H, ddd, J=
10, 5.7, 3, H-4), 6.03 (1H, ddd, J=10, 2.5,1.5, 1, H-3), 5.13 (1H, d, J=
2.5, H-7), 5.11 (1H, dd, J=8.5, 1.5, H-8), 5.07 (1H, ddd, J=10.5, 4.5,
1.5, H-6), 2.35 (1H, ddd, J=16.5, 10.5, 2.5 H-5), 2.31 (1H, dddd, J=
16.7, 10.5, 3.5, 1, H-5), 1.82, (3H, s), and 13C-NMR (CDCl3, 125 MHz) δ
169.7 (7-OC=O), 163.6 (C-2), 145.1 (C-4), 140.4 (C-9), 128.4 (C-11; C-
13; C12), 126.8 (C-10; C-14), 121.1 (C-3), 75.3 (C-7), 75.0 (C-6), 71.1
(C-8), 26.2 (C-5), 20.39 (7-OCOCH3). HR-ESI-MS: m/z 277.1069 [M+

H]+ calc. for C15H17O5, 277.1076.

Goniodiol-8-monoacetate (4)

White amorphous powder, m.p.=112–114 °C; [α]0pt25D +3.92 (c=

0.026, CHCl3); IR (cm� 1) νmax: 3450, 1741, 1491, 1485, 1243 cm� 1; 1H-
NMR (CDCl3, 500 MHz) δ 7.40–7.31 (5H, m, H-10–H-14), 6.92 (1H,
ddd, J=9.5, 5.5, 2, H-4), 6.01 (1H, ddd, J=9.5, 4, 1, H-3), 5.88 (1H, d,
J=7.5, H-8), 4.65 (1H, ddd, J=12.5, 6, 2.5, 1, H-6), 3.90 (1H, dd, J=
7.5, 2, H-7), 2.78 (1H, ddt, J=18, 12.5, 5.5, 2.5, H-5), 2.41(1H, br. s),
2.25 (1H, ddd, J=18, 6, 4.5, 1, H-5), 2.06 (3H, s, 8-OCOCH3) and

13C-
NMR (CDCl3, 125 MHz) δ 169.6 (8-OC=O), 163.2 (C-2), 145.2 (C-4),
137.1 (C-9), 128.6 (C-11), 128.6 (C-13), 128.6 (C-12), 127.5 (C-10),
127.5 (C-14), 121.0 (C-3), 76.1 (C-8), 74.6 (C-6), 74.0 (C-7), 26.0 (C-5),
21.09. HR-ESI-MS: m/z 277.1071 [M+H]+ calc. for C15H17O5,
277.1076.

Goniodiol (5)

Viscous oil; [α]0pt25D +38.70 (c=0.0046, CHCl3); IR (cm� 1) νmax:
3386, 1696, 1494, 1454, 1254 cm� 1; 1H-NMR (CDCl3, 500 MHz) δ
7.41–7.30 (5H, m, H-10–H-14), 6.91 (1H, dddd; J=9.5, 6, 4, 2, H-4),
5.97 (1H, dddd, J=9.75, 3, 2, H-3), 4.93 (1H, d, J=7.5, H-8), 4.79 (1H,
dddd, J=12.5, 3.5, 2.5, H-6), 3.70 (1H, d, J=6.5 Hz, H-7), 2.98 (1H, br,
s, 8-OH), 2.77 (1H, ddt; J=18.5, 12.5, 2.5, H-5), 2.49 (1H, br. s, 7- OH),
2.17 (1H, dddd, J=18, 6.0, 4, 1, H-5) and 13C-NMR (CDCl3, 125 MHz)
δ 163.7 (C-2), 146.1 (C-4), 140.0 (C-9), 128.7 (C-11), 128.7 (C-13),
128.2 (C-12), 126.5 (C-10), 126.5 (C-14), 120.5 (C-3), 76.7 (C-6), 75.0
(C-7), 73.6 (C-8), 26.0 (C-5). HR-ESI-MS: m/z 235.0966 [M+H]+ calc.
for C13H15O4, 235.0970.

(+)-8-Epi-9-deoxygoniopypyrone (6)

White solid, m.p.=130–132 °C; [α]0pt25D � 30 (c=0.0015, CHCl3); IR
(cm� 1) νmax: 3397, 1737, 1497, 1455, 1266;

1H-NMR (CDCl3, 400 MHz)
δ 7.41–7.36 (5H, m, H-11–H-15), 4.93 (1H, br. s, H-1), 4.46 (1H, br. s,
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H-5), 4.43 (1H, br. s, H-7), 3.59 (1H, d, J=8.5, H-8), 2.99 (1H, d, J=24,
H-4), 2.88 (1H, dd, J=24.5, H-4), 2.52 (1H, br. s, 8-OH), 2.23 (2H, s, H-
9), 13C-NMR (CDCl3, 100 MHz) δ 168.9 (C-3), 137.8 (C-10), 128.7 (C-
12), 128.7 (C-14), 128.6 (C-13), 127.3 (C-11), 127.3 (C-15), 76.7 (C-1),
74.3 (C-7), 72.6 (C-8), 65.8 (C-5), 36.5 (C-4), 29.8 (C-9). HR-ESI-MS: m/z
235.0965 [M+H]+, m/z 257.0782 [M+Na]+ calc. for C13H15O4,
235.0970.

(� )-8-Epi-9-deoxygoniopypyrone (7)

Viscous oil; [α]0pt25D +16.31 (c=0.0019, CHCl3); IR (cm� 1) νmax:
3406, 1734, 1494, 1454, 1250 cm� 1, 1H-NMR (CDCl3, 500 MHz) δ
7.42–7.34 (5H, m, H-11–H-15), 4.95 (1H, m, H-1), 4.48 (1H, m, H-5),
4.43 (1H, d, J=9.5, H-7), 3.64 (1H, dd, J=9.5, 2.5, H-8), 3.00 (1H, d,
J=19.7, H-4), 2.88 (1H, dd, J=19.25, 4.8, H-4), 2.24 (2H, m, H-9a and
b), 13C-NMR (CDCl3, 125 MHz) δ 168.8 (C-3), 137.7 (C-10), 128.7 (C-
12), 128.7 (C-14), 128.6 (C-13), 127.3 (C-11), 127.3 (C-15), 76.6 (C-1),
74.4 (C-7), 72.6 (C-8), 65.8 (C-5), 36.6 (C-4), 29.9 (C-9). HR-ESI-MS: m/z
235.0966 [M+H]+, m/z 257.0784 [M+Na]+ calc. for C13H15O4,
235.0970.

8-Methoxygoniodiol (8)

Viscous oil, IR (KBr) νmax: 3450, 1741, 1496, 1485, 1243 cm� 1; 1H-NMR
(CDCl3, 500 MHz) δ 7.40–7.32 (5H, m, H-10–H-14), 6.91(1H, ddd, J=
9.5, 6, 2.5, H-4), 6.00 (1H, ddd, J=9.5, 3, 0.5, H-3), 4.35, (1H, d, J=
7.5, H-8), 4.33 (1H, td, J=9.5, 5.5, 4, H-6), 4.15 (1H, t, J=6, 5.5, H-7),
3.24 (3H, s, 8-OCH3), 2.65 (1H, ddt, J=18.5, 11.5, 5.5, 2.5, H5), 2.41
(1H, ddd, J=18.5, 6, 4, H-5) and 13C-NMR (CDCl3, 125 MHz) δ 163.7
(C-2), 145.6 (C-4), 136.9 (C-9), 128.5 (C-11), 128.5 (C-13), 128.4 (C-12),
127.9 (C-10), 127.9 (C-14), 120.9 (C-3), 82.6 (C-8), 77.4 (C-6), 74.4 (C-
7), 56.8, 24.4 (C-2). HR-ESI-MS: m/z 249.1118 [M+H]+ calc. for
C14H17O4, 249.1127.

Goniodiol diacetate (9)

White solid, yield: 90%; m.p.=155–157 °C; [α]0pt25D +110.41 (c=

0.0017, CHCl3); IR (cm� 1) νmax: 1731, 1494, 1455, 1266, 1228 cm� 1; 1H-
NMR (500 MHz, CDCl3): δ 7.38–7.28 (m, 5H, H-10–H-14), 6.85 (1H,
dddd, J=9.75, 5.5, H-4), 6.03 (2H, m, H-3 and H-8), 5.35 (1H, dd, J=
8.5, 2.5, H-7), 4.76 (1H, dddd, J=10.75, 5, H-6), 2.41-2.31 (2H, m, H-
5), 2.08 (3H, s), 1.82 (3H, s); 13C-NMR (CDCl3, 125 MHz) δ 169.7 (8-
C=O), 168.9 (7-C=O), 162.8 (C-2), 144.1 (C-4), 136.4 (C-9), 128.6 (C-
12), 128.4 (C-11), 128.4 (C-13), 127.4 (C-10), 127.4 (C-14), 121.4 (C-3),
74.6 (C-8), 73.5 (C-7), 72.3 (C-6), 26.0 (C-5), 20.9, 20.2. HR-ESI-MS: m/z
319.1173 [M+H]+ calc. for C17H19O6, 319.1182.

Experimental section for Anticancer activity

Cell culture procedure

The cell lines, breast (MDA-MB-231), prostate (PC3), colon (HCT-15),
ovarian (SKOV3) and human embryonic kidney cell lines (HEK-293)
were procured from National Center for Cell Science, Pune, India.
The cells were cultured in media such as Dulbecco’s modified
eagle’s medium (DMEM), Roswell Park memorial institute (RPMI-
1640) supplemented with 10% (V/V) Fetal bovine serum (FBS),
100 units/ mL of penicillin, and streptomycin. All cell lines were
cultured and incubated at 37 °C humidified atmosphere with 5%
CO2.

MTT assay procedure

The natural isolated compound’s cytotoxicity activity was evaluated
by MTT assay on human breast cancer cell lines (MDA-MB-231),
human prostate cancer cell lines (PC3), human ovarian cancer cell
lines (SKOV3), human colon cancer cell lines (HCT-15) and human
embryonic kidney cell lines (HEK-293). Cells (1×104 cells/well
� 100 μL each) were seeded in 96 well micro-culture plates and
were supplemented with 10% FBS, 1% penicillin-streptomycin
incubated at 37 °C in 5% CO2 humidified incubator for 24 h. After
cells attained morphology, the test compounds at different
concentrations were added to each well for 24 h incubation.
Vincristine was used as a positive control. At the end of the
exposure, 20 μL freshly prepared MTT reagent (3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) in 5 mg/mL in
phosphate-buffered saline (PBS) was added to each well. The
supernatant was discarded from each well and replaced with DMSO
to dissolve the Formazan crystals. The absorbance was recorded for
570 nm wavelength at the spectrophotometer/ microplate reader.
The equation for calculating cell viability was: % Cell Viability=

(ODSample/ODControl)×100, after which IC50 was calculated, which is
the average triplicate readings.

Cell cycle analysis procedure

The effect of the compound goniodiol-7-monoacetate (3) on the
DNA content of the cell cycle progression was assessed on MDA-
MB-231 cancer cells. MDA-MB-231cells (2×105) were plated in a � 6
well plate with complete media (serum-free) and allowed to adhere
to overnight incubation. After 24 h, media was replaced with and
without compounds vincristine (VIN) and goniodiol-7-monoacetate
(3) (Experiment Code – HBT-96 A) at indicated concentrations and
incubated for 24 h. The cells were washed thrice with PBS, fixed
with ice-cold PBS in 70% ethanol and stored at � 20 °C for 30 min.
After fixation, these cells were incubated with RNase (0.1 mg/ml) at
37 °C for 30 min, stained with Propidium iodide (50 μg/mL) for
30 min ice-cold dark conditions and measured the DNA content by
using BD FACSVerse flow cytometer.

Annexin V/PI staining assay procedure

Annexin V/PI assay was carried out using the Annexin V FITC
detection kit (Sigma Aldrich APOAF 20TST). Briefly, MDA-MB-
231 cells were plated in 6 well plates at a density of 2×105 cell/well
and allowed to attach overnight, followed by treatment with
indicated concentrations of vincristine and goniodiol-7-monoace-
tate (3) (HBT-96 A) for 24 h. After 24 h, media was discarded, gently
trypsinised the cells and resuspended the cells in 1X Annexin
binding buffer at a concentration of 1×106 cell/mL. The cells were
incubated with 5 μL of Annexin-V-FITC and 10 μL of Propidium
iodide for 10 min at room temperature and protected from the
light. The staining buffer was aspirated after centrifugation at 4 °C
for 5 min and cells were resuspended in 100 μL. Afterwards, analysis
was carried out using a flow cytometer (BD FACSVerse, Becton-
Dickinson, USA).

Experimental section for Molecular modelling methodology

Protein preparation for molecular modelling analysis

Crystal structures of Tubulin were retrieved from the protein
databank (PDB). The PDB code, 5FNV, was employed in the
investigations, and the three-dimensional structures of 5FNV were
analysed using the Schrodinger software platform Maestro Ver-
sion 12.0.012. The residue around 4 Å distance to the Cysteine in
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structure was identified using Maestro Version 12.0.012. Using
PROPKA at pH 7, sample water orientations were produced, hydro-
gen atoms were provided, and water in the protein with less than
three hydrogen bonds to non-waters was removed. Using the
OPLS3e force field, the main protein-ligand complex’s restrained
minimisation was accomplished. Finally, the protein was saved in
PDB format for docking.

Preparation of ligand

The three-dimensional structures of isolated compounds and the
Pironetin molecule were drawn in a 2D sketcher of Schrodinger and
saved with an individual name. The calculations for ligand
preparation are set up using the LigPrep panel. LigPrep, which
creates many output structures for each input structure by creating
various protonation states, configuration, tautomers, and ring
conformations, was used to create stable low-energy 3D structures.

Covalent docking of isolated molecules into tubulin complex

The Pironetin molecule and isolated compounds were used in the
covalent docking analysis of α-tubulin in the Maestro Ver-
sion 12.0.012 platform of the Schrodinger programme to determine
the binding energy (Kcalmol� 1). The receptor grid was defined in
the coordinate region ranging from 10 to 12 Å by defining the
amino acid residue at the active site of α-tubulin, that is, Cys-316 at
chain C under default settings. The maximum number of poses to
retain for further refinement was kept default in the covalent
docking panel, which is 200.

Computational study of the reaction between cysteine thiol and
isolated molecules

Density functional theory (DFT) calculations were performed using
the Maestro Material Science 3.4.012 platform of the Schrodinger
programme to evaluate the Gibbs free energy change (~G) values
for hypothetical reactions involving Cysteine and isolated molecules
and pironetin. Molecules were optimised using B3LYP-D3 on the
Jaguar platform (version: 10.2, Schrodinger release 2019-2) with a 6-
31G** basis set and polarisation function on all atoms. The accuracy
level was set to ultrafine with default convergence criteria, and the
solvent model was none and maximum iteration steps of 100 with
a switch to analytical integrals near convergence. Gibbs free
energies are stated in (kcal/mol) assuming standard condition (T=

298.15 K and p=1.0 bar).
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