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Abstract The main aim of the current study is to explore the
bioactive potential of Streptomyces sp. VITJS8 isolated from
the marine saltern. The cultural, biochemical, and morpholog-
ical studies were performed to acquire the characteristic fea-
tures of the potent isolate VITJS8. The 16Sr DNA sequencing
was performed to investigate the phylogenetic relationship
between the Streptomyces genera. The structure of the com-
pound was elucidated by gas chromatography-mass spectrom-
etry (GC-MS), infra-red (IR), and ultra-violet (UV) spectro-
scopic data analysis. The GC-MS showed the retention time at
22.39 with a single peak indicating the purity of the active
compound, and the molecular formula was established as
C14H9ONCl2 based on the peak at m/z 277 [M]+.
Furthermore, separated by high-performance liquid chroma-
tography (HPLC), their retention time (tr) 2.761 was observed
with the absorption maxima at 310 nm. The active compound
showed effective inhibitory potential against four clinical path-
ogens at 500 μg/mL. The antioxidant activity was found effec-
tive at the IC50 value of 500 μg/mL with 90 % inhibition. The
3-(4,5-dimethylthiazol-2-yl)-2,5-ditetrazolium bromide (MTT)
assay revealed the cytotoxicity against HepG2 cells at IC50 of
250 μg/mL. The progression of apoptosis was evidenced by

morphological changes by nuclear staining. The DNA frag-
mentation pattern was observed at 250 μg/mL concentration.
Based on flow cytometric analysis, it was evident that the com-
pound was effective in inhibiting the sub-G0/G1 phase of cell
cycle. The in vitro findings were also supported by the binding
mode molecular docking studies. The active compound re-
vealed minimum binding energy of −7.84 and showed good
affinity towards the active region of topoisomerase-2α that
could be considered as a suitable inhibitor. Lastly, we per-
formed 30 ns molecular dynamic simulation analysis using
GROMACS to aid in better designing of anticancer drugs.
Simulation result of root mean square deviation (RMSD) anal-
ysis showed that protein-ligand complex reaches equilibration
state around 10 ns that illustrates the docked complex is stable.
We propose the possible mechanism of sesquiterpenes to play a
significant role in antitumor cascade. Hence, our studies open
up a new facet for a potent drug as an anticancer agent.
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Introduction

Microbial products have a central role in the area of drug
discovery and used extensively to cure numerous diseases
(Xiang et al. 2009). Recent studies showed the disease burden
of cancer remains as one of the world’s most serious health
problem (ACS 2013). A survey conducted by the International
Association of Pain stated that 6.6 million people die from
cancer each year (IASP 2013). The resistance of cancer cells
towards the treatment of anticancer drugs is due to various
factors including expression of more energy-dependent trans-
porters that detect and eject anticancer drugs from cells,
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somatic cell genetic differences, insensitivity to drug-induced
apoptosis, and induction of drug-detoxifying mechanisms.
The mechanism of cancer drugs has much importance to im-
prove cancer chemotherapy (Michael and Gottesman 2002).
Chemotherapy is currently the standard treatment for most
cancers. However, many side effects and adverse reactions
of chemotherapeutics are mainly due to insufficient selectivity
for tumor cells, which represents a major limitation to this type
of therapy (Covington 1988). The recent expansion of antimi-
crobial and anticancer drug research has occurred since there
is a critical need for drug designing as to understand drug-
receptor interaction for treating life-threatening invasive dis-
eases. Therefore, to develop new anticancer agents, it is essen-
tial to accelerate the progress of clinical cancer research and
search for new substances, with minimal side effects (Mutai
et al. 2009). Recently, much attention was directed towards
the biologically active compounds isolated from marine bac-
teria. Actinomycetes are typically useful in the pharmaceutical
industry for their unique compounds with diverse chemical
structures and biological activities (Taylor and Stark 2009;
Arasu et al. 2008). Among the actinomycetes, with particular
reference to the genus Streptomyces are prolific and can pro-
duce various antibiotics that are biologically active secondary
metabolites. They cover 80% of total antibiotic products, with
other genera trailing numerically. They are non-fastidious in
their growth requirements and well adapted to life under fluc-
tuating environmental conditions (Kutzner 1986).
Streptomyces genera produce variety of bioactive compounds,
which have an enormous capacity for the production of sec-
ondary metabolites with broad spectrum of biological activi-
ties (Demain 1999). Hence, the bioactive molecules from
Streptomyces are considered to be a rich biotechnological re-
source with the range of biological activities such as antifun-
gal, antitumor, antibacterial, immunosuppressive, insecticidal,
and enzyme inhibitors. The most structurally diverse pool of
secondary metabolites was constituted by terpenes (Wendt
and Schulz 1998). Novobiocin an antibiotic with a terpenoid
side chain was reported from the marine Streptomyces niveus
(Hoeksema and Smith 1961). Azamerone is a meroterpenoid
produced by new marine Streptomyces with cytotoxicity po-
tential (Cho et al. 2006). Cyclomarin, a cyclic peptide isolated
from Streptomyces sp., exhibits anti-inflammatory and antivi-
ral activities (Fenical et al. 1999). Caprolactones obtained
from marine Streptomyces sp. showed phytotoxicity and cy-
totoxicity against cancer cells (Stritzke et al. 2004). The ex-
ploitation of Streptomyces for novel secondary metabolite pro-
duction holds considerable promise to combat various
diseases.

Induction of apoptosis is recognized as an aggressive strat-
egy to arrest the proliferation of cancer cells (Vermeulen et al.
2005). Molecular docking provides useful information about
drug-receptor binding and predicts the binding orientation to
find the affinity and activity of a small molecule. The

bioactive principle studied by in vitro analysis could be a
significant breakthrough in cancer therapy. The parallel study
using molecular docking and dynamics simulation analysis
showed precise understanding of ligand specificity.
Henceforth, the proposed study is towards the discovery and
development of novel selective chemotherapeutic drugs de-
void of unpleasant side effects.

Materials and methods

We confirm that the proposed field study did not involve en-
dangered or protected species. Based on this, we state clearly
that no specific permissions were required for these locations
for sample collection.

Sample collection, isolation, characterization,
and screening

Marine soil samples were collected from southeast coast of
India, Ramanathapuram-SethuKarai (latitude 9° 50″ N and
78° 10′ E) at the depth of 10–100 cm at the littoral zone.
The isolation of actinomycetes was performed on starch ca-
sein agar along with 25 % marine water and 25 % marine soil
extract for effective isolation (Balagurunathan and
Subramanian 2001). All the plates were incubated for 7 days
at 30 °C (Ravikumar et al. 2008). The isolate VITJS8 was
cross-streaked on modified nutrient glucose agar against a
broad range of gram-positive and gram-negative bacteria at
the right angle and incubated for 3 days (Alexander 1977).
The zone of inhibition was measured after 2 days of incuba-
tion. The morphological, biochemical, and cultural character-
istics were determined on various International streptomyces
project (ISP) media. The spore chain morphology and spore
surface ornamentation were evaluated by scanning electron
microscopy.

Molecular characterization and phylogenetic analysis

Genomic DNA was isolated, and PCR amplification of 16S
rDNA was carried out (Rainey et al. 1996). The query se-
quence was subjected to similarity search using BLAST and
submitted to the GenBank database under the accession num-
ber (KJ725090). The generic level was identified (Altschul
et al. 1997). The phylogenetic tree was constructed via
neighbor-joining method using the EvolView program.
Bootstrap analysis was performed to validate the reproducibil-
ity of the branching pattern. The study strain Streptomyces sp.
VITJS8 was assigned with culture collection NCIM No. 5575
under the National Collection of Industrial Microorganisms
(NCIM), Pune, India.
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Fermentative production of active compound

The potent isolate VITJS8 was inoculated on starch casein
broth at a seed concentration of 100 mL in a 250-mL
Erlenmeyer flask with pH 7.2 and incubated for 7 days at
room temperature. The solvent extraction method was per-
formed to obtain the principal bioactive compound from the
fermented broth. After filtration, 100 mL of the fermented
broth was taken in 250-mL separating funnels. Different or-
ganic solvents (100 mL) ranging from polar to non-polar were
utilized for the product recovery (Remya and Vijayakumar
2007). The obtained concentrate was dried using a rotary
evaporator and lyophilized.

Purification of active compound

The crude ethyl acetate extract (2.0 g) was subjected to col-
umn chromatography using silica gel (100–200 mesh) and
eluted which was followed by a combination of methanol/
chloroform ranging 95:5. The single fraction was collected
in 200-mL conical flasks. An aliquot of purified compound
was spotted onto the silica gel plate developed with the same
mixture of solvent, and the spots were visualized using thin
layer chromatography (TLC) (20×20 cm with 0.2 mm thick-
ness, silica gel GF254, Merck, Darmstadt, Germany)
(Duraipandiyan and Ignacimuthu 2007). The compound was
subjected to spectroscopic analysis.

Characterization of pure compound

The purified active compoundwas subjected to chemical char-
acterization by ultra-violet (UV), infra-red (IR), gas
chromatography-mass spectrometry (GC-MS), and high-
performance liquid chromatography (HPLC) analysis.

Determination of λmax

The purified compound was noticed with the absorption spec-
trum in methanol determined by Shimadzu UV-160A spec-
trometer. This mixture was scanned at 200–400 nm to mea-
sure the maximum absorption.

Infrared spectroscopy

Characterization and identification of a compound or chemi-
cal bonds were carried out using Fourier transform infrared
(FT-IR). The FT-IR spectra of the purified compound were
recorded using Thermo Nicolet Avatar 370 spectrometer over
the 4,000–400-cm−1 range at the resolution of 4 cm−1, and a
maximum source aperture and the infrared spectra of the com-
pound were measured (as KBr discs).

Gas chromatography-mass spectrum analysis

GC-MS technique was incorporated to determine the presence
of volatile compounds in the constitute. NIST08 andWILEY8
database were used for the identification of the separated
peaks.

HPLC

The method based on HPLC separation of purified compound
was carried out using LC-10 AT vp model HPLC using 250×
4.60 mm Rheodyne column (C-18) and a mobile phase con-
tainingmethanol/water (95:5) at a flow rate of 1 mL/min using
UV detection at 310 nm. The retention time for the peak was
identified.

Bioactivity

Test organisms

Pathogens, namely, Staphylococcus aureus (MTCC No.
7405), Salmonella typhi (MTCC No. 1167), Pseudomonas
aeruginosa (MTCC No. 4676), and Escherichia coli
(MTCC No. 1588) were obtained from Microbial Culture
Collection, IMTECH, Chandigarh, India.

In vitro antibacterial activity

The in vitro antibacterial activity of the purified compound
from the isolate VITJS8 was determined by agar well diffu-
sion method (Pandey et al. 2004).

Free radical scavenging activity

2,2-Diphenyl-1-picrylhydrazyl (DPPH) scavenging assay was
incorporated to determine the antioxidant activity (Khalaf
et al. 2008). Various concentrations of compound (100, 150,
200, 250 μg/mL) of VITJS8 were analyzed with ascorbic acid
as reference compound (100, 150, 200, 250 μg/mL).

HepG2 cell maintenance

The cells were obtained from NCSS, Pune and cultured in the
RPMI 1640 medium on 10-cm tissue culture plates (Greiner
Bio-one™, Germany) supplemented with 10 % heat-
inactivated fetal bovine serum. Cells were incubated in a hu-
midified incubator with 5 % CO2 at 37 °C and subcultured
when confluence reached up to 80 % (Freshney et al. 1982).
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MTTassay

MTT assay assessed the viability of the cells (Mosmann
1983). In the 96-well plates, per well, 5×103 HepG2 were
added. One hundred microliters of the VITJS8 pure com-
pound in triplicates with different concentrations ranging from
250, 500, 750, and 1,000 μg/mL was tested. Five micrograms
per milliliter doxorubicin and 100 μL of Dulbecco's modified
Eagle's medium (DMEM) were used as an internal positive
and negative control, and wells without any cells were treated
as blank.

Effect of pure compound on cell morphology

The HepG2 cells were incubated with purified compound at
250 μg/mL IC50 dose for 16 h and stained with 4',6-
diamidino-2-phenylindole (DAPI). Fluorescence microscope
(Zeiss, Germany) was used to observe the morphology of the
cells.

Apoptotic DNA fragmentation

The cytotoxicity of the compound that leads to the DNA
cleavage pattern was assessed by varying the concentrations,
250 and 500 μg/mL, and analyzed by agarose gel electropho-
resis. The DNAwas analyzed by electrophoresis at 50 V/cm
(Sánchez-Alcázar et al. 1997).

Caspase assay

HepG2 cells grown to 70–80 % confluence in 12-well plates
were incubated for 24 h with concentration ranging from 100,
150, 200, and 250 μg/mL with 10 % FBS-DMEM. The activ-
ity of caspase-3, caspase-8, and caspase-9 were determined by
the cleavage of chromogenic substrates (Kohler et al. 2002).
The caspase activity was quantified and calculated as fold
increase over control.

Cell cycle analysis by flow cytometry

The cell cycle analysis was determined by flow cytometry
(Pozarowski and Darzynkiewicz 2004). The cells were treated
with IC50 value at 250 μg/mL compound in DMEM with
10 % FBS and processed. The control and the treated samples
were subjected to FACS analysis utilizing Beckman Coulter
flow cytometer (Beckman Coulter, Indianapolis, IN). Events
(10,000) were defined as a minimum range. Each cell cycle
phase was defined as the percentage of cells.

Molecular docking

Docking study was performed to study the drug activity on the
protein.We obtained ligand structure from the SMILES String

(pubchem.ncbi.nlm.nih.gov) and protein structure with (PDB
ID: 1ZXM) from Protein Data Bank (http://www.rcsb.org/).
The structures were minimized using Swiss PDB viewer.
The binding regions were predicted using Metapocket
server (Guex and Peitsch 1997). The minimized structures
were docked using Auto dock 4.2 (Morris et al. 2009) with
Lamarckian Genetic Algorithms (LGA) to get the best
docking conformations. The grid size was set to 60, 60,
and 60 along the X, Y, and Z axis, respectively, with 0.375
spacing.

Molecular dynamics

The protein-ligand complex with the best conformation and
binding energy was taken for the molecular simulation (MD)
analysis. MD simulation was performed with GROMACS
4.6.3 using the GROMOS96 43al force field (Van Gunsteren
et al. 1996) in octahedron box of a simple point charge.
Ligand topology was generated using PRODRG Server
(Schüttelkopf and Van Aalten 2004). Two Na+ ions were re-
placed with solvent molecules to attain system neutrality.
Energy minimization was carried out with the steepest descent
of 50,000 steps. To extend the equilibrium, the system was
subjected to position-restrained dynamic simulation (NVT
and NPT) with 50,000 steps at 300 K temperature. Finally,
MD was performed at 300 K temperature for 30 ns.

GROMACS output analysis

The GROMACS output can be achieved in the form of trajec-
tory files. These trajectory files were further investigated using
root mean square deviation (g_rmsd), radius of gyration
(g_gyrate), and hydrogen bond (g_hbond) graphs were plotted
using xmgrace.

Results

Description of Streptomyces sp. VITJS8

VITJS8 was identified based on the morphological character-
istic by the presence of spiral spores with the smooth-spore
surface. The aerial and substrate mycelium was found to be
white and pinkish purple in color, respectively (Fig. S1). The
various patterns of growth morphology were observed on dif-
ferent ISP media. Cells were identified as Gram-positive, ox-
idase-negative, and catalase-negative. Growth occurred at 15–
60 °C (optimum, 25 °C) and pH 6.0–8.0 (optimum, pH 7.2).
Effect of NaCl is 0.5–5 % (optimum, 1.5 %). Several carbon
and nitrogen substrates could distinguish the studied strain
VITJS8 from all other strains by assimilating D-glucose, D-
lactose, D-galactose, D-mannose, D-sucrose, D-arabinose, L-
rhamnose, D-mannitol, and nitrogen sources including
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arginine and phenylalanine. No growth occurred when cyste-
ine, threonine, alanine, aspartic acid, glycine, histidine, and
lysine were supplied. The phenotypic characteristics, such as
assimilation of carbon, nitrogen, and growth, were useful in
the discrimination of the strain VITJS8 from the closely asso-
ciated species of Streptomyces.

Phylogenetic affiliation of the strain VITJS8 was de-
termined using 16S rRNA gene sequence analysis and
submitted to GenBank under the accession number
KJ725090. The top 30 related sequences obtained from
BLAST along with the most similar Streptomyces type
strains were used for further phylogenetic analysis.
Based on 16S rRNA gene sequence matches, the stud-
i e d s t r a i n V I T J S 8 b e l o n g s t o t h e f a m i l y
Streptomycetaceae and genus Streptomyces. A maximum
of 98 % similar i ty was observed between the
Streptomyces rameus strain NBRC 3782 and 97 % with
Streptomyces cellostaticus strain CSSP 188 (Fig. 1a, b).
The strain VITJS8 allowed the parallel relatedness to its
closest genotypic neighbors and exhibited a characteris-
tic that represents distinguishable taxa phenotypically
and phylogenetically for which the name Streptomyces
sp. VITJS8 was proposed.

Characterization of the compound

In the present study, the bioactive guided fractionation
of the crude fraction. The fraction showed single spot
on TLC and fraction was eluted. The chromatographic
profile of the compound was visualized under the visi-
ble light that showed the presence of a single band on
the TLC plate. The intense orange yellow color band at
Rf =0.52 using methanol/chloroform (95:5). The yel-
lowish precipitate afforded 250 mg. The spectral analy-
sis of the principal compound UV spectra showed λmax

at 310 nm (Fig. 2a). HPLC chromatogram indicated the
presence of purified compound with the retention time
at 2.761 min (Fig. 2b). In subsequent experiment, the
characteristic spectrum of the purified compound was
recorded by FT-IR spectroscopy which determines the
characteristics of the functional groups present in the
compound. An infrared spectrum was recorded on a
FT-IR spectrophotometer using KBr dispersion method.
All the samples were recorded in a range of 4,000–
400 cm. Characteristic peaks at 3,469.94 cm−1 (N–H
st r e tch ing ) , 1 ,573 .5 cm− 1 (C=O bending) , 1 ,
400.32 cm−1 (C–H bending), 1,382.96 cm−1 (CH2 and
CH3 deformation), 1,242.16 cm−1 (C–H bending), 1,
153.43 cm−1 (C–H bending), 856.32 cm−1 (C–Cl
stretching), 1,062.07, 1,633.71 cm−1 (C–stretching), 3,
140.11 cm−1 (H-bonded), 3,130.47 cm−1 (H-bonded),
3,008.96 cm−1 (C–H stretching), and 2,929.89 cm−1

(O–H stretching) were observed. FT-IR data supports

that the isolated compound tends to prove with biolog-
ical activity due to the presence of important functional
groups (Fig. 2c). GC-MS showed peaks with retention
time of 22.39 min having relative abundance of
98.586 %. The molecular formula of compound was
established as C14H9ONCl2 based on the peak at m/z
277 [M]+ (Fig. 3a, b). The structures of compounds
were determined by interpretation of their spectroscopic
data. The identified compound was tested towards anti-
microbial, antioxidant, and cytotoxic effects with signif-
icant activities.

Antibacterial and antioxidant activity

Screening of the compound for in vitro antibacterial
activity was performed against pathogens. Among the
four pathogens tested, the compound showed good in-
hibitory activity at 250 μg/mL against S. aureus (MTCC
No. 7405) (25 mm), S. typhi (MTCC No. 1167)
(12 mm), E. coli (MTCC No. 1588) (15 mm), and
P. aeruginosa (MTCC No. 4676) (29 mm) (Fig. S2).
The antiradical activity of the compound was studied
by screening its possibility to bleach the stable DPPH
radical. The scavenging activity was found to be higher
with increasing the compound concentration. This com-
pound was shown to exert potent antioxidant activity of
90 % with IC50 of 500 μg/mL against DPPH radicals
(Fig. S3).

Microscopy and cytotoxicity

The inhibitory effect of the compound on hepatocellular
cell survival was examined. Following treatment, cells
grown for subsequent days were photographed under the
light microscope to evaluate the cell morphology. The
compound promotes cell death at 250 μg/mL, and the
morphological changes during apoptosis were observed
with cell shrinkage and chromatin condensation, which
indicates cell death. DAPI staining was performed to
analyze DNA morphology. The nuclear compartment
with chromatin condensation and apoptotic bodies were
observed. The cells treated with the compound had re-
duced cell density and incomplete nuclear membrane.
Hence, the compound triggered the process of apoptosis
(Fig. 4). The MTT assay revealed the cytotoxic effects
of the compound treated with IC50 concentration at
250 μg/mL for 8 and 16 h (Fig. 5).

DNA fragmentation

The classical hallmark of apoptosis was measured by
DNA fragmentation assay. DNA fragmentation study indi-
cated that the cytotoxic effect of the compound is
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mediated through induction of apoptosis. The compound
produced fragmented DNA in HepG2 cells when treated at
150 and 250 μg/mL concentrations, respectively, as

compared to the control cells. Agarose gel electrophoresis
demonstrated the presence of the ladder pattern of DNA
fragmentation (Fig. 6).

Fig. 1 a Multiple sequence
alignment of Streptomyces sp.
VITJS8 (ACC: KJ725090) 16S
rDNA gene sequences from
NCBI database. b Phylogenetic
tree based on 16S rRNA gene
sequences from strains of related
recognized Streptomyces species,
generated using neighbor-joining
algorithm within the Evolview
software package. Bootstrap per-
centages based on 1,000
resamplings are shown
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Compound regulates cell cycle progression
in hepatocellular carcinoma cells

The identified compound was found to induce cell
growth inhibition that occurred through the cell cycle
arrest. The cell cycle distribution was analyzed by flow
cytometric analysis. The exposure of the compound
(250 μg) resulted in 30 % increase in S phase cells.
The compound induced an increase in G2/M fraction
that was accompanied by a decrease in G0/G1 phase
cells. These findings indicated that the cytotoxic effects

produced by the compound are exerted to cell cycle
arrest in HepG2 cell lines (Fig. 7).

Caspase pathway activation under the regulation of Bcl-2
family proteins

The induction of apoptosis-associated proteins on compound
treatment induced cleavage of caspase-9 and caspase-3 in
HepG2 cells after 24 h of treatment. The activity of caspases
3, 8, and 9 was assessed to identify the mechanism involved.
The results revealed a cleavage in caspase-9, caspase-8, and
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Fig. 2 a IR spectra of compound
(2R-acetoxymethyl-1,3,3-
trimethyl-4t-(3-methyl-2-buten-1-
yl)-1T-cyclohexanol). b UV–Vis
of compound (2R-
acetoxymethyl-1,3,3-trimethyl-
4t-(3-methyl-2-buten-1-yl)-1T-
cyclohexanol). c GC spectra of
the active principal (2R-
acetoxymethyl-1,3,3-trimethyl-
4t-(3-methyl-2-buten-1-yl)-1T-
cyclohexanol)
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caspase-3 in a dose-dependent manner (Fig. 8). Hence, the
apoptosis was found in the regulation of Bcl-2 family proteins

indicating caspases were activated during the process and sug-
gesting a caspase-dependent pathway.

Fig. 3 a Mass spectrum of the
active compound (2R-
acetoxymethyl-1,3,3-trimethyl-
4t-(3-methyl-2-buten-1-yl)-1T-
cyclohexanol). b Gradient HPLC
chromatogram of compound (2R-
acetoxymethyl-1,3,3-trimethyl-
4t-(3-methyl-2-buten-1-yl)-1T-
cyclohexanol)
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Analysis of molecular binding and dynamic simulation
studies

Considering the well-obtained in vitro results, the molecular
docking studies were performed. The energy-minimized li-
gand was docked in the binding site of PDB ID: 1ZXM
Human TopoIIa ATPase/AMP-PNP. The potential ligand
binding sites were predicted by Metapocket server, namely,
ARG162, LYS378, ASN163, GLN376, GLY 161, TYR 165,
GLY164, ASN150, SER148, GLY166, ASN91, ALA166,
ALA167, SER149, LYS168, ASN95, PHE142, ILE141,
ASN120, ARG98, and THR215, respectively. The in silico
conformational studies showed the comparative and automat-
ed docking abilities. The docking of the receptor with ligand
exhibited well-established bonds with the active receptor
pocket (Fig. 9a–c) and obtained a good binding energy of

−7.84 kJ mol–1 towards the target protein (Table 1). To study
the protein-ligand interaction, the docked configuration was
visualized using Ligplot (Fig 9a). PyMOL was used to visu-
alize the amino acids that are closely interacting (4 Å) with the
ligand (Fig 9c).

Furthermore, we used molecular dynamic simulation anal-
ysis by GROMACS to compute the stability, integrity, and
hydrogen bonds between the ligand [2R-acetoxymethyl-1,3,
3-trimethyl-4t-(3-methyl-2-buten-1-yl)-1T-cyclohexanol)]
and protein [topoisomerase-2α]. We analyzed root mean
square deviation (RMSD), the radius of gyration, and
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Fig. 4 a Light microscopy images showing the morphological response
of HepG2 cells to compound (i) control cells (no treatment), (ii) cells
treated with (150 μg), (iii) cells treated with (200 μg), and (iv) cells
treated with (250 μg). The images were taken 20 h after the addition of
the compound. Scale bar, 10 mm. b Fluorescence microscopic images of

(i) control cells (no treatment), (ii) cells treated with (150 μg), (iii) cells
treated with (200 μg), and (iv) cells treated with (250 μg). The control
cells found were intact nuclei, whereas treated cells showed intense
fragments of nucleus as signs of apoptosis by DAPI staining
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Fig. 5 Cytotoxicity of (2R-acetoxymethyl-1,3,3-trimethyl-4t-(3-methyl-
2-buten-1-yl)-1T-cyclohexanol) against HepG2 cells

Fig. 6 DNA laddering was visualized in HepG2 cell lines after treatment
with IC50 dose of the compound for 24 h. L1 150 μg/mL treated DNA, L2
200 μg/mL treated DNA, L3 250 μg/mL treated DNA, L4 control (un-
treated), L5 1 Kb DNA ladder
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hydrogen bond formation from 30 ns trajectory files to under-
stand better binding interaction between the protein and
protein-ligand complex. Tomeasure the stability of the protein
and protein-ligand complex, we analyzed RMSD of protein
backbone atoms. From Fig. 10a simulation graph of 30 ns, it is
clearly revealed that protein and protein-ligand complex
reached equilibration after ∼6 ns and the deviation ranging

from 0.25 to 0.45 nm in protein and 0.3 to 0.4 nm in the
protein-ligand complex. However, in between the time pe-
riods of 10 to 30 ns in protein-ligand complex, it was observed
that the amount of deviation has turned minimal which indi-
cates the binding was stable. This proved that the simulation
achieved was stable (Fig. 10a). To find out the compactness of
the protein, the radius of gyration graph was plotted

a

b

c

Fig. 7 a Flow cytometric
analysis of compound-induced
apoptotic HepG2 cancer cells. b
Cell cycle analysis by flow cy-
tometry. After being treated with
compound (zero, 250 μg) for
24 h, cells were fixed in ethanol
and stained with propidium io-
dide. DNA content was deter-
mined. c HepG2 cells were treat-
ed with compound (zero, 150,
250 μg) for 24 h and were ana-
lyzed with Annexin-V/PI staining
by flow cytometry. Note that the
compound-treated cells (bottom
panel) have a higher percentage
of apoptotic cells (indicated by A)
than the basal level of apoptosis
seen in the control cells (top
panel). L = live cells, D = dead
cells
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Fig. 8 Analysis of the apoptosis-
associated caspase activities in
HepG2 cells upon treatment with
(2R-acetoxymethyl-1,3,3-
trimethyl-4t-(3-methyl-2-buten-1-
yl)-1T-cyclohexanol) for 24 h
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(Fig. 10b). It was observed that the fluctuation in a radius of
gyration of protein and protein-ligand complex ranged from
2.17 to 2.25 nm and 2.0–2.15 nm. This indicates protein-
ligand complex is more compact than the protein. Based on
RMSD and radius of gyration analysis, we conclude that the
binding of protein-ligand complex is much more stable than
protein. Furthermore, we performed hydrogen bond analysis
to measure the stability, and binding affinity exists between
protein-ligand complexes (Fig. 10c). An average number of
hydrogen bonds formed in protein and protein-ligand complex

is ∼250 to ∼280 and ∼260 to ∼310, respectively. Notably, the
number of hydrogen bond formation is slightly high in
protein-ligand complex as compared to protein leading to
the conclusion that protein-ligand complex had a good bind-
ing affinity. Lastly, to measure the binding affinity, we calcu-
lated the surrounding amino acids within 4 Å using PyMOL
(Fig. 9c). The above results suggest that protein-ligand inter-
action is more stable over the entire simulation period of 30 ns.

Discussion

Marine actinomycetes are considered as one of the most sig-
nificant resources for the new isolation of compounds (Fenical
and Jensen 2006). Despite the standard treatment for advanced
diseases including chemotherapy and antimicrobial therapy,
the mortality rate remains high. P. aeruginosa, S. aureus,
E. coli, and Salmonella sp. are the most common pathogens
that cause bacteremia, gastrointestinal, skin infections, and
toxic shock syndrome (Silva et al. 2012; Kerr and Snelling
2009; Lodise et al. 2007). Some of these pathogens are com-
monly implicated in serious nosocomial infections.
Simultaneously, therapies with cytotoxic compounds are the
primary way to cure cancer at the disseminated stage. Drug
resistance and their side effects are the major obstacles for
effective treatment (Miller and Larkin 2009). Developing an-
ticancer targets with specificity and higher potency against
cancer cells has become the thrust area of research, and there
is a high demand for safer alternative and effective chemother-
apeutic agents.

During the last two decades, sesquiterpenes and their bio-
logical activities have been the focus of numerous phytochem-
ical, pharmacological, and synthetic studies. To date, only
very few sesquiterpenes have been reported from the marine
microorganisms (Denning 2003). Marine actinomycete-
derived terpenoids, marinone (Pathirana et al. 1992),
neomarinone (Hardt et al. 2000), amorphane sesquiterpenes

a

b

c

Fig. 9 a Active site for the ligand molecule. b 3D view of ligand
molecule. c Schematic representation of docking revealing the
compound (2R-acetoxymethyl-1,3,3-trimethyl-4t-(3-methyl-2-buten-1-
yl)-1T-cyclohexanol) interactions with the residues in topoisomerase-2α
in 4 Å using PyMOL

Table 1 Docking results and protein-ligand binding interactions of
ligand (2R-acetoxymethyl-1,3,3-trimethyl-4t-(3-methyl-2-buten-1-yl)-
1t-cyclohexanol)

Binding energy −7.84
Electrostatic energy −0.42
Inhibition constant 1.79

Unbound energy −0.65
Torsional energy 1.79

VdW desolv energy −9.21
refRMS 50.16

Hydrogen bonds 4

(Description and residues) ARG 162; GLY 164

Energy terms in kilocalories per mole for binding of DNA topoisomerase
IIα (PDB entry code 1ZXM)
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(Wu et al. 2006), new T-muurolol sesquiterpenes (Ding et al.
2009), (5b,6a)-6,11-dihydroxyeudesmane from Streptomyces
sp. LR4612 (Zhao et al. 2006), oxaloterpins A, B, C, D, and E,
diterpenes from Streptomyces sp. KO-3988 (Motohashi et al.
2007) , and napyradiomycins from Streptomyces
antimycoticus NT17 (Motohashi et al. 2008) were reported.
These terpenoids showed interesting biological properties
such as antitumor, antibacterial, or antioxidative activities.
Previous reports have demonstrated the antibacterial activity
of four-streptothricin-group antibiotics from Streptomyces
qinlingensis (Ji et al. 2007). Previous studies also support
the present study. Echinoside A, a marine-derived anticancer
drug, targets the topoisomerase-2α by unique interference
with its DNA binding and catalytic cycle (Li et al. 2010).
Bivittoside A, holothurin A, holothurinoside A, holotoxin A,
and cucumarioside A were effective against human DNA
topoisomerase-2α inhibitor (PDB: 1ZXM) (Patil and
Thakare 2012). Anticancer agents, 4-cycloalkylidineamino
1,2-naphthoquinone semicarbazones (Shukla et al. 2012),
and xanthone derivatives have also inhibited the activity of
DNA topoisomerase-2α. The present study showed signifi-
cant data with expanded knowledge of terpenes and consid-
ered to be first report on sesquiterpenes (2R-acetoxymethyl-1,
3,3-trimethyl-4t-(3-methyl-2-buten-1-yl)-1T-cyclohexanol)
from Streptomyces sp. VITJS8 expected to be a promising
candidate for drug discovery. The inhibitory potential of the
pure compound and the effect on HepG2 cell cycle prompted
us to carry out a mechanistic investigation. This research

provides a basis for understanding the biological insights into
the compound activation mechanism. The apparent anticancer
activities against human tumors were collectively reflected by
docking analysis that competitively binds to the ligand.
Molecular dynamic simulation analysis (30 ns) by
GROMACS was used to calculate the stability of the com-
pound. RMSD, the radius of gyration, and hydrogen bond
analysis of the complex illustrated the stability, flexibility,
and microenvironment of the protein and complex. RMSD
analysis showed that protein-ligand complex attained equili-
bration state around 10 ns which illustrates that the docked
complex is stable. The current study highlights the possibility
of using this new marine-derived compound as a potential
source of anticancer drugs which clearly infers the special
mode of action and provides an ideal design for a novel type
of topoisomerase-2α inhibitor. The close parallelism between
the docking and experimental results in this study refined the
inhibitory activity towards topoisomerase. The direction of the
work implemented computational studies provided valuable
insights into the binding pattern of the compound at molecular
level, and the sesquiterpenes are proven to play a significant
role in antitumor cascade. Hence, adverse reactions and high-
cost chemotherapeutics clearly underscore the necessity to
extend new anticancer agents.
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Fig. 10 a RMSD backbone of
protein (green) and protein-ligand
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Radius of gyration graph
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protein-ligand complex
(magenta) at 30 ns. c Hydrogen
bond analysis graph representing
protein (green) and protein-ligand
complex (magenta) at 30 ns
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