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In vitro anticancer evaluation of Enceleamycin A
and its underlying mechanismfy

Abujunaid Khan,® S. Pradeep® and Syed G. Dastager & *2°

It has become more crucial than ever to find novel anticancer compounds due to the rise in cancer

mortality and resistance to the present chemotherapeutic drugs. Naphthoquinones are regarded as

privileged structures for their ability to inhibit various cancers. The current study examined three novel
furo-naphthoquinones (Enceleamycins A-C) previously isolated from Amycolatopsis sp. MCC 0218 for
their anticancer potential. Enceleamycin A demonstrated considerable cytotoxicity for triple-negative
breast cancer (TNBC) MDA-MB-231 cells with an ICsq value of 1.25 pg mL™! (3.78 pM). It also showed the
ability to inhibit MDA-MB-231 cell migration. Enceleamycin A raises intracellular ROS levels in TNBC

cells, ultimately leading to apoptotic cell death, as demonstrated by Annexin V/PI staining. The molecular
docking and simulation investigation revealed better binding affinity of Enceleamycin A with AKT2, which
plays a vital role in breast cancer's invasiveness and chemo-resistance. Enceleamycin A inhibits the AKT2
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enzyme in vitro with an ICsg value of 0.736 pg mL™* (2.22 uM), further validating the docking study. The

in silico physicochemical and pharmacokinetics characteristics of Enceleamycin A demonstrated its
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1. Introduction

Cancer is a non-communicable disease and is associated with
rapid and uncontrolled cell growth.* With approximately twenty
million new cases and ten million fatalities in the year 2020, it's
the second largest cause of mortality globally. With an esti-
mated 2.3 million new cases, breast cancer has surpassed lung
cancer as the most frequently detected cancer.>® Among breast
cancer, 10-15% of all cases are from triple-negative breast
cancer (TNBC), which is considered more aggressive with a low
survival rate. It does not express the three receptors, namely,
progesterone (PR), estrogen (ER), and human epidermal growth
factor receptor-2 (HER2).** There are limited options for
specific and effective therapy against TNBC due to the absence
of validated biomarkers. So chemotherapy is generally used as
the standard TNBC treatment, but the prognosis remains
poor.*® Considering this, developing new anticancer agents
with increased potency and high specificity is essential.

In several kinds of human cancer, an aberration in the PI3K-
AKT-mTOR signaling pathway contributes to tumor develop-
ment.’ AKT, also known as protein kinase B (PKB), belongs to
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drug-likeness. Intriguingly, Enceleamycin A is non-hemolytic in nature. Taken together, Enceleamycin A
could be a candidate molecule for treating TNBC cells by targeting the AKT2 signaling pathway.

a serine-threonine kinase family and is essential for the smooth
functioning of this pathway.

In several kinds of human cancer, an aberration in the PI3K-
AKT-mTOR signaling pathway contributes to tumor develop-
ment.® AKT, also known as protein kinase B (PKB), belongs to
a serine-threonine kinase family and is essential for the smooth
functioning of this pathway. Among the three AKT isomers,
AKT?2 is closely associated with cancer cell metabolism, angio-
genesis, proliferation, metastasis, and drug resistance.’®'*

The elevated AKT2 expression is frequently detected in
various human tumors, including breast, lung, prostate,
pancreatic, colorectal, and ovarian. Overexpression of AKT2 is
correlated with cancer aggressiveness and poor survival
rates.'™" The AKT2 inhibition in breast cancer effectively
reduces the colony formation abilities and invasion of non-
cancer stem cells (non-CSC) and CSCs.* All these functions of
AKT2 make this signaling molecule a promising target for
cancer therapy.

Naphthoquinones comprise a naphthalene ring system
bearing two carbonyl groups, naturally distributed in bacteria,
fungi, and plants. They display various biological activities, like
anticancer, antibacterial, antifungal, antimalarial, antiviral,
antitrypanosomal, and antiinflammatory.**° Naphthoquinone
like structures as in Fig. 1 have been approved by FDA and are
used in various cancer chemotherapy. Mitomycin (a benzoqui-
none) is used to treat bladder and anal cancer.?>** Anthraqui-
nones, such as doxorubicin, daunorubicin, idarubicin,
mitoxantrone, and epirubicin, are commonly used to treat
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Fig. 1 Structure of anticancer drugs with quinone moiety.?*-2*

various solid and hematologic cancers.* Thus, these molecules
continue to attract in developing new drugs for cancer therapy.

The primary mechanism of the naphthoquinones is sug-
gested to be reactive oxygen species (ROS) formation in the cell.
Cancer cells often have a higher concentration of ROS than
normal cells because of the higher metabolic demands;
producing even higher amounts of ROS by naphthoquinones in
the cell can lead to cell death.** Also, the pyrano-
naphthoquinone molecules like lactoquinomycin, frenolicin
B, and kalafungin were found to have selective inhibition
towards the serine-threonine kinase AKT.>® Therefore, the dual-
action molecule with the ability to produce ROS and inhibit the
AKT?2 signaling pathway would result in potent anticancer drug
with higher specificity and low resistance.

In our previous study, three novel furo-naphthoquinones,
Enceleamycin A-C, were isolated and characterized from rare
actinobacteria, Amycolatopsis sp. MCC0218 produced under
static incubation.*® As depicted in Fig. 2, Enceleamycin A and B
possess an unprecedented pentacyclic oxeto-furo-furo-
naphthoquinone structure, with the latter containing a dihy-
droxylated group, whereas Enceleamycin C has the furo-furo-
naphthoquinone skeleton with hydroxy-aldehyde functional-
ities. The isolated Enceleamycins displayed selective inhibition
towards the Gram-positive bacteria.”®

Based on the anticancer potential of naphthoquinones and
the need for novel antineoplastic drug, we have demonstrated
the anticancer activity of Enceleamycins against MDA-MB-231,
A549, and HeLA cell lines. With the maximum activity, Ence-
leamycin A was further considered for the ROS formation ability
and apoptosis assay in the MDA-MB-231 cells. Moreover,
Enceleamycin A displayed binding affinity to the serine-threo-
nine kinase AKT2, determined by the molecular docking and
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molecular dynamic (MD) simulation, which was further vali-
dated in vitro. The molecule's physicochemical and pharmaco-
kinetic characteristics were examined in silico, and its hemolytic
effect was also established. The findings from our research can
stimulate interest in exploring the microbial naphthoquinones
as potential anticancer medication by targeting AKT2 kinase
signalling pathway.

2. Results and discussion
2.1 Cell viability assay

Previous studies have shown that naphthoquinones exhibit
anticancer effects on different types of cancer.”*” In order to
investigate and compare the anticancer activity of novel furo-
naphthoquinones, Enceleamycins A-C, the cytotoxicity was
evaluated against triple-negative breast cancer cells (MDA-MB-
231), lung cancer cells (A549), cervical cancer cells (HeLa) and
HFF cells (non-cancer human foreskin fibroblasts) and Vero
(non-cancer monkey kidney epithelial cells) by the MTT assay.?”
Tables 1 and S2+ lists the half maximum inhibitory concentra-
tion values whereas, the Fig. 3 and S81 shows the dose-response
viability in presence of Enceleamycins and doxorubicin at
concentrations varying from 0.1 to 100 pg mL .

The Enceleamycins displayed strong to moderate inhibitory
activity towards these cell lines. The results indicated that
Enceleamycin A has potential activity towards the MDA-MB-231
(TNBC cells) with an ECs, value of 1.25 pg mL ™" (3.78 uM),
followed by HeLa and A549 cells with an ECs, value of 1.51 (4.57
uM), and 1.98 pg mL ™" (5.99 uM), respectively. The ECs, value of
Enceleamycin A was better than the standard anticancer drug
doxorubicin in all the cell lines tested. Furthermore,

Table 1 The ICso (ng mL™Y) of Enceleamycin A, B, C and doxorubicin
against cancer cells and normal cells by MTT method?

HFF MDA-MB-231 A549 HelLa

CCso®  ECs?  SI ECs,>  SI ECs,>  SI
A 3.97 1.25 3.17 1.98 2.0 1.51 2.62
B 70.95 23.49  3.02  46.68 1.51  30.53 2.32
C 7.60 259  2.93 3.51 2.16 7.27 1.04
Std 8.96 328 273 268  2.83 1.69  4.49

“ CCsy is the concentration that achieved 50% cytotoxicity. ” ECsq is
effective concentration that achieved 50% inhibition. °SI is the
selectivity index for the cancer cells with respect to the non-cancer
human foreskin fibroblasts (HFF) cells. 4 A, B, C: Enceleamycin A, B,
C, Std: doxorubicin.

Enceleamycin A

Enceleamycin B

Enceleamycin C

Fig. 2 Structure of Enceleamycin A, B and C isolated from Amycolatopsis sp. MCC0218.2¢

34184 | RSC Adv, 2023, 13, 34183-34193

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06204j

Open Access Article. Published on 22 November 2023. Downloaded on 7/24/2025 2:18:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

MDA-MB-231
A549

Hela

HFF

% Cell viability
g o
1111

N
o0

0.0 01 05 1.0 2.0 4.0 6.0 8.0 10.0 25.0 50.0100.0
Concentration (ng/ml)

Fig. 3 Viability of MDA-MB-231, A549, Hela and Vero cells after
treatment with Enceleamycin A at different concentration from 0.1 to
100 ug mL™t. Data are presented as mean of +SEM (standard error of
the mean), n = 3.

Enceleamycin A displayed better inhibitory activity towards the
cancer cells compared to the non-cancer HFF cells with selec-
tivity index (SI) in the range of 2.0 to 3.17. The selectivity index
of Enceleamycin A against cancer cells with respect to non-
cancer Vero cells was in the range of 2.35 to 3.73 (Table S27).
Enceleamycin A exhibited strong anticancer activity, followed by
Enceleamycin C, whereas Enceleamycin B showed moderate
activity. The potential bioactivity of Enceleamycin A and C may
be due to the presence of double bond in the second naph-
thalene ring, which acts as an electron acceptor and results in
formation of semiquinone or hydroquinone. The subsequent
reduction of Enceleamycin A and C may result in ROS formation
and thereby leading to cell death."**

With the maximum activity of Enceleamycin A against the
MDA-MB-231 cells, the dose-response viability at 4 h, 24 h, and
48 h was determined as shown in Fig. 4. Interestingly, the MDA-
MB-231 cell growth was inhibited within 4 hours of treatment by
Enceleamycin A with an ICs, value of 7.7 pg mL ™" (23.3 uM). The
difference in inhibition after 24 and 48 h of treatment was not
much at lower concentrations up to 2 pg mL™'; however, at 4 pg
mL ™" and above, maximum inhibition was observed at 48 hours
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Fig.4 Dose dependent cell viability of MDA-MB-231 cells at 4, 24 and
48 h treatment with Enceleamycin A. Cell growth inhibition was
observed within 4 h treatment with IC50 value of 7.7 ug mL™* (23.3 uM).
Data are presented as mean of £SEM (standard error of the mean), n =
3.
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of treatment. The sulforhodamine B (SRB) assay of Encelea-
mycin A in Table S1 and Fig. S7t demonstrated lethal activity
against nine human cancer cells lines originating from breast,
liver, colon, oral, cervical, lung, prostate, ovarian, and leukemia.
Similar to the results of MTT assay, Enceleamycin A showed
better lethal activity than the anticancer drug adriamycin
against most cancer cell lines tested. Furthermore, we selected
Enceleamycin A for the evaluation of the probable mode of
action against MDA-MB-231 cells and its drug-likeness because
of its specific potent activity towards the MDA-MB-231 cells,
high yield compared to Enceleamycin B and C,* and lack of
treatment options for TNBC cells.>*

2.2 Anti-migration assay

Cell migration is crucial during the whole process of cancer
development. Cancer cells have the ability to migrate, which is
essential to invade surrounding tissues and cause tumor
metastasis. The study of cell migration inhibition is appealing
as metastatic progression is considered the leading cause of
death in cancer patients.”®

To examine the inhibitory impact of Enceleamycin A on the
MDA-MB-231 cell migration, an in vitro anti-migration assay
was conducted by a scratch/wound healing assay.> The images
of cell migration in Fig. 5A were recorded in Olympus CKX53
inverted microscope at 0 and 24 hours of treatment and the
migration of cells was measured in micrometers using MagVi-
sion software. The rate of relative migration for MDA-MB-231
cells treated with Enceleamycin A was 45.25%, 43.01%,
25.55%, and 6.99% at 0 pg mL ", 0.5 pg mL ™", 1.0 ug mL~" and
2.0 g mL ™" respectively. The migration ability of MDA-MB-231
cells was significantly inhibited with 1.0 and 2.0 pg mL ™"
concentrations of Enceleamycin A as shown in Fig. 5B. These
results demonstrated that Enceleamycin A suppresses the MDA-
MB-231 cell's ability to migrate in a concentration-dependent
manner.

2.3 Measurements of intracellular reactive oxygen species
(ROS)

Since naphthoquinones are known for producing intracellular
ROS, we quantified the ROS production after treatment with
Enceleamycin A by 2',7-dichlorofluorescein diacetate (H2-
DCFDA). Cellular esterases deacetylate the cell-permeable dye
to a non-fluorescent molecule, which upon oxidation by ROS,
transforms into highly fluorescent 2',7'-dichlorofluorescein
(DCF).* These ROS at lower concentration plays a vital role in
the homeostasis of cells; however, when in excess, it leads to the
death of cells through apoptosis.*"** In the ROS assay, the MDA-
MB-231 cells in the presence of Enceleamycin A demonstrated
a relative increase in fluorescence intensity at 24 and 48 hours
as the concentration was raised from 2 to 50 ug mL ™" compared
to the untreated control. The graph in Fig. 5C displayed MDA-
MB-231 cells after treatment with Enceleamycin A resulted in
concentration and time-dependent increase in intracellular
levels of ROS. It is known that excessive ROS formation within
the cell can induce apoptosis and results in cell death.

RSC Adv, 2023, 13, 34183-34193 | 34185


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06204j

Open Access Article. Published on 22 November 2023. Downloaded on 7/24/2025 2:18:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

A
Control 0.5 pg/ml 1 pg/ml 2 pg/ml
I
0 hour — 24 hour
B C
50
=== Control
s 40 %* 7000 W EA 2 ug/mi
s = $
3 s N EA 10 ug/ml
SE¥ £ s000
E s g EEE EA 20 pg/ml
@ c
25 2 o
22 8 2000 . EA 50 pg/mi
2 u s == Dox 50 ug/mi
E 1000

Control 0.5 1 2
Concentration (ug/ml)

24h 48h
Time (hours)

Fig.5 Enceleamycin A effect on the migration and ROS formation ability in MDA-MB-231 cells. (A) Migration of MDA-MB-231 cells in presence of
Enceleamycin Aat 0, 0.5, 1and 2 ng mL™ after 24 hours. (B) Statistical data analyses for MDA-MB-231 cells mobility in presence of Enceleamycin
Aat 0 (control), 0.5, 1and 2 ng mL™ after 24 hours. One-way ANOVA Dunnett test was used to determine statistical significance; ****p < 0.0001.
Data are presented as mean of £SEM (standard error of the mean), n = 3. (C) Statistical data analyses of ROS formation by MDA-MB-231 cells after
treatment with Enceleamycin A (EA) at 24 and 48 hours. Two-way ANOVA Dunnett test was used to determine statistical significance; *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001. Data are presented as mean of £SEM (standard error of the mean), n = 3.

2.4 Apoptosis detection in MDA-MB-231 cells

To determine whether the ROS production by Enceleamycin A
in MDA-MB-231 cells results in apoptotic cell death, we perform
the apoptosis assay using flow cytometry. The apoptotic analysis
in cancer cells is based on the movement of phosphatidylserine
from the inner membrane to the outer membrane, which
eventually recognizes by Annexin V. In Fig. 6A, the scatter plot
for control and treated cells was demonstrated with four
distinct populations of unstained for viable cells, Annexin V-
Alexa flour for early apoptotic cells, and Annexin V/propidium
iodide dual stained for late apoptotic cells.*® The early/late
apoptosis ratio shown in Fig. 6B was 25.8%/2.45%, 49.7%/
10.7%, 58.4%/14.85, and 60.65%/19.2% at the concentration 0,
2, 4, and 8 ug mL™" respectively, after 48 hours of treatment
with Enceleamycin A. These observations demonstrated the
concentration-dependent apoptosis in the MDA-MB-231 cells by
Enceleamycin A.

2.5 Molecular docking

The inhibitory activity of the novel ligand Enceleamycin A
against the intended protein target of the PI3K-AKT-mTOR
pathway was examined using molecular docking. The
protein target considered for molecular docking were PI3Ka
(4TV3), AKT1 (3096), AKT2 (106L), mTOR (1E7U), and S6K1
(3A62). The top rank from the cluster of a receptor with the
lowest binding energy and 0 RMSD was considered appro-
priate for visualizing the interactions between the protein and
ligand complex. The details of the best molecular fit confor-
mations were displayed by Autodock 4.2.6 (ref. 34 and 35) and
the best molecular fit pose was visualized by Biovia discovery
studio v20.1.0.19295.*>* Enceleamycin A displayed better
binding affinity with AKT2 compared to the other proteins of
PI3K-AKT pathway shown in Tables S3, S4 and Fig. S10.1 The
binding energy calculated was —7.14 kcal mol™ " for the

34186 | RSC Adv, 2023, 13, 34183-34193

docked complex. The non-bond interactions gave us infor-
mation about active sites, the nature of bonding, the distance
between the native ligand and the protein, and the donor and
acceptor atoms. The active sites of the interacting Encelea-
mycin A and AKT2 displayed in Fig. 7C and Table S5,1 were
Lys 181, Glu 200, Gly 295, Asp 293, Glu 193, Phe 163, Leu 183,
Lys 191, which signifies that the novel ligand is interacting
with the A polypeptide chain of AKT2 protein. The interaction
distance of active site Lys 181 and Glu 200 was of 2.2 and 2.0
A, respectively in Fig. 7D by conventional hydrogen bonding.
The other interactions include the carbon hydrogen bond for
Gly 295 and Asp 293, electrostatic pi-anion for Glu 193,
hydrophobic pi-pi stacked for Phe 163, hydrophobic alkyl for
Leu 183 and hydrophobic pi-alkyl for Lys 191. Fig. 7E and
Table S57 displays the hydrogen bond donor and acceptor
details of the interacting complex of Enceleamycin A and
AKT?2 in which Lys 181 acts as a H-bond donor and Glu 200 as
an H-bond acceptor.

To further validate the docking method, the AKT2 (106L)
protein was re-docked with the native ligand AMP-PNP (phos-
phoaminophosphonic acid-adenylate ester). Both re-docked,
and native ligands interacted with the protein AKT2 with
significant overlap and resemblance as shown in Fig. 7F. The
RMSD (root mean square deviation) value of the interactions
was computed by the DockRMSD and found to be 1.262 A,
considered a reliable docking procedure since the value was
<2.0 A*® The RMSD value calculated for the superimposed
ligand conformation using LS-align was 0.684 A, which is <1 A
denotes strongly aligned atom pairs.*

2.6 MD simulation analysis

Molecular dynamics (MD) simulation is a computational tool
for drug development. It is extensively used to investigate how
the molecules shift their form and interact with other
molecular species in a variety of environments.** To confirm

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Apoptosis detection in MDA-MB-231 cells after treatment with
Enceleamycin A. (A) Enceleamycin A effect on apoptosis of MDA-MB-
231 cells based on Annexin V-Alexa flour-488 and PI staining. The cell
stages were given as viable-Q3, early apoptotic-Q4 and late
apoptotic-Q2. (B) Percentage of viable, early and late apoptotic cells in
the population based on flow cytometry data analysis. Data are pre-
sented as mean of £SEM (standard error of the mean), n = 3.

the structural stability of the docked complex of Enceleamy-
cin A and AKT2, MD simulations were run for 100 ns using
GROMACS package. Molecular mechanics Poisson-Boltz-
mann surface area (MM-PBSA), a technique for determining
binding free energy of protein-ligand complexes, has become
more popular. The MM-PBSA technique was implemented via
the g_mmpbsa tool** by which the binding energy of —10.481
+ 3.398 kcal mol™' was observed as shown in Table S61
during the run of 100 ns demonstrating the potential affinity
between the Enceleamycin A and AKT2. For the evaluation of
stability of the simulated systems, the trajectories produced
after the simulations were analyzed to determine RMSD for
backbone atom, Root mean square fluctuation (RMSF) for C-
alpha, radius of gyration (R,) and interacting hydrogen bonds.

RMSD calculates the variation between the protein's
starting location and final structure. The RMSD values dis-
played low fluctuation throughout the 100 ns period, and
were almost constant from around 70 to 100 ns demon-
strating the structural stability of the protein-ligand complex

© 2023 The Author(s). Published by the Royal Society of Chemistry
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in Fig. 8A. The protein-ligand interactions appear energeti-
cally advantageous and contribute to the complexes’ stability
based on the low RMSD values. RMSF, which evaluates the
flexibility of each residue over time, may be used to determine
the variations in the protein residues. The RMSF score esti-
mates the stability of protein-ligand complexes, with larger
values suggesting less stability and greater flexibility. The
major fluctuation was observed only in the designated A (150-
170) and B (305-325) region of protein loop which is
conserved structurally and functionally for the serine and
threonine kinase family** shown in Fig. 8B. This major fluc-
tuation might be due to the inhibition of AKT2 by Encelea-
mycin A affecting the phosphorylation responsible for protein
functionality.

The understanding of protein's radius of gyration (Rg) is
essential to comprehend the effect of inhibitors on the
compactness of protein. In our simulation, the radius of
gyration was found to be 2.17 and displayed lesser deviation
throughout the 100 ns run as depicted in Fig. 8C. The inter-
molecular H-bonds between interacting atom pairs impacts
the stability and molecular recognition process of protein-
ligand complex's. To ascertain the dynamic stability of
complex, the number of H-bonds interacting with the ligand
and receptor protein was measured over the 100 ns run. In
Fig. 8D, the hydrogen bond interaction was observed
throughout the 100 ns run and the interaction was increased
from 70 ns onwards. Hydrogen bond occupancy was similar to
the results inferred from molecular docking, with Lys 181
occupying 16.08%, followed by Glu 200 occupying 10.79%
during the MD run. Thus, it appears that the predicted system
is stable.

2.7 ADP-Glo kinase assay

An in vitro assay using the AKT2 kinase enzyme system was
conducted to confirm further the in silico binding affinity and
stability of the docked complex of Enceleamycin A and AKT2.*
The ADP generated during the reaction is measured by the ADP-
GloTM Kinase. In the subsequent luciferase reaction, the newly
produced ADP is transformed into ATP and generates light. The
light generated correlates with the kinase activity. A concen-
tration of less than 1 ug mL™" of Enceleamycin A proved effi-
cient in inhibiting the AKT2 enzyme. Enceleamycin A displayed
an ICj5, value of 0.736 ug mL™* (2.22 uM) for AKT2 as shown in
Fig. 9, consistent with a prior study showing that pyrano-
naphthoquinones specifically inhibit the AKT kinase enzyme.
However, the potential enzyme inhibition activity was compar-
atively less compared to pyrano-naphthoquinones.”® With
further in-depth research, Enceleamycin A can be used as
a dual-action anticancer molecule with ROS formation and
AKT?2 inhibition to reduce the metastasis and invasiveness of
cancer.

2.8 Pharmacokinetics and physicochemical properties

The anticancer candidate molecule should have an approving
biopharmaceutical property since it will interact with various
cells and macromolecules inside the body. A molecule's

RSC Adv, 2023, 13, 34183-34193 | 34187
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Fig. 7 Molecular docking of Enceleamycin A with AKT2 protein and docking validation. (A) Enceleamycin A in protein databank (pdb) format
where red indicates oxygen atom, light grey represents hydrogen atom and dark grey represents carbon atom, (B) AKT2 (1O6L) receptor, where
a-helices are denoted in red, B-sheets in yellow, and turns & loops in green. (C) Two-dimensional diagram of the docked complex (AKT2 and
Enceleamycin A) showing the active sites and the type of interactions. (D) Three-dimensional diagram displaying the interaction of active site Lys
181 and Glu 200 with distance of 2.2 and 2.0 A, respectively. (E) Three-dimensional diagram with hydrogen bond display of the interacting
complex, where the pink shade represents the H-bond donor and green shade represents the H-bond acceptor. (F) Docking validation of native
ligand AMP-PNP to AKT2 (106L) and displaying the super-imposition of the redocked native ligand protein complex.

acceptable ADMET (absorption, distribution, metabolism, (lipophilicity, size, polarity, insolubility, saturation, and
excretion, and toxicity) characteristics are necessary for its flexibility). A molecule should follow Lipinski's*® and Veb-
consideration as a lead molecule for therapeutic application. er's*” rules for drug-like properties. Enceleamycin A comes
The physicochemical and ADMET of Enceleamycin A was under all the designated Lipinski's rule of five (mol. wt < 500
evaluated by the SwissADME* and pkCSM* webtool. The Daltons, no. of hydrogen H-bond acceptors < 10, no. of H-
bioavailability radar in Fig. 10A, displays that the molecule bond donors < 5, octanol-water partition coefficients log P <
falls under the optimum physicochemical properties 5 and molar refractivity < 140) and Veber's rule (topological
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Fig. 8 Plots displaying the MD simulation data of simulated complex (Enceleamycin A with AKT2 protein) for the 100 ns simulation. (A) Plot
displaying the RMSD values of simulated complex for 100 ns. (B) Plot displaying the RMSF value of simulated complex for 100 ns where labeling in
the residue index region ranging from 150 to 170 and 305 to 325 correlates with the designated A and B loop in pink colour. These loops contain
serine and threonine residues responsible for phosphorylation that shows the higher fluctuation. (C) Plot displaying the radius of gyration (Rg) of
simulated complex for 100 ns. (D) Plot displaying the number of hydrogen bonds interacting within the simulated complex for 100 ns.
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Fig. 9 AKT2 kinase inhibition by Enceleamycin A with ICsq value of
0.736 pg mL™! (2.22 uM). Data are presented as mean of +SEM
(standard error of the mean), n = 3.

polar surface area < 140 A and no. of rotatable bonds < 10) as
displayed in Table 2, which signifies its drug likeliness
property. The pharmacokinetics displayed in the boiled-egg
ADME profile in Fig. 10B and Table 3 shows that the gastro-
intestinal tract effectively absorbed the molecule and did not
penetrate the blood-brain barrier (BBB). The non-
permeability of BBB signifies the molecule theoretically
does not have side effects on the central nervous system.*®

Furthermore, the molecule did not inhibit the P-glycoprotein
and CYP-450 class of enzymes, thus having a lower chance of
corresponding drug interaction.*® The toxicity of molecules can
damage organs and fail in late-stage drug development. So the
toxicity of Enceleamycin A was evaluated by the pkCSM web
tool, where the compound was negative to the Ames test, which
assesses the carcinogenic effect. The molecule was non-
hepatotoxic, not sensitive to skin, and a non-inhibitor of
hERG I and II.

In addition to Enceleamycin A, the physicochemical and
pharmacokinetics of Enceleamycin B and C was also evaluated
as shown in Fig. S11, S12 and Tables S7-S14.1 The Encelea-
mycin A displayed most acceptable physicochemical properties

uPo

Table 2 Physicochemical
SwissADME

View Article Online

RSC Advances

property of Enceleamycin A using

Physicochemical properties

Formula C17H1405
Molecular weight 330.29 g mol !
Number of heavy atoms 24
Number of aromatic heavy 6

atoms

Number of rotatable bonds 0
Number H-bond acceptors 7
Number of H-bond donors 2

log P 2.05
Molar refractivity 78.07
TPSA 102.29 A

Table 3 Pharmacokinetics property of Enceleamycin A using Swis-

sADME and pkCSM webtool

Pharmacokinetic properties

GI absorption Yes
BBB permeation No
P-Glycoprotein substrate Yes
P-Glycoprotein inhibitor No
CYP-450 class enzyme inhibitor No
hERG I and II inhibitor No
log K;, (skin permeation) —7.79cm s !
AMES toxicity No
Hepatotoxicity No
Skin sensitisation No

and lowest toxicity followed by Enceleamycin C and B. Based on
these in silico findings, Enceleamycin A displayed desirable
drug-likeness properties for a potential therapeutic candidate.
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Fig. 10 ADME property and hemolysis of Enceleamycin A. (A) Bioavailability radar of Enceleamycin A. (B) Boiled-egg ADME profile where white
egg part shows the gastro-intestinal absorption and yellow yolk part shows the blood—-brain barrier permeability, whereas the horizontal axis
displays TPSA value and vertical axis shows the log P value. The blue dot represents Enceleamycin A. (C) Hemolysis assay of Enceleamycin A
demonstrating the intact pellet of red blood cells. (D) Percentage of hemolysis of RBCs by Enceleamycin A displaying less than 2% hemolysis at
highest tested concentration of 512 ug mL™* (1550.15 pM). Data are presented as mean of +SEM (standard error of the mean), n = 3.
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3. Conclusions

The present study investigated the anticancer potential of three
novel furo-naphthoquinones, Enceleamycin A, B and C previ-
ously isolated by our group from Amycolatopsis sp. Of the three,
Enceleamycin A showed prominent anticancer properties,
particularly against the MDA-MB-231 (TNBC) cells with an ICs,
value of 1.25 pug mL™"' (3.78 uM). It also inhibits the cell
migration ability of TNBC cells. The treatment of MDA-MB-231
cells by Enceleamycin A increases intracellular ROS formation,
leading to apoptotic cell death, demonstrated by flow cytometry
analysis. Molecular docking and MD simulation showed that
Enceleamycin A can be a potential AKT2 inhibitor candidate.
The in silico investigation was validated by the in vitro AKT2
enzyme assay, in which Enceleamycin A exhibited ICs, value of
0.73 pg mL ™" (2.22 uM). According to in silico physicochemical
and ADMET studies, Enceleamycin A showed good bioavail-
ability and did not violate Lipinski's rule of five, making it
a candidate drug-like molecule. The compound showed no
prominent hemolytic effect on human RBCs. Altogether, this
study presents essential insights about Enceleamycin A pos-
sessing therapeutic potential for cancer treatment, particularly
triple-negative breast cancer cells.

4. Experimental
4.1 Materials

Enceleamycin A (C;,H;405), B (C;7H1609) and C (C;7,H1405),
used in the experiments were isolated in our previous study
from Amycolatopsis sp. MCC 0218.>° Heat-inactivated FBS (Fetal
bovine serum) and DMEM (Dulbecco's modified eagle's
medium) were obtained from GIBCO. Trypsin EDTA and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
were purchased from Himedia. Standard doxorubicin and H2-
DCFDA dye was purchased from Sigma. MDA-MB-231, A549,
HeLa, HFF and Vero cells were obtained from NCCS (National
Center for Cell Science), Pune.

4.2 Cell viability assay

The MTT assay, which measures cellular metabolic activity, was
used to examine cell viability.”” The cell lines used for the study
were MDA-MB-231, A549, HeLa, HFF and Vero. DMEM with 10%
FBS was the media used for the growth and assay of all the cells.
The seeding of 10 000 cells per well was done of these cells in 96-
well plate and incubated at 37 °C with 5% CO, for 20 hours. The
stock solution of 20 mg mL~"' was made of compounds Ence-
leamycin A, B and C in dimethyl sulfoxide (Hi-Media, Mumbeai).
The stock solution of the compounds were diluted to 1 mg mL "
in complete medium (DMEM + 10% FBS) and was further
diluted to 100 ug mL ™" and 10 pg mL~ ' working solution in
DMEM media. The final DMSO concentration at the highest
concentration tested at 100 pug mL ™" was 0.5% i.e. below toxicity
level and was used as a negative control. The stock solution of
20 mg mL " of the standard drug doxorubicin was made in MQ
water, filter sterilized and further diluted to working solution in
complete media similar to the Enceleamycins. The cells were

34190 | RSC Adv, 2023, 13, 34183-34193
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treated with different concentrations of compound in the range
of 0.1 to 100 pug mL™" for 48 hours. 100 uL of MTT solution
(0.5 mg mL™") was added after the media was removed, and the
solution was incubated for 4 h at 37 °C in the dark. Subse-
quently, the MTT solution was decanted, and the solubilization
of formazan crystals was done by adding 100 pul DMSO. Biotek
synergy H1 microplate reader was used to capture the reading at
570 nm. In addition, inhibition of MDA-MB-231 cells was
determined for Enceleamycin A at 4, 24, and 48 h for the time
point study.

4.3 Anti-migration assay

To estimate the anti-migration impact of Enceleamycin A on
MDA-MB-231 cells, a scratch/wound healing assay was con-
ducted.?®® In a 24-well plate, 1.5 x 10> cells per well were
seeded in DMEM (10% FBS). After the confluency, linear gaps
were scratched at the bottom of the plate by a sterile micropi-
pette tip (200 pL), and the detached cells were subsequently
eliminated with 1x phosphate buffer saline (PBS). The adherent
cells on the plate were incubated with Enceleamycin A (0.5, 1,
and 2 pg mL™") in serum-free DMEM media for 24 hours at 37 ©
C with 5% CO, to eliminate the interference of cell prolifera-
tion. The wound images were obtained using an inverted
microscope at 0 and 24 h, respectively, and the % of cell
migration was calculated with reference to scratch width (SW) at
0 h and 24 h: (SW at 0 h — SW at 24 h/SW at 0 h) x 100.

4.4 Measurement of intracellular ROS

The intracellular ROS production level was assessed by the 2,7
dichlorofluorescein diacetate (H2-DCFDA) dye.* In brief, seed-
ing 1 x 10" cells per well of MDA-MB-231 cells was done in 96-
well plate and kept for 24 hours. After being washed with DPBS,
the cells were incubated at 37 °C in the dark for 30 minutes with
H2-DCFDA (20 uM) in DMEM complete media. The culture was
treated with a varying concentration of Enceleamycin A (2, 10,
20, and 50 ug mL ') in DMEM complete media for 24 and 48 h.
After incubation, RFU was measured at 485/535 (excitation/
emission) in a micro-plate reader.

4.5 Apoptosis detection in MDA-MB-231 cell line

The apoptotic-like features in MDA-MB-231 cells after treatment
with Enceleamycin A were estimated by Alexa Fluor® 488
Annexin V/Dead Cell Apoptosis Kit (ThermoFisher Scientific).*
In brief, seeding of 3.5 x 10° cells per well of MDA-MB-231 cells
was done in a 6-well plate and enable to grow overnight. The
culture was treated with Enceleamycin A (2, 4, and 8 pug mL ™)
for 48 h. After being washed with binding buffer (1x), the cells
were stained for 30 min by Alexa Flour Annexin V and propi-
dium iodide at 37 °C in the dark. Stained cells were assessed for
the percentage of apoptotic cells relative to untreated and
unstained cells by flow cytometry.

4.6 Docking analysis

Canonical SMILES of the novel ligand, Enceleamycin A, were
converted to protein data bank format using Open Babel

© 2023 The Author(s). Published by the Royal Society of Chemistry
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software. The 3-dimensional structure of the PI3K-AKT-mTOR
pathway receptors was retrieved from the Protein Data Bank.
Water molecules, native ligands, and other heteroatoms from
the protein were removed using PyMOL (v.1.74) before docking.
Molecular docking was performed using Autodock 4.2.6.>**° The
final DLG file contained important details, viz., top ten
conformations for every run consisting of rank, free binding
energy (kcal mol™'), mean RMSD, and inhibitory constant (uM).
The docking parameter was analyzed based on the lowest
binding energy of the ligand-protein complex. Autodock tools
4.2.6, Discover Studio v20.1.0.19295 from Biovia, and PyMOL
v.1.74 were used in molecular docking to visualize and study the
two-dimensional, three-dimensional and surface annotation of
Enceleamycin A interaction with the protein.***” The docked
complex was validated by redocking of AKT2 with native ligand,
and the RMSD value was calculated from the DockRMSD?® and
LS-align web tool.*®

4.7 Molecular dynamics simulations

MD simulation of the docking complex was carried out with
reading biomolecular coordinates, solvation of desired protein,
setting periodic boundary conditions, and generating the input
files for equilibration and production using the Gromacs v
2020.6 and visualization and analysis using VMD v 1.9.3 and
PyMOL v 1.7.4.5 software. The ligand Protein interaction,
having the lowest binding energy, from molecular docking is
considered for MD simulation. The novel ligand bound to the
AKT?2 receptor was analyzed using the GROMOS 54A7 force field
of the GROMACS simulation software. With the help of MOD-
ELLER9 v 14, the missing residues from the crystal structure's
106L (Ile450, Thr451, Pro452, Pro453, Asp454, Arg455, Tyrd56,
Asp457, Ser458, Leu459, Gly460, Leu461, Leu462, Glu463,
Leu464, Asp464, GIn464, Arg464, Glu465, Glu466) were put back
together. By using the Automated Topology Builder (ATB)
repository, the force fields of the ligand was created.** Hydrogen
was added to the heavy atoms using the GROMACS module
pdb2gmx. The structures were then solvated within cubic peri-
odic box with water stretching 2 A on all sides outside the
protein by applying the simple point charge (SPCE) water
model.> After that, systems were maintained with an appro-
priate salt concentration of 0.15 M by introducing suitable
amount of Na" and CI~ ions to neutralize the system. The
steepest descent method was subsequently employed to mini-
mize the energy of all systems in the solvated state over a time
frame of 2000 steps. To perform equilibration in the NVT (no. of
atoms, volume, and temperature) ensemble, the systems were
then gradually heated to a temperature of 310 K by a V-rescale
thermostat with a 0.1 ps coupling constant.** Further to ach-
ieve equilibration in the NPT (no. of atoms, pressure, and
temperature) ensemble, the Parrinello-Rahman barostat was
implemented to keep solvent density at 1 bar and 310 K with 0.1
ps coupling constant. To check the stability of protein and
ligand complex, the resultant each structure generated from
NPT equilibration phase was utilized for final NPT ensemble
production run for 100 ns simulation.*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.8 ADP-Glo kinase assay

The AKT2 kinase activity was measured in the presence of
Enceleamycin A by employing ADP-Glo kinase assay and the
AKT2 Kinase enzyme system (Promega). The assay is based on
quantifying ADP produced during the kinase reaction. The
reaction was done in 96-well plates in which 10 puL of AKT2 (10
ng), 5 uL of modified AKT substrate (1 pg), 5 uL of ATP (50 uM),
and 5 pL of inhibitor was added followed by an hour-long
incubation at ambient temperature. To terminate the kinase
reaction, 5 pL of the ADP-Glo reagent was applied for 40 min. At
last, 10 pL of kinase detection reagent was added and left for
30 min. Biotek synergy H1 microplate reader detected the
luminescence. The relative activity (%) of kinase was calculated
compared to the control without an inhibitor.**

4.9 Physicochemical and pharmacokinetics analysis

In silico physicochemical and pharmacokinetic properties were
detected for Enceleamycins using the SwissADME online
program.** The SMILES notations generated from ChemDraw
20.0 was submitted as an input file to the SwissADME web tool,
which provides a reliable prediction of physicochemical (TPSA,
number of hydrogen bond acceptor and donor, and solubility),
pharmacokinetics (GI absorption, BBB permeability, and CYP
inhibitor) and drug-likeness (Lipinski's rule of five and Veber's
rule) properties. In addition, the toxicity profile, like the Ames
test, skin sensitivity, and hepatotoxicity, was generated by the
pkCSM web tool.*®

4.10 Hemolysis assay

Hemolytic activity of Enceleamycin A was performed on the
RBCs of human blood sample. The blood sample of 5 mL was
decanted after being centrifuged at 5000 rpm for 10 min. The
RBCs were suspended in Phosphate buffer saline (PBS) and
washed three times by centrifugation for 10 min at 5000 rpm,
and the pelleted RBCs were resuspended in 25 mL of PBS. The
compound was twofold diluted in PBS and added to RBCs
suspension to achieve concentrations varying from 1 to 512 pg
mL ™', Triton X-100 (1% v/v) and DMSO (0.5%) in PBS were
considered positive and negative controls, respectively. The
treated suspensions were kept for 60 min at 37 °C and centri-
fuged at 5000 rpm for 10 minutes. The resultant supernatant
was added to the 96-well plate with a flat bottom. At 570 nm, the
absorbance was measured, and the relative percentage of
hemolysis was estimated compared to the suspension treated
with 1% Triton X-100. The following equation calculates the
percent of hemolysis: % hemolysis = [absorbance of the sample
(treated with Enceleamycin A)] =+ [absorbance of the positive
control (treated with 1% Triton X-100)] x 100.*>*
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