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Abstract

Triple-negative breast cancer (TNBC) is a lethal and aggressive breast cancer subtype. It is characterized by the deficient
expression of the three main receptors implicated in breast cancers, making it unresponsive to hormone therapy. Hence, an
existing need to develop a targeted molecular therapy for TNBC. The PI3K/AKT/mTOR signaling pathway mediates criti-
cal cellular processes, including cell proliferation, survival, and angiogenesis. It is activated in approximately 10-21% of
TNBCs, emphasizing the importance of this intracellular target in TNBC treatment. AKT is a prominent driver of the PI3K/
AKT/mTOR pathway, validating it as a promising therapeutic target. Dysphania ambrosioides is an important ingredient of
Nigeria’s traditional herbal recipe for cancer treatment. Thus, our present study explores its anticancer properties through a
structure-based virtual screening of 25 biologically active compounds domiciled in the plant. Interestingly, our molecular
docking study identified several potent inhibitors of AKT 1 and 2 isoforms from D. ambrosioides. However, cynaroside and
epicatechin gallate having a binding energy of —9.9 and — 10.2 kcal/mol for AKT 1 and 2, respectively, demonstrate consid-
erable drug-likeness than the reference drug (capivasertib), whose respective binding strengths for AKT 1 and 2 are —9.5
and — 8.4 kcal/mol. Lastly, the molecular dynamics simulation experiment showed that the simulated complex systems of the
best hits exhibit structural stability throughout the 50 ns run. Together, our computational modeling analysis suggests that
these compounds could emerge as efficacious drug candidates in the treatment of TNBC. Nevertheless, further experimental,
translational, and clinical research is required to establish an empirical clinical application.
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Graphical Abstract
A structure-based virtual screening and simulation of Dysphania ambrosioides phytochemicals in the active pocket of AKT
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Introduction

Breast cancer (BC) is one of the most common and preva-
lent malignancies in women worldwide, with over 2 mil-
lion cases reported in 2020 (Koo et al. 2017; Lukasiewicz
et al. 2021; Sung et al. 2021). Even though numerous
studies are underway to progress the diagnosis and give a
significant treatment (Siegel et al. 2022, 2023). Nonethe-
less, it is expected to rise as risk factors increase owing to
modernization and economization (Ciriello and Magnani
2021; Kumar Prusty et al. 2020; Sung et al. 2021). Based
on molecular markers, BC is divided into three subtypes:
hormone receptor-positive/erythroblastic oncogene B-2
(ERBB2) negative, ERBB2 positive, and triple-nega-
tive (TN) (Sherman et al. 2022; Waks and Winer 2019).
Because of the absence or inexpression of all three pri-
mary breast cell receptors [Progesterone Receptor (PR),
Estrogen Receptor (ER), and Human Epidermal Growth
Factor Receptor 2 (HER2)], TNBC is the most aggressive
cancer subtype (Mahmoud et al. 2022; Yin et al. 2020).
TNBC is also known for its strong metastatic potential,
invasiveness, and poor prognosis (Yin et al. 2020). Hence,
it has a more aggressive clinical course than other breast
cancer subtypes.

Based on recent studies, TNBC has been further catego-
rized into six subtypes using molecular pathology, gene
expression profiling, and histopathology (Faje et al. 2018;
Gottifredi 2020). And these include luminal androgen
receptor (LAR), mesenchymal stem-like (MSL), basal-
like 1 (BL1), basal-like 2 (BL2), immunomodulatory
(IM), and mesenchymal (M), each exhibiting unique gene
expression patterns and mutations (Mahmoud et al. 2022;
Nazmy et al. 2021). The molecular and genetic profiling
and clinicopathological studies of TNBC have proved its
heterogeneity (Zakaria et al. 2018). Nevertheless, TP53,
BRCA1/2, PIK3CA, AKT, PTEN, EGFR, FGFR1, VEG-
FRA, AR, and BCL2 have all been identified as TNBC
genetic markers (Rasul et al. 2022; Sporikova et al. 2018).
These genes have mutations that affect their main func-
tions, such as genome integrity, DNA repair, apoptosis,
survival, proliferation, differentiation, angiogenesis, and
metastasis through changes in expression, amplification,
overexpression, deletion, or inactivation (Sporikova et al.
2018).

However, certain driver genes, such as PIK3CA and
AKT, have been discovered in several TNBC subtypes
(BL1, BL2, MSL, LAR, and M) and may serve as pro-
spective therapeutic targets (Marra et al. 2020). Although
biomarker-driven, multi-omics technology and immune
checkpoint-based therapeutics have been investigated
with promise but with poor success (Anders et al. 2016;
Marra et al. 2020). Thus, as a key driver gene in TNBC,
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the AKT gene contributes significantly to the PI3K/AKT/
mTOR-mediating pathway, resulting in cell survival, pro-
liferation, and tumor formation. The PI3K/AKT/mTOR
pathway is frequently dysregulated in TNBC (Nazmy et al.
2021). Hyperactivation of AKT and mTOR is linked to a
poor prognosis in TNBC patients, highlighting the PI3K/
AKT/mTOR pathway as an appealing therapeutic target
(Nazmy et al. 2021; Sporikova et al. 2018). While adher-
ing to concepts and new results on TNBC, evidence about
gene changes such as PIK3CA and AKT has offered a good
hotspot for TNBC targeted therapy (Aine et al. 2021).
AKT (Protein Kinase B) governs cellular activities
downstream of PI3K, such as cell proliferation, survival,
and metabolism (Basu and Lambring 2021; Hinz and
Jiicker 2019) (Fig. 1). There are three AKT isoforms: AKT1
(PKBa), AKT2 (PKBf), and AKT3 (PKBY), all of which
have 80% structural similarity but perform different activi-
ties (Manning and Toker 2017). Breast tumors have been
found to exhibit AKT isoform amplification or high levels
of mRNA expression (Turner et al. 2015). Furthermore, sys-
temic studies have indicated unique roles for each isoform;
in animal models, AKT1 knockdown decreased lung metas-
tases, but AKT2 deletion prevented mammary tumorigenesis
and metastasis (Chen et al. 2020). CyclinD1 levels in MDA
MB 231 cells were reduced by nanobodies targeting the
C-terminal regulatory hydrophobic motif site (HM) (Merc-
kaert et al. 2021). AKT1, AKT2, and AKT3 genes are found
on chromosomes 14q32 (Basu and Lambring 2021; Staal
et al. 1988), 19q13 (Cheng et al. 1992), and 1q44 (Risso
et al. 2015) respectively. They each have three domains:
an N-terminal pleckstrin homology domain (PH), a central

Fig. 1 AKT signaling pathway
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catalytic domain (CD), and a regulatory hydrophobic motif
site at the C-terminus. AKT1 amplification or high mRNA
expression levels are the least common among all AKT iso-
forms in breast cancer (Turner et al. 2015). However, they
are related to a poor prognosis in basal-like 2 TNBCs (Wang
et al. 2019). AKT1 participates in PI3K/AKT signaling via
importation. AKT1 also promotes cell proliferation by alter-
ing proteins such as p21, p27, and cyclin D1 and inhibiting
apoptosis via regulating protein 53 (p53) (Hinz and Jiicker
2019).

Furthermore, AKT2 amplification has been identified in
3% of breast cancer cases (Bellacosa et al. 1995; Turner et al.
2015). AKT?2 promotes breast cancer cell motility and inva-
sion through modulating -integrins, epithelial-mesenchymal
transition (EMT) proteins, and F-actin. AKT2 deletion has
also been linked to glucose homeostasis by reducing glu-
cose absorption into the cell, leading to an energy shortage
for cell metabolism (Hinz and Jiicker 2019; Merckaert et al.
2021). In breast cancer, however, AKT3 is the most elevated
AKT isoform (Turner et al. 2015). A recurring fusion of
MAGI3 (membrane-associated guanylate kinase, WW, and
PDZ domain containing 3)-AKT3 was shown to activate
AKT pathways in TNBCs constitutively and could only be
dispersed or disrupted by utilizing an ATP-competitive AKT
inhibitor (Banerji et al. 2012). However, systemic research
on AKT3 knockdown found no substantial effect (Chen et al.
2020). Though it has been examined for its involvement in
lowering CyclinD1 levels in MDA MB 231 cells (Merckaert
et al. 2021), its overall function in TNBC is unknown.

The AKT signaling pathway involves PIP3 binding to
AKT’s PH domain, which attaches it to the cellular mem-
brane and allows it to be phosphorylated and activated.
Thorough AKT activation necessitates the phosphorylation
of two highly conserved sites, a conformational shift and
Thr308/Thr309 phosphorylation by PDK1. The mTORC2
complex is responsible for phosphorylating Serd73/Serd74
in the hydrophobic motif, which is required for effective
AKT activation. Other Serd73/Serd74 phosphorylation path-
ways include PDK1, integrin-linked kinase, and autophos-
phorylation (Khan et al. 2019; LoRusso 2016; Manning and
Toker 2017; Unger and van Golen 2009). Once thoroughly
activated, AKT translocates inside the cell to the cytoplasm,
nucleus, mitochondria, and other organelles. NF-kB tran-
scription factors, glycogen synthase kinase (GSK) 3, BAD,
FOXO1, MDM2, human caspase 9, mTOR, Raf, p21, and
BRCA-1 are all phosphorylated by AKT using its kinase
domain. These substrates play a role in cancer-related phe-
notypes. As a result, the AKT signaling pathway is critical
in regulating cell survival, proliferation, and growth, and
abnormal activation of this pathway is implicated in TNBC
development (Hoxhaj and Manning 2020; Khan et al. 2019;
LoRusso 2016; Manning and Toker 2017; Unger and van
Golen 2009).
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Due to high rates of pathway aberrations, such as the
loss of negative regulators like PTEN, the PI3K/AKT/
mTOR signaling pathway is frequently activated in TNBC
(Davies et al. 2012; Gener et al. 2019). AKT inhibitors
like ipatasertib (GDC-0068), ONC201, and capivasertib
(AZD5363) have demonstrated preclinical activity in
TNBC models and have been linked to sensitivity in
tumors with PI3K/AKT pathway activation (Davies et al.
2012; Greer and Lipkowitz 2015; Khan et al. 2019; Lin
et al. 2013; Stein et al. 2017). Therapeutic inhibition of
AKT, PI3K, and mTOR has also been found to activate
feedback loops that may restrict efficacy and enhance
acquired resistance to single-agent receptor tyrosine kinase
inhibition (Chandarlapaty et al. 2011; O’Reilly et al. 2006;
Rodrik-Outmezguine et al. 2011). In breast cancer, for
example, dual suppression of P13K/AKT and DNA dam-
age checkpoint pathways or tumors with AKT mutations or
amplification has been reported (Lin et al. 2013; LoRusso
2016; Millis et al. 2015; Skladanowski et al. 2007).

Currently, there are no standardized FDA (Food and
Drug Administration)-approved AKT-targeting regimens,
and viable medicines are still in the preclinical stages. As
a result, TNBC researchers have been investigating new
therapy options, such as targeted medicines, to enhance
TNBC patient health outcomes. However, developing a
directed treatment regimen requires a deeper knowledge of
TNBC’s molecular and driver gene characteristics, such as
protein kinase B (AKT). Dysphania ambrosioides, origi-
nally Chenopodium ambrosioides, are medicinal plants
with important pharmacological properties. Previous stud-
ies have extensively researched its phytochemistry, ethnop-
harmacology, and geographical range (da Silva et al. 2021;
Zohra et al. 2018). In addition, its hydroethanolic and
chloroform extracts have been reported to exhibit myor-
elaxant, antispasmodic, and antioxidant action (Kandsi
et al. 2021). Interestingly, studies have revealed that Dys-
phania ambrosioides contains several phytochemical com-
ponents, including catechin gallate (epicatechin gallate),
amentoflavone, luteolin-7-O-glucoside (cynaroside), gal-
locatechin/epigallocatechin gallate, arbutin, caffeic acid,
ferulic acid, hesperetin, isorhamnetin-3-O-rutinoside, and
isorhamnetin-7-O-rutinoside (Kandsi et al. 2021). These
components are active to varied degrees and have been
linked to antioxidant, anti-inflammatory, anti-diabetic,
and anti-cancer activities (Degenhardt et al. 2016; Kandsi
et al. 2021; Zohra et al. 2018). Howbeit, the presence, and
combination of these components in Dysphania ambro-
sioides may contribute to the plant’s medicinal potential.
With a UMi (use-mention index) of 0.129, Mephors et al.
(2017) ranked Dysphania ambrosioides as one of the most
frequently used herbal recipes for cancer treatment by Tra-
ditional Medical Practitioners in the Southwestern part of
Nigeria.

The scientific pursuit of chemicals domiciled in plants
with antitumor activity is central to the greener approach
of revolutionizing cancer treatment. Dysphania ambro-
sioides have demonstrated pharmacological properties that
could be harnessed to develop new medications. Its cyto-
toxic, anti-proliferative, and apoptosis-inducing actions on
cancer cells have been reported by (Tauchen et al. 2019;
Wang et al. 2021; Zohra et al. 2018). Similarly, its etha-
nolic extract has been shown to exhibit substantial cyto-
toxic action in RAJI and K562 tumor cell lines (Degen-
hardt et al. 2016). Although its anti-cancer capabilities are
well documented, limited data exist regarding its potential
as a therapeutic agent for TNBC or as an inhibitor of the
PI3K/AKT/mTOR signaling in breast cancer. Therefore,
the present study explored a structure-based virtual screen-
ing to identify natural compounds in Dysphania ambro-
sioides that could interfere with AKT-mediated signaling
in TNBC.

Materials and methods
Protein preparation and active site detection

We obtained the three-dimensional (3D) crystal structure
of two AKT isoforms (AKT1 and AKT2) proteins with
protein data bank (PDB) IDs 4EKL and 2JDR from the
RCSB (Research Collaboratory for Structural Bioinfor-
matics) database. Prior to computational analysis, valida-
tion was performed to check for problems such as missing
atoms or incorrect bond formations. The missing residues
were added using the protein repair and analysis server
(https://www.protein-science.com/) (Nnyigide et al. 2022),
and the proteins were prepared as receptors. The technique
here begins with the generation of a binding sphere (SBD)
and removal of the co-crystalized Ipatasertib (GDC-0068)
and A-443654 from AKT1 and AKT?2, respectively. Auto-
dock Vina in PyRx (https://pyrx.sourceforge.io) was uti-
lized to insert the validated protein structures and generate
PDBQT files for each protein (Oyedele et al. 2022; Younus
et al. 2022).

The region in the AKT1 and AKT2 proteins that
interacts with the ligands, known as the active site, was
detected during the active site determination process. This
procedure entailed analyzing the two-dimensional (2D)
protein—ligand interaction for both proteins and their
co-crystallized ligands in order to identify the particular
residues required for ligand binding. Throughout the dock-
ing procedures with PyRx and BIOVIA Discovery Studio
(https://discover.3ds.com/discovery-studio-visualizer-
download), the active site residues served as a reference
and guide in comparative analysis.
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Ligands selection and preparation for docking

From the PubChem database (http://pubchem.ncbi.nlm.nih.
gov), we downloaded the 3D conformer of an investigational
drug (Capiversatib [AZD5363; PubChem ID 25227436])
and 25 phytochemicals found in Dysphania ambrosioides
and utilized them as putative ligands for AKT1 and AKT2
proteins. PyRx’s OpenBabel was used to import SDF (struc-
ture data file) molecules, minimize energy, and generate
PDB formats for each ligand’s 3D conformer. After optimi-
zation, we entered the chemicals into PyRx Autodock Vina
to obtain their appropriate PDBQT forms (Trott and Olson
2010).

Molecular docking

The molecular docking experiment was carried out using
AutoDock Vina in the PyRx virtual screening software
(Dallakyan and Olson 2015). We fine-tuned the grid box
sizes to encompass the defined binding pocket residues of
AKT 1 and 2. Accordingly, the grid box dimension values
are X=30.4497, Y=29.5329, Z=27.2303 and X=25.5233,
Y=26.6809, Z=25.0, for AKT 1 and 2, respectively. Also,
the default exhaustiveness value of 8 was used for both
dockings.

We performed a molecular docking analysis to probe
Dysphania ambrosioides phytochemicals and capivasertib
(reference drug) binding interactions with AKT isoforms 1
and 2. The x-ray crystal structure of AKT 1 [PDB ID: 4EKL
(Lin et al. 2012)] and AKT 2 [PDB ID: 2JDR (Davies et al.
2007)] in complex with GDC0068 and A-443654, respec-
tively, were used. The interaction energy of the test ligands
and reference drug (capivasertib) (AZD5363) with AKT
were analyzed, and the top ligands having the lowest binding
energy compared to the reference drug were selected. The
Discovery Studio v21.1.0 (BIOVIA, Dassault Systémes, San
Diego, CA, USA) was used to visualize the protein—ligand
interactions. Further, the top two hits with considerable
ADMET profiles were subjected to molecular dynamics
simulation experiments.

Docking validation

The molecular docking protocol validation was done by
redocking AKT 1 inhibitor GDCO0068 (Ipatasertib) in the
active pocket of AKT 1 and subsequent alignment of the
X-ray crystallographic conformation of GDC0068 with the
best-predicted docked pose. A perfect match between the
X-ray crystallographic conformation of GDCO0068 and the
best-fitted docked pose was obtained, as indicated by an
RMSD value of 0.674 (Fig. 3).

@ Springer

Table 1 The binding energy of top-scoring ligands targeting AKT 1

S/N  PubChem ID Compound name Binding affin-

ity (kcal/mol)

1 5281600 Amentoflavone -11

2 5280805 Rutin -10

3 5280637 Cynaroside -9.9
4 107905 Epicatechin gallate -99
5 65064 Epigallocatechin gallate -9.9
6 442428 Naringin -9.8
7 5481663 Isoharmnetin-3-o-rutinoside -9.7
8 25227436 Capivasertib (reference drug) —9.5

Table 2 The binding energy of top-scoring ligands targeting AKT 2

S/N  PubChem ID Compound name Binding affin-

ity (kcal/mol)

1 5281600 Amentoflavone -12.5
2 5280637 Cynaroside -10.2
3 107905 Epicatechin gallate —-10.2
4 442428 Naringin -10

5 65064 Epigallocatechin gallate -99
6 5280445 Luteolin -9.7
7 5280343 Quercetin -9.7
8 25227436 Capivasertib (reference drug) -84

ADMET and drug-likeness analysis

The top five hit compounds having the highest binding
energy with AKT 1 and AKT 2 proteins (Tables 1 and 2)
were independently extrapolated and subjected to computa-
tional drug-likeness testing to quantify their drug-likeness.
The respective compound’s absorption, distribution, metab-
olism, excretion, and toxicity (ADMET) characteristics were
investigated using SwissADME (Daina et al. 2017) and
ADMEIlab 2.0 (Xiong et al. 2021). Diverse parameters in
line with ADMET and druggability were examined in refer-
ence to capivasertib (Pires et al., 2015; Yang et al. 2019).

Molecular dynamics

The GROMACS 2019.2 and GROMOS96 43al forcefield
on the WebGRO (Abraham et al. 2015; Oostenbrink et al.
2004) were employed to perform a comprehensive atom-
istic 50 ns Molecular Dynamic (MD) simulation of the
unliganded AKT1 (PDB ID: 4EKL) and AKT2 (PDB ID:
2JDR) alongside the top protein—ligand complexes as dem-
onstrated earlier (Ogunyemi et al. 2022a, b; Olawale et al.
2023). According to Schiittelkopf and van Aalten (2004),
the PRODRG webserver (http://davapcl.bioch.dundee.ac.
uk/cgi-bin/prodrg) was used to create the necessary topology
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files for the ligand molecules. Using a four-point (TIP4P)
water model and periodic boundary conditions, the apoAKT
proteins and AKT-ligand complexes were solvated within a
cubic box of the transferable intermolecular potential at a
physiological concentration of 0.154 M established by neu-
tralized NaCl ions. The biomolecular systems were reduced
for 10,000 steps using the steepest descent algorithm in the
constant atom number, constant pressure, and constant tem-
perature ensemble (NVT) ensemble lasting 0.3 ns (NPT).
Using velocity rescale, the constant temperature was kept
at 310 K, and the Parrinello-Rahman barostat was used to
maintain the constant pressure at 1 atm. A time step of 2
femtoseconds was used with the Leap-frog integrator. A
snapshot was taken every 0.1 s with a total of 1000 frames
from each system during the 50 ns production run for each
system. Using VMD TK console scripts, the thermodynamic
parameters RMSD, RMSF, SASA, RoG, and the number of
H-bond were calculated from the trajectory files (Humphrey
et al. 1996).

Results and discussion
Molecular docking analysis

In this study, we performed a structure-based virtual screen-
ing to investigate the antitumor activity of Dysphania
ambrosioides. Our study explores AKT isoforms 1 and 2
as potential therapeutic targets for recalcitrant triple-neg-
ative breast cancer due to their role in cell proliferation,
survival, and apoptosis inhibition. Briefly, about twenty-
five (25) biologically active compounds found in Dyspha-
nia ambrosioides (Kandsi et al. 2021) and a reference drug
(capivasertib) were docked in the binding pocket of AKT 1
(4EKL) and 2 (2JDR) isoforms. The binding energy of the
ATP-competitive inhibitor (capivasertib) for AKT 1 and 2
were —9.5 and —8.4 kcal/mol, respectively. And these values
were set as the cut-off point to identify lead-like compounds
with potential AKT inhibitory activity. Since lower bind-
ing energy indicates a higher binding affinity for the target
proteins (Simon et al. 2017), the top ligands having a bind-
ing strength that exceeds that of the reference drug for both
AKT isoforms were identified accordingly (Fig. 2; Tables 1,
2). The top five ligands (Tables 1, 2) that bind with high
affinity to AKT 1 and 2 isoforms were further subjected to
computational drug-likeness testing using SwissADME and
ADMETIab 2.0. Cynaroside and epicatechin gallate emerged
as the top two hit compounds with fascinating pharmacoki-
netics and drug-likeness profiles (Fig. 3).

Structurally, AKT isoforms have three major domains;
the N-terminal pleckstrin homology (PH) domain, a cen-
tral catalytic kinase domain, and a C-terminal regulatory
domain which houses the hydrophobic motif (HM) (Lazaro

et al. 2020). The phosphorylation of the Thr 308/309 and
Ser 473/474 in the catalytic domain and hydrophobic motif
of AKT 1 and 2, respectively, is central to the optimal
activation of their kinase activity (Hinz and Jiicker 2019).
Once activated, AKT 1 and 2 translocate intracellularly to
phosphorylate their downstream substrates, most of which
are involved in tumor initiation and propagation (Lazaro
et al. 2020). However, the phosphorylation of substrates
by AKT could be downregulated either by an allosteric or
ATP-competitive AKT inhibitor (Lazaro et al. 2020). ATP-
competitive AKT inhibitors specifically bind to the catalytic
kinase domain of an activated AKT protein, thereby pre-
venting ATP binding and phosphate transfer to target sub-
strates (Shariati and Meric-Bernstam 2019). On the other
hand, allosteric AKT inhibitors bind to the PH domain, dis-
rupting AKT phosphorylation and activation (Shariati and
Meric-Bernstam 2019). Due to limited efficacy and toxicity,
the investigational drugs belonging to both classes of AKT
inhibitors have yet to be approved for use in a clinical set-
ting. Intensifying the need to increase the search for potent,
discriminative, and safe AKT inhibitors.

Considering their appealing ADMET profile and supe-
rior binding strength (—9.9 and — 10.2 kcal/mol) with AKT
1 and 2, we assessed the binding mode of cynaroside and
epicatechin gallate with AKT 1 and 2 isoforms ATP-binding
pockets. The analysis of the amino acid residues involved
in the protein (AKT 1)-ligand interaction is summarized
in Table 3. Cynaroside and epicatechin gallate interacted
with more than five amino acid residues in the active pocket
of AKT 1 through conventional hydrogen bonds, carbon-
hydrogen bonds, and pi-interactions (Fig. 4). Similarly, the
reference drug interacted with AKT 1 through conventional
hydrogen bonds and pi-interactions. However, cynaroside
and epicatechin gallate displayed four (Gly159, Gly162,
Glul91, Glu234) and three (Lys158, Thr291, Glu228) con-
ventional hydrogen bonds with residues in the active pocket
of AKT 1, respectively. On the other hand, capivasertib has
two conventional hydrogen bonds with only Asp292 residue
of AKT 1 binding pocket. According to Lu et al. (2015),
ATP usually binds to a cleft under the conserved G-loop
(glycine-rich nucleotide motif) between the N-terminal and
C-terminal lobes. Further, the G-loop (Thr160/Phel161) and
aC-helix (Glu191/His194) residues have been said to func-
tion in the transduction of signal from ATP to the phospho-
rylated Thr308 of AKT 1 (Lu et al. 2015). Capivasertib was
observed to exhibit pi-interactions with Phe161 and His194.
However, cynaroside interacts with Glu159, Glu162, and
Phel61 of the G-loop and Glu191 of the aC-helix via stable
conventional hydrogen bonds and pi-interaction. Emphasiz-
ing its strong potential to interfere with ATP binding to AKT
1 and disrupts signal propagation from ATP to the pThr308.

The interaction pattern of cynaroside and epicatechin
gallate with the active pocket of AKT 2 was also compared
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Fig.2 Chemical structures of
the top ligands and reference
drug (capivasertib)
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with that of the reference drug (Fig. 5). Cynaroside and epi-
catechin gallate also showed interactions with more than
five residues in the binding pocket of AKT 2 through con-
ventional hydrogen bonds, carbon-hydrogen bonds, and pi-
interactions (Table 4). Conversely, the reference drug has a
halogen bond in addition to the conventional hydrogen bond
and pi-interactions. However, cynaroside displayed two con-
ventional hydrogen bonds (Glu236 and Asn280) compared
to the single conventional hydrogen bond (Leu158) observed
in the capivasertib interaction with AKT 2. Furthermore,
epicatechin gallate established two pi-alkyl (Leul58 and
Vall66) and a pi—sulfur interaction (Met282) with three
conserved residues in AKT 2 activation loop (Huang et al.
2003). Compared to the reference drug, the relatively high
binding affinity with AKT 1 and 2 active site residues sug-
gests that these compounds could emerge as potent ATP-
competitive AKT inhibitors.

ADMET and drug-likeness evaluation

Following our computational drug-likeness analysis,
cynaroside and epicatechin gallate emerge as the top two
hits with considerable ADMET profiles in reference to
the investigational drug capivasertib. The human ether-a-
go-go-related gene (hERG) potassium channel, otherwise
known as KCNH2, plays a vital role in cardiac action and
resting potential regulation. Thus, the inhibition of the

hERG channels could prolong QT intervals and heighten
the risk of ventricular arrhythmias (Lamothe et al. 2016;
Vandenberg et al. 2012). A typical off-target activity
that is often encountered during preclinical safety stud-
ies is the blockade of hERG channels which could result
in cardiac arrest, palpitations, fainting, or sudden death.
Interestingly, our ADMETlIab 2.0 computational screening
indicates that cynaroside (0.027) and epicatechin gallate
(0.041) doesn’t interfere with hERG channels. However,
the investigational drug capivasertib was predicted to have
an hERG value of 0.538, suggesting a potential hERG
inhibition at a relatively high concentration. The Food
and Drug Administration Maximum recommended Daily
Dose (FDAMDD) values of the hit compounds deduced
from ADMETIab 2.0 further reiterates the better toxicity
profile of cynaroside and epicatechin gallate compared to
the reference drug capivasertib. Accordingly, cynaroside
and epicatechin gallate have excellent FDAMDD scores of
0.031 and 0.055 respectively. Conversely, capiversatib has
a poor FDAMDD value (0.922), indicating a highly toxic
dose threshold in the human body (Table 5).

Further, we assessed the conformance of the top two
hit compounds to Lipinski’s rule of five, Pfizer’s rule,
GSK’s rule, and the Golden Triangle rule using ADMET-
lab 2.0. Similar to the reference drug capivasertib, epi-
catechin gallate was in agreement with the Lipinski,
Pfizer, and Golden Triangle rules. However, cynaroside
only conforms to the Pfizer and Golden Triangle rules.
Together, our hit compounds were predicted to be less
toxic and exhibit a favorable ADMET profile in reference
to the investigational drug (capivasertib). In contrast to
the reference drug (capivasertib) which has the potential
of crossing the blood-brain barrier (BBB) with a rela-
tively high BBB penetration value of 0.687 as computed
by ADMETIab 2.0. Cynaroside and epicatechin gallate
having respective BBB penetration values of 0.061 and
0.008 do not penetrate the BBB. Indicating that the two
hit compounds have no effects on the central nervous sys-
tem. Besides, cynaroside and epicatechin gallate have an
impressive SAscore (synthetic accessibility score) of 3.924
and 3.608, respectively. On the other hand, the reference
drug (capivasertib) has a SAscore of 3.256. Therefore, the
computed SAscore values using ADMETIab 2.0 suggest

Table 3 Binding interactions of the hit compounds and reference drug with AKT 1

S/N  Compound name Interacting residues

Conventional H-bond

1 Cynaroside
Gly294

2 Epicatechin gallate
Met281, and Thr291

3 Capivasertib (reference drug) Leul56, Phel61, Vall64, Alal77, Lys179, Leul81, His194,

Glu198, Met281, and Asp292

Gly159, Phel61, Gly162, Lys179, Leul81, Glu191, Glu234, and

Leul56, Lys158, Vall64, Alal77, Glu228, Ala230, Glu234,

Glyl159, Gly162, Glul91, and Glu234
Lys158, Glu228, and Thr291

Asp292
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Fig.4 The binding interactions of test ligands and reference drug with AKT 1 (4EKL). A Cynaroside-AKT 1 interaction. B Epicatechin gallate-

AKT 1 interaction. C Capivasertib-AKT 1 interaction

an ease of synthesizing the hit compounds into a drug-like
molecule.

In addition, the ADMET]Iab 2.0 screening revealed that
epicatechin gallate has a superior clearance level (17.814)
when compared to cynaroside (4.318) and the reference
drug capivasertib (4.668). P-glycoprotein (Pgp), otherwise
referred to as MDR1 (Multidrug resistance protein 1), is
a member of the ATP-binding cassette (ABC) transporter
superfamily. It is a promiscuous efflux transporter that
functions mainly in the elimination of xenobiotics and
toxins from the body (Koehn 2021). The inhibition of Pgp
could result in delayed clearance of toxins from the body

@ Springer

(Callaghan et al. 2014; Mealey and Fidel 2015). The hit
compounds (cynaroside and epicatechin gallate) follow
a similar trend with the reference drug capivasertib. As
such, the hit compounds are unlikely to compromise xeno-
biotic or toxin clearance from the body. Further, cynaro-
side and epicatechin gallate, as well as the reference drug,
were predicted to be non-carcinogenic and non-nephro-
toxic using ADMETlIab 2.0. Also, epicatechin gallate has
a similar bioavailability score (0.55) to the reference drug
(capivasertib), while cynaroside has a bioavailability value
of 0.17.
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Table 4 Binding interactions of the hit compounds and reference drug with AKT 2

S/N Compound name

Interacting residues

Conventional H-bond

Cynaroside
Epicatechin gallate
Capivasertib (reference drug)

Phel63, Asn230, Glu236, Asp293, and Phe443
Leul58, Phel63, Vall66, Glu236, Lys277, and Met282
Leul58, Phel63, Vall66, Glu279, Asp293, and Phe443

Glu236, and Asn230

Leuls8

Molecular dynamics analysis

The Root Mean Square Deviation computed from the tra-
jectories obtained from the 50 ns atomistic MD simulation

is shown in Fig. 6.

The RMSD values of the apo AKTI, cynaroside,
and epicatechin gallate displayed a similar pattern and

appeared more stable than the complex formed by the ref-
erence compound (Fig. 6a). The initial 8, 10, 9, and 15 ns

of the apo AKT1 protein and AKT1-cynaroside complex,
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Table 5 ADMET profile of hit compounds and reference drug

ADMET parameters Capivasertib Cynaroside Epicatechin gallate

hERG Inhibition 0.538 0.027 0.041
FDAMDD 0.922 0.031 0.55
Lipinski rule Accepted Rejected Accepted
Pfizer rule Accepted Accepted  Accepted
GSK rule Rejected Rejected Rejected
Golden triangle rule Accepted Accepted  Accepted
BBB 0.687 0.061 0.008
SAscore 3.256 3.924 3.608
CL 4.668 4.318 17.814
P-gp inhibitor 0.01 0.001 0.024
Bioavailability 0.55 0.17 0.55
Carcinogenicity 0.233 0.569 0.042
Nephrotoxicity 0.517 0.081 0.196
RMSD
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Fig.6 The Root Mean Square Deviation plots of a AKT1 with hit
compounds and b AKT?2 with the hit compounds

AKT1-epicatechin gallate complex, and AKT1- capivasertib
complex showed an increasing trend before equilibration and
stabilizing at average values of within 2 A. In the case of
AKT?2 biosystems, the AKT2-epicatechin gallate complex
showed less stability than those of Apo AKT2, AKT2-cyna-
roside complex, and AKT2-capivasertib (Fig. 6b). The apo-
proteins and ligand-receptor complexes were stable upon
equilibration since all RMSD values were under 2 A. The

@ Springer

tendency of the apo-protein and protein-ligand complexes
to unfold away from their original structures was estimated
using the Radius of Gyration (RoG), a thermodynamics
parameter that measures the compactness of biomolecular
systems. The RoG computed from the trajectories obtained
from the MD simulations performed in this study is shown
in Fig. 6.

Based on the RoG calculations, the apo AKT1 and AKT1
complexes with the capivasertib, cynaroside, and epicatechin
gallate showed a stable RoG trend kept within 2 A (Fig. 7a).
Similar results were obtained for AKT2 systems (Fig. 7b).

The Surface Accessible Surface Area of the apo-proteins
and the ligand—protein complexes were also computed
from the trajectories obtained from the MD simulations, as
depicted in Fig. 8.

The SASA plots show that the accessible area of all the
complexes is greater than that of the apo-proteins.

The cynaroside and epicatechin gallate in complexes with
the AKT1 and AKT?2 displayed a slightly higher number of
hydrogen bonds than that of apo-proteins and the complexes
formed by the reference compounds.

The inherent flexibility of proteins is closely related to
their biochemical functions. Thus, the detailed, atomistic
protein—ligand binding in a simulated dynamic environment
was modeled in this study using Root Mean Square Devia-
tion (RMSF), as shown in Fig. 9.

The RMSF values of the apo-proteins and those of the
complexes revealed that some binding site residues indicated

a RoG
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— Capivasertib-Akt1
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Fig.7 Radius of Gyration graph of the a backbone AKTI and its
complexes and b AKT?2 and its complexes during molecular dynam-
ics simulations
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Fig.9 Total number of hydrogen bonds in the backbone AKT pro-
teins and the ligand—protein complexes during molecular dynamics
simulations

fluctuations greater than 2 A.In addition, other residues in
proximity to the binding site also exhibit several peaks with
significantly increased RMSF values (Fig. 10). Analyzing
the binding interactions of a protein system with specific
ligands created by molecular docking simulation is a typical
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Fig. 10 The Root Mean Square Fluctuation of the AKT apo-proteins
and the complexes during MD simulations

application of MD Simulation. In ligand-receptor complexes,
MDS can simulate both bound and non-bonded interactions.
Consequently, an integrated approach utilizing molecular
docking and dynamic simulation can provide detailed infor-
mation on ligand-receptor interactions. Thus, the computa-
tional studies suggest that the hit compounds reported in this
study exhibit dual targeting and stable binding interactions
with AKT1 and AKT?2. A recent study by Halder and Cord-
eiro (2021) reported similar in silico results and provided
important guidelines for discovering novel AKT inhibitors.
Therefore, these in silico hits can be exploited further for
developing potent AKT inhibitors.

Conclusion

The development of a targeted therapeutic regimen for Tri-
ple-negative breast cancer patients remains an indisputable
problem of clinical medicine. The hyperactivation of the
AKT signaling pathway has been found to contribute enor-
mously to the propagation of the aggressive phenotype of
TNBCs, making AKT a vulnerable target for novel thera-
peutic intervention. Therefore, inhibiting this downstream
signal transducer using highly selective and efficacious
small molecule inhibitors could be a promising approach in
TNBC management. In the present study, we identified two
drug candidates (epicatechin gallate and cynaroside) that
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significantly inhibit AKT 1 and AKT 2 isoforms with high
affinity than the reference drug. Furthermore, our compu-
tational drug-likeness evaluation showed that the lead-like
molecules, particularly epicatechin gallate, demonstrate
superior ADMET properties over the investigational drug
capivasertib. Importantly, our in silico hits displayed sta-
ble binding interactions within the active pocket of AKT 1
and AKT 2 proteins through the 50 ns molecular dynamics
trajectories. Our data indicate that the hit molecules could
emerge as potent, safe, and discriminative AKT inhibitors.
However, further experimental in vivo studies are required
to establish their empirical application in a clinical setting.
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