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Yemi A. Adekunlea,b,c , Babatunde B. Samuela , Wande M. Oluyemic , Adeniyi T. Adewumid ,  
Salerwe Mosebid , Lutfun Nahare , Amos A. Fatokunb and Satyajit D. Sarkerb 

aDepartment of Pharmaceutical Chemistry, Faculty of Pharmacy, University of Ibadan, Ibadan, Oyo State, Nigeria; bCentre for Natural 
Products Discovery, School of Pharmacy and Biomolecular Sciences, Liverpool John Moores University, Liverpool, UK; cDepartment of 
Pharmaceutical and Medicinal Chemistry, College of Pharmacy, Afe Babalola University, Ado-Ekiti, Ekiti State, Nigeria; dDepartment of Life 
and Consumer Sciences, University of South Africa, Florida, South Africa; eLaboratory of Growth Regulators, Palack�y University and Institute 
of Experimental Botany, The Czech Academy of Sciences, Olomouc, Czech Republic 

ABSTRACT 
Cancer is a leading cause of global death. Medicinal plants have gained increasing attention in cancer 
drug discovery. In this study, the stem bark extract of Olax subscorpioidea, which is used in ethnomedi
cine to treat cancer, was subjected to phytochemical investigation leading to the isolation of oleanolic 
acid (OA). The structure was elucidated by 1-dimensional and 2-dimensional nuclear magnetic resonance 
spectroscopic (NMR) data, and by comparing its data with previously reported data. Molecular docking 
was used to investigate the interactions of OA with nine selected cancer-related protein targets. OA 
docked well with human 17b-hydroxysteroid dehydrogenase type-1 (17bHSD1), caspase-3, and epider
mal growth factor receptor tyrosine kinase (binding affinities: −9.8, −9.3, and −9.1 kcal/mol, respectively). 
OA is a triterpenoid compound with structural similarity to steroids. This similarity with the substrates of 
17bHSD1 gives the inhibitor candidate an excellent opportunity to bind to 17bHSD1. The structural and 
functional dynamics of OA-17bHSD1 were investigated by molecular dynamics simulations at 240 ns. 
Molecular mechanics/Poisson-Boltzmann surface area (MMPBSA) studies showed that OA had a binding 
free energy that is comparable with that of vincristine (–52.76, and −63.56 kcal/mol, respectively). The 
average C-a root mean square of deviation (RMSD) value of OA (1.69 Å) compared with the unbound 
protein (2.01 Å) indicated its high stability at the protein’s active site. The binding energy and stability at 
the active site of 17bHSD1 recorded in this study indicate that OA exhibited profound inhibitory poten
tial. OA could be a good scaffold for developing new anti-breast cancer drugs.

HIGHLIGHTS 

� Oleanolic acid has been isolated from the cytotoxic fraction of Olax subscorpioidea stem back 
extract. Its structure was deduced by 1D- and 2D-NMR analyses.
� The compound has strong interaction with human 17b-hydroxysteroid dehydrogenase-1 (PDB: 

1FDW), caspase-3 (PDB: 1GFW), epidermal growth factor receptor tyrosine kinase (PDB: 5JEB), and 
poly(ADP-ribose) polymerase-1 (PDB: 5DS3), with binding affinities of –9.8, –9.3, –9.1, and –8.9 kcal/ 
mol, respectively.
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� MMPBSA studies, C-a RMSD and other MD parameters supported the inhibitory potential of olea
nolic acid against critical residues involved in the catalysis of 17b-hydroxysteroid dehydrogenase-1.

Abbreviations: AMBER: Assisted Model Building with Energy Refinement ; Apo: Ligand free; ATCC: 
American Type Culture Collection; BFE: Binding free energy; Caco-2: Human colorectal cancer cell line; 
COSY: Homonuclear correlation spectroscopy; DEPTQ: Distorsionless enhancement by polarisation 
transfer including quaternary nuclei; DMEM: Dulbecco’s Modified Eagle Medium; FBS: Foetal bovine 
serum; FRIN: Forestry Research Institute of Nigeria; FTIR: Fourier transform infrared spectroscopy; DG: 
Gibb’s free energy; GPU: Graphics processor unit; HeLa: Human cervical cancer cell line; 17bHSD1: 
Human 17b-hydroxysteroid dehydrogenase type 1; HSQC: Heteronuclear single quantum coherence; 
HMBC: Heteronuclear multiple bond correlation; mM: Micromolar; MMPBSA: Mechanics/Poisson- 
Boltzmann surface area; MCF-7: Human breast adenocarcinoma cell line; MD: Molecular dynamics; 
MTT: 3-[4,5-dimethylthiazole-2-yl] 3,5-diphenyltetrazolium bromide; NMR: Nuclear magnetic resonance; 
NOESY: Nuclear overhauser effect spectroscopy; OA: Oleanolic acid; PCA: Principal component analysis; 
PDB: Protein data bank; PMEMD: Particle mesh Ewald molecular dynamics; PRED: Per-residues energy 
decomposition; 1H NMR: Proton nuclear magnetic resonance; RD: Rhabdomyosarcoma; RoG: Radius of 
gyration; RMSD: Root mean square of deviation; RMSF: Root mean square of fluctuation; SASA: Solvent 
accessible surface area

1. Introduction

Cancer is a noncommunicable disease that causes more 
deaths globally than human immunodeficiency virus/acquired 
immunodeficiency syndrome (HIV/AIDs) (Sung et al., 2021). It 
is a leading cause of mortality in almost every World Health 
Organisation region of the world (Wild et al., 2020). Current 
chemotherapeutic agents have significantly helped in the 
management of different types of cancer. However, they are 
often plagued with several limitations such as adverse effects 
and resistance (Gyanani et al., 2021). Natural products and 
their derivatives have contributed significantly to the develop
ment of cancer drugs (Newman & Cragg, 2020; Sarker et al., 
2020) and they continue to receive increasing attention for 
anticancer drug discovery (Abdelrheem et al., 2021).

Olax subscorpioidea Oliv. (Olacaceae) is an ethnomedici
nally important plant used to treat various diseases 
(Adekunle, Samuel, Akinleye, et al., 2022; Agbabiaka & 
Adebayo, 2021; Tsakem et al., 2022). Its indications among 
local users include its use in the treatment of cancer 
(Soladoye et al., 2010), convulsion (Nazifi et al., 2015), dia
betes mellitus (Olabanji et al., 2014), malaria (Kipre et al., 
2015), worm infections and venereal diseases (Olowokudejo 
et al., 2008). Ethnobotanical studies have shown that O. sub
scorpioidea is used to treat cancer in Nigeria (Gbadamosi & 
Erinoso, 2016). The aim of this study therefore is to isolate 
the anticancer principle(s) from the stem bark extract of O. 
subscorpioidea. Adekunle, Samuel, Fatokun, et al. (2022) 
investigated the anticancer effects of the root and stem bark 
extracts of O. subscorpioidea against human breast cancer 
(MCF-7) and rhabdomyosarcoma (RD) cell lines. Triterpenes 
and their glycosides (Adekunle et al., 2023; Forgacs & 
Provost, 1981; Pertuit et al., 2018; Sule et al., 2011; Vo et al., 
2019), sesquiterpenes (Nguyen et al., 2019), and flavonoids 
and their glycosides (Okoye et al., 2015, 2016) have been iso
lated from the plants of the genus Olax plants.

Recently, a-amyrin, b-sitosterol, and stigmasterol were iso
lated from the stem bark of this plant. In addition, more than 
twenty other compounds were identified by tandem mass spec
trometric (MS/MS) analysis of the plant extract using the Global 

Natural Products Social Molecular Networking (GNPS) 
(Oladipupo et al., 2023). Chemical investigation of the ethanol 
extract of O. subscorpioidea stem bark afforded five compounds, 
including three previously undescribed flavonoid glycosides 
(Tsakem, Tchuenguem, et al., 2023). A rotameric biflavonoid 
glycoside, together with known 40-O- methylgallocatechin was 
isolated from the stem bark (Tsakem, Toussie, et al., 2023).

Human 17b-hydroxysteroid dehydrogenase type 1 
(17bHSD1) catalyses the last step in the conversion of estrone 
(less active oestrogen) to 17b-oestradiol (more active oestro
gen) (Ghosh et al., 1995). Oestradiol is a biologically active 
oestrogen implicated in human breast cancer cell proliferation 
(Mazza et al., 1998). Blocking the synthesis of 17b-oestradiol 
could arrest the proliferation of breast cancer cells (Aka et al., 
2010; Frotscher et al., 2008; Ghosh et al., 1995). Important 
tyrosine155 (TYR155), serine142 (SER142) and lysine159 (LYS159) 
residues in the hydrophobic substrate-binding site have been 
identified to play critical roles in the catalytic functions of the 
enzyme (Mazza et al., 1998). As reported by Puranen et al. 
(1994), mutation of TYR155 to an alanine residue led to almost 
total loss of catalysis by 17bHSD1. TYR155-mutated 17bHSD1 
also preferentially catalysed oxidation reaction in vitro more 
than reductive reaction (Puranen et al., 1994). This attests to 
the significance of TYR155 as a critical residue in the catalytic 
function of the enzyme.

An analysis of 17bHSD1’s crystal structure with oestradiol 
provided insights into the mechanism by which it recognizes 
oestrogen. Oestradiol and the active site have a high comple
mentarity (Azzi et al., 1996). Histidine221/Glutamic acid282 
forms one end of the hydrophobic tunnel substrate-binding 
site, while Serine142/Tyrosine155 (along with Asparagine114 
and Lysine159) forms the other end (Frotscher et al., 2008). A 
hydrogen bond is formed between these amino acids and the 
hydroxyl groups of oestradiol at C-3 and C-17, respectively 
(Ayan et al., 2012; Frotscher et al., 2008; He et al., 2016). 
Researchers have developed several compounds that inhibit the 
17bHSD1 enzyme, and one steroidal compound (OG-6219) has 
recently entered the clinical phase for endometriosis and breast 
cancer (Poirier et al., 2022; Ri�zner & Romano, 2023; Xanthoulea 
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et al., 2021). By understanding the structure of the substrate- 
binding site, it is possible to design more specific inhibitors of 
this estrogenic enzyme for breast cancer treatment (Ghosh 
et al., 1995). Human 17bHSD1 is a promising target for develop
ing hormone-dependent diseases, including breast cancer 
(Lilienkampf et al., 2009). Steroidal compounds STX1040 (Day 
et al., 2008) and PBRM (Ayan et al., 2012) and non-steroidal 
compounds (Star�cevi�c et al., 2011) have been developed as 
inhibitors of 17bHSD1 enzyme. Flavonoids and cinnamic acid 
derivatives (Bro�zi�c et al., 2009) have shown inhibitory potential 
against 17bHSD1. In addition, 3-phenylcoumarin analogues 
(Niinivehmas et al., 2018) and (hydroxyphenyl)naphthalene and 
quinoline derivatives (Frotscher et al., 2008) have been synthes
ised to block the biosynthesis of oestradiol via 17bHSD1 inhib
ition. Although some inhibitors of 17bHSD1 are now being 
used in preclinical and clinical phases, no inhibitors of the 
enzyme have been approved for cancer treatment.

Molecular docking is a computational technique that pre
dicts the binding of drug-like small molecules to protein 
receptors (Ainsley et al., 2018), while molecular dynamics sim
ulations offer uniqueness in capturing the interactions and 
behaviours of proteins and other biomolecules in full atomic 
detail (Hollingsworth & Dror, 2018). These techniques have 
been extensively used in studying the molecular mechanisms 
of actions of compounds isolated from medicinal plants 
against relevant protein targets (Moumbock et al., 2019; 
Oluyemi et al., 2022; Rathod et al., 2023). The aim of this study 
was to isolate bioactive compound(s) from the cytotoxic frac
tion of O. subscorpioidea stem bark, and to study the interac
tions of the isolated compound(s) against selected cancer- 
related protein targets via molecular docking and molecular 
dynamics simulations studies.

2. Materials and methods

2.1. Materials

Methanol and water (Fisher Chemical, Loughborough, United 
Kingdom), ethyl acetate (Thermo Scientific, Germany), 
Dulbecco’s Modified Eagle Medium (UK), fetal bovine serum 
(Sigma- Aldrich, U.S.A), Gibco’s trypLE Express (1X) (UK), 
Dulbecco’s phosphate buffered-saline, MTT (3-(4,5-dime
thylthiazol-2-yl)-2,5-diphenyl- 2H-tetrazolium bromide) 
(Sigma-Aldrich, U.S.A), Tocris’ vinblastine (Abingdon, UK), 
antibiotic-antimycotic (100X) (Gibco, U.S.A), L-glutamine 
200 mM (100X) (Gibco, UK), Strata C-18 cartridge (35 lm; 
70 Å; 20 g, Phenomenex), open glass chromatography (35 cm 
� 3 cm), rotary evaporator R-100 rotavapor (BUCHI, 
Switzerland), Cary 630 FTIR spectrophotometer (Agilent 
Technologies, USA), Bruker Avance III NMR spectrometer at 
600 MHz (Massachusetts, U.S.A), Tecan Spark 10 M multimode 
microplate reader (Switzerland).

2.2. Plant collection

The stem bark of O. subscorpioidea was collected by a tax
onomist at the Forestry Research Institute of Nigeria (FRIN), 

Ibadan in November 2021. The herbarium sample was depos
ited at Forest Herbarium Ibadan (FHI) with a voucher number 
FHI113182. The plant sample was washed, peeled, and air- 
dried for about 10 days before being pulverised.

2.3. Extraction and isolation

About 310 g of the plant powder was subjected to Soxhlet 
extraction using 1.5 L of methanol. The fraction was then 
concentrated with a rotary evaporator RE52-1 (Searchtech 
Instruments, England). About 62.5 g of crude extract was 
obtained. A portion (4 g) of the extract was subjected to 
solvent partitioning into methanol and n-hexane (250 mL 
each) inside a separating funnel. Each layer was carefully col
lected and concentrated with a rotary evaporator R-100 rota
vapor (BUCHI, Switzerland). Approximately 2 g of the 
methanol fraction was further treated with solid-phase 
extraction to obtain four sub-fractions (Cartridge, Strata C-18; 
35 mm; 70 Å; 20 g, Phenomenex). The cartridge was eluted 
with 20%, 50%, 80%, and 100% methanol in water to obtain 
sub-fractions OSS1, OSS2, OSS3, and OSS4, respectively. OSS4 
showed the highest activity when tested against the human 
cervical cell line (HeLa). OSS4 (45 mg) was subjected to col
umn chromatography using silica gel 60-200 mesh packed 
with n-hexane. Gradient mobile phase was used: 90/10%, 80/ 
20%, 70/30%, 50/50%, 40/60%, 30/70%, 20/80%, 10/90%, 0/ 
100% n-hexane/ethyl acetate. About 30 fractions of approxi
mately 3 mL each were obtained. Fractions 1 to 6 were 
pooled together, containing a single compound (called 
OSS4a in this study), a white amorphous sample (2.3 mg).

2.4. In vitro MTT assay

2.4.1. Cell line and cell culture
The cell line used for this study (human cervical cell line, 
HeLa) was originally obtained from the American Type 
Culture Collection (ATCC). The cells were grown in 
Dulbecco’s Modified Eagle Medium (DMEM) supplemented 
with 10% foetal bovine serum (FBS), 1% 2 mM L-glutamine, 
and 1% penicillin-streptomycin solution, and kept in an incu
bator at 37 �C in a humidified atmosphere of 5% CO2. 
Passaging was done bi-weekly. A cell density of 7.5� 103 

cells/well was used. Ninety-six-well microplates seeded with 
cells were incubated for 24 h before experiments. Cells were 
visualised with an inverted microscope (Olympus CKX41, UK).

2.4.2. MTT cytotoxicity assay
The cytotoxic effects of fractions OSS1, OSS2, OSS3, and 
OSS4 against the HeLa cell line were assessed by 3-[4,5-dime
thylthiazole-2-yl] 3,5-diphenyltetrazolium bromide (MTT) 
in vitro assay as previously reported (Mosmann, 1983). After 
24 h of incubation, cells were treated with 1, 10, 50, 100, 200 
and 500 mg/mL concentrations of the fractions. Stock solu
tions were made in DMSO and all dilutions were made in full 
growth medium (containing not more than 0.1% DMSO) 
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(Adekunle et al., 2023). The experiment was performed in 
triplicate and percentage cell viability was determined.

2.5. Spectral analysis

The following experiments were carried out on a 600 MHz 
Avance III NMR spectrometer (Bruker, Massachusetts, USA): 
1H,13C-DEPT-Q, COSY, HSQC, HMBC, and NOESY. Fourier trans
form infrared spectroscopy (FTIR) was carried out on Cary 630 
FTIR spectrophotometer (Agilent Technologies, USA).

2.6. Statistical analysis

The results were represented as mean of IC50 ± SEM. 
GraphPad Prism version 9.4.0 was used to determine the IC50 

values. One-way ANOVA followed with Dunnett’s post hoc 
established the level of statistical significance (p< 0.05).

2.7. Molecular docking

2.7.1. Proteins retrieval and preparation
Nine cancer-related proteins were retrieved from the pro
tein data bank (PDB) (Berman et al., 2000) (http://rcsb.org/). 
The proteins are 17b-hydroxysteroid dehydrogenase type 1 
(PDB ID: 1FDW) (Mazza et al., 1998), caspase-3 (PDB ID: 
1GFW) (Lee et al., 2000), epidermal growth factor receptor 
tyrosine kinase (PDB ID: 5JEB) (Novotny et al., 2016), 
poly(ADP-ribose) polymerase-1 (PDB ID: 5DS3) (Dawicki- 
McKenna et al., 2015), ab-tubulin (PDB ID: 1JFF) (L€owe et al., 
2001), phosphoinositide 3-kinase (PDB ID: 1E8Z) (Walker 
et al., 2000), bromodomain-containing protein 4 (PDB ID: 
7JKW) (Li et al., 2020), human oestrogen receptor alpha 
(PDB ID: 3ERT) (Shiau et al., 1998), and polo-like kinase 1 
(PDB ID: 3FC2) (Rudolph et al., 2009). Co-crystallised ligands, 
water and ion molecules, and other molecules were 
removed (Thomsen & Christensen, 2006) from the proteins’ 
structures using UCSF Chimera tool (1.16) (Pettersen et al., 
2004). Hydrogen was added to help in finding hydrogen 
bond interaction between protein and ligand. Partial atomic 
charges were added to the ligands by Gasteiger forcefield 
because the PDB structure lacks it (Mucs & Bryce, 2013). 
Energy minimisation was carried out on all proteins and OA 
(Oluyemi et al., 2022). The 3D structure of oleanolic acid 
(OA) was retrieved from PubChem (https://pubchem.ncbi. 
nlm.nih.gov/) (ID: 10494).

2.7.2. Docking analysis
Site-directed docking of OA on the active sites of the proteins 
was carried out using AutoDock Vina in the Python 
Prescription Virtual Screening Tool (PyRx) (Trott & Olson, 
2010). On the graphics processing unit (GPU) of PyRx, OA was 
minimised and then converted to AutoDock ligand while the 
proteins were made macromolecules. The proteins’ active sites 
were defined as their zones within 5 Å of the co-crystallised 
ligands. The key residues identified in the active site of 
17bHSD1 include SER142, VAL143, GLY144, MET147, LEU149, 
TYR155, GLY186, PRO187, TYR218, GLN221, SER222, VAL225, 

PHE226, PHE259, LEU262, MET279, GLU282, and VAL283. Grid 
boxes were set to fit the proteins’ active sites. Docking scores 
(highest negative energy in kcal/mol) were determined, and 
docked poses were visualised using BIOVIA Discovery Studio 
Visualizer 2021 client (Adewumi et al., 2023).

2.8. Molecular dynamics simulations

Molecular dynamics (MD) simulation was performed using 
the GPU version of the PMEMD.CUDA engine (Lee et al., 
2017) provided with the AMBER package, FF18SB variant of 
the AMBER forcefield used to describe the protein (Case 
et al., 2018). ANTECHAMBER was used to add partial charges 
to the ligand and AMBER18’s LEAP module was run to add 
Hþ, Naþ and Cl− counter ions to neutralize and solvate Apo 
and bound systems (Olanlokun et al., 2019). All systems 
(Apo, Apo-OA, and Apo-vincristine) were solvated in an 
orthorhombic TIP3P water box of a size of 10 Å (Harrach & 
Drossel, 2014). Minimization steps were carried out on all sys
tems: First 2500 steps preliminary minimization using a weak 
restraint potential of 10 kcal/mol. Then a 2500 full minimiza
tion (conjugate energy not restrained) (Oladipo et al., 2024). 
The systems were gradually heated from 0 to 300 K for 5 ps 
in a canonical ensemble (NVT), using harmonic restraint of 
10 kcal/mol and a Langevin thermostat with a 1 ps random 
collision frequency. The systems were also equilibrated at 
300 K, in an isothermal-isobaric (NPT) ensemble for 1 ns of a 
time step of 2 fs without any restraint using the Berendsen– 
Barostat to maintain the systems’ pressure at 1 bar 
(Berendsen et al., 1984). The systems were set up for molecu
lar dynamics simulations. Production MD was run for all sys
tems for 240 ns. Simulation trajectories such as C-a root 
mean square of deviation (RMSD) (Lee et al., 2017), root 
mean square of fluctuation (RMSF) (Dong et al., 2018), radius 
of gyration (RoG) (Lobanov et al., 2008), principal component 
analysis (PCA) (Post et al., 2019), trajectory snapshots 
(Oluyemi et al., 2022), and solvent-accessible surface area 
(SASA) (Roe & Cheatham, 2013) were obtained. These MD 
parameters will help in capturing the detailed atomic interac
tions between the protein and the ligand (Adewumi et al., 
2023; Hollingsworth & Dror, 2018; Oluyemi et al., 2022). Post- 
MD data analysis was done on Microcal Origin (6.0) graphic 
and data analysing tool (Oluyemi et al., 2022). 
Thermodynamic binding free energy (BFE) and per-residues 
energy decomposition (PRED) were determined by the 
molecular mechanics/Poisson-Boltzmann surface area 
(MMPBSA) method (Wang et al., 2019). Thermodynamics cal
culations were done as follows:

DGbind ¼ DGcomplex–DGreceptor–DGligand 

DGbind ¼ Egas þ Gsol–TDS 

Egas ¼ Eint þ Evdw þ Eele 

Gsol ¼ GGB þ GSA 

GSA ¼ SASA 

DGbind is the gas-phase summation. Gsol is solvation free 
energy. –TDS is conformational entropy upon ligand binding. 
Egas is the gas-phase energy. DEint is internal energy. DEele is 
electrostatic energies. DEvdw is van der Waals energies. SA is 
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non-polar solvation energy. SASA is solvent-accessible surface 
area (Wang et al., 2019).

3. Results and discussion

3.1. Structure elucidation

OSS4a was isolated as a white amorphous powder. The FTIR 
spectrum showed peaks at 3300 cm−1 (OH stretching); 2970 
and 2900 cm−1 (CH stretching); and 1680 cm−1 (C¼O). 
Proton (1H) NMR spectrum showed upfield signals for seven 
tertiary methyl groups: dH 0.97 (CH3-23), 0.77 (CH3-24), 0.94 
(CH3-25), 0.81 (CH3-26), 1.16 (CH3-27), 0.90 (CH3-29), and 0.94 
(CH3-30). The positions of the methyl groups were deter
mined by HSQC and HMBC experiments. An oxy-methine sig
nal at dH 3.14 dd (3.1, 10.6 Hz, H-3) which had COSY 
correlation with a methylene at 1.60 m (H-2), and one olefinic 
proton signal at dH 5.24 t (H-12) were also observed. The ole
finic proton had a COSY correlation with a methylene at 
1.92 m (H-11). Seven corresponding tertiary methyl groups 
were observed in the 13C-DEPT-Q NMR spectrum: dC 27.3 (C- 
23), 14.9 (C-24), 14.5 (C-25), 16.3 (C-26), 25.0 (C-27), 32.2 (C- 
29), and 22.6 (C-30). An oxy-methine carbon signal was 
observed at dC 78.3 (C-3). An olefinic carbon dC 122.2 and a 
trisubstituted carbon dC 143.8 were also observed. In the 
NOESY spectrum, correlations were observed between H-3 
(3.14)/H-5 (0.75), and H-5/H-9 (1.60), indicating their a-axial 
configurations, hence the b-orientation of the hydroxyl unit 
at C-3 (Aouane et al., 2022). The 1D and 2D NMR data of 
OSS4a agreed with those we recently reported in the root 
extract of O. subscorpioidea for oleanolic acid (Adekunle 
et al., 2023) (Figure 1). The data also agreed with the litera
ture values for oleanolic acid (Mahato & Kundu, 1994; 
Seebacher et al., 2003). To the best of our knowledge, this is 
the first report of the isolation and NMR analysis of OA from 
O. subscorpioidea stem bark.

3.2. In vitro cytotoxicity assay

The current study is a continuation of the previous studies 
conducted in our lab. We had reported that the stem bark 

extract of O. subscorpioidea gave IC50 values of 
4.79 ± 0.43 mg/mL and 176.16 ± 1.12 mg/mL against rhabdo
myosarcoma and MCF-7, respectively (Adekunle, Samuel, 
Fatokun, et al., 2022). In addition, we reported the isolation 
of OA from the root of O. subscorpioidea and its cytotoxic 
effects against human colorectal cancer cell line (Caco-2) 
(IC50: 62.92 ± 0.82 mM), human breast cancer cell line (MCF-7) 
(IC50: 66.63 ± 8.76 mM), and human cervical cancer cell line 
(HeLa) (IC50: 110.21 ± 15.64 mM). Vincristine was used as the 
positive control with the IC50 values ranging from 
0.54 ± 0.06 mM to 1.42 ± 0.40 mM against the three cancer cell 
lines (Adekunle et al., 2023). In the present study, bioactivity- 
guided isolation of a cytotoxic compound from the stem 
bark of O. subscorpioidea was conducted. The SPE fractions 
of the methanol crude extract were tested against HeLa cell 
line. The results showed that fraction 4 (OSS4) had the high
est activity with an IC50 value of 53.74667 ± 4.97 mg/mL 
(Table 1, Figure 2, and Supplementary material, Figure S8). 
All values were normalised to the full growth medium (nega
tive control). Therefore, OSS4 was further subjected to chro
matographic purification. This led to the isolation of its 
cytotoxic constituent which was characterised by 1D- and 
2D-NMR analyses as oleanolic acid (OA). Our lab recently 
reported the cytotoxicity of OA against three cancer cell lines 
including HeLa (Adekunle et al., 2023). There are many other 
reports on the anticancer potential of OA (Feng et al., 2009; 
Parikh et al., 2014). OA isolated from Glossogyne tenuifolia 
(Labill.). Cass. Ex Less. has been reported to exhibit weak 
cytotoxic effects against breast cancer cell lines (MCF-7 and 

Figure 1. Structure of OSS4a isolated from the stem bark of O. subscorpioidea.

Table 1. Cytotoxic effects of fractions OSS1 to OSS4 on HeLa cell line. 
Vincristine was used as a reference drug. The data are presented as 
mean ± SEM (representative single run, in triplicate).

IC50 ± SEM (mg/mL or mM for vincristine�)
Fractions HeLa

OSS1 122.04 ± 38.62
OSS2 106.18 ± 37.04
OSS3 228.40 ± 16.84
OSS4 53.74 ± 4.97
Vincristine 1.42 ± 0.40�

Figure 2. Effects of solvent fractions of O. subscorpioidea stem bark on HeLa 
cell line (representative single run in triplicate – error bars are for the triplicate 
readings). Vincristine was used as positive control. Full Growth Medium was 
used as negative control (DMEM containing 10% FBS, 1% 2 mM L-glutamine, 
and 1% penicillin-streptomycin solution).
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MDA-MB-231) (Hsu et al., 2005). Yan et al. (2010) investigated 
the apoptotic induction effects of OA on four human cancer 
cell lines (HepG2, Hep3B, Huh7 and HA22T). At 2, 4, and 
8 mmol/L, OA concentration-dependently lowered cell viabil
ity and enhanced DNA fragmentation in HepG2 and Hep3B 
cell lines. Reduction in cell viability and increase in DNA frag
mentation was only observed at 4 and 8 mmol/L in Huh7 cell. 
OA treatment also reduced mitochondrial membrane poten
tial in HepG2, Hep3B and HA22T cell lines, reduced Naþ–Kþ- 
ATPase activity and vascular endothelial growth factor levels 
in all the cell lines, and elevated the activities of caspase-3 
and caspase-8 in HepG2, Hep3B, and HA22T cell lines (Yan 
et al., 2010). Recently, Rasheed et al. (2023) isolated OA from 
Lavandua stoechas L. which showed cytotoxic effects against 
MCF-7 and MDA-MB-231. In addition, the study demon
strated increased caspase-9 and caspase-7 activities in OA- 
treated MCF-7 cells, as well as down-regulation of the B-cell 
lymphoma 2 (Bcl2) and platelet-derived growth factor (PDGF) 
genes.

3.3. Computational analyses

3.3.1. Molecular docking
Molecular docking predicts the most predominant and 
favourable binding modes of a ligand in the binding pocket 
of a protein (Tripathi & Bankaitis, 2017). In addition to the 
in vitro anticancer activity of OA from O. subscorpioidea root 
reported in a previous study (Adekunle et al., 2023), a multi- 
protein target screening approach was employed to investi
gate the anticancer potential of the inhibitor candidate from 
the stem bark via molecular docking. The proteins were 
selected based on good resolutions (1.5–2.5 Å) and species 
(human crystallised protein targets/protein targets of animals 
close to human physiology and anatomy). Other selection 
criteria include the method of crystallisation, R-value, and 
sequence identity and similarity. The docking scores of OA 
with nine cancer protein targets were recorded in Table 2. 
The proteins are largely expressed in breast cancer cells. 
17bHSD1 is overexpressed in breast cancer (Frotscher et al., 
2008), EGFR tyrosine kinase is expressed in many cancers, 
including lung, brain, and breast cancers (Uribe et al., 2021; 
Weinberg et al., 2020), and caspase-3 is also expressed in 
many cancers, including gastric, breast, and colorectal can
cers (Huang et al., 2018). The highest binding energy was 
observed in 17bHSD1 with a binding affinity of −9.8 kcal/mol 
(Table 2). This is followed by caspase-3 (–9.3 kcal/mol) and 
epidermal growth factor receptor (EGFR) tyrosine kinase 
(–9.1 kcal/mol). By indication, the investigated compound 
bound most favourably with 17bHSD1 in its binding site 
compared to other protein targets. Hence, 17bHSD1, when 
compared to other screened protein targets, is considered 
the most suitable target to investigate the inhibitory poten
tial of OA against the proliferation of human breast cancer 

cells (Aka et al., 2010; Star�cevi�c et al., 2011). The amino acid 
residues that were involved in OA-17bHSD1 binding essen
tially by hydrophobic interactions include GLY13, GLY15, 
ASN90, GLY92, THR140, SER142, LEU149, ASN152, TYR155, 
LYS159, GLY186, VAL188, THR190, VAL225. OA bound to cas
pase-3 via hydrophobic interaction, with the involvement of 
LEU168, SER205, ARG207, PHE250, SER251, PHE252, PHE256, 
and with TYR204 and TRP 206 via pi-sigma interaction. OA 
and EGFR tyrosine kinase interaction occurred via LYS695, 
ALA698, VAL702, ALA719, LYS721, LEU768, CYS773, LEU775, 
ASP776, LEU820, ARG817, and THR820. Due to the strong bind
ing affinity of OA against 17bHSD1, this enzyme was therefore 
further investigated by molecular dynamics simulations.

3.4. Molecular dynamics simulations

3.4.1. Binding free energy calculations, receptor-ligand 
interaction, and per-residue energy

The binding free energy and per-residue energy decompos
ition calculations were performed in the first 40 ns (0-40 ns) 
of the 240 ns simulation time (Oluyemi et al., 2022). Using 
MMPBSA method, the binding free energy of OA-17bHSD1 
was determined to be −52.76 ± 0.11 kcal/mol relative to that 
of vincristine-17bHSD1 determined to be −63.56 ± 0.22 kcal/ 
mol (Table 3). This indicates that the energy of binding of 
OA with the receptor is comparable with that of the refer
ence anticancer drug. This explains the stability of OA on the 
binding pocket of 17bHSD1. In addition, the binding free 
energy of oestradiol-17bHSD1 (co-crystallised ligand) was 
computed to be −37.68 ± 0.22 kcal/mol (Table 3). This shows 
better conformational interactions of OA-17bHSD1 system 
compared to the oestradiol-17bHSD1 system. The current 
work was run for a 240 ns simulation time and eight key 
interacting residues with OA which contributed to the bind
ing free energy (–52.76 ± 0.11 kcal/mol) were identified; they 
include VAL143, ASN152, TYR155, CYS185, PRO187, THR190, 
VAL219, and PHE220 (Figure 3A and B). It is presumed that 
the longer simulation time accounted for the higher negative 
binding free energy when compared with −33.54 kcal/mol 
reported in a previous study which only identified four inter
acting residues (ILE14, GLY94, PRO187, and VAL188) with OA 
at the active site of 17bHSD1 (Kristanti et al., 2022). In the 
current study, as suggested by the literature (Frotscher et al., 

Table 2. Binding affinities (kcal/mol) of OA docked with nine cancer-related proteins.

Binding energy (kcal/mol)

Proteins (PDB ID) 1jff 1gfw 1fdw 1e8z 5ds3 7jkw 3ert 3fc2 5jeb
Docking score –8.3 –9.3 –9.8 –7.1 –8.9 –7.2 –6.9 –8.7 –9.1

Table 3. MM/PBSA-based binding free energy thermodynamic analysis of 
Apo-OA and Apo-vincristine complexes (Mean ± standard error of the mean).

Energy components  
(kcal/mol) Apo-OA Apo-Oestradiol Apo-vincristine

DEvdw –58.28 ± 0.09 –37.57 ± 0.10 –77.41 ± 0.15
DEele –9.88 ± 0.11 –17.50 ± 0.25 –138.26 ± 0.53
DGGB 22.28 ± 0.10 22.24 ± 0.10 162.12 ± 0.54
DEsurf –6.89 ± 0.01 –4.85 ± 0.01 –10.02 ± 0.01
DGgas –68.16 ± 0.13 –55.07 ± 0.26 –215.67 ± 0.54
DGsolv 15.39 ± 0.10 17.39 ± 0.10 152.11 ± 0.54
DGbind –52.76 ± 0.11 –37.68 ± 0.22 –63.56 ± 0.22
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2008; Ghosh et al., 1995; Negri et al., 2010; Puranen et al., 
1994), OA did interact with members of the 17bHSD1 
‘catalytic triad’ residues (TYR155) (Figure 3B) by p-alkyl 
interaction.

It has been reported that molecular docking or short MD 
simulations of receptor-ligand complexes do not produce 
stable complexes. Therefore, for a better result that reflects 
the inhibitory potential of such molecules, long-time MD 
simulations of the systems are carried out to enhance the 
stability of the conformations of such complexes (Adewumi 
et al., 2023). Hence, the MD studies for the most favourably 
proposed protein target (17bHSD1) complexed with OA were 
carried out to validate the docking approach used in this 
study. The anticancer vinca alkaloid (vincristine) was used as 
the standard. The MD simulation was run for 240 ns. 
Visualisation of the amino acid residues participating in 
receptor-ligand interaction was carried out using BIOVIA 
Discovery Studio Visualizer 2021 client (Adewumi et al., 
2023). The residue interaction of vincristine at the binding 
site of 17bHSD1 shows hydrogen bonds with VAL143, 
THR192, ASN152 and TYR155 (Figure 3A). Also, vincristine 
shows pi-alkyl interaction with TYR155, and alkyl hydropho
bic interactions with VAL143, LEU149 and CYS185. When 
simulated, OA’s carbonyl group formed hydrogen bonding 

with ASN152; pi-alkyl interactions with VAL143, TYR155, 
CYS185, PRO187, VAL219, and PHE220; and van der Waals 
interactions with ASN90, GLY92, LEU93, ASN114, THR140, 
GLY141, SER142, LYS159, GLY186, VAL188, and PHE253 
(Figures 3A). TYR155 and LYS159 are involved in 17bHSD1 
enzyme catalysis (Puranen et al., 1994). Also, TYR155 is 
involved in the binding of a group of highly potent non-ster
oidal inhibitors (containing 2-benzylidenebenzofuran-3(2H)- 
one scaffold) of 17bHSD1 to the enzyme (Star�cevi�c et al., 
2011). In addition to the residues that constitute the 
“catalytic triad” (SER142, TYR155, LYS159), other residues 
such as VAL143 also showed interaction with flavonoid and 
cinnamic acid inhibitors of 17bHSD1 (Bro�zi�c et al., 2009). Per- 
residue energy decomposition was also carried out to deter
mine the contributions of interacting residues to the total 
binding free energy (Figure 3B). ASN152 contributed the 
highest electrostatic energy (–2.563 kcal/mol) to the binding 
energy of OA to 17bHSD1. It has van der Waals energy of 
−1.181 kcal/mol and a total energy of −1.452 kcal/mol. 
TYR155 contributed the highest van der Waals force of 
−2.287 kcal/mol and the highest total energy of −1.950 kcal/ 
mol. van der Waals interaction due to amino acid residues 
VAL143, ASN152, TYR155, CYS185, PRO187, THR190, VAL219, 
and PHE220 contributed the most to the −52.76 kcal/mol 

Figure 3. 3D structure (A), PRED (B), docked pose (C), and PCA (D) plots of OA against 17bHSD1.
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energy of the OA-bound system (Figure 3B). The 17b- 
hydroxyl group of the co-crystallised ligand (oestradiol) stabi
lised with the receptor by hydrogen bonding with the 
TYR155 (He et al., 2016), a critical residue in the catalytic 
triad of 17bHSD1 (Negri et al., 2010; Puranen et al., 1994). 
Interacting with these catalytic amino acid residues (SER142, 
TYR155 and LYS159) suggests that OA might inhibit the cata
lytic functions of 17bHSD1, principally the bio-conversion of 
estrone to 17b-oestradiol (Ghosh et al., 1995). This peculiar 
interaction OA had with TYR155 is fundamental to the affin
ity and stabilisation of the inhibitor within the 17bHSD1 
binding pocket. Since TYR155 is in the frontline in the 
17bHSD1 catalysis (Puranen et al., 1994), it is plausible to 
suggest that the strongest individual energy of binding 
shown for van der Waals (–2.287 kcal/mol) and total energy 
(–1.950 kcal/mol) in the OA-17bHSD1 bound system could 
contribute to the altering of the activity of 17bHSD1 in the 
catalytic conversion of oestrone to oestradiol in cancer 
pathogenesis. For the standard anticancer drug vincristine, 
VAL143 (–2.334 kcal/mol), TYR155 (–2.954 kcal/mol), and 
SER216 (–2.519 kcal/mol) represented the highest total 
energy contribution (Figure 4). In addition, GLU184 contrib
uted a staggering −40.028 kcal/mol electrostatic energy.

3.4.2. RMSD, RMSF, and RoG
The C-a RMSD, RMSF, and RoG analyses are used to describe 
proteins conformational behaviours when ligands bind to 

them during simulations. The structural organisation of a 
protein is a critical defining factor for its biological action, 
hence there could be either a positive or negative effect on 
the activities of such protein when there are considerable 
alterations in its structural integrity (Adewumi et al., 2023). 
RMSD defines the structural stability of Apo (17bHSD1) upon 
binding by OA and vincristine, thereby revealing the induced 
deviation of the C-a atom. A higher RMSD value indicates 
lower stability, while a lower value indicates higher stability. 
In Figure 5A, OA had a lower RMSD value (1.69 Å) when 
bound on 17bHSD1 relative to the unbound protein (2.01 Å), 
indicating a stable receptor-ligand complex. The results 
showed that all the simulated systems, except OA, displayed 
an average RMSD above 2 Å. By this, OA has demonstrated a 
more stable interaction with the active site residues of 
17bHSD1. Likewise, all the simulated systems achieve conver
gence at approximately 40 ns up to the end of the simula
tion at 240 ns, except for the simulation time of around 150 
to 165 ns which showed increased atomistic deviations 
(above 3 Å) in the Apo system relative to the bound systems. 
The significant reduction of the activity or the stabilisation of 
the structure of 17bHSD1 could be indicative of the inhib
ition of its enzymatic activity by OA (Olanlokun et al., 2019). 
It was observed that the OA-bound system achieved a more 
stabilising effect on the binding domain than vincristine 
(2.18 Å) and unbound conformations. The highly stable bind
ing pocket residues observed in OA-bound could have fav
oured a steadier residue interaction with OA and possibly 

Figure 4. 3D structure (A) PRED (B), ligand-residue interaction network docked pose (C) of vincristine against 17bHSD1.
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stronger binding to 17bHSD1 relative to vincristine. Unlike 
the current work, the study reported by Kristanti et al. (2022) 
did not show how the C-a RMSD value of the bound OA- 
17bHSD1 system compared with that of the unbound Apo- 
17bHSD1 system.

In addition, RMSF describes the residual flexibility upon 
binding by a ligand. It shows fluctuations in the protein resi
dues during MD simulations. It gives an insight into the flexi
bility of various regions of proteins’ residues when ligands 
bind to them (Adewumi et al., 2020). The differences in a 
protein’s structural conformations before and after ligand 
binding can provide an understanding that helps in quantita
tively measuring the induced functional or catalytic changes 
in the protein. A marked decreased flexibility of 17bHSD1 
was observed upon OA binding (0.97 Å) compared with the 
unbound protein (1.22 Å) (Figure 5B). The results showed the 
flexibility of the protein’s structure and the fluctuation of 
each amino acid residue present in the protein. The conform
ational changes of the active site residues play an important 
role in the overall function of the protein (Oluyemi et al., 
2022). The higher RMSF values indicate more flexibility in the 

protein’s residue movement, while the lower fluctuation val
ues show lesser conformational changes during the simula
tion. From the results, the unbound 17bHSD1 showed more 
residue fluctuation throughout the residue indices compared 
to the OA-bound system, except between residues 160–175 
which are not part of the active site domain. By implication, 
the fluctuation of 17bHSD1 reduced upon the binding of OA. 
Moreover, the lower RMSF value of OA compared to the Apo 
system may indicate the system’s compactness. This suggests 
that binding of OA to 17bHSD1 may alter the activities of 
the protein and its structural integrity thereby preventing 
the proliferation of breast cancer cells. Also, it is shown in 
the RMSF results some fluctuations above 3.0 Å. This occur
rence is majorly noticed in the Apo structure around residues 
192–197 and 265–268, indicating a more flexible movement 
of atoms within these domains compared to when OA and 
vincristine are binding. This suggests a lesser conformational 
change for OA-17bHSD1 and vincristine-17bHSD1 bound sys
tems. The atomistic deviation seen in the RMSD results of 
the Apo system around the simulation time 150–165 ns 
(Figure A) corresponds with the high fluctuations observed 

Figure 5. RMSD (A), RMSF (B), RoG (C), and SASA (D) plots of OA against 17bHSD1.
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in the Apo system around residues 192–197 and 265–268 
(Figure 5B). Assumably, it can be suggested that the atomis
tic deviations above 3.0 Å that were observed in the Apo sys
tem of our RMSD experiment may be due to these highly 
fluctuated residues in the RMSF (Figure 5A and B). It should 
also be noted that these highly fluctuated residues are not 
within the active site domain, therefore, their activities may 
not directly impact the function of the protein when binding 
to the ligands. Furthermore, RoG measures the degree of 
structural compactness of a protein molecule bound to a lig
and to further investigate the complexes’ stability (Lobanov 
et al., 2008). The average RoG value of the OA-bound system 
(19.62 Å) was lesser than that of unbound protein (19.79 Å) 
and was comparable with that of the anticancer drug vincris
tine (19.53 Å) (Figure 5C).

3.4.3. PCA and SASA
The principal component analysis (PCA) examines the mag
nitude (eigenvalues) and direction (eigenvectors) of a 

protein’s motion (Post et al., 2019). The first two compo
nents (PC1 and PC2) of the principal components analysis 
were calculated to determine the binding and interaction of 
OA. This is represented by the scatter plot in Figure 3D
generated by the unbound 17bHSD1 (black), OA-17bHSD1 
(red), and vincristine-17bHSD1 (green). The C-a of 17bHSD1 
was more displaced along the eigenvectors compared with 
the C-a backbone of OA and vincristine (Figure 3D). In add
ition, solvent-accessible surface area (SASA) was calculated 
to further reveal the degree of alterations to the binding 
domain of 17bHSD1 upon binding by OA. It shows the resi
dues’ mobility across the solvent region during the simula
tions. As seen in Figure 5D, the surface exposure of the 
residues lowered at 0–50 ns; and after this, the value 
increased slightly and only fluctuated around a constant 
value. Overall, the estimated average SASA values showed 
that the OA-bound system (9159.05 Å) did not have a sig
nificantly different value compared with the unbound 
(9086.31 Å). The insights from RMSD, RMSF, RoG, PCA, and 
SASA corroborate the binding free energy of OA, and it 

Figure 6. Trajectory snapshots showing structural changes to the active site residues between Apo and OA-17bHSD1 bound system at 0, 1, 10, 50, 100, 150 and 
200 ns.
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achieved conformation favouring the inhibition of the 
enzymatic activity of 17bHSD1.

3.4.4. Structural dynamics of some critical residues at the 
active site of 17bHSD1

The structures and dynamics of proteins are closely related 
to their functions and activities, and their interactions with 
ligands. Knowledge of the mechanistic events of proteins’ 
conformational transitions and interactions with ligands is 
crucially important to understand the functions and bio
logical activities of proteins and thus to the design of novel 
inhibitors of the targeted receptor (Li & Ji, 2019). We further 
investigated the possible conformational changes that 
occurred in the protein secondary structure in both Apo 
and Apo-OA bound systems at 0, 1, 10, 50, 100, 150 and 
200 ns simulation time. This is an important study that 
shows modifications to the secondary structure of the pro
tein as a result of ligand binding throughout simulations 
(Oluyemi et al., 2022). Structural and positional changes to 
the residues that are critical to the binding of OA were 
observed. Figure 6 shows some critical conformational 
changes in the structure of the protein. Various modifica
tions were observed between the structures of Apo and lig
and-bound system at different times. This study identified 
that the region bearing VAL143 (one of the critical residues 
involved in the binding of OA to 17bHSD1) structurally 
transited from a-helix in the Apo to loop in the OA-bound 
system at 1 ns. The loop exhibited twisting at 100–200 ns. 
For the unbound system (Apo), VAL143 transited from the 
a-helix to loop at 150 ns and then moved back to the 
a-helix at 200 ns. The regions of 155–159 and 185–192 were 
in the a-helix throughout the simulation time. At 150 ns, the 
positions of the region bearing VAL219 and PRO220 
changed between Apo and Apo-OA within the a-helix. 
Similarly, at 150 ns, a relaxation in the twisting of the loop 
region bearing THR190 was observed. The region of the 
loop bearing 190–193 was twisted in Apo at 200 ns, but 
the conformation of an untwisted loop was observed at the 
same time in the presence of the ligand (OA). The findings 
in this study indicate that OA could be a good scaffold for 
developing new anti-breast cancer drugs.

4. Conclusions

Inhibition of 17bHSD1 is an attractive drug discovery target 
for hormone-dependent diseases such as breast cancer and 
endometriosis. This study reported the isolation and spectro
scopic characterisation of oleanolic acid from the stem bark 
extract of O. subscorpioidea Oliv. The isolated compound was 
investigated for its binding affinity for nine cancer-related 
protein targets. MD trajectories were further calculated to 
gain insights into the inhibitory potential of OA on the sub
strate-binding site of 17bHSD1. OA had binding free energy 
that is comparable with that of vincristine, and its average 
RMSD value indicated its high stability at the protein’s active 
site. The binding energy and stability of OA at the active site 
of 17bHSD1 indicated a profound inhibitory potential. This 

study has demonstrated that OA could be a good scaffold 
for developing 17bHSD1 inhibitors as anti-breast cancer 
agents. Since the cytotoxicity of OA discussed in the 
current study employed in silico models, further studies are 
recommended to experimentally validate 17bHSD1 as the 
primary target responsible for the observed cytotoxic effects 
of OA. These may include specific enzymatic assays to evalu
ate the inhibitory effects of OA on 17bHSD1, caspase-3, and 
EGFR activities in a cell-free system.
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