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Introduction
Aldo-keto	reductase	family	1	member	C3	(AKR1C3)	enzyme,	also	
known	 a17β-hydroxysteroid	 dehydrogenase	 type	 5	 (17β-HSD5,	
HSD17B5),	 hydroxysteroid	 (17-beta)	 dehydrogenase	 5,	 and	
3-alpha	 hydroxysteroid	 dehydrogenase,	 type	 II,	 is	 a	 strategic	
steroidogenic	 enzyme	 in	 humans	 that	 is	 encoded	 by	 the	
AKR1C3 gene	 located	 on	 chromosome	 10	 [1,2].	 The	 AKR1C3	
enzyme	 is	 essential	 in	 the	 biosynthesis	 of	 androgens	 and	 is	

considered	 an	 attractive	 target	 for	 the	 treatment	 of	 prostate	
cancer.	AKR1C3	initiates	to	abiraterone	resistance	by	increasing	
intracrine androgen synthesis, thereby improving the androgen 
signaling	 that	 occurs	 after	 androgen	 receptor	 (AR)	 activation.	
Overexpression	 of	 AKR1C3	 offers	 resistance	 to	 abiraterone,	
whereas	 the	 down-regulation	 of	 AKR1C3	 allows	 abiraterone-
resistant	 cells	 to	 respond	 to	 abiraterone	 treatment.	 In	
abiraterone-resistant	prostate	cancer	cells,	 intracrine	androgen	
levels	 are	 elevated	 and	 AKR1C3	 is	 overexpressed.	 Therefore,	
treatment	of	abiraterone-resistant	cells	with	AKR1C3	 inhibitors	
results	 in	a	decrease	of	 intracrine	androgen	 levels	and	reduces	
AR	transcriptional	activity,	thereby	incapacitating	resistance	and	
increasing	the	efficiency	of	abiraterone	therapy	[3].	The	AKR1C3	
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overexpression	 in	 prostate	 and	breast	 cancers	 occurs	with	 the	
alteration	in	mRNA	and/or	protein	expression	levels	within	tumor	
tissues.	Overexpression	of	AKR1C3	in	LNCaP	prostate	cancer	cells	
produced	 elevated	 testosterone	 production.	 Single-nucleotide	
polymorphisms	in	AKR1C3	are	linked	to	disease	progression	and	
aggressiveness	in	prostate	carcinomas.	Studies	have	shown	that	
AKR1C3	can	 induce	 resistance	 to	a	variety	of	anticancer	drugs,	
such	as	doxorubicin,	oracin	and	cisplatin.	Furthermore,	elevated	
AKR1C3	 protein	 levels	were	 associated	with	 radioresistance	 in	
non-small	cell	lung	carcinomas	[4].	Collectively,	AKR1C3	inhibition	
prevents	 cancer	 cell	 proliferation	 and	 thus	 offers	 an	 attractive	
target	for	the	treatment	of	prostate	cancer.	

Recently,	 withaferin	 A	 (1)	 attracted	 attention	 as	 a	 promising	
therapeutic	candidate	helpful	in	treating	a	variety	of	cancers	[5,6].	
Withaferin	A	alone,	or	in	combination	with	other	treatments,	was	
very	effective	as	a	novel	alternative	therapy	against	glioblastoma	
(GBM)	[7,8].	In vitro and In vivo studies on withaferin A (1) and its 
19-hydroxy	derivatives	(2	and	3)	suggested	that	withalongolide	
A	 (2)	 and	 withalongolide	 B	 (3)	 curbed	 cellular	 growth	 via	
induction	of	apoptosis	 in	a	wide	range	of	 tumor	cells	 including	
leukemia;	breast,	lung,	pancreatic,	and	prostate	cancers;	as	well	
as	head	and	neck	squamous	cell	carcinoma	(HNSCC).	In	addition,	
withalongolides	A	(2)	and	B	(3)	displayed	cytotoxicity	against	the	
HNSCC	(JMAR,	MDA-1986),	melanoma	(B16F10	and	SKMEL-28),	
and/or	 normal	 fetal	 fibroblast	 (MRC-5)	 cells	 [9].	 Withaferin	 A	
(1)	 analogues	were	explored	 for	 their	 anticancer	potential	 and	
anti-proliferative	activity	as	well	as	 the	underlying	mechanisms	
in	 inhibiting	 the	 heat	 shock	 protein	 90	 (Hsp90)	 chaperone	
[10].	Withaferin	 A	 (1)	 reversed	 tumor	 progression	 by	 inducing	
a	 dose-dependent	 G2/M	 cell	 cycle	 arrest	 and	 promoting	 cell	
differentiation	and	death	via	the	intrinsic	and	extrinsic	apoptotic	
pathways	 [8].	 In	 human	 breast	 cancer	 cells,	 withaferin	 A	 (1)	
attenuated	 estrogen	 receptor-α	 (ER-r)	 expression,	 which	 was	
attributed	to	the	suppression	of	level	of	ER-v	mRNA	[11].	Several	
in	 silico	 studies	 on	 withaferin	 A	 (1)	 using	 various	 biological	
targets	was	reported	[11-16].	Until	now,	no	study	has	explored	
the	potential	of	withaferin	A	(1)	or	any	of	the	other	withanolides	
as	 effective	 agents	 at	 controlling	 the	 AKR1C3	 overexpression	
observed	in	cancer	cells.	

Molecular	 docking	 is	 a	 computer-assisted	 drug	 design	 that	
simulates	the	docking	of	a	ligand	into	the	active	site	of	the	receptor.	
The	purpose	of	receptor	and	ligand	docking	interactions	can	be	
predicted	through	three-dimensional	visualization	of	the	docked	
complexes.	This	research	was	conducted	in	order	to	understand	
the	binding	interactions	between	receptor	protein	and	the	three	
naturally	 occurring	 withanolides,	 specifically	 withaferin	 A	 (1),	
withalongolide	A	(2)	and	withalongolide	B	(3)	(Figure 1).

Materials and Methods
Lipinski’s rule of 5
In	 drug	 discovery	 projects,	 determination	 of	 the	 drug-likeness	
of	a	 lead	molecule	 is	vital	 in	order	 to	 reduce	 the	experimental	
cost.	The	best	lead	candidate	should	not	breach	more	than	one	
of	 the	 criteria	 as	 defined	by	 the	 “Lipinski's	 rule	 of	 five”	 (RO5).	
These	 rules	 include	 the	 optimum	 range	 of	 molecular	 weight	
(no	greater	than	500	Daltons	or	g/mol),	octanol-water	partition	

coefficient	(Logp	of	5	or	 less),	hydrogen	bond	donor	(5	or	 less)	
and	 hydrogen	 bond	 acceptor	 (10	 or	 less)	 values	 that	 an	 ideal	
drug	should	contain.	The	drug	likeliness	tool	(DruLiTo)	software,	
a	freely	available	software	package,	was	used	to	determine	the	
physicochemical	characteristics	of	the	three	withanolides	 (1-3),	
namely	withaferin	A	(1),	withalongolide	A	(2),	and	withalongolide	
B	(3)	(Table 1).	This	analysis	revealed	that	all	three	compounds	
satisfied	the	majority	of	the	Lipinski	criteria	(Table 1)	[17].

Protein preparation
Homology modelling of the 6F2U protein: Homology	modelling	
methods	 make	 use	 of	 experimental	 protein	 structures	
("templates")	 to	 build	 receptor	 proteins	 in	 drug	 discovery.	
Homology	 (or	 comparative)	 modelling	 is	 currently	 the	 most	
accurate	method	to	generate	reliable	three-dimensional	protein	
structure	 models.	 SWISS-MODEL	 is	 a	 structural	 bioinformatics	
web-server	dedicated	to	homology	modelling	to	predict	protein	
3D	 structures	 [18,19].	 The	 aldo-keto	 reductase,	 AKR1C3	 (PDB	
ID:	 6F2U),	 protein	 structure	 retrieved	 from	 protein	 data	 bank	
(http://www.rcsb.org/)	was	missing	 some	amino	acid	 residues.	
The	 complete	 AKR1C3	 protein	 was	 modelled	 by	 submitting 
FASTA	 sequence	 of	 6F2U	 (chain	 A)	 protein	 into	 SWISS-MODEL	
Workspace	through	automated	mode	for	the	development	of	a	
more	accurate	protein	model	 [20].	The	6F2U	 (Chain	A)	protein	

Withaferin	A	(1),	withalongolide	A	(2)	and	withalon-
golide	B	(3).

Figure 1

 

Ligand Mol. Wt (≤ 
500) Logp (≤ 5) H-Donors 

(≤ 5)
H-Acceptors 

(≤ 10)
Withaferin	A	(1) 431.97 3.987 6 0

Withalongolide	A	(2) 447.96 3.284 7 0
Withalongolide	B	(3) 431.97 3.892 6 0

Table 1	 Examination	 of	 the	 “Lipinski’s	 rule	 of	 five”	 parameters	 in	
the	 three	 withanolides:	 withaferin	 A	 (1),	 withalongolide	 A	 (2)	 and	
withalongolide	B	(3).
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and its sequence	 were	 selected	 as	 the	 target	 protein	 and	
query	 sequence,	 respectively.	 The	 crystal	 structure	 of	 AKR1C3	
-	octyl	gallate	complex	(PDB	ID:	5HNU)	was	also	obtained	from	
the	 protein	 data	 bank.	 The	 6F2U	 protein	 model	 was	 built	 by	
using	 the	 5HNU	 protein	 as	 a	 suitable	 template.	 In	 the	 SWISS	
MODEL	 Workspace	 automated	 mode,	 forty-four	 templates	 of	
query	 sequence	 (DszB	 protein	 sequence)	were	 generated.	 The	
template,	5HNU.1.A,	demonstrated	highest	sequence	identity	to	
query	sequence	and	was	used	to	develop	an	improved	model	of	
the	6F2U	protein.	Global	quality	estimate,	local	quality	estimate	
comparison	and	6F2U	model	template	alignment	with	5HNU.1.A	
were	calculated	(Figure 2).

Modeled AKR1C3 protein validation: Homology	 modeling	
methods	 utilize	 experimental	 protein	 structures	 ("templates")	
to	 build	 receptor	 proteins	 in	 drug	 discovery.	 Homology	 (or	
comparative)	modeling	 is	 currently	 the	most	 accurate	method	
to	generate	reliable	three-dimensional	protein	structure	models.	
SWISS-MODEL	is	a	structural	bioinformatics	web-server	dedicated	
to	homology	modelling	to	predict	protein	3D	structures	[21,22].	
The	structure	has	some	missing	amino	acid	residues.	The	AKR1C3	
protein	was	modelled	by	submitting	the	FASTA	sequence	of	6F2U	
protein	 to	 the	 SWISS-MODEL	 Workspace	 through	 automated	
mode for the	development	of	 an	accurate	protein	model	 [20].	

The	6F2U	protein	and	its	sequence	were	selected	as	the	target	
protein	 and	 query	 sequence,	 respectively.	 The	 protein	 model	
was	built	by	using	the	5HNU	protein	as	a	suitable	template.

The	6F2U	protein	quality	was	 validated	by	Ramachandran	plot	
using	 Rampage	 [23]	 and	 in	 SPDBV	 (Deep	 View	 –	 Swiss	 –	 Pdb	
Viewer)	 version	 4.10	 based	 on	 the	 RMSD	 value	 obtained	 by	
superimposing	 the	 6F2U	protein	model	 on	 its	model	 template	
5HNU	[24].	The	crystal	structure	of	6F2U-Modelled	was	selected	
for	molecular	 docking	 to	 get	 reliable	 prediction	 of	 the	 ligands	
ability	 to	 bind	 with	 the	 receptor.	 The	 quality	 of	 the	 6F2U-
Modelled	 protein	 was	 validated	 by	 Ramachandran	 plot	 using	
Rampage	[23]	and	 in	SPDBV	(Deep	View	–	Swiss	–	Pdb	Viewer)	
version	4.10	based	on	the	RMSD	value	obtained	by	superimposing	
6F2U	protein	model	on	its	model	[24].	Ramachandran	plot	values	
of	the	6F2U,	6F2U-Modelled	protein	and	its	template	5HNU.1.A	
were obtained (Table 2).	 In	 the	Ramachandran	plot	 generated	
for	 the	 6F2U	 protein,	 97.4%	 of	 the	 amino	 acid	 residues	 were	
found	in	favored	region,	2.6%	residues	in	allowed	area,	and	0%	
of	 the	 residues	were	 present	 in	 the	 outlier	 regions	 (Figure 3).	
The	 Ramachandran	 plot	 of	 5HNU.1.A	 showed	 97.9%	 residues	
in	 favored	 region,	 1.4%	 residues	 in	 allowed	 region,	 and	 0.6%	
of	 the	 residues	 in	 the	 outlier	 regions.	 The	 Ramachandran	 plot	
generated for	the	6F2U-Modelled	protein	displayed	98.1%,	1.9%	

Global	quality	estimate,	local	quality	estimate	comparison	and	6F2U	model	template	alignment	with	5HNU.1.A.Figure 2
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and	 0%	 of	 the	 residues	 in	 the	 favored,	 the	 allowed,	 and	 the	
outlier	regions,	respectively.	The	Ramachandran	plot	data	for	the	
6F2U-Modelled,	 6FTU	 and	 5HNU	 proteins	 suggested	 favorable	
reliability	of	the	6F2U-Modelled	protein	for	subsequent	docking	
studies (Table 2) (Figure 3).

Energy minimization and refinement of the modeled 6F2U 
protein (6F2U-Modelled): The	modelled	6F2U	(6F2U-Modelled)	
protein	 valency	 and	 chemistry	 were	 rectified	 using	 Chimera	
(UCSF,	 San	 Francisco,	 CA,	 USA).	 Energy	 minimization	 and	
refinement	were	performed	by	employing	CHARMm	force	field	
in	 order	 to	 obtain	 a	 protein	 with	 least	 energy	 [25,26].	 Later,	
polar	 hydrogen	atoms	were	 added	 to	 the	protein	model	 using	
the	AutoDock	tools	4.2.6	screening	tool	and	PyRx	v0.8	software	
(http://pyrx.sourceforge.net/).

Receptor cavity prediction: The	 cavity	 or	 the	 potential	 ligand	
binding site of	AKR1C3	(PDB	ID:6F2U)	was	predicted	using	MVD	
with	the	volume	of	cal-mol	358.4	A0	which	was	used	for	docking.

Preparation of ligands
The	structures	of	withaferin	A	(1;	CID:	265237),	withalongolides	
A	 (2;	 CID:	 56649343)	 and	 B	 (3;	 CID:	 56649344)	 were	 initially	
retrieved	 from	 the	 PubChem	 Compound	 Database	 (National	
Center	 for	 Biotechnology	 Information,	 U.S.	 National	 Library	 of	
Medicine).	Molecular	geometry	optimization	of	the	ligands	was	
achieved	 using	 Avogadro	 (an	 open-source	 molecular	 builder	
and	visualization	tool.	Version	1.90.0.	http://avogadro.cc/).	The	
force	field	MMF94	was	set	with	number	of	steps	500,	algorithm	
steepest	descent	and	convergence	of	10e-7	[27].	The	structures	
of	ligands	were	saved	in	Protein	Data	Bank	(PDB)	file	format	and	
used for the	docking	study.

Docking between AKR1C3 and ligands
Discovery Studio	visualizer	and	Chimera	(UCSF,	San	Francisco,	CA,	
USA)	were	chosen	 for	visual	 inspection	and	preparations.	PyRx	
software	was	employed	as	the	virtual	screening	software.	PyRx	

Percent (%) of residues per region
Structure favored allowed outlier

6F2U-Modelled 98.1 1.9 0
6F2U 97.4 2.6 0
5HNU 97.9 1.4 0.6

Table 2	The	data	from	Ramachandran	plots	of	the	6F2U-Modelled,	6F2U	and	5HNU	proteins.

Ramachandran	plots	for	6F2U,	5HNU	and	the	Modeled-6F2U	(6F2U-Modelled).Figure 3
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includes	AutoDock	Vina	with	a	Lamarckian	genetic	algorithm	as	
a	 scoring	 algorithm.	 The	 ligand/protein	 simulated	 interactions	
of	withaferin	A	(1),	withalongolides	A	(2)	and	B	(3)	with	AKR1C3	
were	 determined	 using	 AutoDock	 Vina	 (Molecular	 Graphics	
Lab,	La	Jolla,	CA,	USA)	[27,28].	The	docking	was	conducted	with	
exhaustiveness	of	8	and	a	grid	box	with	the	dimensions	for	center:	
25×25×25	Å	and	box	center:	center_x=3.7981,	center_y=-9.8707	
center_z=2.6182	for	6F2U	docking.	PyMol	v1.3	(Schrodinger,	New	
York,	NY,	USA).	 	AutoDock	Vina	evaluated	 target	 conformation	
(biomacromolecule)	as	a	rigid	unit	while	ligands	were	conceded	to	
be	flexible	and	adoptable	to	the	target.	The	software	determined	
the	 lowest	 binding	 affinity	 by	 using	 different	 conformations	 of	
each	 ligand.	 AutoDock	 Vina	 searched	 for	 the	 lowest	 binding	
affinity	conformations	and	determined	9	different	conformations	
for	 each	 receptor	 and	 ligand	 complexes.	 Each	 receptor	 and	
ligands	 complex	with	 the	 lowest	binding	energy	docking	poses	
were	 selected.	 The	 protein-ligand	 interactions	 were	 analyzed	
with	 LigPlot	 and	 Discovery	 Studio	 4.5	 (Dassault	 Systemes	
BIOVIA,	Discovery	Studio	Modelling	Environment,	Release	2017,	
San	 Diego,	 USA).	 Docking	 simulations	 of	 target	 AKR1C3	 with	
withaferin	A	 (1),	withalongolide	A	 (2)	 and	withalongolide	B	 (3)	
were	 performed	 in	 AutoDock	 Vina.	 (Molecular	 Graphics	 Lab,	
La	 Jolla,	 CA,	 USA).	 The	 AutoDock	 Vina	 software	 prepared	 the	
target	 in	 a	 rigid	 conformation	while	 ligands	were	permitted	 to	
be	flexible	and	malleable	to	the	target.	After	the	completion	of	
the	 docking,	 ligand	 conformations	 displaying	 greatest	 binding	
affinity	and	lowest	docked	energies	to	the	target	were	selected.	
The	hydrogen	bonds,	bond	lengths	and	hydrophobic	interactions	
between	AKR1C3	and	ligands	withaferin	A	(1),	withalongolides	A	
(2)	and	B	(3)	were	determined	by	using	LigPlot	(http://www.ebi.
ac.uk/thornton-srv/software/LIGPLOT/).

Target-ligand complex unbinding simulations
The MoMA-LigPath	web	server	and	Molecular	Motion	Algorithms	
(MoMA)	 were	 utilized	 to	 simulate	 the	 ligand	 unbinding	 from	
the	binding	site	to	surface	of	the	target.	In	addition,	the	server	
discloses	 flexibility	 of	 protein	 side-chains,	 ligands	 and	 includes	
only	 statistical	 limitations.	 This	 process	 generates	 mechanistic	
data	on	the	pathway	of	each	ligand	as	it	moves	from	the	protein	
surface to the binding site or from binding site to surface of 
the	protein.	The	program	offers	molecular	interaction	graphics,	
leading	 the	 ligands	 from	surface	of	protein	 to	 the	binding	site.	
In	this	process,	the	program	identifies	certain	residues	that	are	
crucial	 factors	 for	 ligand	binding	or	driving	 ligands	towards	the	
binding	 site,	 in	 spite	 of	 being	 away	 from	 the	 binding	 site.	 The	
docked	molecular	 complexes	 of	 AKR1C3	with	withaferin	 A	 (1),	
withalongolides	A	(2)	and	B	(3)	that	produced	the	lowest	binding	
energies	were	selected	for	unbinding	simulations	by	using	MoMA	
LigPath	[29,30].

Result and Discussion
In	 the	Western	 world,	 prostate	 cancer	 is	 the	 most	 diagnosed	
cancer	and	the	second	leading	cause	of	mortality	in	men.	Hence,	
there	 is	 an	 immediate	 requirement	 for	 the	 discovery	 of	 novel	
agents	that	are	capable	of	 inhibiting	the	critical	features	of	the	
resistance	process	 that	emerge	after	 the	androgen	deprivation	
therapy	(ADT).	Overexpression	of	AKR1C3	is	a	critical	mechanism	

of	 drug	 resistance	 observed	 in	 castration	 resistant	 prostate	
cancer	cells.	Hence,	the	development	of	potent	AKR1C3-selective	
inhibitors is considered an important strategy in the treatment of 
prostate	cancer	and	metastatic	diseases	[31,32].

The	 interpretation	 of	 the	 protein-ligand	 interactions	 plays	 an	
important	 role	 in	 structural	 based	 drug	 discovery.	When	 each	
ligand	 (1-3)	 was	 docked	 with	 the	 protein	 receptor	 (ALR1C3)	
different	binding	 energies	were	observed.	Of	 these,	withaferin	
A	 (1)	 produced	 the	 lowest	 value	 (-11.2	 kcal/mol),	 followed	 by	
withalongolide	A	(2)	(-12.5	kcal/mol),	whereas	withalongolide	B	
(3)	generated	the	greatest	binding	energy	(-13.1	kcal/mol)	when	
docked	 with	 the	 AKR1C3	 receptor.	 These	 results	 suggest	 that	
these	 withanolides	 might	 emerge	 as	 promising	 candidates	 for	
the	inhibition	of	AKR1C3	enzyme	activity.	

The	present	docking	study	explored	the	interactions	of	withaferin	
A	 (1),	 withalongolide	 A	 (2)	 and	 withalongolide	 B	 (3)	 with	 the	
receptor	protein	AKR1C3	(6F2U)	and	their	binding	patterns	with	
AKR1C3	 amino	 acid	 residues.	Withaferin	 A	 (1),	 withalongolide	
A	 (2)	 and	 withalongolide	 B	 (3)	 docked	 with	 the	 active	 site	 of	
AKR1C3.	Each	amino	acid	residue	within	a	4A0	distance	from	the	
ligand	was	evaluated	 for	 the	presence	of	 any	alkyl	 interaction,	
hydrogen	bond,	Pi-Sigma	interaction,	or	van	der	Waals	force.	As	
a	result,	withaferin	A	(1)	produced	10	van	der	Waals	forces	(Gly	
17,	Ser	113,	Asn	162,	Ser	212,	Ala	213,	Ser	216,	Gln	217,	Trp	222,	
Tys	265	and	Phe	306)	and	7	alkyl	interactions	(Tyr	19,	Leu	49,	Tyr	
50,	 Trp	81,	His	 112,	 Tyr	211	and	Phe	301)	with	AKR1C3;	while	
withalongolide	A	(2)	produced	13	van	der	Waals	forces	(Gly	17,	
Asp	45,	Leu	49,	Ser	113,	Gln	185,	Ser	212,	Ser	216,	Gln	217,	Leu	
263,	Lys	265,	Tyr	312,	Pro	313	and	Tyr	314),	5	alkyl	interactions	
(Tyr19,	Trp	81,	His	112,	Met	115	and	Phe	396),	and	3	hydrogen	
bonds	 (Tyr	 50,	 Asn	 162	 and	 Tyr	 211)	 )	 with	 AKR1C3;	 whereas	
withalongolide	B	(3)	generated	12	van	der	Waals	forces	(Gly	17,	
Asp	45,	Leu	49,	Lys	79,	Ser	113,	Gln	185,	Ser	216,	Gln	217,	Leu	
263,	Lys	265,	Tyr	312	and	Tyr	314),	5	alkyl	 interactions	(Tyr	19,	
Trp	81,	His	112,	Met	115	and	Phe	306),	4	hydrogen	bonds	(Tyr	
50,	Asn	162,	Tyr	211	and	Ser	212)	and	a	Pi-Sigma	interaction	(Phe	
301)	with	AKR1C3	residues.	

Combined,	 these	 results	 suggested	 among	 the	 withanolides	
investigated	that	withalongolide	B	(3)	might	function	as	the	better	
AKR1C3	inhibitor	as	it	produced	the	highest	binding	energy	(-13.1	
Kcal)	(Figure 4).

Unbinding simulation of AKR1C3/withaferin A 
complex
The	 unbinding	 simulation	 phases	 of	 withaferin	 A	 (1)	 with	
increasing	number	of	molecular	interactions	while	progressively	
approaching towards the binding site of AKR1C3 are shown in 
Figure 5 (B-1	to	B-5).	The	docking	phase	displays	the	molecular	
interactions	 of	 AKR1C3	 with	 withaferin	 A	 (1),	 bound	 on	 the	
exterior	 region	 of	 AKR1C3	 cavity	 by	 hydrophobic	 interactions.	
In	addition,	withaferin	A	(1)	was	involved	in	interaction	through	
Gly	130.	The	amino	acid,	Gly	130	was	common	in	all	phases	of	
the	unbinding	simulation	of	withaferin	A	(1),	which	emphasized	
the	 importance	 of	 Gly	 130	 in	 stabilizing	 AKR1C3-	 withaferin	 A	
complex.	A	graphical	representation	of	AKR1C3	in	complex	with	
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Withaferin	A	(1)	(A-1),	withalongolide	A	(2)	(A-2)	and	
withalongolide	 B	 (3)	 (A-3)	 binding	 interactions	 with	
AKR1C3.

Figure 4

Withaferin	A	(1)	binding	to	AKR1C3.	Panels	B-1 to B-5 
show	unbinding	simulation	phases	of	withaferin	A:	B-1 
is the farthest from binding site, B-5	is	the	closest	to	
binding site, and B-6 is	binding	site	phase.	Hydrogen	
bonds	are	shown	as	green-dashed	lines	with	indicated	
bond	length	and	the	residues	involved	in	hydrophobic	
interactions	are	shown	as	red	arcs.	Panel	B-7 depicts 
the	 AKR1C3	 docking	 in	 cartoon	 representation,	
where withaferin A (1)	 is	shown	as	green	sticks.	The	
interacting	residues	are	labeled	and	shown	as	surface	
of	protein	in	different	colors.	

Figure 5

 

withaferin A (1) was generated ((Figure 5)	 B-6)	 and	 a	 cartoon	
representation	 of	 the	 dynamic	 simulations	 that	 display	 the	
movement and binding of withaferin A with AKR1C3 to form the 
AKR1C3-withaferin	A	complex	was	produced	((Figure 5)	B-7).

Unbinding simulation of AKR1C3/withalongolide 
A complex
The unbinding	 simulation	 phases	 of	 withalongolide	 A	 (2)	 with	
increasing	number	of	molecular	interactions,	while	progressively	
approaching towards the binding site of AKR1C3 are shown in 
Figure 6	(C-1	to	C-5).	The	docking	phase	displays	the	molecular	
interactions	of	AKR1C3	with	withalongolide	A	(2),	bound	on	the	
exterior	region	of	AKR1C3	cavity	by	hydrophobic	interactions.	In	
addition,	withalongolide	A	(2)	was	involved	in	interactions	with	
the	Leu	123	residue.	The	Leu	123	amino	acid	was	common	in	all	
phases	of	unbinding	simulations	of	withalongolide	A	 (2),	which	
emphasized	 the	 importance	 of	 Leu	 123	 in	 stabilizing	 AKR1C3-
withalongolide	A	complex.	A	graphical	representation	of	AKR1C3	
in	complex	with	withalongolide	A	(2)	was	generated	((Figure 6) 
C-6)	 and	 a	 cartoon	 representation	 of	 the	 dynamic	 simulations	
that	 display	 the	 movement	 and	 binding	 of	 withalongolide	 A	
with	AKR1C3	to	form	the	AKR1C3-withalongolide	A	complex	was	
produced ((Figure 6)	C-7).

Unbinding simulation of AKR1C3/withalongolide 
B complex
The unbinding	 simulation	 phases	 of	 withalongolide	 B	 (3)	 with	
increasing	number	of	molecular	interactions,	while	progressively	
approaching towards the binding site of AKR1C3 were conducted 
((Figure 7)	D-1	to	D-5).	The	docking	phase	displays	the	molecular	
interactions	of	AKR1C3	with	withalongolide	B	(3),	bound	on	the	
exterior	region	of	the	AKR1C3	cavity	by	hydrophobic	interactions.	
In	 addition,	 withalongolide	 B	 (3)	 was	 involved	 in	 interaction	

through	 the	Asp	 304	 residue	 on	AKR1C3.	 This	 amino	 acid	was	
common	in	all	phases	of	unbinding	simulations	of	withalongolide	
B	 (3),	 which	 emphasized	 the	 importance	 of	 Asp	 304	 in	
stabilizing	 the	 AKR1C3/withalongolide	 B	 complex.	 A	 graphical	
representation	of	AKR1C3	in	complex	with	withalongolide	B	(3)	
was generated ((Figure 7)	 D-6)	 and	 a	 cartoon	 representation	
of	 the	 dynamic	 simulations	 that	 display	 the	 movement	 and	
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Withalongolide	 B	 (3)	 binding	 to	 AKR1C3.	 Panels	
D-1 to D-5	 show	 unbinding	 simulation	 phases	 of	
withalongolide	B	(3):	D-1 is the farthest from binding 
site, D-5	 is	 the	 closest	 to	 binding	 site,	 and	 D-6 is 
binding	 site	 phase.	 Hydrogen	 bonds	 are	 shown	 as	
green-dashed	 lines	 with	 indicated	 bond	 length	 and	
the	residues	involved	in	hydrophobic	interactions	are	
shown	as	red	arcs.	D-7:	AKR1C3	is	displayed	in	cartoon	
representation,	 withalongolide	 B	 (3)	 in	 sticks	 and	
colored	in	green.	The	interacting	residues	are	labeled	
and	shown	as	surface	of	protein	in	different	colors.	

Figure 7

Withalongolide	 A	 (2)	 binding	 to	 AKR1C3.	 Panels	
C-1 to C-5	 show	 unbinding	 simulation	 phases	 of	
withalongolide	A	(2):	C-1 is the farthest from binding 
site, C-5	 is	 the	 closest	 to	 binding	 site,	 and	 C-6 is 
binding	 site	 phase.	 Hydrogen	 bonds	 are	 shown	 as	
green-dashed	 lines	 with	 indicated	 bond	 length	 and	
the	 residues	 involved	 in	 hydrophobic	 interactions	
are	shown	as	red	arcs.	In	C-7,	AKR1C3	is	displayed	in	
cartoon	representation,	withalongolide	A	(2)	in	sticks	
and	 colored	 in	 green.	 The	 interacting	 residues	 are	
labeled	and	 shown	as	 surface	of	protein	 in	different	
colors.

Figure 6

 

binding	of	withalongolide	B	with	AKR1C3	 to	 form	 the	AKR1C3-
withalongolide	B	complex	was	produced	((Figure 7)	D-7).

In	summary,	withalongolide	B	(3)	docked	to	AKR1C3	with	a	better	
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