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Abstract
The	current	COVID-	19	pandemic	 is	 severely	 threatening	public	healthcare	systems	
around	the	globe.	Some	supporting	therapies	such	as	remdesivir,	favipiravir,	and	iver-
mectin	are	still	under	the	process	of	a	clinical	trial,	it	is	thus	urgent	to	find	alternative	
treatment	and	prevention	options	for	SARS-	CoV-	2.	In	this	regard,	although	many	nat-
ural products have been tested and/or suggested for the treatment and prophylaxis 
of	COVID-	19,	carotenoids	as	an	 important	class	of	natural	products	were	underex-
plored.	The	dietary	supplementation	of	some	carotenoids	was	already	suggested	to	
be	potentially	effective	in	the	treatment	of	COVID-	19	due	to	their	strong	antioxidant	
properties.	In	this	study,	we	performed	an	in	silico	screening	of	common	food-	derived	
carotenoids	against	druggable	target	proteins	of	SARS-	CoV-	2	including	main	protease,	
helicase,	replication	complex,	spike	protein	and	its	mutants	for	the	recent	variants	of	
concern,	and	ADP-	ribose	phosphatase.	Molecular	docking	results	revealed	that	some	
of	the	carotenoids	had	low	binding	energies	toward	multiple	receptors.	Particularly,	
crocin	had	the	strongest	binding	affinity	(−10.5	kcal/mol)	toward	the	replication	com-
plex	of	SARS-	CoV-	2	and	indeed	possessed	quite	low	binding	energy	scores	for	other	
targets	as	well.	The	stability	of	crocin	in	the	corresponding	receptors	was	confirmed	
by	molecular	dynamics	simulations.	Our	study,	therefore,	suggests	that	carotenoids,	
especially	crocin,	 can	be	considered	an	effective	alternative	 therapeutics	and	a	di-
etary	supplement	candidate	for	the	prophylaxis	and	treatment	of	SARS-	CoV-	2.

Practical applications
In	this	study,	food-	derived	carotenoids	as	dietary	supplements	have	the	potential	to	
be	used	 for	 the	prophylaxis	 and/or	 treatment	of	SARS-	CoV-	2.	Using	 in	 silico	 tech-
niques,	 we	 aimed	 at	 discovering	 food-	derived	 carotenoids	 with	 inhibitory	 effects	
against	 multiple	 druggable	 sites	 of	 SARS-	CoV-	2.	 Molecular	 docking	 experiments	
against	main	protease,	 helicase,	 replication	 complex,	 spike	protein	 and	 its	mutants	
for	 the	 recent	 variants	 of	 concern,	 and	ADP-	ribose	 phosphatase	 resulted	 in	 a	 few	
carotenoids	with	multitarget	inhibitory	effects.	Particularly,	crocin	as	one	of	the	main	
components of saffron exhibited strong binding affinities to the multiple drug targets 
including	main	protease,	helicase,	replication	complex,	mutant	spike	protein	of	line-
age	B.1.351,	and	ADP-	ribose	phosphatase.	The	stability	of	the	crocin	complexed	with	
these drug targets was further confirmed through molecular dynamics simulations. 
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1  |  INTRODUC TION

The	 current	 COVID-	19	 pandemic	 caused	 by	 the	 emerging	 severe	
acute	 respiratory	 syndrome-	coronavirus-	2	 (SARS-	CoV-	2)	 is	 signifi-
cantly impacting public healthcare systems around the globe and 
has	paralyzed	societal	and	economical	norms.	As	of	March	19,	2022,	
the	 number	 of	 cases	 has	 reached	 around	500	million,	while	more	
than	6	million	people	died	due	to	the	 life-	threatening	disease.	The	
novel	CoV	belongs	to	the	Coronaviridae	family	and	is	an	enveloped,	
positive	polarity,	single-	stranded	RNA	betacoronavirus.	Its	genome	
with	a	79.6%	sequence	identity	to	SARS-	CoV	encodes	nonstructural	
proteins	(Nsps),	structural	proteins,	and	several	accessory	proteins	
(Wu	et	al.,	2020;	Zhou	et	al.,	2020).

To	develop	therapeutics	against	SARS-	CoV-	2,	potentially	drugga-
ble	virus	proteins	have	been	identified.	These	proteins	are	mostly	in-
volved in viral replication and play roles in the control of host cellular 
machineries	(Gil	et	al.,	2020;	Saxena,	2020).	First,	spike	(S)	protein	is	
one	of	the	main	drug	targets	due	to	its	key	role	in	the	viral	entry	to	the	
host	cells.	S	protein	has	two	subunits	S1	and	S2.	S1	binds	the	receptor-	
binding	 domain	 (RBD)	 of	 angiotensin-	converting	 enzyme	 2	 (ACE2),	
whereas the S2 subunit helps the virus in membrane fusion to com-
plete	the	viral	entry	and	infection	process	(Zhang	&	Kutateladze,	2020). 
Nucleocapsid	(N)	protein	is	highly	immunogenic,	making	it	a	candidate	
for	vaccine	development	(Dutta	et	al.,	2020).	Interestingly,	the	crystal	
structure	of	the	N	protein	of	SARS-	CoV-	2	revealed	that	it	performs	mul-
tiple	critical	functions	during	the	viral	life	cycle.	Particularly,	its	unique	
RNA-	binding	pocket	renders	it	a	perfect	target	for	the	drug	discovery	
process	(Kang	et	al.,	2020).	Moreover,	the	nonstructural	proteins	are	
important	targets	for	the	treatment	of	COVID-	19.	For	instance,	one	of	
the most important and druggable target proteins is the main protease 
(Mpro)	 (also	known	as	chymotrypsin-	like	protease	 (3CLpro)) due to its 
essential	role	in	the	viral	life	cycle	(de	Vries	et	al.,	2021). It is responsible 
for	the	cleavage	of	13	(Nsp4-	Nsp16)	of	the	16	nonstructural	proteins,	
including	the	polymerase	subunits,	and	enables	the	proper	folding	and	
assembly of polymerase subunits into the active polymerase com-
plex	(Gadlage	&	Denison,	2010).	Similar	to	Mpro,	papain-	like	protease	
(PLpro)	 cleaves	Nsp1-	Nsp3	 and	 removes	 ubiquitin-	like	 ISG15	 protein	
modifications,	dampening	inflammation	and	antiviral	signaling	(Klemm	
et	 al.,	 2020).	 Furthermore,	 viral	 RNA-	dependent	 RNA	 polymerase	
(RdRp)	has	a	crucial	function	in	the	replication	and	transcription	of	the	
viral	 genome.	 The	 architecture	 of	mini	 replication	 and	 transcription	
complex	of	SARS-	CoV-	2	was	elucidated	by	cryo-	electron	microscopy,	
which indicated that it includes the assembly of the catalytic subunit of 

RdRp	(Nsp12)	with	accessory	subunits	(Nsp7	and	Nsp8)	and	two	heli-
cases	(Nsp13-	1	and	Nsp13-	2)	(Yan	et	al.,	2020). Some of the currently 
used	 drugs	 for	 COVID-	19,	 such	 as	 favipiravir	 and	 remdesivir	 target	
RdRp,	indicate	that	it	 is	an	important	target	protein	for	the	develop-
ment	of	new	therapeutics	(Kokic	et	al.,	2021;	Naydenova	et	al.,	2021). 
Nsp16,	 an	 S-	adenosylmethionine	 (SAM)-	dependent	 methyltrans-
ferase,	is	also	considered	to	be	essential	for	the	viral	life	cycle.	Thus,	
Nsp16	with	its	cofactor	Nsp10	is	a	very	promising	druggable	protein	
as it is indispensable for the replication of coronavirus in cell cultures 
(Krafcikova	et	al.,	2020).	 In	 the	 replication	of	SARS-	CoV-	2,	 replicase	
(Nsp9)	is	an	important	protein	as	well,	which	binds	and	stabilizes	the	
viral	RNA	as	it	emerges	from	the	replication	and	transcription	complex	
and	protects	it	from	nucleases	(Farias	et	al.,	2021;	Littler	et	al.,	2020). 
Moreover,	 NTPase/helicase	 (Nsp13)	 as	 a	 potential	 druggable	 target	
catalyzes	 the	 separation	 of	 double-	stranded	 oligonucleotides	 into	 a	
single	strand	 (Gurung,	2020;	Habtemariam	et	al.,	2020).	ADP-	ribose	
phosphatase	 (Nsp3,	ADRP)	of	SARS-	CoV	was	known	to	 remove	the	
terminal	 phosphate	 group	 of	 ADP-	ribose	 phosphate	 in	 SARS-	CoV.	
The	ADRP	inhibitors	were	reported	to	potentially	block	the	functional	
nsP-	complex	formation.	Therefore,	they	can	be	potential	therapeutic	
agents	in	combatting	COVID-	19	with	the	reduction	in	the	replication	
of	the	virus	(Debnath	et	al.,	2020;	Saikatendu	et	al.,	2005).

For	the	treatment	of	COVID-	19,	there	is	still	an	urgent	need	for	an	
effective drug and/or alternative prevention options such as dietary 
supplementation although several drugs have been used as support-
ing therapies to reduce the severity of the pandemic such as rem-
desivir,	 favipiravir,	 and	 ivermectin.	Several	drugs	have	been	 in	 the	
clinical	trials	as	part	of	drug	repurposing	studies	(Tarighi	et	al.,	2021). 
For	instance,	nafamostat	was	found	to	prevent	the	entry	of	viruses	
via	the	 inhibition	of	transmembrane	protease	serine	2	 (TMPRSS2),	
leading	 to	 the	 blockage	 of	 S	 protein-	mediated	 membrane	 fusion	
(Hoffmann	 et	 al.,	 2020).	 A	 case	 study	 on	 three	 patients	 (above	
60 years)	with	COVID-	19	pneumonia	revealed	that	nafomostat	can	
promisingly	 alleviate	 the	 clinical	 symptoms	 (Jang	 &	 Rhee,	 2020). 
For the urgent need to develop new specific drugs and alternative 
preventive	measures	 for	 the	 treatment	of	SARS-	CoV-	2,	many	nat-
ural products and synthetic compounds have been tested and/or 
suggested	for	the	treatment	and	prophylaxis	of	COVID-	19	(Boozari	
&	 Hosseinzadeh,	 2021;	 Gasmi	 et	 al.,	 2022;	 Huang	 et	 al.,	 2020). 
However,	one	important	class	of	natural	products	(carotenoids)	was	
not yet investigated for the development of drugs and/or dietary 
supplement	candidates	for	SARS-	CoV-	2.	The	dietary	supplementa-
tion of some antioxidants including carotenoids was suggested to 

Overall,	our	study	provides	the	preliminary	data	for	the	potential	use	of	food-	derived	
carotenoids,	particularly	crocin,	as	dietary	supplements	in	the	prevention	and	treat-
ment	of	COVID-	19.
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Crocin,	dietary	supplement	candidates,	food-	derived	carotenoids,	molecular	docking,	
molecular	dynamics	simulation,	multitarget	inhibitors,	SARS-	CoV-	2
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be	potentially	effective	in	the	treatment	of	COVID-	19	since	oxida-
tive	stress	and	inflammation	are	key	aspects	of	the	pathogenicity	of	
SARS-	CoV-	2	(Barciszewska,	2021;	Lammi	&	Arnoldi,	2021).

Previous	studies	showed	the	potential	of	food-	derived	carotenoids	
in	 the	 treatment	 of	 SARS-	CoV-	2	 due	 to	 their	 antioxidant	 and	 anti-	
inflammatory	activities	(Barciszewska,	2021;	Lammi	&	Arnoldi,	2021). 
Carotenoids	have	also	been	tested	against	some	viruses.	For	example,	
bacterioruberin as a carotenoid was found in an in vitro study to be a 
strong	 inhibitor	of	RNA-	dependent	RNA	polymerases	of	Hepatitis	B	
and	C	viruses	(Hegazy	et	al.,	2020).	Similarly,	crocin	exhibited	promising	
anti-	HSV-	1	and	anti-	HIV-	1	activities	(Soleymani	et	al.,	2018).	However,	
to	our	knowledge,	there	is	no	report	on	the	potential	antiviral	activi-
ties	of	common	food-	derived	carotenoids	against	SARS-	CoV-	2.	In	this	
study,	therefore,	the	food-	derived	carotenoids	were	investigated	using	
in	silico	approaches,	molecular	docking,	and	molecular	dynamics	simu-
lation,	to	discover	their	potential	as	dietary	supplements	against	vari-
ous	druggable	targets	of	SARS-	CoV-	2.	More	than	750	different	natural	
carotenoids	have	been	reported	in	the	literature	(Fidan	&	Zhan,	2019). 
However,	20	widely	used	carotenoids	were	chosen	for	in	silico	anal-
ysis	against	druggable	proteins	of	SARS-	CoV-	2	as	 they	exist	 in	vari-
ous daily consumed food products. Some of them have been used 
as	a	food-	coloring	agent	and	dietary	supplement,	whereas	some	are	
available	in	various	fruits	and	vegetables	such	as	tomatoes,	pumpkin,	
saffron,	pepper,	carrot,	etc.	 (Eggersdorfer	&	Wyss,	2018;	Melendez-	
Martinez,	2019;	Zakynthinos	&	Varzakas,	2016).	Additionally,	some	of	
the chosen carotenoids have already been used as a dietary supple-
ment	(Böhm	et	al.,	2021;	Kiokias	&	Gordon,	2003),	whereas	others	have	
the	potential	to	be	candidate	dietary	supplements,	particularly	during	
the	 COVID-	19	 pandemic	 (Michele	 et	 al.,	 2020;	 Singh	 et	 al.,	 2020). 
Molecular	docking	revealed	that	some	of	the	chosen	carotenoids	had	
strong	binding	affinities	 to	 the	tested	drug	targets.	Particularly,	cro-
cin as the primary pigment for the color of saffron possessed strong 
binding	affinities	to	most	of	the	target	proteins	including	Mpro,	ADRP,	
replication	complex,	helicase,	and	spike	protein.	The	mutant	spike	pro-
teins	for	the	concerning	variants	of	SARS-	CoV-	2	were	also	docked	with	
the	chosen	carotenoids.	Crocin	had	an	even	stronger	binding	affinity	
to	the	mutant	spike	protein	for	the	Beta	variant	compared	with	wild	
type,	 indicating	its	promising	potential	 in	the	treatment	and	prophy-
laxis	of	concerning	SARS-	CoV-	2	variants.	The	molecular	docking	 re-
sults	were	validated	with	the	molecular	dynamics	simulations,	in	which	
crocin was stably bound to the target receptors during the simulation 
process.	This	study	provides	the	therapeutic	potential	of	food-	derived	
carotenoids and supports the idea of carotenoid use as a dietary sup-
plement	to	prevent	and	treat	COVID-	19.

2  |  MATERIAL S AND METHODS

2.1  |  Ligand and receptor preparation

The	crystal	structures	of	all	the	receptor	proteins	(6LU7:	main	pro-
tease,	6W02:	ADP-	ribose	phosphatase,	6ZSL:	helicase,	7BV2:	Nsp12-	
Nsp7-	Nsp8	 complex,	 6M0J:	 spike	 protein)	 were	 downloaded	 from	

the	protein	data	bank	(PDB)	of	Research	Collaboratory	for	Structural	
Bioinformatics	 (RCSB).	The	 crystal	 structures	of	mutant	 spike	pro-
teins	(6M0JR:	spike	protein	of	lineage	B.1.617.1,	Delta/Indian	variant;	
6M0JSA:	spike	protein	of	lineage	B.1.351,	Beta/South	African	variant;	
6M0JBr:	the	spike	of	protein	of	lineage	P.1,	Gamma/Brazilian	variant;	
6M0JUK:	 spike	 protein	 of	 lineage	 B.1.1.7,	 Alpha/United	 Kingdom	
variant) were prepared through mutating the specific amino acid of 
the macromolecular structure followed by the energy minimization of 
the	whole	structure	using	Desmond	software.	The	United	Kingdom	
variant	of	the	viral	spike	protein	was	characterized	by	N501Y	muta-
tion,	whereas	the	Brazil	and	the	South	Africa	variant	was	character-
ized	by	E484K,	N501Y,	 and	K417N	mutations	 (Mujwar,	2021).	 The	
ligand	files	were	downloaded	from	PubChem	Database	with	their	3D	
structures	in	sdf	format.	For	crocin,	lycopene,	phytoene,	and	phyto-
fluene,	3D	structures	were	not	available	on	the	PubChem	webpage.	
Thus,	they	were	downloaded	with	their	2D	structures	in	sdf	format	
and	then	converted	to	3D	structures	with	Open	Babel	GUI	software.	
Subsequently,	all	SDF	files	were	converted	to	PDB	files	for	each	li-
gand using the same software. Both proteins and the ligands were 
prepared	 for	 the	 molecular	 docking	 experiments	 using	 AutoDock	
Tools	(ADT)	1.5.6	[17].	In	the	protein	preparation	process,	water	mol-
ecules	were	deleted,	and	polar	hydrogen	atoms	and	Kollmans	charges	
were	 added.	 For	 ligands,	 Gasteiger	 charges	 were	 added,	 aromatic	
carbon	and	rotatable	bonds	were	detected,	torsion	number	was	au-
tomatically	 set,	 and	 nonpolar	 hydrogens	were	merged.	 Then,	 each	
receptor	and	ligand	file	were	saved	as	PDBQT	files.

2.2  |  Molecular docking

The	grid	boxes	for	each	receptor	were	determined	based	on	the	
position of the endogenous ligand interacting with the specific 
target.	The	 imaginary	grid	box	for	each	antiviral	 target	has	been	
prepared by casing the complexed endogenous ligand as well as 
the	interacting	macromolecular	residues	(Mujwar	et	al.,	2019).	The	
grid box for 6LU7 was at x =	−13.58,	y =	12.60,	and	z =	68.93	with	
sizes	of	52,	56,	and	52 Å.	The	grid	box	for	6W02	was	at	x =	3.70,	
y =	−5.93,	and	z =	−22.58	with	sizes	of	40,	40,	and	40 Å.	The	grid	
box for 6ZSL was at x =	−13.60,	y =	25.93,	and	z =	−70.22	with	
sizes	of	58,	58,	and	58 Å.	The	grid	box	for	7BV2	was	at	x =	91.78,	
y =	91.56,	and	z =	104.86	with	sizes	of	58,	58,	and	58 Å.	The	grid	
box	 for	 6M0J	 and	mutants	were	 at	 x =	 −33.36,	 y =	 28.55,	 and	
z =	9.19	with	sizes	of	50,	50,	and	50 Å.	This	utilized	docking	pro-
tocol was validated for all the macromolecular targets used in the 
current	study	by	redocking	the	reference	 ligand	complexed	with	
the	 macromolecular	 target.	 The	 redocked	 reference	 ligand	 was	
evaluated by overlay methods as well as the chemical resemblance 
of	the	docked	conformation	with	respect	to	its	crystallized	bioac-
tive	conformation	for	validation	purposes	(Jain	&	Mujwar,	2020). 
After	 determining	 the	 grid	 boxes,	 the	 prepared	 flexible	 ligands	
were	 docked	 against	 the	 fixed	 rigid	 receptor	 protein	 using	
AutoDock	Vina	in	the	Windows	command	line	window	after	pre-
paring	config	files	with	necessary	information	(receptor,	grid	box	
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coordinates,	number	of	modes:	10,	energy	 range:	8	and	exhaus-
tiveness:	16)	[18].	Pymol	version	2.4.1	and	Discovery	Studio	2020	
Client	software	were	used	for	the	visualization	and	protein–	ligand	
interactions,	respectively.

2.3  |  Molecular dynamics simulation

The	 molecular	 docking	 screening	 of	 the	 food-	derived	 carotenoids	
against	 various	 drug	 targets	 of	 SARS-	CoV-	2	 such	 as	Mpro,	 helicase,	
ADRP,	RdRp,	and	spike	protein	revealed	that	the	crocin	molecule	con-
sistently had strong binding affinities toward most of the antiviral tar-
gets	of	SARS-	CoV-	2	(Kwarteng	et	al.,	2020;	Mujwar,	2021).	With	the	
intention	to	strengthen	the	molecular	docking	results	and	validating	
the stability of the macromolecular complexes of crocin with specific 
antiviral	drug	targets,	molecular	dynamics	 (MD)	simulation	was	per-
formed	 for	 each	macromolecular	 complex.	 The	NPT	 ensemble	MD	
simulation for each of the macromolecular complex was conducted 
using	 similar	 parameters	 at	 300 K	 temperature	 for	 a	 timeframe	 of	
100 ns	(Duan	et	al.,	2019).	The	NPT	ensemble	condition	was	selected	
so	as	to	keep	the	temperature	and	pressure	constant	while	allowing	
the volume of the system to change during the simulation process. 
The	drug	molecule	has	to	perform	its	action	within	the	human	body	
under	constant	temperature	and	pressure	conditions.	Thus,	the	NPT	
ensemble condition was enabled during the simulation process.

2.4  |  Postdynamics complex stability analysis

The	main	objective	of	performing	the	MD	simulation	of	a	drug	recep-
tor complex was to observe the stability of the ligand and the macro-
molecular	target	with	respect	to	time.	Thus,	the	 individual	behavior	
of the ligand as well as the macromolecular antiviral targets was ob-
served	 during	 the	whole	 100 ns	 timeframe	 through	 the	 root	mean	
square	deviation	(RMSD)	separately	for	both	ligand	and	the	target	re-
ceptor.	The	initial	conformational	changes	both	in	the	macromolecular	
target as well as the complexed ligand were within the permissible 
limits	of	1–	3	Å,	leading	to	the	stabilized	conformation	of	the	complex.	
Therefore,	to	analyze	the	stability	of	the	various	drug	receptor	com-
plexes	of	the	crocin	against	various	antiviral	drug	targets,	the	fluctuat-
ing behaviors of both the ligand and the macromolecular target were 
observed	by	considering	the	change	in	their	RMSD	values	during	MD	
simulation of each of the macromolecular complex with crocin.

3  |  RESULTS AND DISCUSSION

3.1  |  Molecular docking results of food- derived 
carotenoids

The	 utilized	 docking	 protocols	 were	 successfully	 validated	 as	 the	
docked	conformation	of	the	reference	ligand	was	found	to	be	flaw-
lessly	overlapping	over	its	crystallized	bioactive	conformation.	Also,	

the reference ligands were found to have similar binding interactions 
as present in the crystallized macromolecular complex of all the tar-
get	proteins	used	in	the	current	study.	The	resemblance	in	the	bind-
ing pattern with a similar type of chemical interaction shown by the 
docked	confirmation	of	the	reference	ligand	with	respect	to	their	bi-
oactive crystallized conformation was clearly an indication that the 
utilized	docking	 tool	was	exactly	 simulating	 the	physiological	 pro-
cess	 during	 a	 drug–	receptor	 interaction	 (Mujwar,	2021). For post-
successful	validation,	Auto	Dock	Vina	was	used	in	molecular	docking	
of the selected carotenoids against various structural and nonstruc-
tural	proteins	of	SARS-	CoV-	2.	The	 receptors	are	Mpro,	ADRP,	 rep-
lication	 complex,	 helicase,	 and	 spike	 protein	 including	 the	mutant	
S	proteins	for	the	variants	of	concern	of	SARS-	CoV-	2.	Carotenoids	
were,	respectively,	docked	against	each	receptor	and	their	binding	
energies are listed in Table 1.	For	the	main	protease	(6LU7),	crocin	
had	the	strongest	binding	affinity	(−8.0	kcal/mol),	it	interacted	with	
His41,	Tyr54,	Asn142,	Ser144,	His164,	Glu166,	Asp187,	and	Gln189	
through	hydrogen	bonds	as	well	as	with	Tyr118	and	Leu141	via	alkyl	
and	 Pi-	alkyl	 interactions	 (Figure	 S1).	 Additionally,	 alpha-	carotene	
and fucoxanthin also bound relatively strongly with the binding en-
ergies	of	−7.6	kcal/mol	(Table 1).

With	the	molecular	docking	scores	of	less	than	−7	kcal/mol,	ADRP	
and its ligands revealed that all the carotenoids had strong binding af-
finities	toward	ADRP	(W.	Wu	et	al.,	2021).	Particularly,	alpha-	carotene,	
capsanthin,	 and	 neoxanthin	 showed	 the	 lowest	 binding	 energies	 of	
−9.6,	9.4,	and − 9.4	kcal/mol,	 respectively	 (Table 1).	Crocin	also	binds	
to	ADRP	with	a	good	binding	affinity	(−8.2	kcal/mol).	Alpha-	carotene	
interacts	with	the	certain	amino	acid	residues	(Asn40,	Gly46,	Gly47,	
Gly48,	Pro125,	Ser128,	Gly130,	Phe156,	Asp157,	and	Leu160)	through	
van	der	Waals	interactions	and	with	the	residues	(Ala38,	Tyr42,	Lys44,	
Val49,	 Ala50,	 Leu126,	 Ala129,	 Ile131,	 Phe132,	 and	 Val155)	 through	
the	alkyl	and	Pi-	alkyl	interactions	(Figure	S2).	The	majority	of	van	der	
Waals	interactions	also	exist	on	the	ADRP	interacting	with	its	original	
substrate	(ADP-	ribose),	indicating	that	these	interacting	residues	may	
play	important	role	in	the	inhibition	of	ADRP	(Michalska	et	al.,	2020). 
Helicase	(6ZSL)	is	another	target	protein	and	its	docking	results	showed	
strong binding energy scores for some carotenoids including cucur-
bitaxanthin	 B	 and	 crocin.	 The	 interacting	 residues	 of	 helicase	 with	
cucurbitaxanthin	 B	 are	 TRP167	 and	 ARG560	 through	 conventional	
hydrogen	bonds;	Arg173,	Pro174,	Asn177,	Asn179,	Asp207,	Leu405,	
Ala407,	 Arg409,	 Leu417,	 Asp483,	 Ser485,	 Ser486,	 Hiss554,	 and	
Asn557	through	van	der	Waals	interactions;	Leu165,	Pro175,	Leu176,	
Tyr180,	Val209,	Pro406,	Pro408,	Leu412,	and	Val484	 through	alkyl	
and	Pi-	alkyl	 interactions	(Figure	S3).	Moreover,	crocin	binds	strongly	
with	RdRp	(7BV2)	 including	replication	complex,	which	had	the	low-
est	binding	affinity	of	−10.5	kcal/mol.	Crocin	interacts	with	replication	
complex	 through	 van	 der	Waals	 interaction,	 conventional	 hydrogen	
bond,	 carbon-	hydrogen	 bond,	 and	 Pi-	alkyl	 interactions	 (Figure	 S4). 
Crocin	interacts	with	the	RNA-	binding	site	of	the	replication	complex,	
which implies its potential antiviral activity.

For	the	S	protein,	we	conducted	molecular	docking	experiments	
with	the	S	protein	of	original	SARS-	CoV-	2	as	well	as	Brazilian,	South	
African,	UK,	and	Indian	variants.	Crocin	had	relatively	strong	binding	
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affinities	toward	S	protein	and	its	mutants,	particularly	the	mutant	
S	protein	for	the	South	African	variant.	Additionally,	some	other	ca-
rotenoids	bind	to	S	protein,	and	its	mutants	are	stronger	than	cro-
cin.	 For	 instance,	 cucurbitaxanthin	 A	 showed	 the	 lowest	 binding	
scores	for	S	protein	and	its	mutant	for	the	Indian	variant,	whereas	
cucurbitaxanthin B had the strongest binding energy with mutant S 
protein	for	the	UK	variant.	Also,	alpha-	carotene	and	beta-	carotene	
possessed the lowest binding affinities to the mutant S proteins 
for	Brazilian	and	South	African	variants,	respectively	(Table 1).	The	
interacting residues of S protein and its mutants with the strongly 
bound ligands are shown in Figures S5–	S9.

The	molecular	docking	of	current	therapeutic	agents	such	as	rem-
desivir,	favipiravir,	molnupiravir,	paxlovid,	and	ivermectin	was	also	con-
ducted	against	all	the	receptors	(Table 1).	It	is	obvious	that	the	docking	
scores	of	carotenoids	were	quite	comparable	to	the	ones	of	current	
therapeutics.	 In	 some	 cases,	 carotenoids	 outperformed	 the	 current	
drug	molecules	based	on	molecular	docking	experiments.	For	exam-
ple,	alpha-	carotene	had	the	strongest	binding	affinity	(−9.6	kcal/mol)	
toward	ADRP,	whereas	remdesivir	and	molnupiravir	had	the	scores	of	

−8.0	and − 7.7	kcal/mol,	respectively.	Similarly,	ivermectin	is	bound	to	
the	replication	complex	with	the	lowest	binding	energy	of	−10.6	kcal/
mol.	 One	 of	 the	 chosen	 carotenoids,	 crocin	 also	 had	 the	 strongest	
binding	affinity	with	a	score	of	−10.5	kcal/mol,	indicating	the	potential	
of	carotenoids	in	the	treatment	and	prevention	of	SARS-	CoV-	2.

3.2  |  Molecular dynamic simulations

To	validate	the	molecular	docking	results,	we	performed	MD	simu-
lations	with	the	best	docking	models.	We	conducted	MD	simula-
tions for crocin since it had strong binding energy scores for the 
majority	of	target	proteins.	For	S	protein	and	its	mutants,	MD	sim-
ulations	were	only	performed	for	the	mutant	of	the	South	African	
variant because its binding affinity was the lowest among all the 
S proteins.

MD	simulation	for	Mpro	of	SARS-	CoV-	2	with	crocin	revealed	that	
the	RMSD	value	was	well	within	the	acceptable	limits	during	the	sim-
ulation	process	with	some	initial	conformational	changes	up	to	2.7	Å	

TA B L E  1 Binding	energies	of	ligands	docked	against	receptors

PubChem ID Compounds 6LU7 6W02 6ZSL 7BV2 6M0J 6M0JR 6M0JSA 6M0JBr 6M0JUK

11433225 Cucurbitaxanthin	A −7.5 −9.3 −9.7 −9.2 −7.9 −8.0 −7.4 −7.7 −7.1

16061212 Cucurbitaxanthin	B −7.3 −9.1 −9.9 −9.1 −7.6 −7.7 −7.2 −7.0 −8.1

4369188 Alpha-	carotene −7.6 −9.6 −8.3 −8.7 −7.8 −7.7 −7.3 −8.1 −7.1

446925 Lycopene −6.0 −7.3 −7.5 −7.0 −6.4 −6.8 −6.6 −6.6 −6.4

448438 Violaxanthin −7.4 −9.0 −9.5 −8.7 −7.2 −6.9 −6.7 −7.4 −7.1

5280489 Beta-	carotene −7.3 −9.0 −8.9 −8.4 −7.1 −7.4 −8.0 −7.7 −8.0

5280784 Phytoene −5.2 −7.5 −6.0 −5.9 −5.6 −5.7 −5.6 −6.0 −4.9

5280899 Zeaxanthin −7.2 −7.9 −9.3 −8.6 −7.3 −7.7 −7.0 −7.0 −6.8

5281224 Astaxanthin −7.3 −7.3 −9.7 −8.9 −7.4 −7.3 −7.0 −7.9 −7.5

5281226 Bixin −5.8 −7.1 −6.6 −7.5 −6.3 −5.6 −6.1 −5.9 −6.2

5281227 Canthaxanthin −6.9 −8.1 −9.2 −8.7 −7.4 −7.5 −7.4 −7.4 −7.2

5281228 Capsanthin −7.0 −9.4 −9.4 −9.1 −6.7 −6.9 −7.0 −6.7 −6.7

5281229 Capsarubin −7.3 −9.1 −9.0 −9.1 −6.5 −7.1 −6.7 −6.4 −6.7

5281232 Crocetin −5.2 −7.5 −6.5 −6.8 −6.0 −5.8 −5.7 −6.0 −5.5

5281233 Crocin −8.0 −8.2 −9.5 −10.5 −6.7 −6.8 −7.6 −6.3 −6.4

5281235 Beta-	cryptoxanthin −7.0 −9.2 −8.6 −8.7 −6.6 −7.5 −7.2 −7.1 −7.7

5281239 Fucoxanthin −7.6 −8.5 −8.5 −9.0 −7.7 −7.1 −7.0 −7.1 −7.3

5281243 Lutein −7.3 −8.0 −9.3 −8.5 −6.9 −7.1 −7.1 −6.8 −6.7

5281247 Neoxanthin −7.3 −9.4 −9.5 −8.9 −7.6 −7.3 −6.8 −7.2 −7.0

6436722 Phytofluene −4.8 −7.5 −6.2 −6.5 −4.1 −5.5 −5.3 −4.4 −5.1

492405 Favipiravir −5.7 −5.9 −5.8 −6.7 −5.3 −5.4 −5.3 −5.5 −5.3

6321424 Ivermectin −7.8 −7.3 −9.9 −10.6 −7.7 −7.5 −8.2 −7.2 −8.2

121304016 Remdesivir −7.8 −8.0 −7.9 −8.5 −6.8 −6.9 −6.9 −7.1 −6.9

155903259 Paxlovid −7.5 −9.0 −7.8 −9.1 −6.4 −6.7 −6.4 −5.8 −6.1

145996610 Molnupiravir −6.7 −7.7 −7.6 −9.9 −6.0 −6.0 −6.0 −6.0 −5.8

Native	ligands −7.0 −8.4 −7.0 −8.5 NA NA NA NA NA

Note:	Native	ligand	for	6LU7:	N3;	Native	ligand	for	6W02:	ADP	ribose;	Native	ligand	for	6ZSL:	Z2327226104;	Native	ligand	for	7BV2:	Remdesivir.	
NA:	Not	applicable	for	S	protein	because	its	native	ligand	is	human	ACE2.
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during	initial	20 ns	(Figure 1a).	The	complexed	ligand	adjusted	itself	
in	the	binding	cavity	of	the	viral	Mpro and fluctuated a bit for initial 
20 ns	and	then	made	a	major	conformational	change	to	stabilize	itself	
at	40 ns.	The	RMSD	value	of	crocin	was	also	lied	within	the	accept-
able	range	of	3	Å	during	the	whole	simulation	of	100 ns.	Except	some	
terminal	residues,	the	root	mean	square	fluctuation	(RMSF)	value	of	
the	macromolecular	residues	was	within	the	acceptable	limit	of	3	Å	
with	an	average	value	of	1	Å	during	the	whole	simulation	of	100 ns.	
The	macromolecular	structure	of	viral	Mpro had 40.79% of second-
ary	 structure	elements	 (SSE)	 in	 total,	 including	16.81%	α-	helix	 and	
23.98%	 β-	strands,	 remained	 conserved	 throughout	 the	 simulation	
process.	The	protein–	ligand	contacts	between	viral	Mpro and crocin 
(Figure 2a) remained stable during the simulation process and the 
number of contacts between the ligand and the macromolecule fluc-
tuated	between	8	and	24	contacts	with	an	average	value	of	16	con-
tacts	during	the	100 ns	simulation.	The	interacting	residues,	type	of	
interaction,	and	their	fractions	for	the	viral	Mpro with crocin are given 
in Table 2 and Figure 3a.	 In	particular,	Glu166,	His172,	and	Gln189	
residues were previously reported to be among the important inter-
acting	residues	in	Mpro	with	N3	inhibitor	(Jin	et	al.,	2020),	indicating	
the	potential	of	crocin	for	the	inhibition	of	Mpro.

The	RMSD	value	for	helicase	was	also	well	within	the	acceptable	
limits during the simulation process with some initial conformational 
changes	up	to	3.2	Å,	followed	by	its	fluctuation	between	2.0	and	3.2	Å	
throughout	the	simulation	process	(Figure 1b).	The	complexed	ligand	
adjusted itself in the binding cavity of the viral helicase and fluctuated 
a	bit	for	initial	40 ns,	and	then	made	a	major	conformational	change	
to reach the final stabilization within the macromolecular binding 
cavity.	The	RMSD	value	of	crocin	was	also	well	within	the	acceptable	
range	of	3.2	Å	during	the	whole	simulation	of	100 ns.	Except	for	few	
macromolecular	residues,	the	RMSF	value	of	the	target	macromole-
cule	fluctuated	from	1.2	to	2.4	Å.	The	macromolecular	structure	of	
helicase	remained	conserved	during	the	whole	simulation	time.	The	
protein–	ligand	contacts	between	helicase	and	crocin	(Figure 2b) also 
remained stable during the simulation process and the number of con-
tacts between the ligand and the macromolecule fluctuated between 
6	and	22	contacts	with	an	average	value	of	12	contacts.	The	 inter-
acting	 residues,	 type	of	 interaction,	 and	 their	 fractions	 for	helicase	
interacted with crocin are given in Table 2 and Figure 4a.	Among	these	
residues,	Tyr515	and	Thr552	were	listed	to	form	polar	contacts	with	
tested	ligands	(Newman	et	al.,	2021).	These	contacts	including	Ser486	
and	 Asn516	 are	 similar	 to	 the	 contacts	 formed	 by	 two	 successive	
RNA	 phosphates	 in	 the	 UPF1	 helicase–	RNA	 complex	 (Chakrabarti	
et	al.,	2011;	Newman	et	al.,	2021).	Therefore,	crocin	could	be	an	at-
tractive	molecule	as	a	potential	RNA-	competitive	inhibitor.

The	 replication	 complex	 is	 an	 important	 target	 in	 the	 drug	de-
velopment	for	COVID-	19	due	to	its	crucial	role	in	the	replication	of	
the	virus	 (Gil	et	al.,	2020;	Zhu	et	al.,	2020).	The	MD	simulation	for	
the	replication	complex	docked	with	crocin	showed	that	the	RMSD	
value for the receptor was acceptable during the simulation process 
with	some	initial	conformational	changes	up	to	2.4	Å,	followed	by	its	
fluctuation	between	1.5	and	2.4	Å	for	the	rest	of	the	simulation	pro-
cess.	The	complexed	ligand	fluctuated	a	bit	for	initial	40 ns,	followed	

by	adjusting	 itself	 in	 the	binding	cavity	of	 the	 replication	complex,	
and then a major conformational change led to the final stabilization 
within	the	macromolecular	binding	cavity.	The	RMSD	value	for	crocin	
was	within	the	range	of	2.4	Å	during	the	whole	simulation	of	100 ns	
(Figure 1c).	Except	a	very	few	receptor	residues,	the	RMSF	value	of	
the	receptor	fluctuated	from	0.5	to	2.4	Å	during	the	whole	simulation	
of	100 ns.	The	macromolecular	structure	had	46.44%	of	SSE	in	total	
including 11.99% α-	helix	and	34.85%	β-	strands,	which	remained	con-
served	during	the	whole	simulation	time.	The	protein–	ligand	contacts	
between	receptor	and	ligand	(Figure 2c) also remained stable during 
the	simulation	process.	The	number	of	contacts	between	the	ligand	
and the macromolecule fluctuated between 6 and 24 contacts with 
an	average	value	of	12	contacts	during	the	100 ns	simulation.	The	in-
teracting	residues,	type	of	interaction,	and	their	fractions	for	the	viral	
replication with crocin are given in Table 2 and Figure 3b.	The	list	of	
interacting residues of the replication complex with crocin includes 
Asn497,	Asp499,	Lys500,	Lys545,	Ile548,	Arg836,	Asp845,	Arg858,	
some	of	which	were	included	in	the	interacting	residues	of	RdRP	of	
SARS-	CoV-	2	 complexed	 with	 remdesivir.	 Particularly,	 Lys545	 and	
Arg555	are	the	residues	interacting	with	the	primer	strand	RNA	and	
thus stabilize incoming nucleotide in the correct position for replica-
tion	(Yin	et	al.,	2020).	Besides	remdesivir,	EIDD-	2801	as	a	nucleotide	
analog	was	reported	to	efficiently	inhibit	SARS-	CoV-	2	replication	in	
cell-	based	 assays	 and	 its	 3–	10	 times	 higher	 potency	was	 reported	
to	be	due	to	the	extra	hydrogen	bond	of	the	N4	hydroxyl	group	of	
EIDD-	2801	with	 Lys545	 residue	 (Sheahan	 et	 al.,	2020).	 Therefore,	
crocin	interacting	with	this	key	residue	holds	significant	potential	in	
the	treatment	and	prophylaxis	of	SARS-	CoV-	2.

ADRP	of	SARS-	CoV-	2	has	165	amino	acids,	and	a	total	of	2506	
atoms	 including	 1248	 heavy	 atoms.	MD	 simulation	 of	ADRP	with	
crocin	showed	that	its	RMSD	was	highly	stable	with	very	little	fluc-
tuation,	which	was	 lying	within	 the	acceptable	 range	of	0.8–	1.4	Å	
during	the	whole	simulation	process	of	100 ns.	The	complexed	ligand	
adjusted	itself	 in	the	binding	cavity	of	the	viral	ADRP	by	changing	
its	conformation	at	20 Å,	leading	to	the	final	stabilization	within	the	
macromolecular binding cavity till the end of the simulation process 
(Figure 1d).	Except	a	very	few	macromolecular	residues,	the	RMSF	
value	of	the	target	receptor	fluctuated	from	0.4	to	1.4	Å	during	the	
whole	simulation	process	of	100 ns.	The	macromolecular	structure	
remained	conserved	during	the	whole	simulation	time.	The	protein–	
ligand	contacts	between	viral	ADRP	and	crocin	(Figure 2d) remained 
stable and the number of contacts between the ligand and the mac-
romolecule fluctuated between 5 and 15 contacts with an average 
value	of	10	contacts	during	 the	100 ns	simulation.	The	 interacting	
residues,	type	of	interaction,	and	their	fractions	for	the	viral	ADRP	
with crocin are given in Table 2 and Figure 4b.	The	interacting	resi-
dues	of	the	viral	ADRP	with	crocin	in	the	MD	simulation	were	Asp22,	
Lys44,	Gly48,	Ala154,	and	Phe156.	ADP-	ribose	 is	 the	natural	sub-
strate	of	ADRP	and	was	found	to	be	sandwiched	between	α2 and β7 
of	ADRP,	in	which	Asp22,	Ala154,	and	Phe156	were	involved	in	the	
interaction	of	ADP-	ribose	with	ADRP	through	hydrogen	bonds	and	
hydrophobic	interactions	(Michalska	et	al.,	2020).	This	indicated	that	
crocin	might	be	a	good	candidate	molecule	in	the	inhibition	of	ADRP	
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F I G U R E  1 The	protein–	ligand	RMSD	value	observed	after	performing	100 ns	MD	simulation	for	all	the	macromolecular	complexes	of	
crocin	with	(a)	Mpro,	(b)	Helicase,	(c)	Replication	complex,	(d)	ADRP,	and	(e)	B.1.351	variant	of	S	protein.	Lines	with	blue	color	indicate	the	
RMSD	profiles	for	the	receptors	complexed	with	crocin,	whereas	lines	with	red	color	show	the	RMSD	profiles	for	crocin	complexed	with	
receptors
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F I G U R E  2 The	protein–	ligand	contacts	observed	after	performing	100 ns	MD	simulation	for	all	the	macromolecular	complexes	of	crocin	
with	(a)	Mpro,	(b)	Helicase,	(c)	Replication	complex,	(d)	ADRP,	and	(e)	B.1.351	variant	of	S	protein.	The	macromolecular	residues	demonstrated	
in	green	color	have	hydrophobic	interaction,	whereas	sky	blue-	colored	residues	have	polar	interactions	with	the	complexed	ligand	molecule.	
The	orange-	colored	residues	are	negatively	charged,	whereas	the	dark	blue	residues	are	positively	charged
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due	to	its	interactions	with	the	important	residues	of	ADRP	similar	
to the original ligand.

S	 protein	 of	 the	 B.1.351	 variant	 of	 SARS-	CoV-	2	 emerged	 in	
South	 Africa	 was	 found	 to	 be	 highly	 contagious	 and	was	 charac-
terized	 by	 triple	 mutations,	 that	 is,	 E484K,	 N501Y,	 and	 K417N.	

The	MD	simulation	of	mutant	S	protein	complexed	with	crocin	was	
conducted,	 and	 the	RMSD	value	was	 found	 to	 be	well	within	 the	
acceptable limits during the simulation process with some initial con-
formational	changes	up	to	3.6	Å,	followed	by	its	fluctuation	between	
1.6	and	3.2	Å.	The	complexed	ligand	was	constantly	stabilized	in	the	

Viral drug target PDB ID Interacting residues

Main	Protease 6LU7 Ala116,	Ser123,	Ser139,	Phe140,	Leu141,	Asn142,	
Glu166,	His172,	Gln189

Helicase 6ZSL Ala18,	Ile20,	Cys112,	Asp113,	Trp114,	Thr141,	Phe145,	
Gly415,	His482,	Asp483,	Val484,	Ser485,	Tyr515,	
Thr552,	His554

Replication complex 7BV2 Asn497,	Asp499,	Lys500,	Lys545,	Ile548,	Arg836,	
Asp845,	Arg858

ADRP 6W02 Asp22,	Lys44,	Gly48,	Ala154,	Phe156

Spike	Protein	(B.1.351) 6M0JSA Arg346,	Phe347,	Ser349,	Tyr351,	Leu441,	Lys444,	
Val445,	Gly447,	Asn448,	Tyr449,	Asn450,	Phe490

TA B L E  2 The	protein–	ligand	contacts	
observed	after	performing	100 ns	MD	
simulation for all the macromolecular 
complexes of crocin with the drug target 
receptors

F I G U R E  3 Type	of	interaction	of	crocin	with	the	key	interacting	amino	acid	residues	of	(a)	Mpro	and	(b)	replication	complex	of	SARS-	
CoV-	2.	The	green-	colored	and	blue-	colored	bars	refer	to	the	presence	of	H-	bonding	and	the	presence	of	water	bridges,	respectively.	 
Purple-	colored	and	dark	pink-	colored	bars	demonstrate	the	presence	of	hydrophobic	interactions	and	the	presence	of	ionic	interactions	
between	the	macromolecular	residues	and	the	complexed	ligand,	respectively



10 of 15  |     MUJWAR et al.

binding cavity of the RBD of mutant S protein without any fluctu-
ation	 or	major	 conformational	 change.	 The	RMSD	 value	 of	 crocin	
was	also	within	 the	acceptable	 range	of	3.2–	5.4	Å	throughout	 the	
simulation	process	(Figure 1e).	Except	some	of	the	receptor	residues,	
the	RMSF	value	of	the	receptor	fluctuated	from	0.6	to	1.8	Å	during	
the	whole	simulation	process	of	100 ns.	The	macromolecular	struc-
ture of RBD remained conserved during the whole simulation time. 
The	protein–	ligand	contacts	between	RBD	of	S	protein	and	crocin	
(Figure 2e) remained stable during the simulation process and the 
number of contacts between the ligand and the macromolecule fluc-
tuated between 10 and 20 contacts with an average value of 16 con-
tacts	during	the	100 ns	simulation	process.	The	interacting	residues,	
type	of	interaction,	and	their	fractions	for	the	viral	RBD	of	S	protein	
for Beta variant with crocin are given in Table 2 and Figure 4c.

3.3  |  Postdynamics complex stability analysis

The	MD	simulation	of	the	macromolecular	complex	of	crocin	com-
plexed	with	viral	Mpro revealed that both crocin and its macromo-
lecular	target	had	major	conformational	changes	as	the	RMSD	value	
fluctuates	up	to	2.8	Å	till	the	initial	40 ns	of	the	simulation.	But	after	

taking	certain	moves,	the	ligand	stabilized	within	the	macromolecu-
lar	cavity,	resulting	in	the	stabilization	of	the	whole	complex	in	the	
remaining	part	of	the	simulation	process.	The	MD	simulation	of	the	
macromolecular	complex	of	crocin	complexed	with	viral	ADRP	sug-
gested that only the macromolecular target underwent slight con-
formational	changes	as	the	RMSD	value	fluctuated	to	1.4	Å	 in	the	
initial	20 ns	of	the	simulation.	But	afterward,	the	complex	remained	
stable	during	the	rest	of	the	simulation	process.	The	MD	simulation	
of the macromolecular complex of crocin complexed with helicase 
revealed that only the macromolecular target underwent conforma-
tional	changes	as	the	RMSD	value	fluctuated	up	to	2.4	Å	at	the	initial	
40 ns	of	the	simulation	by	gradually	achieving	stabilized	conforma-
tion.	The	MD	simulation	of	 the	macromolecular	complex	of	crocin	
complexed with viral RdRp revealed that both the macromolecular 
target underwent initial conformational changes within the accept-
able	RMSD	fluctuation	between	0.9	and	2.1	Å	till	the	initial	45 ns	of	
the	simulation.	But	afterward,	both	the	ligand	and	the	macromolecu-
lar target receptor perfectly stabilized in the remaining part of the 
simulation	process.	MD	simulation	of	the	macromolecular	complex	
of	crocin	complexed	with	 the	South	Africa	variant	of	 the	mutated	
S protein showed that despite slight conformational change by the 
macromolecular	target	till	0–	4	ns,	both	the	crocin	and	the	mutant	S	

F I G U R E  4 Type	of	interaction	of	crocin	with	the	key	interacting	amino	acid	residues	of	(a)	Helicase,	(b)	ADRP,	and	(c)	RBD	of	S	protein	
of	SARS-	CoV-	2	for	Beta	variant.	The	green-	colored	and	blue-	colored	bars	refer	to	the	presence	of	H-	bonding	and	the	presence	of	water	
bridges,	respectively.	Purple-	colored	and	dark	pink-	colored	bars	demonstrate	the	presence	of	hydrophobic	interactions	and	the	presence	of	
ionic	interactions	between	the	macromolecular	residues	and	the	complexed	ligand,	respectively
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protein remained stable without the presence of any major confor-
mational	changes	during	the	100 ns	simulation	process.

3.4  |  Carotenoids and their biological activities 
against SARS- CoV- 2

There	 are	more	 than	 750	 carotenoids,	 which	 are	widely	 found	 in	
fruits,	vegetables,	and	algae.	They	exhibit	various	biological	activi-
ties,	 such	as	antioxidant,	anticancer,	anti-	inflammatory,	and	 immu-
nity	 booster	 properties	 (Fidan	 &	 Zhan,	 2019). Some carotenoids 
serve	 as	 precursors	 for	 the	 synthesis	 of	 vitamin	 A.	 Nevertheless,	
human	beings	cannot	biosynthesize	carotenoids,	which	makes	them	
a	group	necessary	for	diet	supplementation	(Olson	&	Krinsky,	1995). 
Carotenoids	 have	 also	 been	 reported	 to	 hold	 significant	 potential	
in the development of effective therapeutics for the treatment and 
prophylaxis	of	COVID-	19	(Fakhri	et	al.,	2021).	They	attracted	special	
attention due to their involvement in various steps of the viral life 
cycle	and	host	proteins	(Santoyo	et	al.,	2011).	For	instance,	as	strong	
antioxidant	agents,	 carotenoids	play	 important	 roles	 in	viral	 infec-
tions	due	to	cytokine	storms	and	thus	oxidative	stress.	To	alleviate	
the	 oxidative	 damage,	 vitamin	 C	 as	 an	 antioxidant	 molecule	 was	
tested	in	COVID-	19	patients	and	found	to	improve	pulmonary	func-
tion	and	decreased	the	risk	of	acute	respiratory	distress	syndrome	
(Liu	et	al.,	2020).	Vitamin	E	was	also	a	candidate	for	the	alleviation	
of	 oxidative	 damage	 and	 inflammation	 induced	 by	 SARS-	COV-	2	
(Soto	et	al.,	2020).	On	the	other	hand,	astaxanthin	is	an	important	
dietary supplement with a strong antioxidant activity than vitamins 
C	and	E	and	might	be	a	promising	carotenoid	candidate	for	the	treat-
ment	of	COVID-	19	complications	(Fakhri	et	al.,	2020).	Additionally,	
carotenoids such as β-	Carotene	and	lycopene	were	shown	to	have	
good	anti-	inflammatory	properties	with	their	reactive	oxygen	spe-
cies	 (ROS)-	scavenging	 activities.	 This	 indicated	 their	 potential	 use	
in	the	prophylaxis	and	treatment	of	COVID-	19	(Kawata	et	al.,	2018). 
Overall,	 due	 to	 the	aforementioned	biological	 activities	of	 carote-
noids,	they	have	been	attractive	dietary	supplement	molecules	as	an	
alternative	strategy	 for	 the	prevention	and/or	 treatment	of	SARS-	
CoV-	2	(Lammi	&	Arnoldi,	2021).

A	carotenoid,	capsanthin,	was	reported	to	be	potentially	an	ef-
fective	 inhibitor	of	Mpro	 of	SARS-	CoV-	2	 through	an	 in	 silico	 study	
(Ibrahim	et	al.,	2020). Our in silico experiments revealed that a few 
carotenoids are particularly attractive due to targeting multiple 
druggable	 targets	of	SARS-	CoV-	2.	Cucurbitaxanthin	A	and	B	were	
isolated	from	pumpkin	Cucurbita maxima	and	paprika	Capsicum an-
nuum	 (Hornero-	Méndez	 &	 Mínguez-	Mosquera,	 1998;	 Matsuno	
et	al.,	1986).	To	our	knowledge,	there	is	few	studies	on	their	potential	
antiviral	activities.	In	molecular	docking	studies,	cucurbitaxanthin	A	
and	B	showed	quite	strong	affinities	toward	some	target	proteins,	
such	as	ADRP,	helicase,	 replication	 complex,	 and	 spike	protein	 in-
cluding	mutant	spike	protein	for	Delta	variant	(Table 1).	Furthermore,	
alpha-		and	beta-	carotenes	indicated	strong	binding	energies	against	
multiple	target	proteins,	which	were	reported	to	be	potential	inhib-
itors	of	the	main	peptidase	of	SARS-	CoV	(Costa	et	al.,	2021).	These	

compounds	 are	 commonly	 found	 in	 various	 foods	 such	 as	 carrot,	
sweet	potato,	spinach,	pumpkin,	etc.	(Costa	et	al.,	2021).	Particularly,	
beta-	carotene	as	pro-	vitamin	A	was	shown	to	reduce	the	overall	se-
verity	 and	 consequent	 fatalities	 associated	with	HIV,	malaria,	 and	
measles.	Thus,	 it	was	considered	to	be	an	important	micronutrient	
to support the host immunocompetence and reduce the oxidative 
stress	in	COVID-	19	(Stipp,	2020;	Trujillo-	Mayol	et	al.,	2021). In ad-
dition	to	these	biological	benefits	for	COVID-	19	patients,	our	study	
proves to some extent that it might also have an inhibitory effect on 
the	multiple	drug	targets	of	SARS-	CoV-	2.	Another	attractive	carot-
enoid	was	beta-	cryptoxanthin,	which	is	commonly	found	in	egg	yolk,	
butter,	apples,	and	papaya.	It	was	found	to	have	good	binding	affin-
ities	 toward	multiple	SARS-	CoV-	2	receptors	and	reported	antiviral	
potential	due	 to	 its	 tight	affinity	 toward	Mpro	 and	PLpro	 (Karpiński	
et	al.,	2021;	Wang	et	al.,	2020).	Beta-	cryptoxanthin	has	also	shown	
to be a potential antiviral agent because it is bound to S protein in 
the	in	silico	studies,	leading	to	the	prevention	of	viral	entry	to	human	
cells	(Umashankar	et	al.,	2021).	These	preliminary	in	silico	results	are	
required	to	be	confirmed	through	in	vitro	and	in	vivo	experiments.

Crocin	as	one	of	the	main	components	of	saffron	had	the	stron-
gest	binding	affinity	toward	the	replication	complex	of	SARS-	CoV-	2.	
It	also	bound	strongly	toward	multiple	drug	targets	including	Mpro,	
ADRP,	helicase,	and	mutant	S	protein	of	Beta	variant	 (Table 1). Its 
stability	in	these	receptors	was	also	confirmed	with	MD	simulations.	
Interestingly,	saffron	has	been	suggested	to	be	used	as	a	drug	sup-
plement	for	the	treatment	of	SARS-	CoV-	2	in	the	recent	reviews	and	
a	 commentary	 (Ghasemnejad-	Berenji,	 2021;	 Husaini	 et	 al.,	 2021; 
Mentis	et	al.,	2021).	Furthermore,	 saffron	was	 reported	 to	exhibit	
antitumor	and	antiviral	properties.	For	example,	the	anti-	HSV-	1	and	
anti-	HIV-	1	properties	of	saffron	and	its	main	components,	including	
crocin	and	picrocrocin,	were	investigated	and	found	that	the	aque-
ous saffron extract possessed a mild antiviral activity; whereas cro-
cin	and	picrocrocin	exhibited	effective	antiviral	activity	(Soleymani	
et	 al.,	 2018).	 Through	 in	 silico	 approaches,	 saffron	 crocetin,	 for	
instance,	 had	 a	 high	 affinity	 for	 both	Mpro	 and	 S	 protein	 (Aanouz	
et	al.,	2021).	Crocin	was	also	 tested	 in	silico	against	S	protein	and	
showed	strong	hydrogen	bonding	with	RBD	of	SARS-	CoV-	2	(Stalin	
et	al.,	2021).	In	this	study,	we	simulated	crocin	against	multiple	drug	
targets	 of	 SARS-	CoV-	2	 and	 found	 that	 it	 binds	 to	multiple	 recep-
tors	with	strong	binding	affinities.	Molecular	docking	indicated	that	
the	binding	affinities	of	crocin	toward	replication	complex,	helicase,	
ADRP,	and	Mpro were much stronger than toward RDB of S protein. 
This	 clearly	 renders	 crocin	 a	 promising	 dietary	 supplement	 in	 the	
treatment	and	prophylaxis	of	SARS-	CoV-	2.	The	ADME	analysis	for	
crocin	was	also	conducted	using	SWISSADME	online	server.	Crocin	
has	a	molecular	weight	of	976.96 g/mol,	the	lipophilicity	of	3.06,	24	
hydrogen	acceptors,	and	14	hydrogen	donors,	indicating	that	it	vio-
lates	three	criteria	of	Lupinski's	rule	of	five.	Yet,	it	was	predicted	to	
be	water-	soluble,	which	is	an	important	aspect	of	the	bioavailability	
of	drug	molecules	(Savjani	et	al.,	2012).	Also,	crocin	was	not	an	inhib-
itor	 for	pharmacokinetically	 important	cytochrome	P450	oxidases.	
Even	 though	ADME	 analysis	might	 not	 appear	 to	 be	 promising	 in	
terms	of	druggability	criteria,	crocin	has	indeed	been	tested	in	animal	
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and	human	studies	without	any	medical	issues.	For	example,	crocin	
showed	to	provide	genoprotective	properties	for	DNA	damage	and	
to improve glycemic control and insulin resistance in patients with 
type	2	diabetes	 (Behrouz	et	al.,	2020;	Hosseinzadeh	et	al.,	2008). 
Overall,	our	in	silico	findings	needs	to	be	in	fact	supported	by	in	vitro	
and in vivo studies to draw a solid conclusion. Since some structur-
ally	 similar	 apocarotenoids,	 including	bixin	 and	β-	apo-	8′carotenoic	
acid,	were	tested	against	SARS-	CoV-	2	in	Vero	E6	cells	and	had	re-
markable	antiviral	activities	(Bereczki	et	al.,	2021),	crocin	is	potential	
to	be	used	in	the	treatment	of	anti-	SARS-	CoV-	2.

4  |  CONCLUSION

The	molecular	 docking	 studies	 of	 the	 20	most	widely	 used	 food-	
derived	 carotenoids	 against	 multiple	 drug	 targets	 of	 SARS-	CoV-	2	
revealed that carotenoids have significant inhibitory effects on 
different target proteins. Some of them showed strong binding af-
finities	toward	multiple	targets,	including	replication	complex,	heli-
case,	ADRP,	Mpro,	and	S	protein.	Crocin,	particularly,	exhibited	quite	
low binding energies to multiple receptors and had the most stable 
binding	with	the	replication	complex	of	SARS-	CoV-	2.	The	molecular	
docking	experiments	were	 further	 validated	with	MD	simulations,	
which confirmed the stability and affinity of crocin against the tar-
get	proteins.	The	MD	simulations	also	indicated	that	crocin	interacts	
with	some	of	the	key	amino	acid	residues	of	the	receptors.	Therefore,	
crocin	 can	be	 considered	an	effective	 supplementary	 therapeutic,	
which targets multiple proteins for the treatment and prophylaxis of 
COVID-	19.	Carotenoids	have	already	been	acknowledged	for	their	
health-	promoting	 properties	 in	 the	 treatment	 of	 various	 diseases	
including	COVID-	19.	Our	study	reveals	that	crocin,	a	water-	soluble	
carotenoid,	can	provide	further	benefits	with	its	promising	antiviral	
activity.	The	in	silico	study	will	be	further	investigated	through	wet-	
lab experiments to draw a more solid conclusion.
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