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Abstract

Coronavirus disease 2019 (COVID-19) has spread rapidly as global pandemic affecting 187 countries/
regions and emerged as worldwide health crisis. Potential antiviral drugs used for the SARS-CoV-2 in
clinical treatments have side effects. However, emergency vaccines are in use but despite that increase
in the coronavirus cases are alarming. Thus, it is utmost need of safer antiviral agent to treat or inhibit
the viral infection. Forskolin has been reported as a possible antiviral-agent. This molecule was docked
with ACE2 receptor of human which is the target for the binding of S1 unit of viral S protein of SARS-
CoV-2. In silico docking was carried out on SwissDock, PatchDock and FireDock servers. The docked
ACE2 structure was further docked with the RBD of the spike protein. Forskolin is able to H-bond with
the hACE2 and ACE2-forskolin fails to interact with the receptor-binding domain (RBD) of the Spike
protein of SARS-CoV-2. Instead, viral RBD is repulsed by the diterpene molecule through obliteration
and reciprocated binding. We report first that forskolin plays a crucial role in the inhibition of protein-
protein interaction of RBD and ACE2 when docked with either of the protein.
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INTRODUCTION

Forskolin is a small natural bioactive
molecule produced by Plectranthus barbatus
Andrews (syn. Coleus forskohlii Brig.) (Fig.1 A) of
the plant family Lamiaceae. P. barbatus is a well-
known indigenous plant of India used traditionally
in various ailments since ancient times®.

Forskolin (Figl B) is 7beta-acetoxy-8,13-
epoxy-1a,6f,9a-trihydroxy-labd-14-en-11-one
with the molecular formula C,H,,0.. It is a lipid-
soluble labdane diterpene that can penetrate
cell - membranes and stimulate the enzyme
adenylate cyclase*® which produces the 'fight or
flight' messenger cAMP for the tissues from ATP. It
is a useful chemical used in pharmaceuticals and
biological research* derived from geranylgeranyl
pyrophosphate with a tetrahydropyran-derived
heterocyclic ring. The topical application of
forskolin has been reported to be capable of
reducing intraocular pressure (IOP) in animals
and human?®. The molecule has been found to be
useful in preventing asthma attacks in patient [6].
It is understood to work by stabilizing the cells
that release histamine and other inflammatory
compounds’ and by relaxing smooth muscle
tissue®.

A thorough literature survey on PubMed
database suggested several research articles
exploring antiviral activity of plant extracts against
varied coronaviruses, especially SARS-CoV°.
Discovery of new lead molecules in cell-based
assays (Vero E6 cells) and detection via different
techniques like immune-fluorescence, western

Forskolin

blot and flow cytometry involved analysis of
roughly 10,000 compounds®. Anti-SARS-CoV
activity of forskolin was reported by employing
molecular modeling.

Here we present our observation
regarding in silico docking experiments involving
forskolin molecule as ligand and human cell surface
protein angiotensin-converting enzyme2 (ACE2) as
receptor. Spike protein of SARS-CoV-2 has receptor
binding domain which specifically binds to ACE
2 (Angiotensin- converting enzyme-2) receptor.
The ACE 2 receptors are expressed on the host
cells®. RBD of S protein was also taken as receptor
for the forskolin ligand in a separate docking
experiment. Chiefly, we attempted to look into
the impact of ACE2-forskolin complex on the RBD’s
binding efficacy for the former which is of prime
importance for successful SARS-CoV-2 infection™2.

MATERIALS AND METHODS

The model of SARS-CoV-2 and ACE2
complex was obtained in the expression system
Spodoptera frugiperda and submitted to the
Protein data bank® with the PDB code 6vw1
contains spike protein RBD from Asn334 to
Pro527and Ser19-Ala614 of ACE2 N-terminal
peptidase domain. This model was downloaded,
analyzed and used for studies.
Structure preparation of ligand and receptor and
Molecular Docking

The 3D SDF structure (CID 47936) of
forskolin molecule was retrieved from PubChem
database (https://pubchem.ncbi.nlm.nih.gov/

Fig. 1. A - Plectranthus barbatus Plant, 1B- 3-dimensional ball and stick structure of forskolin (A major phytochemical

of Plectranthus barbatus)
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compound/Forskolin). UCSF chimera 1.11 [15] was
used for the conversion of the SDF file into mol2
format to be used as ligand.

The 6vw1 is crystal-structure of chimeric
receptor-binding domain of SARS-CoV-2 complexed
with its human receptor ACE2 along with its
accessory molecules, ions and water was subjected
to the receptor preparation for docking. It was

achieved in UCSF Chimera by removing all the
nonspecific molecules and ions, chain B of ACE 2
and both chains of RBD. The prepared molecule
was saved in PDB format for submission for
docking®e1718,

Docking of forskolin with ACE 2 protein
chain was performed online on SwissDock web
service based on EADock DSS engine®®. Blind

Fig. 2. A- View of the rendered complex structure of RBD (Majenta colour) and ACE2 (Green colour) B- 2 N- terminal
helix of ACE2 with Ser19 interacting with the contacting segment of RBD with Cys (CYS 488 and CYS 480) residues

forming a disulphide bond
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Fig. 3. Cluster 15 complex rendered in UCSF chimera 10.11, Forskolin ligand molecule interactionwith receptor ACE
2- hydrogen bonds are depicted in blue colour whereas hydrophobic interaction with different aminoacid of ACE

2 protein are shown in purple colour
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docking was performed in the vicinity of all
target cavities and the binding modes with most
favorable energies were evaluated with FACTS and
clustered by SwissDock server. These clusters were
analyzed by UCSF Chimera’s View Dock?**' and
most preferred bindings of ligand to the receptor
were chosen (with lowest delta G energy). The
structures were saved in pdb format for further
protein-protein docking analysis.
Protein-protein Docking

ACE2 receptor with docked forskolin was
subjected to protein-protein docking on PatchDock
server?>?* where ACE 2 was uploaded as receptor
and RBD as the protein ligand as pdb files. Best
10 solutions of the PatchDock were further
uploaded to the FireDock web server for structure
refinement and rescoring of protein-protein dock.
The results were downloaded in pdb format and
best dock structure was analyzed in UCSF Chimera.

RESULTS AND DISCUSSION
Binding to ACE2 is indispensable for entry
of SARS-CoV-2 into target cells?*. The functional

component in S1 subunit of S protein SARS-CoV-2
is receptor binding domain (RBD) for binding to
the ACE22>2¢, Determination of the structure of
RBD-ACE2 complex using x-ray crystallography
provides insights of the residues of RBD protein
that are essential for ACE2 binding. Majority of
these residues are highly conserved and several of
them share side chain properties with the receptor
binding domain of SARS-CoV.

6vw1 complex of RBD of SARS-CoV-2 with
ACE2 shows seven antiparallel B sheets of which
five make the core with short helices and loops in
RBD. N terminal helix of ACE2 containing Ser19
is involved in binding to the RBD of S protein®?.
The peptide substrate binding site of ACE2 lies
between its two lobes. Figure 2A presents the
surface rendering of the complex. The segment
of RBD comprising two shorter B sheets, contacts
the small lobe of ACE2 to interact with many of
its residues. The contacting segment of RBD has a
disulfide bond between Cys480 and Cys488 in this
region (Fig.2B). Properties of Ligand forskolin and
ACE2 Receptor complex are presented in Tablel.

Fig. 4. A Normal RBD (from 6VW1) and 4B - RBD after bound with forskolin in RBD-ACE2_Forskolin docking

Fig. 5. Protein-Protein docking of ACE2 and RBD:
Without forskolin, RBD shows molecular interactions
to ACE2

One of the best fits as derived by
SwissDock for forskolin docking complex with
ACE2 was Cluster 15 having Cluster rank 1. It
showed Energy: 53.8005; SimpleFitness: 53.8005;
FullFitness: -2634.1519; InterFull: -44.4368,
IntraFull: 108.234; solvFull: -3097.68; surfFull:
399.731; extraFull: 0.0; deltaGcompsolvpol:
-3097.68; deltaGcompsolvnonpol:
399.731; deltaGprotsolvpol: -3132.93;
deltaGprotsolvnonpol: 401.547; deltaGligsolvpol:
-10.6535; deltaGligsolvnonpol: 13.2877;
deltaGvdw: -44.4368; deltaGelec: 0.0 and deltaG:
-6.813238. The renderings of the complex of
cluster 15 in surface and ribbon forms respectively
and the ligand interaction with various residues
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Table 1. Properties of Ligand forskolin and ACE2 Receptor complex

Properties Forskolin Properties SARS-CoV-2 chimeric RBD
complexed with human ACE2

PubChem ID 47936 PDB ID- 6VW1

Molecular Formula C,,H,.0,

Total structure weight 192.75 kDa

Molecular Weight 410.5 g/mol Atom Count 13180

Hydrogen Bond 3 Residue Count 1579

Donor Count

Hydrogen Bond 1 Unique protein 2

Acceptor Count chains

Rotatable Bond Count 3 Co-crystalized 1.beta-D-mannopyranose
molecules -(1-4)-2-acetamido-2-deoxy-

Pharmacological
properties

anti-HIV agent, a protein

cyclase agonist, an
antihypertensive agent,

platelet aggregation inhibitor,

potent activator of adenyl
cyclase system and has

role in biosynthesis of
cAMP, antihypertensive,
positive inotropic, platelet
aggregation inhibitory,

and smooth muscle relaxant
activities, lowers intraocular
pressure, promotes release
of hormones from the
pituitary gland

kinase A agonist, an adenylate

beta-D-glucopyranose-(1-4)
-2-acetamido-2-deoxy-
beta-D-glucopyranose

2. 2-acetamido-2-deoxy-
beta-D-glucopyranose-
(1-4)-2-acetamido-2-
deoxy-beta-D-

glucopyranose

3. 2-acetamido-2-deoxy-
beta-D-glucopyranose-
(1-3)-beta-D-mannopyranose-
(1-4)-2-acetamido-2-deoxy
-beta-D-glucopyranose
-(1-4)-2-acetamido-2
-deoxy-beta-D-glucopyranose
4. 2-acetamido-2-deoxy-
beta-D-glucopyranose
5.Zincion

6. 1,2-ethanediol

7. Chloride ion

of the receptor through H bonds and other
chemical interactions at least at three positions.
One such interaction is shown in Fig 3 along with
the rendered surface and ribbon forms of dock
structure.

In PatchDock algorithm, the given
molecules’ surfaces are cleaved into small patches
according to shape of the surface. Similar patches
are superimposed using shape matching algorithms
that involve molecular shape representation and
surface patch matching. Unacceptable complexes
are discarded. Complexes are ranked based on its
geometric shape and score of complementarities.

ACE2-forskolin complex and S protein
RBD subjected to protein-protein docking on
PatchDock and best 10 solutions uploaded to

the FireDock web server gave a surprising output
where Solution number 1 ranked 1 with global
energy -11.19, attractive Van der Waals force
(VdW) as -8.95, repulsive VAW as 2.55, Atomic
contact energy (ACE) as -5.64 and hydrogen
bonds contributed to the global binding energy
(HB) being 00 showed only RBD to which forskolin
got docked into (Fig 4A). The RBD showed an
obliterated structure and obviously failed to
interact with ACE2 (Fig.4B). Docking of free ACE2
with RBD on FireDock showed expected result and
good intermolecular interaction (Fig.5).

The above observations and inference
suggest that the diterpenoid forskolin may be
a good inhibitor of RBD-ACE2 binding and may
prevent the entrance of SARS-CoV-2 into human
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cells for infection. Some related studies in
literature which conceptualize on the inhibition
of protein-protein binding reported compounds
which binds to the region of RBD residues and
thus, further impede the binding of RBD to
ACE-22% where as another study involves the
effect of two Chinese herbal compounds puerarin
and quercetine which impair the binding of viral
S protein to ACE2 receptor when docked with
Human receptor for receptor binding domain
of viral protein?’. Only one cell line-based study
involving colforsin (forskolin) where colforsin and
5 other compounds were tested and found to be
broad spectrum inhibitors for spike-mediated
entry of SARS-CoV-2%,

CONCLUSION

We report first as per our knowledge that
forskolin plays significant role in the inhibition of
protein-protein interaction of SARS-CoV-2 virus
receptor binding domain (RBD) of spike protein
and angiotensin-converting enzyme2 (ACE2) of
human lung cells through molecular docking
studies. PubMed database search resulted in
427 compounds documented for covid 19 clinical
trial at PubChem (https://pubchem.ncbi.nlm.nih.
gov/#query=covid-19%20clinicaltrials) which don’t
include Forskolin trial for SARS-CoV-2. Plant based
drugs are always in high demand high efficacy,
low cost, easy availability and they are used as
preventive medicines®. Further studies need to
be performed to analyze prophylactic properties
of forskolin against SARS-CoV-2 infection but
it is highly recommended by this study that
use of forskolin and other natural compounds
recommended by Ayurveda will play major role in
keeping ourself protected from Covid 19 disease.
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