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The newly emerged Coronavirus Disease 2019 (COVID-19) rapidly outspread worldwide and now is one of the
biggest infectious pandemics in human society. In this study, the inhibitory potential of 99 secondary metabolites
obtained from endophytic fungi was investigated against the new coronavirus RNA-dependent RNA polymerase
(RdRp) using computational methods. A sequence of blind and targeted molecular dockings was performed to
predict the more potent compounds on the viral enzyme. In the next step, the five selected compounds were
further evaluated by molecular dynamics (MD) simulation. Moreover, the pharmacokinetics of the metabolites
was assessed using SwissADME server. The results of molecular docking showed that compounds 18-methoxy
cytochalasin J, (22E,24R)-stigmasta-5,7,22-trien-3-f-ol, beauvericin, dankasterone B, and pyrrocidine A had
higher binding energy than others. The findings of MD and SwissADME demonstrated that two fungal metab-
olites, 18-methoxy cytochalasin J and pyrrocidine A had better results than others in terms of protein instability,
strong complex formation, and pharmacokinetic properties. In conclusion, it is recommended to further evaluate
the compounds 18-methoxy cytochalasin J and pyrrocidine A in the laboratory as good candidates for inhibiting
COVID-19.

1. Introduction complications, arrhythmia, myocardial dysfunction, acute coronary

syndromes, acute kidney injury, gastrointestinal symptoms, hepatocel-

In December 2019, a case of unknown pneumonia was reported in
Wuhan, China, which rapidly spread around the world and resulted in a
big pandemic. The causative agent was soon revealed as a coronavirus
identified by the World Health Organization as a 2019 novel coronavirus
(2019-nCoV). It was named severe acute respiratory syndrome Coro-
navirus 2 (SARS-CoV-2) by the International Committee on Taxonomy of
Viruses [1]. The disease not only causes direct tissue damage but can
also lead to extrapulmonary manifestations by affecting the endothe-
lium, evoking thrombosis, dysregulating the immune responses, and
causing the incompatibility of the pathways related to
angiotensin-converting enzyme 2. Consequently, thrombotic
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lular injury, hyperglycemia, ketosis, as well as dermatologic and
neurologic complications [2] might occur. In addition, ocular symp-
toms, such as congestion, dry eye, and blurred vision due to retinal and
corneal involvement have been reported [3].

Coronaviruses are positive single-stranded RNA viruses and have the
largest genome among all RNA viruses with a length of approximately
30 Kbp [4]. The ORFla and ORF1ab are responsible for encoding pol-
yproteins 1a (ppla) and 1 ab (pplab), respectively, and together encode
16 nonstructural proteins (nsp1l-nsp16). The other four ORFs are located
at the 3’ end of the viral genome and encode four structural proteins,
namely Spike (s), Membrane (m), Envelope (E), and Nucleocapsid (N)
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[5]. The RNA-dependent RNA polymerase (RdRp) complex of
SARS-CoV-2 consists of the core non-structural protein 12 (pplab) and
their co-factors nsp 7 and nsp8 (ppla). It is the key enzyme for the
replication and transcription of a virus and could be considered as the
bottleneck for controlling viral proliferation [6].

The structure of nspl2 seems a right-hand cup comprised of two
main domains, including nucleotidyltransferase (Ni RAN) (residues
Q117-A250) and the N-terminal domain of nidovials, which consists of
N-terminal B hairpin (residues 31-50). These are connected to the c
terminal domain by another interface domain (residues L251-R365) [7].
The C-terminal domain (residues 366-932), including three subdomains
of the finger (residues L366-A581 and K621-G679), palm (residues
T582-P620 and T680-Q815), and thumb (residues H816-E920) and
altogether carry out RNA polymerization [8]. The active site of the
enzyme is formed by a complex of the structurally conserved motifs A, B,
C, D, E, F, and G, of which motifs A to E are located in the palm sub-
domain and motifs F and G are in the finger subdomain. The catalytic
activity of the enzyme is attributed to the four aspartate residues of Asp
618 and Asp 623 from motif A along with residues Asp 760 and Asp 761
from motif C [9].

Repurposing the approved medications is one of the most common
options to overcome the disease in such infectious epidemics with no
indicated medications because of the needed labor, as well as the time-
consuming and costly procedures of introducing new medicines.
Another approach is investigating the natural medicinal compounds that
can be readily and rapidly prepared on a large scale. Fungal endophytes
are endosymbiosis organisms that live on the plants without inducing
physiological disorder in their hosts [10]. In such plants, commonly at
the endophytes-hosts interaction site, specific secondary metabolites are
produced either by the host or the endophytes. Hundreds of these
compounds have been reported as bioactive agents and have shown
significant therapeutic properties, such as anticancer, antibiotic, anti-
parasitic, antiviral, antidiabetic, neuroprotective, and immunosuppres-
sive impacts [11]. The large-scale production of these compounds is
much easier than chemical ones. Furthermore, many of these valuable
medications cannot be produced in chemical laboratories due to the
complexity of their molecular structures [12]. Natural secondary me-
tabolites from fungal endophytes have a wide range of biological ac-
tivities and can be structurally classified into several categories
including, namely isocoumarins, alkaloids, steroids, flavonoids, lignans,
glycosides, xanthones, quinones, phenylpropanoids, aliphatic metabo-
lites, terpenoids, and lactones [13].

Mathematically, there are several types of molecular computational
approaches of which the classical methods can be used in biology and
studies on proteins because of the potential to address many particle
systems. In this case, two techniques of molecular docking and molec-
ular dynamic simulation are utilized for predicting the interaction site
and dynamics of the interaction, respectively. These techniques help to
screen the biological activity of diverse potentially active compounds in
a cost- and time-effective in silico manner [14,15]. Molecular modeling
methods are nowadays applied in various fields of science, especially in
drug design and discovery [16-18]. With the rising of the new corona-
virus pandemic, numerous studies have computationally investigated
the interaction and inhibitory effects of approved medications or natural
medicinal compounds against specific targets in Coronavirus disease
2019 (COVID-19) [19-23].

In this study, using docking and molecular dynamic simulation, the
interactions and potent inhibitory effects of some important fungal
secondary metabolites were investigated on SARS-CoV-2 nspl2. After
two steps of molecular docking, the more potent compounds were
evaluated in terms of their effects on the structure and dynamic of the
protein. Finally, after the exploration of their pharmacological aspects,
the best metabolites are introduced for further experimental studies.
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Table 1
The final result of targeted molecular docking.

Compound Lowest binding energy Number of runs in
(kcal/mol) cluster
10-deacetylbaccatin III -7 117
18-ethoxycytochalasin —10.2 186
2-phenylethyl 1H-indol-3-yl- —8/39 101
acetate
(22E,24R)-stigmasta-5,7,22- —9.91 128
trien-3-p-ol
Alternariol -7.6 145
Alternariol 9-methyl ether -85 115
Altertoxin I —8.36 134
Altertoxin II —7.52 100
Altertoxin III —6.58 158
Altertoxin V —8.91 164
Beauvericin —10.14 123
Dankasterone B —9.87 152
Jammosporin A -7.8 124
Naphthoquinone (Herbarin) —6.51 113
Outovirin C -8.6 148
Periconiasin D -9.1 109
Phomocytochalasin -7.35 178
Purpureone —-8.9 198
Pyrrocidine A -11.3 124
Taxol —8.53 143
Thielavins A —7.36 109
Thielavins J —8.65 172
Viriditoxin -6.35 130
o -Viridin —7.56 186
p-Viridin -8.11 210

2. Methods
2.1. Preparation of the molecular structures

The three-dimensional structure of the protein (RdRp) was taken
from protein data bank (www.rcsb.org) (PDB.ID 6nur). To preparing the
Molecular structures of fungal secondary metabolites (Table S1) at first
their 2D chemical conformations were sketch by ChemSketch tool of
ACD/LAB package (www.acdlabs.com). The 2D structures were then
transferred to the Avogadro package and steep algorithm was used to
minimize energy and optimize their conformation.

2.2. Docking studies

Molecular docking as one of the sub-techniques of molecular
modeling is a key tool in structural molecular biology and computer
aided drug design. The docking studies were done in autodock —autogrid
package in two sequential steps. At the first a blind docking were done
on whole protein structure. The structures which attached to the active
site with the binding energy >6 kcal/mol were then selected for second
step of targeted docking. First, the polar hydrogens and gasteiger
charges were computed and added to the structure for all molecules
using MGLtools package [24]. All bonds set as active for ligands and
energetic maps were calculated for each of the respective atom types in
autogrid 4. In the blind docking step, the search spaces were big enough
in order to all of the protein was accessible for ligand binding. In the
targeted docking, the search spaces were set on the active site of enzyme.
Finally for all compounds, 250 runs of molecular dockings were done
under the Lamarckian genetic algorithm [25].

The five obtained bonded ligand with the lowest energy and
maximum number of runs in the cluster were selected for further
analyzing by molecular dynamic simulations.

2.3. Molecular dynamic simulation

To investigate the dynamic of interactions between ligands and
protein, the molecular dynamic simulation (MDs) approach were
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Table 2
The most potent metabolites extracted from molecular docking studies.
compound Endophytic Host plant References
fungi
18-methoxy Phomopsis sp. Garcinia kola Jouda et al.
cytochalasin J (2016)
(22E,24R)- Aspergillus Carthamus lanatus Elkhayat
stigmasta-5,7,22- terreus et al. (2016)
trien-3-f-ol
Beauvericin Epicoccum Entada abyssinica Dzoyem et al.
nigrum (2017)
Dankasterone B Phomopsis Litsea hypophaea Hsiao et al.
theicola (2016)
Pyrrocidine A Neonectria Cylindrocarpon sp. Uesugi et al.
ramulariae and Acremonium zeae (2016)

utilized by using computational package of Gromacs (version2018). Five
selected Protein-ligand complexes from the 2nd docking step (Table 2)
were chosen for further interaction analysis in molecular dynamics. The
Topology information for protein and ligands were respectively ob-
tained in gromos53a6 force field [26] and PRODRG server [27]. Simu-
lation boxes were solvated by SPC/E water [27] and by adding the
appropriate amount of counter ion, all systems were neutralized. In
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order to eliminating atomic clashes in the system, energy minimization
were done using the steepest descend algorithm until the energy reaches
below the 10 kj/mol [28]. Periodic boundary condition was applied on
all boxes and in all directions of X, Y and Z. Temperature and pressure
were coupled to 310 K and 1 bar in NVT and NPT ensembles, respec-
tively. In these cases the V-rescale thermostat was used for temperature
and a parinello-rahman barostat was applied for pressure equilibrations.
Electrostatic and van der Waals (vdW) non-bonded interactions were
also calculated both in the cut-off range of 1 nm. The bond constraint for
all heavy atoms was done by using the LINCS algorithm [29]. Finally,
100 ns of MD simulations were performed under the leap frog method
[30]. Interaction energies between the ligands and protein in the dy-
namic state were calculated wusing Molecular Mechanics
Poisson-Boltzmann Surface Area (MMPBSA) method [31]. Graphical
representations and 2D molecular interactions were prepared in VMD
(https://www.ks.uiuc.edu/Research/vmd) and LigPlot [32], respec-
tively. The pharmacokinetic parameters were obtained from SwissADME
server (http://www.swissadme.ch). Eventually the toxicity of the fungal
metabolites was predicted in the ProTox-II webserver [33].

Fig. 1. Three-dimensional representation of interaction between candidate compounds and viral polymerase; A) 18-methoxy cytochalasin J, B) (22E, 24R)-stigmasta-
5,7,22-trien-3-p-ol, C) beauvericin, D) dankasterone B and E) pyrrocidine A. Finger (green), Palm (yellow), Thumb (pink).


https://www.ks.uiuc.edu/Research/vmd
http://www.swissadme.ch

K.S. Ebrahimi et al.

Ala797
A I

Hisslo% ks

Glust 1?
Phes1§ AN

Ser81§ s -

Gly616

Cys79§§ 07m<s

Computers in Biology and Medicine 135 (2021) 104613

® Thrso1
»®
®
3 §Leu758
Cys813
. %Phess‘t

s o e
& %
gfxsp%o
( Sers92
e E Phe594
Lyss93 oy

I

%\;AspSGS
T
%Glnsl S

Thr591
€

Met601 E
TrpSQﬁ%

ValSS:Q% Lej:;%:\% E

T1e864
Asp865 ‘ %lnSlS &nsﬁ% 3
S M 3»:1 760
Q% Sers61 oty T Asp
Arg858 Asp761
D . E Asp865
« 2 & 2 Phe594
Alas47 .
Tles4s @ ® %m_(: o
@ Ser592<<\§ N
® o e & o -
o Phed41

' §§13840

' §7a1844
Te847 e’
o Asp845

V3184;(% Glu857 Leu854

Met6(:é(\§ E
Trps% - y
LysS:CL:% ®

Vals88 @@ e

¢ .
% &® " & & i\w
Cys813 D ® TS89
[ J O

Thr591

Fig. 2. Two-dimensional representation of interactions between candidate compounds and viral polymerase; A) 18-methoxy cytochalasin J, B) (22E, 24R)-stigmasta-
5,7,22-trien-3-p-ol, C) beauvericin, D) dankasterone B and E) pyrrocidine A. (The hydrophobic interactions are represented as “crenate” and the h-bonds are shown

by green dotted line).
3. Results
3.1. Docking studies

Molecular docking provides information about where and how a
ligand binds to a macromolecule, such as a protein. Among the 99 blind
docked compounds in step one, those with a binding energy of >6 kcal/
mol to the active site were selected for another targeted docking.
Therefore, in step two, 25 compounds, which met the criterion were
docked to the active site of nspl2. The results for the second step of
molecular docking are represented in Table 1.

Using the results of the second docking experiment, 5 of the 25
compounds with higher binding energy and cluster rank were selected
for the further molecular dynamic study. Biological details of the final

five fungal metabolites are summarized in Table 2. Moreover, three- and
two-dimensional schematics of the interaction for selected complexes
are represented in Figs. 1 and 2.

As can be seen in Figs. 2 and 18-methoxy cytochalasin j (MCJ) has
formed three strong hydrogen bondings with Asp761 and Ala762 in
catalytic motif C (Fig. 2A) [23]. This can make severe negative effects on
the catalytic activity of the enzyme. In addition, the ligand has an
interaction with residues His810, Glu811, Phe812, and Ser814 in motif
E. As motif E is involved in stabilizing primer strand in the active site
[23], the drug interaction with this site can significantly prevent correct
RNA-enzyme complex formation. In terms of (22E,24R)-stigmasta-5,7,
22-trien-3-p-ol (STB), almost all interacted residues belong to the palm
subdomain (Fig. 2B). The main role of this subdomain is forming the
catalytic site, the interaction of which with medication can deform its



K.S. Ebrahimi et al.

0.7

0.6

0.5

e
P

RMSD (nm)
e
w

e
¥

0.1

0 10000 20000 30000 40000

Computers in Biology and Medicine 135 (2021) 104613

50000 60000 70000 80000 90000 100000
Time (ps)

Fig. 3. The changes in RMSD values for (A) free protein, (B) Protein-18-methoxy cytochalasin J, complex C) Protein- (22E,24R)-stigmasta-5,7,22-trien-3-f-ol
complex, (D) Protein-beauvericin complex, (E) Protein-dankasterone b complex and (F) Protein-pyrrocidine A complex.

arrangement leading to malfunction in the catalytic activity of the
enzyme [34]. Beauvericin forms a stable hydrogen bond with Cys813
which is located at the motif E of the palm subdomain with its role being
to monitor the correct positioning of the end of the primer (Fig. 2C) [34].
Other residues involved in the interaction with this compound entail
Phe812, Leu758, Val587, Leu602, Val588, Trp598, Thr586, Gly597,
Gly596, Met601, Ser592, Lys593, Ser814, Asp865, Tyr689, and Ala688.
Two residues Cys813 and Phe812 exist in the motif E of the palm sub-
domain and their interaction with ligands can lead to the disruption of
the RNA-enzyme complex. Dankasterone B forms a hydrogen bonding
with residue Tyr545 in the motif F of the finger subdomain. It also forms
a Van der Waals bond with Ser501, GIn541, ile847, Asp846, Lys545, and
Lys411 (Fig. 2D). As the metabolite is in direct interaction with Lys545,
it can be concluded that in addition to loosening the template bond to
protein, dankasterone B can also impair the positioning of incoming
nucleotides. Pyrrocidine A establishes two hydrogen bonds with Ser759
and interacts with amino acids Phe594, Ser592, Lys593, Cys813,
Gly590, Leu758, Ala688, and Thr591 (Fig. 2E). The Cys813 is located at
the motif E of the palm subdomain, the role of which is to monitor the
correct positioning of the primer. The binding of pyrrocidine A to this
residue can prevent or impair the initiation of polymerization. These
results demonstrate that the binding of the selected fungal metabolites
to the active site of the enzyme might have potentially disrupted
RNA-enzyme complex formation preventing the RdRp to start poly-
merization and impairing the catalytic activity.

3.2. Molecular dynamic simulations

Molecular dynamics simulation is one of the best methods to inves-
tigate the dynamic behavior of macromolecules at the molecular and
atomic levels. Nowadays, this approach is used extensively in drug
discovery and the formulation of medications worldwide. In order to
evaluate the dynamics of drug-protein complexes and investigate the
influences of such interactions on the structure and dynamics of protein,
all final complexes of metabolite-RdRp were examined by 50 ns of MD

simulations. As the first analysis of the MD trajectories, the change in the
values of root-mean-square deviation (RMSD) was evaluated for protein
atoms in the simulation. It can be understood from the pattern of the
RMSD diagram whether the system reached an equilibrated state or not.
Most of the data were obtained in the equilibrated state of the systems.
Consequently, the results of the RMSD analysis also determine whether
the simulation time was enough or not. The plateau diagram of this
analysis for free protein indicated that the simulation time was sufficient
for this protein in this condition. The analysis was performed on all
understudy systems and their results are represented in Fig. 3. In the case
of free protein after an initial jump due to the relaxation of the protein,
the system reached equilibration after 10 ns and fluctuated around the
mean RMSD value of 0.3 nm until the end of the simulation. This finding
confirmed the sufficiency of simulation time, in addition to indicating
that there is no significant change in protein structure during simulation.
The RMSD diagram of RdRp in the complex with 18-MCJ was the most
different pattern from those of free protein in the terms of RMSD value.

Comparatively, the most remarkable fluctuations in the value of
RMSD occurred in the system containing dankasterone B showing the
highest degree of instability in the protein structure. The patterns of
protein interaction are almost identical with the other three with mod-
erate fluctuations and the mean value of 0.4 nm at the end of the
simulation.

Root-mean-square fluctuation (RMSF) is an analysis for evaluating
the fluctuation values of all amino acids in the protein. It is a standard
deviation of displacements of each amino acid related to the sum of
protein displacement. The more RMSF the more unsteady amino acids
are and vice versa. The value for each amino acid can revolve due to
protein interaction with a ligand. Attaching of all fungal metabolites to
the viral RARp has changed the RMSF of protein residues in diverse parts
of the protein (Fig. 4). In the case of 18-MCJ, in most parts of protein,
especially at the locations around residues 224-232, 252-290, 308-330,
367-380, 410-458, 485-495, 520-560, 570-610, 630-660, and
680-688 the residue fluctuation elevated significantly. In contrast, in
some residue locations, including 137, 302, 503, 556-570, 614-620,
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Fig. 4. Comparison of changes in RMSF value of protein in interaction with different ligands; (A) free protein, (B) Protein-18-methoxy cytochalasin J, (C) Protein-
(22E,24R)-stigmasta-5,7,22-trien-3-f-ol, (D) Protein-beauvericin, (E) Protein-dankasterone B, and (F) Protein-pyrrocidine A.

725-735, 759, and 806-810 the RMSF decreased after the binding of
protein to the ligand. These results may indicate that the binding of 18-
MCJ to protein increases the RMSF value of interface domain, finger,
motif F, and motif B in the palm subdomain. The diminished value of
RMSF in protein was observed at residue positions 558-570,
614-620,725-735, and 806-810 in the palm subdomain. In the case of
(22E,24R)-stigmasta-5,7,22-trien-3-p-ol, fluctuation increased in resi-
dues 151-155 (N-terminal domain) 546-549, 579-609, and 643-683 (in
finger subdomain), decreased in residues 124-138, 198, 221-226 (N-
terminal domain) 712-715, and 759-790 (palm subdomain). Elevated
amino acid fluctuations in the beauvericin-RdRp complex were seen in
amino acids 144-162, 150-158, 225-237, (N-terminal domain),
320-326 (interface domain), 494-506 (finger subdomain), and 564-600
(palm subdomain). Reductions were observed in the fluctuations of
residues 361-390, 410-432 (finger subdomain), and 657-675, 776-791
(palm subdomain). In the case of dankasterone B, augmented RMSF
value was found in 383-388, 403, and 546-548 (finger subdomain), as
well as 581-596 and 678-686 (palm subdomain). Moreover, most
decreased fluctuations were seen in residues 124-133, 142-213 (N-
terminal domain), 275-318 (interface domain) 332-376, 409-435,
449-491, and 644-670 (finger subdomain). In the case of pyrrocidine A,
an increased RMSF was revealed in some residues, including 160-167,
171-226 (N-terminal domain), 252-272, 318-368 (interface domain),

511-519, 549 (finger subdomain), 584, and 642-682 (palm sub-
domain). On the other hand, fluctuations decreased in most of the
protein residues at locations 122-157, 238-248 (N-terminal domain),
383-386, 416-434, and 462-489 (finger subdomain), as well as
580-625 and 688-708 (palm subdomain). As it is clear, the binding of
ligands to RdRp has changed the fluctuation values of the residues
involved in RNA binding or the catalytic activity of nspl2. Practically,
these events can disrupt the polymerase activity of RARp and impair the
proliferation of new infectious virions.

The radius of gyration (Rg) is an index of the overall mean dimension
of protein. An increase and/or decrease in this parameter indicates the
loosing or compression of the molecular structure of a macromolecule. It
is expected that the compactness of the structure of enzymes exerts a
great effect on the quality of the substrate binding to the active site. The
results of changes in the Rg of proteins bonded to different ligands are
shown in Fig. 5. As could be seen in this figure, the free protein has
slightly compressed and fluctuates around an Rg of 2.86 nm. In com-
parison with free protein, the Rg value of nsp12 in all complexed systems
except those containing beauvericin declined significantly, which is a
sign of compression in protein structure after binding to ligands. In
terms of the fluctuations of Rg value resulting from alternate loosing-
compression in the protein structure, high fluctuation can be seen in
the Rg diagrams of a protein complex with MCJ, DNB, PYR, and BVC.
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Such striking fluctuations in protein can lead to instability in protein
structure and disturb enzymatic activity.

Furthermore, solvent-accessible surface area (SASA) was analyzed
for diverse protein-ligand complexes along with that of free nsp12. Ac-
cording to Fig. 6, during the simulation time in all systems, the SASA
value decreased. This can be because of both compactness in the protein
structure and/or the closing of the water inlet valves of the internal
cavities which prevent water from diffusing into the internal parts of the

protein. The results also are in agreement with those of Rg and both
together confirm that protein undergoes structural compression in an
aqueous medium.

The main component of protein movements can be extracted using
principal component analysis (PCA). These fundamental movements of
any macromolecule play an important role in protein structure and
function and any change in their patterns can lead to protein malfunc-
tion and/or dysfunction. The 2D patterns of RARp motions in distinct
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Fig. 7. Comparison of changes in PCA pattern of protein in interaction with different ligands for malfunction (A) free protein, (B) Protein-18-methoxy cytochalasin J,
complex C) Protein- (22E,24R)-stigmasta-5,7,22-trien-3-p-ol complex, (D) Protein-beauvericin complex, (E) Protein-dankasterone B complex and (F) Protein-

pyrrocidine A complex.

ligand-binding conditions were extracted by PCA and their results are

demonstrated in Fig. 7.

As could be seen in Fig. 7A, free protein contains three distinct
movement clusters with a relatively large range of motion from —20 to

Table 3

The mean interaction energies and hydrogen bondings of drug binding to protein

in dynamic state.

vdw (kj/ Elec (kj/ Total (kj/ Hbond
mol) mol) mol)
18-methoxy cytochalasinJ  —157.37 —118.51 —275.89 2.06
(22E,24R)-stigmasta- —113.20 -17.70 —130.91 0.25
5,7,22-trien-3-f-ol
Beauvericin —309.88 —37.75 —347.63 0.49
Dankasterone B —146.89 —38.18 —185.07 1.36
Pyrrocidine A —162.47 —50.50 —212.97 1.11

15 nm. All examined fungal metabolites have altered both the pattern
and range of the main protein movement indicating that the compounds
can induce instability and malfunction in protein structure and activity.
The most severe deformity in pattern and closure in protein mobility is
related to 18-MCJ, (22E,24R)-stigmasta-5,7,22-trien-3-p-ol, and pyrro-
cidine A. This limitation in movement range is in agreement with the
findings of Rg indicating that the 3D conformation of viral RdRp un-
dergoes shrinking in the presence of fungal compounds. Such
compactness in the protein structure can prevent its accurate interaction
with the substrate.

Define Secondary Structure of Proteins (DSSP) is a program for
analyzing the change in the secondary structure of studied protein and
investigating their alterations as a result of diverse conditions, such as
the binding of a ligand. Comparative results of DSSP analysis on
different systems are illustrated in Supplementary Figs. S1-S5. The
compound 18-MCJ makes unstable an alpha helix in 485-495 and two
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Table 4
Drug likeliness of 5 final ligands (Swissadme).

Computers in Biology and Medicine 135 (2021) 104613

No. Compound Lipinski Ghose Veber Egan Muegge Bioavailability score
1 18-methoxy cytochalasin J Yes No Yes No No 0.55
2 (22E,24R)-stigmasta-5,7,22-trien-3-p-ol No Yes No No No 0.55
3 Beauvericin No No Yes Yes No 0.17
4 Dankasterone B Yes No Yes No No 0.55
5 Pyrrocidine A Yes No Yes Yes No 0.55
Table 5
Pharmacological properties and toxisity prediction results for 5 top ligands.
No. Compound GI BBB P-glycoprotein CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4 LD 50
absorption permeation substrate inhibitor inhibitor inhibitor inhibitor inhibitor mg/kg
1 18-methoxy High Yes Yes No No No No No 200
cytochalasin J
2 (22E,24R)-stigmasta- Low No Yes No No No No No 500
5,7,22-trien-3-B-ol
3 Beauvericin High Yes Yes No No No No No 600
4 Dankasterone B Low No Yes No No Yes No No 2000
5 Pyrrocidine A High Yes Yes No No Yes No No 1980

beta-sheets in locations 420-430 and 440-450 (Fig. S1). In the case of
binding (22E,24R)-stigmasta-5,7,22-trien-3-p-ol to protein, the helix in
485-495 was destroyed and another helix in 330-340 was unstable
(Fig. S2). Beauvericin destroyed a beta-sheet at the residue position of
635-645 (Fig. S3). An alpha helix in 265-275 was destructed following
the binding of dankasterone B to the protein (Fig. S4). Adding pyrroci-
dine A to RdRp destroyed the ¢ terminal alpha-helix at position 780-790
(Fig. S5).

Binding energies extracted from the dynamic state of interaction
obtained by the Molecular Mechanics/Poisson-Boltzmann Surface Area
(MM/PBSA) method were calculated and results are shown in Table 3.

Among the simulated compounds, the highest interaction energy was
related to Beauvericin, 18-MCJ, and Pyrrocidine A, respectively. Except
for the 18-MCJ that contains the highest number of H bonding, the major
component of the binding energy is derived from the Van der Waals
forces in all RdRp-metabolite interactions.

The five finally selected fungal metabolites were pharmacokineti-
cally assessed using the SwissADME server. As shown in Tables 4 and 5,
18-MCJ and Pyrrocidine A had better pharmacokinetic properties, such
as druglikeness and pharmacological characteristics. Our results
revealed no drug interactions with other medications for 18-MCJ.
However, because of the inhibitory effect of Pyrrocidine A on CYP2C9,
it is predicted to have interaction with the metabolism of some common
non-steroidal anti-inflammatory drugs and Sulfonylurea (Cytochrome
P450 2C9-CYP2C9). Both compounds have high gastrointestinal ab-
sorption and can pass the blood-brain barrier. Passing the cell membrane
is also important for the compounds to enter the infected cells and reach
successfully the viral RARp. All these features together indicate that both
18-MCJ and Pyrrocidine A can be effectively absorbed, distribute, and
diffuse through the body.

Finally, the toxicity of five final fungal metabolites was predicted
using ProTox-1I online tool and the results are reported in Table 5. As it
can be observed, except for 18-MCJ, other compounds had moderate or
light toxicity with Dankasterone B and Pyrrocidine A showing higher
LD50 than others. Based on the results of the present study, it can be
concluded that Dankasterone B and Pyrrocidine A are more suitable
candidates than others to be evaluated in experimental studies against
COVID-19.

4. Conclusions
In the current study, the inhibitory potential of ninety-nine second-

ary metabolites extracted from endophytic fungi was computationally
evaluated against new coronavirus RNA-dependent RNA polymerase.

Following a blind docking on the whole RdRp protein, another targeted
docking was carried out on the active site of the enzyme. The five potent
compounds with the highest binding energy and maximum number in
clusters included 18-methoxy cytochalasin J (MCJ), (22E,24R)-stig-
masta-5,7,22-trien-3-p-ol, beauvericin, dankasterone B, and pyrrocidine
A. next, the mentioned compounds were selected for molecular dy-
namics simulation to investigate the dynamic of interaction. The highest
value of RMSD was observed in the system containing 18-MCJ, as well as
more fluctuations in the presence of dankasterone B. All metabolites
changed the value of residue fluctuations at various parts of the protein.
Concerning the protein in complex with beauvericin, other systems
underwent severe conformation compression extracted from Rg results.
The value and pattern of the main components of protein movements
changed significantly, especially in the presence of 18-MCJ, (22E,24R)-
stigmasta-5,7,22-trien-3-B-ol, and beauvericin. The results of binding
energy obtained from the MMPBSA method revealed that the total
binding energy of the complexes of RARp with 18-MCJ, beauvericin, and
pyrrocidine A were much more stable than the other two metabolites.
Moreover, the ADME features of final compounds were obtained for
assessing the pharmacokinetic properties of metabolites. Our findings
indicated that 18-MCJ and pyrrocidine A were the most suitable com-
pounds regarding drug pharmacokinetics. According to the results of the
present investigation, it is confirmed that dankasterone B and pyrroci-
dine A fungal secondary metabolites are more potent inhibitors of viral
RdRp than other compounds and can be used in further experimental
studies to obtain effective anti-coronavirus compounds.
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