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ABSTRACT
The severity of the COVID-19 pandemic has necessitated the search for drugs against SARS-CoV-2. In
this study, we explored via in silico approaches myxobacterial secondary metabolites against various
receptor-binding regions of SARS-CoV-2 spike which are responsible in recognition and attachment to
host cell receptors mechanisms, namely ACE2, GRP78, and NRP1. In general, cyclic depsipeptide chon-
dramides conferred high affinities toward the spike RBD, showing strong binding to the known viral
hot spots Arg403, Gln493 and Gln498 and better selectivity compared to most host cell receptors
studied. Among them, chondramide C3 (1) exhibited a binding energy which remained relatively con-
stant when docked against most of the spike variants. Chondramide C (2) on the other hand exhibited
strong affinity against spike variants identified in the United Kingdom (N501Y), South Africa (N501Y,
E484K, K417N) and Brazil (N501Y, E484K, K417T). Chondramide C6 (9) showed highest BE towards
GRP78 RBD. Molecular dynamics simulations were also performed for chondramides 1 and 2 against
SARS-CoV-2 spike RBD of the Wuhan wild-type and the South African variant, respectively, where
resulting complexes demonstrated dynamic stability within a 120-ns simulation time. Protein-protein
binding experiments using HADDOCK illustrated weaker binding affinity for complexed chondramide
ligands in the RBD against the studied host cell receptors. The chondramide derivatives in general pos-
sessed favorable pharmacokinetic properties, highlighting their potential as prototypic anti-COVID-19
drugs limiting viral attachment and possibly minimizing viral infection.
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1. Introduction

The spike (S) protein crowning SARS-CoV-2, the causative
agent COVID-19, is responsible for the initial step of host cell
infection (Ge et al., 2020). It is a transmembrane glycoprotein
composed of two subunits: the S1 subunit essential for bind-
ing to the host cell receptor and the S2 subunit responsible
for the viral fusion to the host cell membrane (Laurini et al.,
2020). The receptor-binding regions of the spike protein are
capable of recognizing and attaching to multiple host recep-
tors namely ACE2, GRP78, and NRP1 (Cantuti-Castelvetri et
al., 2020; Carlos et al., 2021; Shang et al., 2020a). The elucida-
tion of its structure and function makes it an attractive target
for drug discovery and vaccine development.

The angiotensin-converting enzyme 2 (ACE2) expressed at
the outer surface of host cells of lung epithelia, was identi-
fied as a critical receptor for mediating SARS-CoV-2 entry
(Brielle et al., 2020). The S1 subunit of the spike protein

contains the receptor-binding domain (RBD) that is able to
recognize ACE2. Within the RBD lies a core and a receptor
binding motif with the latter mediating interactions with
ACE2 (Shang et al., 2020a). It has been established that host
susceptibility to SARS-CoV-2 is determined by the binding
affinity of the spike protein RBD to ACE2 (Walls et al., 2020).
As such, it is critical to consider biologically significant muta-
tions occurring in the RBD that increase pathogenicity.
Mutations in the RBD may lead to immunologic resistance
and escape in vaccine-elicited antibodies. These impact vac-
cine efficacy and have implications in drug design. Hence, it
is critical to screen compounds against SARS-CoV-2 spike var-
iants with single and multiple mutations in the RBD such as
those observed in the recently discovered United Kingdom,
South African and Brazilian variants. Another route of SARS-
CoV-2 entry is through the master chaperone protein of the
unfolded protein response GRP78, which is overexpressed
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during cellular stress where it escapes endoplasmic reticulum
retention and subsequently translocates to the cell mem-
brane and becomes susceptible to viral recognition via the
RBD of the spike protein (Ibrahim et al., 2020). In the S1-S2
junction of the spike protein also lies an important cleavage
site that is proteolytically activated by furin, a known host
cell protease (Shang et al., 2020b). Proteolytic cleavage by
furin exposes a conserved C-terminal motif in the spike pro-
tein which can bind to neuropilin-1 (NRP1), a transmembrane
protein important in angiogenesis and axon guidance (Daly
et al., 2020). NRP1 has been identified as a host factor rele-
vant for SARS-CoV-2 infection.

To accelerate anti-COVID-19 drug discovery, previously
reported natural products that confer profound antiviral
activity have been repurposed and screened computationally
(Shanmugam et al., 2020). In this paper, we disclose the
potential of known anti-Ebola virus/actin inhibitory chondra-
mides which resulted from high throughput screening of
myxobacterial metabolites in targeting the RBD of the SARS-
CoV-2 S protein precluding their interaction with ACE2,
GRP78, and NRP1 in silico through molecular docking screen-
ing and molecular dynamics simulations. Myxobacteria are
known producers of structurally and functionally diverse
metabolites with broad-spectrum antiviral activity (Mulwa &
Stadler, 2018). Exploiting the diversity and evolutionary sig-
nificance of metabolites produced by myxobacteria is a
promising approach to discover lead structures for antiviral
drug development as previously demonstrated by a range of
myxobacterial secondary metabolites for example host repli-
cation factor methylenetetrahydrofolate dehydrogenase 1
(MTHFD1) antagonist carolacton inhibiting SARS-CoV-2 Vero
E6 cells at IC50 ¼ 0.14lM as well as sorangicin A and myxo-
pyronin B exhibiting as computationally verified inhibitors of
SARS-CoV-2 RNA-dependent RNA polymerase (Anderson et
al., 2020; Elkarhat et al., 2020; Mohr, 2018). Selectivity of top
metabolites towards the S protein was also determined to
validate antagonistic effects on spike’s interaction with vari-
ous host cell receptors. The top-binding ligands were add-
itionally screened against biologically significant SARS-CoV-2
mutations occurring in the RBD of the S protein such as
N501Y, E484K, K417N/T, A475V, I472V, L452R, V483A, F490L,
S477N and N439K along with the United Kingdom, South
African and Brazilian SARS-CoV-2 variants. Finally, pharmaco-
kinetic and toxicity profiles were determined to investigate
the druggability of the in silico active compounds.

2. Materials and methods

2.1. Ligand selection and preparation

A library of 72 secondary metabolites from Myxobacteria
(Figures S1–S3, previously reported to exhibit activity against
HIV, Ebola, Hepatitis C, CMV, and actins (Mulwa & Stadler,
2018; Herrmann et al., 2013) were screened against the
receptor-binding regions of SARS-CoV-2 spike protein. The
structures were converted from SMILES format to SYBYL
mol2 file and optimized using Avogadro (version 1.2.0), an
open-source molecular builder (Hanwell et al., 2012). The

mol2 files were added to UCSF Chimera platform for docking
purposes (Pettersen et al., 2004).

2.2. Target protein preparation

The RBD of the spike protein crucial for facilitating cellular
entry of SARS-CoV-2 were selected as molecular target PDB
ID: 6M0J and was obtained from the Protein Data Bank
(https://www.rcsb.org/) and its crystal structure was added to
the UCSF Chimera platform (Pettersen et al., 2004). The pro-
tein model was prepared by removing all non-standard resi-
dues and protein chains and subsequently minimized by the
steepest descent method (100 steps – step size 0.02 Å) and
conjugate gradient method (10 steps – step size 0.02 Å).
Using the same PDB ID, the SARS-CoV-2 variants (N501Y,
E484K, K417N/T, A475V, L452R, V483A, F490L, S477N, N439K)
were constructed using UCSF chimera platform by editing
necessary amino acids of the S protein via the swapaa com-
mand which utilizes information from a rotamer library
(Shapovalov & Dunbrack, 2011). The variants were optimized
following the described minimization method. The GRP78-
and NRP1-binding regions were prepared using PDB ID 6VXX
where missing residues and loop sequences of the protein
structure (particularly residues 454–462; 486–489) were built
using Modeller 9.21 package (Yang et al., 2015). The resulting
structure was then minimized by steepest descent method.
The ligands were similarly subjected to molecular docking
against the following host cell receptors to determine select-
ivity: ACE2 (PDB ID 6M0J, chain A) and GRP78 (PDB ID 5E84,
chain A).

2.3. Molecular docking

The three-dimensional structures of the proteins derived
from RCSB PDB were subsequently used for molecular dock-
ing experiments through the UCSF Chimera platform
(Pettersen et al., 2004). Docking grid coordinates are shown
in Table S5. Minimization and preparation of ligand and pro-
tein structures were done by adding missing hydrogen
atoms and appropriate charges to the structures employing
the Gasteiger charge method computed using Amber’s
Antechamber module (Wang et al., 2006). The docking pro-
cedure was done using ‘flexible ligand into flexible active
site’ protocol, allowing the ligand’s translational and rota-
tional walk within the grid box (Yang et al., 2015). Virtual
screening of the prepared library was performed following
the Broyden-Fletcher-Goldfarb-Shanoo (BFGS) algorithm of
AutoDock Vina (version 1.5.6) with number of binding modes
¼ 10 at maximum degree of exhaustiveness (Trott & Olson,
2010). The binding affinity of the enzyme–ligand complex
conformation was determined using UCSF Chimera and was
visualized and analyzed through BIOVIA Discovery Studios
(version 4.1) and ChimeraX platform. Protein-protein docking
was performed using HADDOCK version 4.2.

In order to improve the reliability of the docking output,
we performed a molecular docking calculation using Glide
program (Schr€odinger LLC, NY, 2018). The energy grid for
each variants and wild type protein was prepared as follows:

2 R. A. FERNANDEZ ET AL.

https://www.rcsb.org/


default value of the protein atom-scaling factor (1.0 Å), with
a cubic box centered on the center of the binding site con-
sidering the centroid generated by considering the following
amino acids (Arg403, Tyr449, Tyr453, Leu455, Gln498, and
Tyr505). After the generation of the grids, the compound
was docked into the binding site. The docked poses consid-
ered for the post-docking minimization step were 1000 using
Extra Precision (XP) as scoring function (the output of this
calculation was provided as a supplementary file, Figure S4).
The RMSD between the output obtained from AutoDock
Vina and Glide software for each variant and for the wild
type protein was calculated using the RMSD tool calculation
available from Maestro (Schr€odinger LLC, NY, 2018). Proteins
and the ligand were prepared using protein preparation wiz-
ard and LigPrep, respectively, implemented in Maestro as
previously reported (Brogi et al., 2017; Di Capua et al., 2016).

2.4. Molecular dynamics simulation

To understand the dynamic behavior of chondramide C3 (1)-
wild-type, chondramide C (2)-wildtype, and chondramide C
(2)-SA SARS-CoV-2 spike complex, molecular dynamics simu-
lation were employed. Molecular dynamics simulation of
120 ns was performed using FF14SB for the wild-type spike
protein and Generalized Amber Force Fields (GAFF) for the
chondramides in AMBER16. The molecules were solvated
using TIP3PBOX water model with the edge of the box at
10Å away from the solute molecules. The solvent box size
was 18.774�18.774�18.774. Throughout the simulation, each
complex system is maintained at the temperature of 300 K
with constant pressure. Energy minimization was done for
50,000 steps. The simulation was carried out through Particle
Mesh Ewald Molecular Dynamics (PMEMD) of Amber16
(Wang et al., 2001). The heating time for the equilibration
was 100 picoseconds. The thermostat used was Berendsen
thermostat for temperature control (ntt ¼ 1). The cut-off
used was 8 Å and the time step was 2 femtoseconds. The tra-
jectories were collected for every nanosecond to get insights
into the interactions at the atomic level. Hydrogen bonding
analysis of the protein-ligand complex was additionally per-
formed to reveal the half-life of the interactions during the
simulation. Binding free energy between the protein and the
ligand is calculated by Molecular Mechanics
Poisson–Boltzmann Surface Area (MM/PBSA) module of
Amber Tools16 by using Eq. (1) (Sun et al., 2014):

DGbind ¼ DGcomplex– DGreceptor þ DGligand½ � (1)

2.5. Drug-likeness, ADME, and toxicity prediction

SwissADME software was used to predict absorption, distri-
bution, metabolism and excretion of the hit compounds
(Daina et al., 2017). Following Lipinski’s rule-of-five, the phar-
macokinetic profiles of the compounds that may influence
absorption and permeation across cell membranes were eval-
uated. For compounds to show drug-likeness, it has to satisfy
at least three of the four criteria: molecular weight < 500
Daltons (Da), calculated lipophilicity (Log P) < 5, number of

hydrogen-bond acceptors < 10, and number of hydrogen-
bond donors < 5. In silico toxicity was predicted using
OSIRIS property explorer program (Sander et al., 2009) which
considers potential mutagenicity, tumorigenicity, irritant
effects, and reproductive toxicity of hit compounds
(Quimque, Notarte, Letada, et al., 2021; Magpantay et al.,
2021). The solubility (Log S) of the hits was also determined
using OSIRIS wherein a Log S value equivalent or greater
than �4 is indicative of a favorable solubility (De Leon et al.,
2021; Quimque, Notarte, Fernandez, et al., 2021).

3. Results and discussion

3.1. Molecular docking to angiotensin-converting
enzyme (ACE2)-receptor binding domain (RBD) of
SARS-CoV-2 spike and its variants

The main mechanism of entry of the virus to host cells is
through binding of the S protein to ACE2. Key residue substi-
tutions in the C-terminal domain of the S protein strengthen
interaction with ACE2 leading to higher binding affinity
(Wang et al., 2020). The ACE2-binding ridge in SARS-CoV-2
RBD has a more compact conformation (Shang et al., 2020a,
2020b) and a larger binding interface with more contacts
against ACE2 receptor in the binding motif of its RBD com-
pared to SARS-CoV. The stability of the protein-protein inter-
action between the spike RBD of SARS-CoV-2 and the ACE2
receptor involves the specific spike residues Arg403, Gln493,
Gln498, Pro499 and Thr500 and were identified as viral hot
spots (Laurini et al., 2020; Othman et al., 2020). Therefore, it
is crucial to highlight intermolecular interactions between
the ligands and the viral hot spots that can induce destabil-
ization of spike binding to ACE2, precluding native interac-
tions between the viral spike protein and the host cell
receptor ACE2. Among the 72 potential myxobacterial com-
pounds (Table S1–S3) able to interfere with the mentioned
recognition mechanism, we identified through in silico
approaches eight top-scoring chondramide derivatives
(Figure 1). These cyclic depsipeptides were previously iso-
lated and identified from Chondromyces sp. MSr9030 as a
result of antiviral and actin-inhibiting compound studies
(Herrmann et al., 2013). Notably, chondramide C3 (1) showed
highest affinity to the RBD of the viral spike with a BE of
�8.7 kcal/mol (Table 1). The phenol moiety was noted to
establish pi-donor H bond with Tyr495 and conventional
hydrogen bonds with Tyr505 and Gly496 (Figure 2).
Additionally, the indole group strongly interacted with the
following amino acid residues of spike RBD: Arg403 (pi-cat-
ion), Glu406 (H-bond), Lys417 (pi-alkyl), and Tyr453 (pi-pi
stacking). Finally, two additional H-bonds were also observed
with Ser494 and Tyr449, and the macrocyclic chondra-
mide core.

The various chondramides were also subjected to molecu-
lar docking analysis against the different variants of spike
RBD. Li and co-workers identified single amino acid substitu-
tions in the viral spike RBD (A475V, I472V, L452R, V483A, and
F490L) which were found to affect binding of neutralizing
antibodies (Li et al., 2020) and were identified to occur in
higher frequencies during the time evolution of SARS-CoV-2
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spike protein RBD indicating stronger transmission capacity
(Chen et al., 2020). In particular, V483A is prevalent among
patients with COVID-19 in the United States which has the
highest mutation frequency within the receptor-binding
motif of the spike indicating that the mutation makes SARS-
CoV-2 more infectious (Wang et al., 2021).

Accordingly, the UK variant has been reported to be more
infectious and is strongly associated with increasing rates of
COVID-19 cases (Wise, 2020). Remarkably, among the muta-
tions in the UK variant, the mutation N501Y within the RBD
showed increased binding affinity to human and murine
ACE2. On the other hand, the mutation E484K found in the
RBD is responsible for a 10-fold decrease in neutralization by
convalescent serum antibodies (Greaney et al., 2020).

This kind of mutation was also noted in both South
African (B. 1.351) and Brazilian (B.1.1.28) variants (Fontanet et
al., 2021). Similarly, the South African variant is characterized
by two additional mutations in the RBD namely N501Y and
K417N (Wibmer et al., 2021). Sharing similar E484K mutation
with the South African variant, the Brazilian variant may be
also associated with antibody escape. Furthermore, E484K
has been linked with some cases of reinfection in Brazil
(Nonaka et al., 2021).

Due to the clinical relevance of mutations, it is essential
to identify compounds with high affinity to spike protein var-
iants. To this end, we performed an extensive in silico ana-
lysis for investigating the behavior of chondramide
derivatives against the current SARS-CoV-2 variants. Across
all variants, the binding affinity of Chondramide C3 (1)
remained constant (Tables S1–S3) except towards N501Y
(�6.6 kcal/mol) and E484K (�7.2 kcal/mol) (Table 1). Based on
post-docking analysis of 1 against the N501Y variant, we
observed that the new residue (Tyr501) is responsible for an
observable decrease of the binding affinity since it did not
exhibit significant interactions with the ligand. The same was
observed for depsipeptide 1 considering the E484K variant.

The substituted residue Lys484 did not establish any contact
with the ligand, thus pointing to a decrease in binding affin-
ity. The point mutations found in the aforementioned var-
iants are non-conservative which are involved in a change in
the binding properties of the spike protein RBD (Figure 2).
The swap to a tyrosine residue as in the case of the N501Y
variant promoted hydrogen bonding with phenolic moieties
and pi-pi stacked interactions with the indole feature of
chondramides due to the presence of phenol moiety in tyro-
sine but absent in asparagine. On the other hand, the muta-
tion to a lysine residue as observed in the E484K variant
provided structural accommodation for hydrogen bonding
with free hydroxyl moieties. Therefore, ligands that fail to
form intermolecular interactions with these polar residues of
the variants may affect binding affinity. One of the major
structural features of chondramide C3 (1) is an ortho-chloro
substituent on the phenol moiety. The electronegative chlor-
ine atom may form intramolecular H-bonding with the
hydroxyl group of the phenol ring deminishing its ability to
form intermolecular interactions with the polar residues pre-
sent in the RBD of the spike protein variants. To further
explore this observed relationship between the polarity of
ligands and the spike variants, we subjected the selected
metabolites to molecular docking against the different SARS-
CoV-2 variants. Among the derivatives, chondramide C (2)
showed strong affinities against N501Y (�9.1 kcal/mol) and
E484K (�8.7 kcal/mol) SARS-CoV-2 variants. Structurally, one
of the major differences between depsipeptides 1 and 2 is
the absence of an ortho-chloro substituent in the phenol
moiety of 2. Post-docking analysis of 2 against N501Y variant
revealed the presence of a conventional hydrogen bonding
between the phenol residue and Gly496 and, a pi-pi stacking
between the indole moiety and Tyr501 and Tyr505.
Regarding the E484K variant, the outcome of the docking
calculation of 2 showed that this derivative is able to form a
strong H-bonds network involving the phenol moiety

Figure 1. Top scoring chondramides 1–8 against spike receptor-binding domain.
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(against Asn501 and Tyr505) and the ester group (against
453). Other metabolites that exhibited an increase in binding
affinity towards N501Y variant, compared to the wild-type
are chondramides D (4), E2 (5), and A9 (8). Similar to 2, dep-
sipeptide 4 does not have an ortho-chlorine in its phenolic
functionality. Depsipeptides 5 and 8, on the other hand, are
adorned with a hydroxyl/methoxy functionality alpha to the
ester and a glycosylated phenol, respectively. These data
support our observation that having a free (no ortho sub-
stituent) phenol and/or further oxygenation in the chondra-
mide core may increase binding to certain RBD variants,
particularly those with non-conservative mutations like
N501Y and E484K where their binding receptor environment
is particularly polar.

After determining the binding affinities of the chondramides
towards point-mutated SARS-CoV-2 spike variants, the selected
compounds were subjected to molecular docking against
recently known strains with more than one amino acid substi-
tutions in the spike RBD sequence namely, the South African
variant (Wibmer et al., 2021) (N501Y-E484K-K417N) and the

Brazilian variant (Nonaka et al., 2021) (N501Y-E484K-K417T).
Based on computational analysis performed on chondramide C
(2) against the single-substituted spike variants (N501Y and
E484K), it is expected that this compound would exhibit similar
strong affinities against the South African and Brazilian variants
(Table 2). The mutation from lysine to either asparagine or
threonine, respectively, kept the polar nature of the binding
site on RBD, which probably aided in the accommodation of
polar ligands (Figure 3).

3.2. Molecular docking to glucose-regulated protein 78
(GRP78) – receptor binding domain (RBD)

SARS-CoV-2 spike binding to GRP78 is an alternative way of
viral entry to host cells. Elevated during cellular stress, GRP78
translocates from the endoplasmic reticulum to the cell
membrane wherein it becomes susceptible to viral recogni-
tion (Ibrahim et al., 2020). Accordingly, it has been investi-
gated as a potential therapeutic target (Allam et al., 2020).
The binding site of SARS-CoV-2 spike protein identified for

Table 1. Summary of the binding energies (BE, kcal/mol) and interacting residues of 1–8 against SARS-CoV-2 spike wild-type and variants.

Cpd

Wild-type N501Y E484K

BE Intermolecular interactions BE Intermolecular interactions BE Intermolecular interactions

1 �8.7 Glu406, Tyr449, Tyr453,
Ser494, Gly496, Tyr505
(H bond); Arg403
(p-cation), Lys417,
Tyr505 (p-alkyl); Tyr453
(p-p stacked); Tyr495
(p-donor H bond);
Gly496 (C-H bond)

�6.6 Arg403, Ser494, Gly496 (H
bond); Leu455 (p-alkyl
and p-sigma);
Tyr505 (p-alkyl)

�7.2 Gly496 (H bond); Tyr505
(p-p stacked and p-p T-
shaped); Arg403 (C-H
bond); Tyr495 (Alkyl)

2 �8.6 Tyr453, Tyr505 (H bond);
Tyr449 (p-alkyl); Tyr505
(p-p stacked, p-alkyl,
p-p T-shaped)

�9.1 Gly496 (H bond); Tyr449
(p-alkyl); Tyr501 (p-p
stacked); Tyr505 (p-p
T-shaped)

�8.7 Tyr453, Gly496, Asn501,
Tyr505 (H bond); Tyr449
(p-alkyl), Tyr505
(p-alkyl, p-p stacked,
p-p T-shaped)

3 �8.4 Glu406, Tyr453, Tyr449,
Ser494, Asn501 (H
bond); Arg403
(p-cation); Tyr453 (p-p
stacked); Gly496
(p-donor H bond)

�7.1 Glu406, Ser494, Gly496 (H
bond); Tyr453 (p-p
stacked), Leu455
(p-sigma),
Tyr505 (p-alkyl)

�7.5 Gly496, Gln498 (H bond);
Arg403 (p-cation);
Tyr505 (p-p stacked,
p-donor H bond);
Gly496 (C-H bond)

4 �8.4 Tyr453, Gly496, Asn501 (H
bond); Tyr449 (p-alkyl);
Tyr505 (p-p stacked,
p-p T-shaped)

�8.6 Tyr449 (p-alkyl); Tyr501
(p-p stacked); Tyr505
(p-p T-shaped)

�8.4 Tyr453, Gly496 (H bond);
Tyr449 (p-alkyl); Tyr505
(p-p stacked, p-p
T-shaped)

5 �8.2 Tyr449, Gln498, Asn501 (H
bond); Tyr449 (p-alkyl);
Tyr505 (p-p stacked);
Gly496 (C-H bond)

�8.6 Tyr453, Tyr505 (H bond);
Tyr449 (p-alkyl); Tyr501
(p-p stacked); Tyr505
(p-p T-shaped)

�8.1 Tyr449, Tyr453, Gln498,
Asn501 (H bond);
Tyr449 (p-alkyl); Tyr505
(p-p stacked); Gly496
(C-H bond)

6 �8.1 Arg403, Asn501, Tyr505 (H
bond); Tyr489 (p-p T-
shaped); Gly496
(p-donor H bond);
Tyr505 (p-p T-shaped);
Lys417 (Alkyl), Asn501
(C-H bond)

�7.2 Tyr449, Tyr453, Gln498 (H
bond); Tyr449 (p-alkyl);
Tyr495 (p-sigma);
Tyr501 (p-alkyl); Tyr505
(p-alkyl); Gly446,
Ser494, Tyr501 (C-
H bond)

�8.1 Tyr453, Asn501 (H bond);
Tyr489 (p-p T-shaped);
Gly496 (p-donor H
bond); Lys417, Leu455
(Alkyl); Gly496, Asn501
(C-H bond)

7 �8.1 Tyr453, Gly496, Asn501,
Tyr505 (H bond); Tyr505
(p-p stacked, p-p
T-shaped)

�7.5 Gly496 (H bond); Tyr449,
Tyr453, Tyr495 (p-alkyl),
Tyr501 (p-p stacked),
Tyr505 (p-p T-shaped)

�8.1 Tyr453, Asn501, Tyr505 (H
bond); Tyr505 (p-p
stacked, p-p T-shaped)

8 �8 Tyr449, Ser494 (H bond);
Tyr449 (p-p stacked);
Tyr505 (p-alkyl); Tyr495,
Gly496 (C-H bond)

�8.6 Arg403, Gln409, Lys417,
Gly496 (H bond);
Arg403 (p-cation);
Tyr453 (p-p stacked);
Leu455 (p-sigma);
Tyr501 (C-H bond)

�7.9 Ser349, Asn450 (H bond);
Tyr449, Leu452
(p-alkyl); Asn450 (C-
H bond)
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GRP78 is located in between regions III and IV wherein the
latter is the main driver for the binding as predicted by in sil-
ico studies (Ibrahim et al., 2020). The 72 compounds were
also investigated for assessing if they are able to disrupt the
interaction between the viral spike protein and GRP78 (Table
S1). Chondramide C6 (9) displayed highest affinity against
the GRP78-binding region of spike with the binding energy
of �8.8 kcal/mol. The presence of a phosphorylated phenol
on 9 helped to stabilize its binding, to the mentioned bind-
ing region, through a hydrogen bond with Asn506 (Figure 4).
Another H-bond was also observed between the adjacent
amide group and Gly495. Moreover, the indole moiety is
involved in pi-anion and pi-sigma interactions with Asp486

and Leu474, respectively. Both aromatic groups are able to
target Pro510 via pi-alkyl interplay.

3.3. Molecular docking to neuropilin-1 (NRP1) receptor-
binding site in SARS-CoV-2 spike protein

NRP1 is a transmembrane protein involved in angiogenesis
and axon guidance which has been identified as a host
factor involved in SARS-CoV-2 infection (Daly et al., 2020).
SARS-CoV-2 entry is facilitated by proteolytic cleavage
through furin subsequently exposing a conserved C-terminal
motif of the spike protein. The outcome after cleavage is a
sequence conforming to a C-end peptide rule that is

Figure 2. Three dimensional (left) and schematic representations (right) of (a) chondramide C3 (1) against wild-type, (b) chondramide C (2) against N501Y, and (c)
chondramide C (2) against E484K SARS-CoV-2 spike variants.
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recognized by NRP1. Docking experiments showed low bind-
ing affinities of myxobacterial metabolites against the NRP1
binding site in the spike protein (Table S1) therefore the
chondramide-NRP1 complexes were no longer subjected to
further in silico experiments.

3.4. Protein–protein and selectivity docking

In addition to investigating the binding of chondramides
against the different receptor-binding domains (RBD) of
spike, we determined the effect of the bound ligand to the

Table 2. Summary of the binding energies (BE, kcal/mol) and interacting residues of the top compounds against South African and Brazilian variants.

Cpd BE
South African (N501Y-E484K-K417N)

BE
Brazilian (N501Y-E484K-K417T)

intermolecular interactions intermolecular interactions

1 �6.5 Leu492, Ser494 (H bond); Leu452, Leu484
(p-alkyl); Phe490 (p-p stacked, p-p
T-shaped)

�7.9 Glu406, Tyr453, Ser494, Tyr501 (H bond);
Arg403 (p-cation); Tyr453 (p-p
stacked); Gly496 (p-donor hydrogen
bond); Tyr501, Tyr505 (p-alkyl)

2 �9.3 Tyr453 (H bond); Tyr501 (p-p stacked);
Tyr505 (p-p T-shaped)

�8.4 Tyr449 (p-alkyl); Tyr505 (p-p T-shaped)

3 �7.1 Ser494 (H bond); Gly496 (p-donor
hydrogen bond); Tyr501 (p-p stacked);
Tyr505 (p-alkyl, p-p T-shaped)

�7.1 Glu406, Ser494, Tyr501 (H bond); Tyr453
(p-p stacked); Leu455 (p-sigma);
Tyr505 (p-alkyl)

4 �8.8 Tyr453, Gly496 (H bond); Tyr449 (p-alkyl);
Tyr501 (p-p stacked, p-p T-shaped)

�8.0 Tyr453 (H bond); Tyr449 (p-alkyl); Tyr501
(p-p T-shaped); Tyr505 (p-p stacked,
p-p T-shaped)

5 �8.5 Tyr453, Tyr505 (H bond); Tyr449 (p-alkyl);
Tyr501 (p-p stacked, p-p T-shaped)

�7.9 Tyr453, Gln496, Asn505 (H bond); Tyr449
(p-alkyl); Tyr505 (p-p T-shaped)

6 �7.9 Gln493, Gly496, Tyr501 (H bond); Leu455,
Lys484, Tyr489, Tyr501 (Alkyl); Phe490
(p-p stacked)

�7.8 Gln493, Gly496 (H bond); Leu455, Phe456,
Lys484, Tyr489, Tyr495 (Alkyl); Phe490
(p-p stacked)

7 �7.6 Tyr453, Tyr449, Tyr495 (p-alkyl), Tyr501
(p-p T-shaped), Tyr505 (p-p stacked)

�6.7 Tyr449, Gly496, Tyr501 (H bond)

8 �7.9 Asn450 (H bond); Tyr449, Leu452
(p-alkyl); Asn450 (C-H bond)

�8.6 Arg403, Glu406, Thr417, Gly496 (H bond);
Arg403 (p-cation); Tyr453 (p-p
stacked); Leu455 (p-sigma)

Figure 3. Three dimensional (left) and schematic representations (right) of chondramide C (2) against (a) South African (N501Y-E484K-K417N) and (b) Brazilian
(N501Y-E484K-K417T) SARS-CoV-2 variants.
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binding behavior of spike against the host receptor proteins.
Protein-protein docking was performed considering spike
protein, with and without the top-binding ligand, versus
ACE2 and GRP78.

The spike RBD and ACE2 protein complex demonstrated a
strong binding affinity (HADDOCK score) of �130.9 ± 0.2 kcal/
mol. On the other hand, the interaction of chondramide C3
(1) with spike RBD resulted in a weaker affinity towards ACE2
as displayed by a decrease in HADDOCK score at
�82.1 ± 6.3 kcal/mol. A similar observation was also noted
between spike-GRP78 complexes where the presence of
chondramides C6 (9) and C3 (1), respectively, hindered the
formation of stable protein complexes. The bound chondra-
mide 9 at the interspace between spike RBD and GRP78
resulted in a decline in a HADDOCK score of about 37.3 kcal/
mol. Through protein-protein docking, we were able to fur-
ther demonstrate the potential antagonistic effects of chon-
dramides 1 and 9 against the spike protein RBD with a

significant reduction of binding affinity of spike protein RBD
towards ACE2 and GRP78, respectively.

Molecular docking calculations also demonstrated better
binding affinity of depsipeptide 1 towards spike RBD (�8.7 kcal/
mol) than with its binding to host cell ACE2 (�6.1 kcal/mol).
Similarly, to represent the variants, chondramide C (2) showed
selectivity towards spike protein variants (N501Y, �9.1 kcal/mol
and E484K, �8.7 kcal/mol) than ACE2. Finally, chondramide C6
(9) showed selectivity towards the spike RBD (�8.8 kcal/mol)
with respect to the GRP78 (�6.6 kcal/mol).

3.5. Molecular dynamics simulation

To study the conformational stability of spike RBD-chondra-
mide C3 (1) complex, the root mean square deviation
(RMSD) of the Ca atom with respect to its initial position in
molecular dynamics (MD) simulations was measured and
plotted against various time intervals (Figure 5a). The RMSD

Figure 4. (a) Structure of chondramide C6 (9), (b) Three dimensional and (c) 2 D animated representation of chondramide C6 (9) against SARS-CoV-2 S protein
receptor-binding domain to GRP78.

Figure 5. Molecular dynamics simulations of chondramide C3-wild-type SARS-CoV-2 spike complex. (a) root mean square deviation (RMSD), (b) root mean square
fluctuation (RMSF), (c) radius of gyration (Rg) and (d) number of hydrogen bonds.
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was measured within 1 to 3 Å for chondramide C3 (1) com-
plex. It is shown to attain stability from 50 ns to 90 ns at 2 Å.
However, there seems to be an increase from 2Å to 3Å from
90ns and this is maintained until the end of the simulation.
To predict the conformational flexibility of the protein-ligand
complexes, the root mean square fluctuations (RMSF) of Ca
atoms of each residue with respect to its initial position was
measured and were plotted against the residues of the pro-
tein (Figure 5b). The RMSF plot of chondramide C3 (1) com-
plex revealed similar fluctuation profiles with an average
RMSF value of 1.8 Å. The lesser RMSF value indicates that the
chondramide C3 (1) complex was stable and did not show
any flexibility throughout the simulations.

The radius of gyration (Rg), an indicator of protein struc-
ture compactness, was also measured (Figure 5c). The Rg in
chondramide C3 (1) complex ranges from 18.5 to 19 Å. This
shows that the complex is compact and tightly bound.
Furthermore, hydrogen bonds are important non-covalent
structural forces, primarily electrostatic in nature, in molecu-
lar systems. They are formed when a single hydrogen atom
is effectively shared between the two heavy atoms covalently
bonded to each other (the hydrogen bond donor and the
hydrogen bond acceptor). Both the donor and acceptor
atoms are typically quite electronegative. The average num-
ber of hydrogen bonds are tracked at each frame of the sim-
ulations and is plotted against different time intervals. The
image in Figure 5d shows that the number of hydrogen
bonds for the chondramide C3 (1) complex are stable
throughout the simulation. The absolute value of binding
free energy of the selected complex is �23.12 kcal/mol. For
this complex, the binding free energy at 40 and 120 ns seem
to be similar with a fluctuation at 80 ns. Notably, MM/PBSA
calculation was carried out every 20 ns. Table 3 shows that
the binding energies for all the intervals fall under the win-
dow of �20 kcal/mol and �30 kcal/mol, further highlighting
the stability of the complex and the high affinity of the com-
pound for spike RBD.

To study the conformational stability of spike RBD of the
wild type and the South African (SA) variant with the com-
pound, chondramide C (1) complexes, the root mean square
deviation (RMSD) of the Ca atom with respect to their initial
position in molecular dynamics (MD) simulations was meas-
ured and plotted against various time intervals (Figure 6a).
The RMSD was measured within 1 to 2.5 Å for both chondra-
mide C-wildtype and chondramide C (2)-SA variant com-
plexes. Both the complexes are shown to have slight
fluctuations at 60 ns and 100 ns and then remain stable at
1.5 Å until the end of the simulations.

To predict the conformational flexibility of the protein-lig-
and complexes, the root mean square fluctuations (RMSF) of
Ca atoms of each residue with respect to its initial position
was measured and were plotted against the residues of the
protein (Figure 6b). The RMSF plot of chondramide C (2)-

wildtype complex revealed similar fluctuation profiles as
compared to chondramide C-SA variant complex with an
RMSF value ranging between 0.5 Å to 3 Å. Both the com-
plexes show same fluctuation profile overall. However, the
initial fluctuations and the residues between 145 and 150 in
the wildtype seem to be higher than the mutant variant. In
the mutant, the residues 40–45 have shown to reach the
highest fluctuation amongst all at 3 Å. This could be due to
the mutations in SA variant.

The radius of gyration (Rg), an indicator of protein struc-
ture compactness, was also measured (Figure 6c). The Rg in
chondramide C-wildtype and chondramide C (2)-SA variant
complexes ranges average from 18.2 to 18.8 Å. However, Rg
of chondramide C-wildtype is shown to have higher fluctua-
tions between 70 and 90 ns reaching 18Å and attain stability
at 18.4 Å from 100 ns compared the chondramide C-SA vari-
ant. Since there are no many variations, both the complexes
are shown to be tightly bound.

Furthermore, hydrogen bonds are important non-covalent
structural forces, primarily electrostatic in nature, in molecu-
lar systems. They are formed when a single hydrogen atom
is effectively shared between the two heavy atoms covalently
bonded to each other (the hydrogen bond donor and the
hydrogen bond acceptor). Both the donor and acceptor
atoms are typically quite electronegative. The average num-
ber of hydrogen bonds are tracked at each frame of the sim-
ulations and is plotted against different time intervals. The
image in Figure 6d shows that the number of hydrogen
bonds for the chondramide C (2)-wildtype and chondramide
C (2)-SA variant complexes are stable throughout
the simulation.

The absolute value of binding free energy of chondramide
C-wildtype and chondramide C-SA variant is �35.85 kcal/mol
and �35.05 kcal/mol, respectively. For chondramide C-wild-
type, the binding free energy at 80 ns seem to fluctuate
lower and then at 120 ns, the energy reaches higher. For
chondramide C-SA, the binding free energy at 40 ns and
80 ns seem to be similar with the energy reaching the high-
est at 120 ns. Notably, MM/PBSA calculation was carried out
every 20 ns. Table 3 shows that the binding energies for all
the intervals of both the complexes fall under the window of
�30 kcal/mol and �40 kcal/mol, further highlighting the sta-
bility of the complexes and the high affinity of the com-
pounds for the target.

3.6. In silico ADMET and drug-likeness

The pharmacokinetic properties of the top-scoring compounds
were predicted using Swiss ADME (Daina et al., 2017). Based
on the Lipinski’s Rule of Five, the drug-likeness of the com-
pounds was assessed by looking into their physical properties,
such as molecular weight, lipophilicity (reported as octanol-
water partition coefficient), and the number of hydrogen bond
donors and acceptors (Table S5). Among the top-scoring chon-
dramides and their derivatives with high binding energy to the
SARS-CoV2 spike protein, compounds 1, 2, 4, 6 and 7 were
highly druggable as reflected by their favorable ADME (absorp-
tion, distribution, metabolism and excretion) profiles. Despite

Table 3. Binding free energy of chondramide C-wildtype is and chondramide
C-SA variant at different intervals.

40 ns (kcal/mol) 80 ns (kcal/mol) 120 ns (kcal/mol)

Chondramide C-wildtype �34.24 �30.56 �42.76
Chondramide C-SA �32.01 �32.97 �40.17
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the prediction that the top-scoring compounds 3, 5, 8, and 9
were non-druggable according to Lipinski’s rule of five, suc-
cessful drug candidates could be under the extended or
beyond the rule of five domain of oral availability considering
the abundance of binding site hot spots that are filled by
larger candidates and thereby improve affinity or selectivity
(Egbert et al.,2019).

In addition, mutagenicity, tumorigenicity, irritant effect
and reproductive toxicity of the top-scoring compounds
(Table S6) were also evaluated using OSIRIS Property
Explorer (Sander et al., 2009). Among the top-scoring chon-
dramides, compounds 1, 2, 3, 4, 5, 7, 8 and 9 did not dem-
onstrate any form of toxicity. Taking into consideration both
drug-likeness and in silico toxicity, chondramide C3 (1) and
chondramide C (2) exemplified the most promising pharma-
cokinetic characteristics.

4. Conclusion

In the face of this pandemic, we strive to discover treatment
options for patients afflicted with COVID-19. Natural products
continue to be an important source of antivirals. In this
study, we explored the antagonistic prospects of myxobacte-
rial metabolites against multiple mechanisms of viral entry
highlighting their potential as drug prototypes for COVID-19.
Our investigation showed that myxobacterial chondramides
are selectively active in silico against target spike RBDs pre-
cluding the correct recognition of spike with its host coun-
terparts ACE2 and GRP78. This event is an important
mechanism in blocking the entry of SARS-CoV-2 to the host
cell, thus, slowing viral infection. We also demonstrated that
some chondramides interact with the spike protein RBD by
targeting well-known viral hot spots. The relevance of a polar
environment influenced by N501Y and E484K mutations in
the S protein binding regions of SARS-CoV-2 variants was
also highlighted as observed in the reinforcement of affinity

of highly polar ligands. Molecular dynamics simulations were
performed for top-ranked depsipeptides 1 and 2 against the
SARS-CoV-2 spike RBD of the Wuhan wild-type within a 120-
ns simulation time. To demonstrate the stability of the chon-
dramides against the spike variants, the complex between
depsipeptide 2 and the South African spike RBD variant was
similarly subjected to MD. All three complexes were found to
be dynamically stable. Through protein-protein docking
experiments, chondramides C3 (1), C (2) and C6 (9) were
shown not only to exhibit high binding scores but were also
found effective in antagonizing the binding of SARS-CoV-2 S
protein towards target host cell receptors. Thus, we provide
a strong basis to pursue in vitro experiments for myxobacte-
rial chondramides as inspirations for development of poten-
tial drugs against COVID-19 targeting viral entry mechanisms.
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