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Abstract: Emodin, a widespread natural anthraquinone, has many biological activities including
health-protective and adverse effects. Amongst beneficial effects, potential antiviral activity against
coronavirus responsible for the severe acute respiratory syndrome outbreak in 2002–2003 has been
described associated with the inhibition of the host cells target receptors recognition by the viral
Spike protein. However, the inhibition mechanisms have not been fully characterized, hindering
the rational use of emodin as a model compound to develop more effective analogues. This work
investigates emodin interaction with the Spike protein to provide a mechanistic explanation of such
inhibition. A 3D molecular modeling approach consisting of docking simulations, pharmacophoric
analysis and molecular dynamics was used. The plausible mechanism is described as an interaction of
emodin at the protein–protein interface which destabilizes the viral protein-target receptor complex.
This analysis has been extended to the Spike protein of the coronavirus responsible for the current
pandemic hypothesizing emodin’s functional conservation. This solid knowledge-based foothold
provides a possible mechanistic rationale of the antiviral activity of emodin as a future basis for
the potential development of efficient antiviral cognate compounds. Data gaps and future work on
emodin-related adverse effects in parallel to its antiviral pharmacology are explored.

Keywords: emodin; antiviral activity; molecular modeling; spike protein; coronavirus; mechanism
of action

1. Introduction

Emodin (1,3,8-trihydroxy-6-methylanthraquinone; Figure 1A) is a natural plant-derivative
anthraquinone with its common name derived from the Himalayan rhubarb (Rheum emodi). Emodin is
particularly abundant in the roots of the Chinese rhubarb (Rheum palmatum), rhubarb (Rheum officinale),
buckthorn of the Rhamnus genus, knotweed and knotgrass (Polygonum cuspidatum and multiflorum)
as well as Hawaii ‘au‘auko‘i cassia seeds or coffee weed (Semen cassia). Emodin-rich Chinese
rhubarb, knotweed and knotgrass have been used for centuries in traditional Chinese medicine.
Moreover, emodin constitutes one of the major active principles of the antiviral formulation
Lianhua Qingwen [1]. Emodin can also be abundant in certain foods upon mold contamination
being produced as a secondary fungi metabolite produced by Aspergillus, Penicillium, Talaromyces,
Pyrenochaeta and Pestalotiopsis genera [2]. In this regard, emodin has been recently included in the group
of emerging mycotoxins [2] and growing evidence of its occurrence in food is being collected [3,4].
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Bioactivity of emodin involves both health-protective and toxic effects. Anticancer, anti-inflammatory,
antibacterial and antiviral activities are amongst its potential beneficial properties. In contrast,
toxic effects include genotoxicity, nephrotoxicity, hepatoxicity and reproductive toxicity [5,6].
Nonetheless, the mechanisms of action underpinning these activities remain to be investigated to
provide a thorough characterization of emodin’s bioactivity as well as to inform about the consumption
of emodin-containing plants.
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With regard to antiviral properties, in vitro evidence has shown that emodin inhibits the
interaction between the etiological agent of the human severe acute respiratory syndrome (SARS),
the coronavirus referred to as SARS-CoV-1, and host cells target receptor [7]. Several molecules,
including broad-spectrum antiviral drugs, have been described as promising to counteract SARS-CoV-1
infection [8]. These compounds act through diverse mechanisms of action and prevent either viral
entry into host cells or viral replication and release [9]. Moreover, a host of natural compounds have
also been identified and tested in vitro resulting in promising antiviral activity against SARS-related
coronavirus [10]. Among these, emodin was found to block the interaction between the SARS-Cov-1
spike (S) protein and the human target receptor angiotensin I converting enzyme 2 (ACE2) limiting
host cell invasion [7]. Emodin was also found to inhibit the 3a protein ion channel activity which
may provide a basis for the observed reduction in the virus release [11]. This evidence suggests
a multi-target action of emodin highlighting the anthraquinone scaffold as a potential starting point to
develop candidate antiviral agents with pharmacological activities. However, the poor mechanistic
understanding of emodin’s antiviral action at the molecular level prevents the rational identification of
emodin derivatives or natural analogues as a potential candidate compounds for the development of
more effective antiviral congeners.

In late 2019, a new coronavirus (SARS-CoV-2) was identified as the agent causing a novel
coronavirus-related disease (COVID-19) [12]. The analogies between SARS-CoV-2 and the
phylogenetically related SARS-CoV-1 led to further assessment of those molecular scaffolds that
counteract with SARS-CoV-1. Specifically, emodin has emerged as a possible candidate for drug
formulations targeting SARS-CoV-2 [13]. Nonetheless, as mentioned above, the lack of understanding
of emodin’s mechanisms of action limits its potential and rational use as a model compound to design
or discover efficient pharmacologically active analogues.

In the last two decades, computational methods, also as stand-alone studies, supported
the characterization of small molecules’ activity as well as proteins behavior, and the use of
molecular modeling approaches led to advances in their mechanistic understanding [14–16].
In this context, the present study relies on a structure-based computational workflow that has
previously demonstrated successful as a means to investigate protein–protein and protein–ligand
interactions [17,18]. Specifically, this mechanistic study addresses the interaction of emodin with
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the S protein of SARS-CoV-1 to provide a plausible mechanism of action for the inhibition of ACE2
recruitment described in previous studies [7]. The analysis has been also extended to the S protein of
SARS-CoV-2 to investigate the potential functional conservation of emodin to prevent ACE2 recruitment.
This study extends knowledge on the possible antiviral activity of emodin, which could be considered
a promising model compound for the future development of efficient antiviral analogues.

2. Materials and Methods

2.1. Design of S Protein Models

The models of SARS-CoV-1 and SARS-CoV-2 S protein receptor binding domain (RBD) were
derived from the crystallographic structures in the Protein Data Bank (PDB; https://www.rcsb.org)
with PDB code 6ACG and 6M0J, respectively [19,20]. The PDB code and GeneBank accession number
of proteins under analysis are provided in Table S1 Supplementary Materials). The SARS-CoV-1 S
protein RBD-ACE2 crystallographic structure (PDB code 6ACG) contained protein regions that are
not relevant to this mechanistic study and, therefore, the S protein (chain C) has been modeled
using the specific residues of RBD only (Figure 2; residues ranging from Cys323 to Gly512).
Crystallographic structures were processed with UCSF Chimera software (Resource for Biocomputing,
Visualization, and Informatics at the University of California, San Francisco, CA, USA, 2000) [21]
while checking the consistency of atom- and bond-type assignments and removing the co-crystalized
ligands and waters, as previously described [22]. Hydrogen atoms were added using the “AddH”
tool of the UCSF Chimera choosing the method that allows the preferential formation of hydrogen
bonds. The sequence analysis was conducted using the global pairwise alignment of SARS-CoV-1 and
SARS-CoV-2 S protein RBD primary sequence using the web resource EMBOSS-Water Pairwise
Sequence Alignment with the Needleman–Wunsch alignment algorithm (http://www.ebi.ac.uk).
The chemical structures of emodin, promazine and anthraquinone were retrieved from PubChem
(https://pubchem.ncbi.nlm.nih.gov) [23] in the 3D structure-data file (sdf) format.
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Figure 2. Representation of severe acute respiratory syndrome coronavirus (SARS-CoV-1)
S protein-angiotensin I converting enzyme 2 (ACE2) complex (Protein Data Bank (PDB) code 6ACG).
SARS-CoV-1 S protein is colored yellow, ACE2 is colored in white. The black box on the left figure
indicates the protein–protein contact surface. The yellow dotted circles indicate the PPI hotspots
(which are highlighted in red sticks in the close-up on the top right). The red box on the left figure
indicates the position of the surface pocket identified at the protein–protein contact surface, which is
detailed in a surface representation on the bottom-right close-up (the dotted ring indicates the possible
arrangement of anthraquinones scaffold, shown in blue sticks).

2.2. Computational Alanine Scanning

The computational alanine scanning was performed using the alanine scanning tool of the full-chain
protein structure prediction web server Robetta (http://old.robetta.org/alascansubmit.jsp) [24,25].

https://www.rcsb.org
http://www.ebi.ac.uk
https://pubchem.ncbi.nlm.nih.gov
http://old.robetta.org/alascansubmit.jsp


Appl. Sci. 2020, 10, 6358 4 of 15

This tool allows the energetic contribution of each residue to the binding free energy at the
protein–protein interface to be quantified. Briefly, this method uses a physical model to score
a series of protein–protein interfaces in which contact residues are individually replaced with alanine
and the resulting binding energy is calculated. The output is a list of specific amino acids that are
predicted to significantly destabilize the interface when mutated to alanine. Default parameters
were applied and the 3D coordinates of both models were used as input while selecting S protein as
“Partner 1” and ACE2 as “Partner 2”.

2.3. Docking Simulation

Docking simulations were performed using the GOLD software (version 5.7.2,
Cambridge Crystallographic Data Centre, Cambridge, UK, 2019) since it has already been shown to
provide reliable results computing protein–ligand interactions (e.g., ref. [26,27]). The binding site
was set within a 10 Å sphere radius around the centroid of the surface pocket. Software setting
and docking protocol that have been previously reported were used with minor modifications [18].
The protein structure was prepared through a short molecular dynamic simulation providing a suitable
model structure for a fine docking study. To do so, 10 poses were generated for emodin and the
complex with the best scored pose according to the native GOLD’s scoring function GOLDScore
(see below) provided the starting structure for a short molecular dynamic simulation using GROMACS
(The GROMACS Developing Team at Uppsala University and The Royal Institute of Technology,
Uppsala and Stockholm, Sweden, 2016) (steepest descent algorithm with a maximum of 5000 steps;
see below for further details). Considering that the crystallographic structures has no ligand bound to
the surface pocket, this procedure aimed at providing a geometrically congruent structure avoiding
possible atom clashes and improper atom arrangements. The full docking study was then carried out
using the structure with the lowest energy. For each GOLD docking search, a maximum number of
100,000 operations were performed on a population of 100 individuals with a selection pressure of
1.1. Operator weights for crossover, mutation, and migration were set to 95, 95, and 10, respectively.
The number of islands was set to 5 and the niche to 2. The hydrogen bond distance was set to 2.5 Å
and the vdW linear cut-off to 4.0. Ligand flexibility options “flip pyramidal N”, “flip amide bonds”,
and “flip ring corners” were allowed. The GOLD’s internal scoring function GOLDScore was used
to score docking poses as an optimal process to analyse the reference set of compounds (vide infra).
The proteins were kept semi-flexible, the polar hydrogen atoms were set free to rotate and the ligands
were set fully flexible. In addition, since GOLD implements a genetic algorithm that may introduce
variability in the results, each simulation was performed in triplicate to avoid non causative score
assignments and results were expressed as mean ± standard deviation (SD).

2.4. Pharmacophoric Analysis

The surface pockets of both models were defined using GetCleft algorithm [28], while the respective
pharmacophoric imagines were derived using the IsoMIF algorithm [29]. Default parameters were
applied with the exception of the maximum distance value between the grid and residues atoms set at
3 with a grid resolution of 1 Å.

2.5. Molecular Dynamics

Molecular dynamics (MD) simulations were performed to investigate the dynamic of ligand
interaction with the surface pocket at the protein–protein interface. The best scored binding poses
calculated using docking simulations were used as inputs. MD simulations were performed using
GROMACS (version 5.1.4) [30] with the CHARMM27 all-atom force field parameters support [31].
Ligands were processed with the CHARMM27 all-atom force field using the SwissParam web server
(http://www.swissparam.ch). The MD conditions previously described were used in each simulation
(50 ns) [18]. Briefly, input structures were solvated with SPCE waters in a cubic periodic boundary
condition, and counter ions (Na+ and Cl−) were added to neutralize the system. Prior to MD simulation,

http://www.swissparam.ch
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the systems were energetically minimized to avoid steric clashes and to correct improper geometries
using the steepest descent algorithm with a maximum of 5000 steps. Afterwards, all the systems
underwent isothermal (300 K, coupling time 2 psec) and isobaric (1 bar, coupling time 2 psec) 100 psec
simulations before running 50 nsec simulations (300 K with a coupling time of 0.1 psec and 1 bar with
a coupling time of 2.0 psec). The number of long-lasting and short-range contacts between the viral
protein and the human ACE2 was measured through g_contacts software (Version 1.0, CPC Program
Library, Queen’s University, Belfast, N. Ireland, 2013) [32] using the “—resndx” option to calculate
the non-polar contributions to the inter-molecular interactions at an amino acid level, as previously
shown [33,34]. The cut-off frequency for long-lasting contacts was set at 0.25 to identify those that
occurred, in at least, 25% of the simulations.

2.6. Statistical Analysis

Statistical analysis of docking results was performed using IBM SPSS Statistics for Linux, version
25 (IBM Corp., Armonk, NY, USA). The data was analysed using one-way analysis of variance (ANOVA,
α = 0.05), followed by a post hoc Fisher’s least significant difference (LSD) test (α = 0.05).

3. Results and Discussion

Emodin, promazine (Figure 1B), and to a minor extent the emodin congener anthraquinone
(Figure 1C), were shown to inhibit the interaction of SARS-CoV-1 S protein with ACE2 [7].
The SARS-CoV-1 S protein–ACE2 complex is stabilized via protein–protein interaction (PPI)
at the complex interface involving the RBD of the S protein’s S1 subunit, as described in
crystallographic studies (Figure 2) [20]. Of note, anthraquinones may efficiently prevent protein–protein
complex formation disrupting the interaction hotspots of PPI that are mediated by alpha
helixes [35–37]. Therefore, it was proposed that such a mechanism may contribute to emodin’s
action. Hence, the interaction of emodin at the SARS-CoV-1 S protein–ACE2 complex interface
was studied to provide a plausible detailed mechanistic assessment of its previously documented
antiviral action.

Specifically, the interaction interface of S protein’s RBD-ACE2 complex was analysed to: (i) describe
potential PPI hotspots at the S protein–ACE2 complex interface; (ii) describe a possible site of emodin
interaction at the S protein–ACE2 complex interface that may inhibit PPI.

The analysis of interaction hotspots and the pocket search was followed by docking studies to
assess the ability of emodin to fit the pocket at the complex interface. Subsequently, molecular dynamics
were performed to investigate the emodin’s ability to remain at the S protein contact surface over
the time. Then, molecular dynamic simulations were used to assess whether emodin’ activity may
interact and interfere with the SARS-CoV-1 S protein–target receptor complex. Finally, the analysis
was extended also to the SARS-CoV-2 S protein to check a possible functional conservation of emodin
on the two orthologous S protein.

3.1. Analysis of Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-1) S Protein-Angiotensin I
Converting Enzyme 2 (ACE2) Complex

The visual inspection of SARS-CoV-1 S protein–ACE2 complex highlighted the prominence
of an ACE2 alpha helix (residues 20–53) at the contact interface (Figure 2). Interaction hotspots
(i.e., residues with a key role to stabilize PPI) were analysed with a previously validated computational
approach through the implementation of the so called “computational alanine scanning” [38] using the
Robetta algorithm [24]. Tyr41, Gln42, Gln325 and Lys353 were identified as the amino acid positions of
ACE2 with the most marked effect on the PPI, while Tyr442, Tyr475, Tyr484 and Tyr491 were the key
residues of S protein (Figure 2; Table S2 Supplementary Materials). Therefore, two different regions
with a marked calculated energetic contribution to the PPI were identified at the protein–protein
contact surface (Figure 2). One was formed by six out of eight of the key residues identified and
such a contact point, enriched in interaction hotspots, was hypothesised to have a prominent role in
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promoting the PPI. Subsequently, the protein–protein contact interface was visually inspected and
a surface pocket that potentially allows hosting molecules with anthraquinone scaffold was identified
(Figure 2). This potential site of interaction was contiguous to the protein–protein contact point that
was found enriched in interaction hotspots. This result was in line with the aforementioned hypothesis.
Indeed, emodin, promazine and to a minor extent anthraquinone, might prevent SARS-CoV-1 S
protein–ACE2 complex by docking such a pocket, disrupting a focal contact point and eventually
destabilizing the complex. The binding capacity of emodin, promazine and anthraquinone within
such surface pocket was assessed by means of docking simulations and molecular dynamics.

3.2. Docking Simulations of SARS-CoV-1 S Protein–ACE2 Complex

The docking simulations allowed investigation of emodin, promazine and anthraquinone
capacities fitting within the aforementioned surface pocket. Although docking simulations reliably
allow investigation of ligand–protein interaction [22,26], a fit-for-purpose feasibility assessment was
performed by comparing docking scores and experimental outcomes previously reported for emodin,
promazine and anthraquinone [7]. The lack of further background data did not allow a wider
system validation to be performed. Nonetheless, the results collected supported the model reliability.
Indeed, emodin, promazine and anthraquinone recorded 64.8± 0.4, 73.9± 0.1 and 53.5± 0.6 GOLDScore
units, respectively. Docking scores, which may correlate with the binding capacity of molecules within
the pocket (the higher GOLDScore scoring, the higher the ligand-pocket match), were significantly
different for the three compounds (p < 0.001, Fisher’s LSD post hoc test) and reflected the potency rank
described by Ho (i.e., promazine > emodine > anthraquinone) [7]. This result reinforced our hypothesis
on differences in binding capacity for the three compounds at the protein–protein interface as the
basis of their diverse inhibition of SARS-CoV-1 S protein–ACE2 interaction. With regard to binding
architectures, emodin, promazine and anthraquinone showed similar pocket occupancy (Figure 3).
Emodin engaged through polar contacts the side chain of Tyr169 and the peptidic nitrogen of Lys68
with the hydroxyl group in position 8 and the keto group in position 10, respectively (Figure 3A).
Anthraquinone engaged only Lys68 with the keto group in position 10 (Figure 3B), while promazine
interacted with the pocket mainly via hydrophobic contacts (Figure 3C).

The comparison between the docking poses and the pharmacophoric fingerprint of the pocket
provided a rationale for the score differences recorded. Anthraquinone satisfied the hydrophobic
requirements and, in addition, fitted the keto group in a region able to receive a hydrogen-bond acceptor
group forming a polar contact (Figure 3D). Conversely, emodin maintained the same matches of
anthraquinone along with the involvement of 6-methyl and 3-hydroxyl groups arranged in a region able
to receive hydrophobic and hydrogen-bond donor groups, respectively (Figure 3E). These additional
pharmacophoric matches show that the structure of emodin satisfies pocket requirements better than
anthraquinone. Promazine matched the hydrophobic requirements in similar fashion to anthraquinone
and emodin, adding a wide pocket match with the branched chain (propan-1-ammine group),
which matched both hydrophobic and polar requirements of the pocket (Figure 3F). Promazine capacity
to expand interactions outside the inner part of the pocket with a good pharmacophoric match provided
a rationale for the higher computational score compared to emodin and promazine.
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Figure 3. Binding poses of emodin, anthraquinone and promazine. Ligands and surrounding residues
are represented in sticks. Yellow dotted lines indicate polar contacts. SARS-CoV-1 S protein is colored
in yellow, while ACE2 is colored in white. Cyan, red and blue spheres indicate regions sterically
and energetically able to receive hydrophobic, hydrogen bond acceptors and hydrogen bond donor
groups respectively. (A) Binding pose of emodin. (B) Binding pose of anthraquinone. (C) Binding
pose of promazine. (D) Binding pose of anthraquinone and the pharmacophoric fingerprint of pocket.
Grey boxes indicate the pharmacophoric matches. (E) Binding pose of emodin and pharmacophoric
fingerprint of pocket. Grey boxes indicate the additional pharmacophoric matches compared to
anthraquinone. (F) Binding pose of promazine and the pharmacophoric fingerprint of pocket. Grey box
indicates the additional pharmacophoric matches due to the branched amino portion.

Overall, docking results and pharmacophoric analysis supported the model reliability and it
was assumed that the extent of ligand-pocket match is a crucial pre-requisite to stably interact at the
protein-protein interface to disrupt the complex stability. Also, the agreement between computational
scores and experimental outcomes reinforced the hypothesis that such interface pocket provides
a relevant site of interaction for small molecules enabling the inhibition of the complex formation.

3.3. Molecular Dynamics of SARS-CoV-1 S Protein

Inhibitory activity towards the formation of the SARS-CoV-1 S protein–ACE2 complex was further
assessed using molecular dynamics simulations. The best scored docking pose of each compound
was used as input coordinates in molecular dynamic simulations to check their capability to persist
at the proposed site of interaction. The S protein not bound to ACE2 was used first assuming that
complex-disrupting compounds may also interact at the site of interaction prior to the complex
formation. The root mean square deviation (RMSD) of protein C-alpha and ligands’ atomic coordinates
were analyzed along with ligand trajectories to measure the geometrical stability of complexes, which is
inherently linked to ligands’ activity and protein functions [18]. The overall geometrical stability of the
S protein was more pronounced (lower RMSD values) when complexed with anthraquinone compared
to that with emodin and promazine (Figure 4A).
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Figure 4. Molecular dynamic of emodin, anthraquinone or promazine in complex with SARS-CoV-1
S protein. (A) Root mean square deviation (RMSD) plot of protein Cα. (B) RSMD plot of ligands.
(C) Time-step representation of ligands trajectory of localised protein motion (residues 470–490).
The switch from red-to-blue color indicates the stepwise changes of protein coordinates along
the molecular dynamics (MD) simulation. (D) Time-step representation of ligands trajectory.
The from-red-to-blue color switch indicates the stepwise changes of ligand coordinates along the MD
simulation. The white dotted rings indicate the localization of the hotspot of interaction enriched in
protein-protein contacts. The white arrow indicates the outward trajectory of anthraquinone, while the
dashed box highlights its late interaction site.

While assuming that the organization of the S protein is an important facet to recognize its target
receptor, the ligand-dependent destabilization of the S protein has a likely role in determining the
extent of ligand-dependent inhibition. Specifically, the low capability of anthraquinone to prevent the
interaction of SARS-CoV-1 S protein with ACE2 could be partially explained by its lowest capacity
to change S protein organization. Conversely, the more potent capacity of emodin and promazine
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to prevent SARS-CoV-1 S protein–ACE2 interaction compared to anthraquinone may be due to their
higher capacity to change S protein organization. A close inspection revealed that the most marked
effect was at the level of residues 470–490 (Figure 4C), which form one of the two PPI hotspots identified
(see above). Specifically, that region was more stable and compact when the protein was complexed
with anthraquinone compared to the complex with emodin or promazine. This localised difference
in protein stability could explain in part the experimental differences in the reported activities of
the compounds. The analysis of ligands’ RMSD values in respect to the protein coordinates and
trajectories revealed a substantial difference between anthraquinone compared with emodin and
promazine (Figure 4B,D). In particular, anthraquinone showed a marked increase of RMSD compared
to the other two ligands reflecting a poorly stable interaction at the identified binding site. Indeed,
an early detachment from the surface pocket with a clear one-way outward trajectory was observed.
Emodin and promazine were, instead, able to remain at the surface pocket of S protein over time.
Notably, emodin and promazine migrated closer to the region identified as a PPI hotspot for S
protein–ACE2 interaction (see above). Conversely, anthraquinone, moves out of the pocket at an early
stage and this is consistent with its low inhibitory potency towards S protein–ACE2 complex formation.
In this respect, ligands diffusion on protein surface likely foreshadow ligand binding since it has been
already observed in molecular dynamic studies [39] and it has been already demonstrated as the causal
link for a relevant surface protein-ligand interaction [40]. Hence, these results are in line with our initial
hypothesis and further corroborate the causal link between the diverse capacity of these compounds
to persist at the protein-protein contact surface and the different experimental inhibitory potencies.
The authors note that emodin and promazine did not record appreciable geometrical differences in terms
of surface occupancy in the timeframe considered, in spite of the diverse activity found experimentally
(the former being less potent than the latter) [7]. Therefore, the different activities reported could not
be explained on the basis of their persistence at the surface pocket. However, assuming the duration of
the interaction as an important aspect to determine the inhibitory potential, a more lasting interaction
can be expected for promazine, which showed a stronger inhibitory activity in vitro [7] compared
to emodin.

Considering that emodin is the focus of this work, its capacity to disrupt the geometry of
SARS-CoV-1 S protein–ACE2 complex was also assessed. The geometrical stability of the unbound
SARS-CoV-1 S protein–ACE2 complex was compared to that of the complex bound to emodin.
The RMSD values of the unbound complex described a rather stable geometry either for the
protein–protein complex or for the S protein (Figure 5). In contrast, the geometry was less stable and
associated with higher RSMD values for the complex in the bound state with emodin (Figure 5A,B).
In addition, the radius of gyration (Rg) was calculated for the SARS-CoV-1 S protein–ACE2 complex
for both its unbound and bound state with emodin. Rg reflects protein compactness and a large body
of evidence is available describing that an increase of Rg compared to a stable folded state is typically
associated with unfolding processes and complex dissociation [41–43]. The complex in the bound state
with emodin showed higher Rg values compared to the unbound complex, particularly at the level of
the S protein (Figure 5C,D). Taken together, these data highlight the capacity of emodin to destabilize
SARS-CoV-1 S protein–ACE2 complex formation with a particular action on the S protein geometry.
Moreover, both the analysis of hydrogen bonds and long-lasting short-range contacts between the S
protein and ACE2 were performed to investigate the potential impact of emodin in weakening the
network of interaction at the protein-protein interface. The analysis of the number of hydrogen bonds
over time revealed a slightly higher number of contacts for the unbound complex toward the end of
the simulation compared to the complex bound to emodin (Figure 5E).



Appl. Sci. 2020, 10, 6358 10 of 15Appl. Sci. 2020, 10, x FOR PEER REVIEW 11 of 15 

 

Figure 5. Molecular dynamic of SARS-CoV-1 S protein–ACE2 complex in the unbound state or 
bound to emodin. (A) RMSD plot of complex Cα. (B) RMSD plot of S protein Cα. (C) Plot of 
complex’s radius of gyration. (D) Plot of S protein’s radius of gyration. (E)Hydrogen bonds plot. 

These results were in agreement with the analysis of the number of long-lasting short-range 
contacts namely, 46 and 43 for the unbound and bound complex respectively. It is noted that it was 
not possible to observe a protein detachment, and this aspect can be further investigated with 
simulation times, but the decrease of hydrogen bonds and long-lasting short-range contacts can be 
associated with protein–protein complex instability likely resulting in protein detachment [17]. 
These data congruently pointed to the inhibitory action of emodin on the SARS-CoV-1 S protein–
ACE2 complex formation supporting the hypothesised surface interaction as a plausible mechanistic 
explanation of emodin activity. 

3.4. Molecular Dynamics of SARS-CoV-2 S Protein 

Emodin might also prevent the interaction between SARS-CoV-2 S protein and ACE2 on the 
basis of the conserved mechanism of ACE2 recognition [19]. In addition, emodin has emerged as a 
possible re-purposable candidate for drug combinations targeting SARS-CoV-2 [13], but more 
details of its antiviral action are urgently required to provide a more informed assessment of its 
potential. In this framework, this study provides a preliminarily assessment of the possible 
functional conservation of emodin. The two S protein ortholog portions under analysis shared 
nearly 75% of primary sequence identity with a full conservation in terms of 3D organization (Figure 
6A,B), further pointing to the plausible conserved activity of emodin. The surface pocket that is 
potentially able to host emodin was also found at the contact surface of the SARS-CoV-2 S protein–
ACE2 complex (Figure S1, Supplementary Materials,). Therefore, the inhibitory potential of the 
SARS-CoV-2 S protein–ACE2 complex formation was investigated by checking the capability of 
emodin to persist at the protein-protein contact surface of SARS-CoV-2 S over the time. Emodin was 
docked within the surface pocket and the best scored pose (65.4 ± 0.2 GOLDScore units) was used as 

Figure 5. Molecular dynamic of SARS-CoV-1 S protein–ACE2 complex in the unbound state or bound
to emodin. (A) RMSD plot of complex Cα. (B) RMSD plot of S protein Cα. (C) Plot of complex’s radius
of gyration. (D) Plot of S protein’s radius of gyration. (E) Hydrogen bonds plot.

These results were in agreement with the analysis of the number of long-lasting short-range
contacts namely, 46 and 43 for the unbound and bound complex respectively. It is noted that it was not
possible to observe a protein detachment, and this aspect can be further investigated with simulation
times, but the decrease of hydrogen bonds and long-lasting short-range contacts can be associated
with protein–protein complex instability likely resulting in protein detachment [17]. These data
congruently pointed to the inhibitory action of emodin on the SARS-CoV-1 S protein–ACE2 complex
formation supporting the hypothesised surface interaction as a plausible mechanistic explanation of
emodin activity.

3.4. Molecular Dynamics of SARS-CoV-2 S Protein

Emodin might also prevent the interaction between SARS-CoV-2 S protein and ACE2 on the
basis of the conserved mechanism of ACE2 recognition [19]. In addition, emodin has emerged
as a possible re-purposable candidate for drug combinations targeting SARS-CoV-2 [13], but more
details of its antiviral action are urgently required to provide a more informed assessment of its
potential. In this framework, this study provides a preliminarily assessment of the possible functional
conservation of emodin. The two S protein ortholog portions under analysis shared nearly 75%
of primary sequence identity with a full conservation in terms of 3D organization (Figure 6A,B),
further pointing to the plausible conserved activity of emodin. The surface pocket that is potentially
able to host emodin was also found at the contact surface of the SARS-CoV-2 S protein–ACE2 complex
(Figure S1, Supplementary Materials). Therefore, the inhibitory potential of the SARS-CoV-2 S
protein–ACE2 complex formation was investigated by checking the capability of emodin to persist
at the protein-protein contact surface of SARS-CoV-2 S over the time. Emodin was docked within
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the surface pocket and the best scored pose (65.4 ± 0.2 GOLDScore units) was used as an input
for the molecular dynamic simulations. Emodin, while complexed with the SARS-CoV-2 S protein,
showed a more stable geometry of interaction with lower RMSD values compared to the complex with
SARS-CoV-1 S protein (Figure 6). In addition, the analysis of emodin trajectories at the SARS-CoV-2 S
protein surface compared to those at SARS-CoV-1 S protein surface, showed a lower spread over the
protein surface and a more marked permanence nearest the focal contact point enriched of interaction
hotspots, which were also confirmed for the SARS-CoV-2 S protein–ACE2 complex (Table S3 and
Figure S1, Supplementary Materials). Taken together, these results provide evidence for the possible
inhibition activities of emodin towards complex formation between SARS-CoV-2 S protein and ACE2.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 12 of 15 

an input for the molecular dynamic simulations. Emodin, while complexed with the SARS-CoV-2 S 
protein, showed a more stable geometry of interaction with lower RMSD values compared to the 
complex with SARS-CoV-1 S protein (Figure 6). In addition, the analysis of emodin trajectories at the 
SARS-CoV-2 S protein surface compared to those at SARS-CoV-1 S protein surface, showed a lower 
spread over the protein surface and a more marked permanence nearest the focal contact point 
enriched of interaction hotspots, which were also confirmed for the SARS-CoV-2 S protein–ACE2 
complex (Table S3 and Figure S1, Supplementary Materials). Taken together, these results provide 
evidence for the possible inhibition activities of emodin towards complex formation between 
SARS-CoV-2 S protein and ACE2. 

 

Figure 6. Comparison between SARS-CoV-1 and SARS-CoV-2. (A) Sequence alignment of S protein 
receptor binding domain (RBD) portions analyzed in this study. (B). Structure overlap of 
SARS-CoV-2 S protein RBD (white) and the homolog region of SARS-CoV-1 (yellow) (PDB codes 
6ACG and 6M0J, respectively). (C) RMSD plot of emodin. (D) Time-step representation of emodin 
trajectory. The from-red-to-blue color switch indicates the stepwise changes of ligand coordinates 
along the MD simulation. The white dotted ring indicates the localization of the hotspot of 
interaction enriched in protein-protein contacts. 

4. Conclusions 

The characterization of emodin’s bioactivities requires an understanding of its mechanisms of 
action for a range of targets. Molecular modeling provides successful means to decipher the 
mechanisms of action of xenobiotics describing the chemistry of interaction with their respective 
biological targets [18]. This study has applied such a computational workflow to investigate a 
possible mechanistic rationale likely underlying the inhibition activity of emodin to prevent 
SARS-CoV-1 S protein–ACE2 complex formation. This study provided for the first time an account 
of the plausible surface interaction at the protein–protein contact interface among the possible 
mechanisms involved, which deserves further specific experimental investigations. Nonetheless, 
other mechanisms cannot be excluded. Indeed, emodin previously shown a range of biological 
activities. A wealth of biological targets has been already identified for its potential beneficial effects. 
With respect to its antiviral activity, emodin provided interesting results against a range of viruses 
with diverse mechanisms of action [44]. Therefore, complex and multi-target activities against 
coronavirus are likely. In this respect, emodin was also found to inhibit the 3a protein ion channel 
activity possibly reducing virus release [11]. Moreover, the involvement of additional targets at the 
host level, other than ACE2, can be reasonably expected although the shortage of data prevents 

Figure 6. Comparison between SARS-CoV-1 and SARS-CoV-2. (A) Sequence alignment of S protein
receptor binding domain (RBD) portions analyzed in this study. (B) Structure overlap of SARS-CoV-2
S protein RBD (white) and the homolog region of SARS-CoV-1 (yellow) (PDB codes 6ACG and
6M0J, respectively). (C) RMSD plot of emodin. (D) Time-step representation of emodin trajectory.
The from-red-to-blue color switch indicates the stepwise changes of ligand coordinates along the MD
simulation. The white dotted ring indicates the localization of the hotspot of interaction enriched in
protein-protein contacts.

4. Conclusions

The characterization of emodin’s bioactivities requires an understanding of its mechanisms
of action for a range of targets. Molecular modeling provides successful means to decipher the
mechanisms of action of xenobiotics describing the chemistry of interaction with their respective
biological targets [18]. This study has applied such a computational workflow to investigate a possible
mechanistic rationale likely underlying the inhibition activity of emodin to prevent SARS-CoV-1 S
protein–ACE2 complex formation. This study provided for the first time an account of the plausible
surface interaction at the protein–protein contact interface among the possible mechanisms involved,
which deserves further specific experimental investigations. Nonetheless, other mechanisms cannot be
excluded. Indeed, emodin previously shown a range of biological activities. A wealth of biological
targets has been already identified for its potential beneficial effects. With respect to its antiviral
activity, emodin provided interesting results against a range of viruses with diverse mechanisms
of action [44]. Therefore, complex and multi-target activities against coronavirus are likely. In this
respect, emodin was also found to inhibit the 3a protein ion channel activity possibly reducing virus
release [11]. Moreover, the involvement of additional targets at the host level, other than ACE2,
can be reasonably expected although the shortage of data prevents making sound assumptions
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and conclusions. However, in light of this complex scenario, the outcomes presented here provide
a meaningful and knowledge-based foothold to better characterize the antiviral properties of emodin
from a molecular standpoint. As a general remark, this exploratory study described emodin’s potential,
as a representative of the anthraquinone class, as a natural-derivative lead compound to develop
molecules preventing the viral recognition of ACE2 cells, rather than a strong antiviral compound
per se. In parallel, a possible novel mechanism to counteract coronavirus-dependent infections has
been proposed. Drawing on a more informed knowledge-base for this widespread compound is of
utmost importance to support the possible future design of more effective anti-viral molecules using
emodin as a model compound. Of particular relevance, further investigations of the toxicokinetics
and toxicity associated with emodin exposure are recommended, since the current understanding
prevents its use as a safe and effective antiviral agent as such. In particular, the current understanding
of emodin action describes a marked multi-target action that warns about possible off-targets resulting
in unwanted adverse effect. Further studies will provide a rationale to design emodin derivatives
with optimized pharmacological properties to support their use in feasible and effective antiviral
treatment. In addition, available scientific evidence describing the association between emodin’s
exposure, genotoxicity, hepatotoxicity, nephrotoxicity and reproductive toxicity is increasing and
further research is also needed to address the associated mechanisms. Ultimately, these studies would
allow to assess the balance between the beneficial and adverse effects of emodin as a model compound
with antiviral properties while supporting the future potential design of more effective and safe
anti-viral molecules [5].

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/2076-3417/10/18/
6358/s1. Accession codes of protein under analysis (Table S1); detailed results of computational alanine scanning
(Tables S2 and S3); graphical representation of SARS-CoV-2 S protein-ACE2 complex (Figure S1).
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