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Abstract
Natural products have been included in our dietary supplements and have been shown to have numerous therapeutic proper-
ties. With the looming danger of many zoonotic agents and novel emerging pathogens mainly of viral origin, many researchers 
are launching various clinical trials, testing these compounds for their antiviral activity. The present work deals with some 
of the available natural compounds from the literature that have demonstrated activity in counteracting pathogen infections. 
Accordingly, we screened, using in silico methods, this subset of natural compounds for searching potential drug candidates 
able to interfere in the recognition of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike protein and 
its target human angiotensin-converting enzyme 2 (hACE2) receptor, leading to the viral entry. Disrupting that recogni-
tion is crucial for slowing down the entrance of viral particles into host cells. The selected group of natural products was 
examined, and their interaction profiles against the host cell target protein ACE2 were studied at the atomic level. Based 
on different computer-based procedures including molecular docking, physicochemical property evaluation, and molecu-
lar dynamics, butein was identified as a potential hit molecule able to bind the hACE2 receptor. The results indicate that 
herbal compounds can be effective for providing possible therapeutics for treating and managing coronavirus disease 2019 
(COVID-19) infection.
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Introduction

The still unfolding coronavirus disease 2019 (COVID-19) 
pandemic exacted a heavy toll worldwide during the sec-
ond wave. It led to more deaths than the first wave, and as 
on 3rd March 2022, confirmed COVID-19 cases around the 
world stood at 522 million and more than 6.2 million deaths 

(https:// covid 19. who. int/). COVID-19 caused by severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
infects humans as well as different animals and is continu-
ously mutating to new variants such as the B.1.617.2 (Delta) 
variant, which had a devastating outcome owing to its abil-
ity to evade our immune system and recently the B.1.1.529 
(Omicron) variant that has almost engulfed the globe due 
to its stronger transmission potential. Apart from the popu-
larity of vaccines, a series of non-pharmacological inter-
ventions (NPIs), like more frequent hand washing, wearing 
face masks, stay-at-home orders, terminating travel, and 
social distancing, are advocated to resist further spread. 
Although many studies have aimed at preventing and treat-
ing COVID-19, its overall frequency has not changed [1]. 
This issue requires new approaches to overcome this global 
health issue and considering some natural compounds in 
combating the viral spread may show some light at the end 
of the tunnel. Providentially, the genome of SARS-CoV-2 
is almost 82% similar to its predecessor SARS-CoV, and 
50% similar to MERS-CoV, which caused severe pandem-
ics at the turn of the century [2–4], indicating a common 
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mechanism of infection. As previously mentioned, during 
these years, several attempts to develop therapeutic agents 
and diagnostic tools have been described [5–7]. Although 
these efforts led to medicines able to contrast the effects 
of pandemic health emergency, the need of novel therapeu-
tic options is still urgent due to the SARS-CoV-2 variants 
that can arise from the virus circulation since coronavirus 
species unceasingly evolve by changing the genetic code 
(genetic mutations) throughout the replication phase of the 
genome (https:// www. cdc. gov/ coron avirus/ 2019- ncov/ varia 
nts/ varia nt- class ifica tions. html) [8]. A possible strategy for 
developing therapeutic agents against SARS-CoV-2 is to 
investigate natural products and nutraceutical components 
to provide novel molecules as potential drug candidates that 
could interfere with the viral life cycle [9].

To this end, ancient India has been a land of Ayurveda, 
Siddha, and Unani medicinal practices. Overall, 21,000 
plants are enlisted to possess therapeutic potential around 
the world; India alone has 2500 varieties of medicinal plants 
that are widely used commercially. [10]. Some of the natural 
compounds listed in Siddha medicine namely Cucurbitacin 
E, Cucurbitacin B, Isocucurbitacin B, bis-andrographolide, 
Piperine, Orientin, Vitexin, Berberine, Bryonolic acid, and 
Magnoflorine could represent possible lead compounds pos-
sessing the ability to interfere with the viral replication of 
SARS-CoV-2 [11]. Our earlier work indicated that Cucur-
bitacin G 2-glucoside and Cucurbitacin H showed favorable 
pharmacological profiles against SARS-CoV [12]. Further-
more, natural phenolic compounds like Quercetin, Luteolin, 
Resveratrol, and Amentoflavone have been shown to have 
immunomodulatory and antiviral activities against SARS-
CoV and MERS-CoV [13].

Rather than the complex structure of some bioactive 
compounds, more structurally simpler molecules can be 
proposed to modulate immune response and inflamma-
tion using the phytoconstituents as prototypes. Moreover, 
targeting specific viral proteins with such molecules may 
pave the way to the identification of targeted anti-viral 
drugs. The binding of coronavirus glycosylated spike pro-
tein with the host human angiotensin-converting enzyme-2 
(hACE2) is a crucial element to initiate the viral infec-
tion. Assuming renewed interest toward hACE2 as a pos-
sible drug target, many natural products and marketed 
drugs could be potentially repositioned as off-target for 
hACE2-modulatory effects [14]. Many such natural small 
molecules bind to the hACE2 receptor and alter the bind-
ing of spike protein with the hACE2 receptor. The conta-
gion of SARS-CoV-2 mainly depends on the affinity and 
specificity of the recognition between the spike protein 
and hACE2 receptor. As a result, structural modifica-
tions in hACE2 caused by one or more of these natural 
small molecules disrupt the proper recognition of hACE2 
and the viral spike protein, preventing viral entry. Some 

popular flavonoids exhibit varied structural complexities 
that have been shown to induce different effects on hACE2, 
which may be associated with their ability to change the 
hACE2 structure conformation [15]. In this work, molecu-
lar docking, and molecular dynamics (MD) experiments 
were employed to analyze a targeted database of natural 
products. From that investigation Butein, an important die-
tary polyphenol, has been selected as a potential hACE2 
receptor ligand deserving further investigation in this field. 
Based on this hypothesis, this work aims to unravel the 
relationship between Butein and hACE2 receptor, so that it 
can potentially be harnessed as a relatively low-cost treat-
ment for SARS-CoV-2.

Materials and Methods

Molecular modeling

Selection and preparation of target proteins and ligands

On the basis of the literature, SARS-CoV-2 chimeric recep-
tor-binding domain in complex with its receptor hACE2 
(PDB ID 6VW1; Resolution = 2.68 Å, Chain A, B with 597 
amino acid length) [16] was downloaded from the RCSB 
Protein Data Bank (PDB) (http:// www. rcsb. org/) [17]. 
The designated receptor was prepared employing a protein 
preparation script supplied with Schrödinger/Maestro suites 
(Maestro, release 2018, Schrödinger, LLC, New York, NY, 
2018). The protein was stripped of their associated ligands 
and water molecules. The missing sidechains of the crys-
tallized protein were added using a specific module acces-
sible in Prime (Prime, release 2018, Schrödinger, LLC, 
New York, NY, 2018). The complex was submitted to the 
energy minimization using OPLS-2005 force field. Ligand 
structures were optimized employing LigPrep application 
(LigPrep, release 2018, Schrödinger, LLC, New York, NY, 
2018) to determine the correct Lewis structure, tautomeric 
and ionization state at pH 7.0 ± 2.0.

Grid generation and screening

For appropriate generation of the receptor grid for docking 
simulation studies, we analyzed the ACE2 protein structure 
by Sitemap tool (Sitemap, release 2018, Schrödinger, LLC, 
New York, NY, 2018) available in Maestro for mapping suit-
able binding sites. The most suitable identified binding site 
(Dscore > 1) was used as the entry selection in receptor grid 
generation. Furthermore, the prepared ligands were screened 
with the respective hACE2 receptor using “virtual screening 
workflow” available in Glide software.
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Protein–protein docking

Protein–protein docking, using the RDB of viral spike pro-
tein as the ligand and hACE2 as the receptor, was conducted 
employing the HDOCK webserver (http:// hdock. phys. hust. 
edu. cn/ accessed on May 12, 2022) [18, 19]. The server 
performed protein–protein and protein-DNA/RNA dock-
ing automatically and can predict interactions by employ-
ing a hybrid algorithm of template-based and template-free 
docking. For this study, during the input step, we speci-
fied the interacting residues of the viral spike protein and 
hACE2, namely, hotspots [16, 20, 21]. Further protein–pro-
tein docking studies were conducted by HADDOCK web-
server (High Ambiguity Driven protein–protein DOCKing) 
(https:// wenmr. scien ce. uu. nl/ haddo ck2.4/ accessed on May 
16, 2022), This server employs ab-initio docking methods 
to encode information from identified or predicted protein 
interfaces in ambiguous interaction restraints (AIRs) to drive 
the docking process [22]. Also, in this case, the interacting 
residues of the viral spike protein and hACE2 were specified 
during the input step.

Molecular dynamics

Desmond 5.6 academic version via Maestro was used to 
perform MD simulation studies (Desmond Molecular 
Dynamics System, version 5.6, D. E. Shaw Research, New 
York, NY, 2018. Maestro-Desmond Interoperability Tools, 
Schrödinger, New York, NY, 2018). MD simulations were 
executed on two NVIDIA GPUs, employing the Compute 
Unified Device Architecture (CUDA) API [23]. The com-
plex resulting from molecular docking studies was inserted 
into an orthorhombic box together with water molecules, 
simulated by the solvent model TIP3P, using Desmond sys-
tem builder available in Maestro [24, 25]. MD simulation 
was performed adopting OPLS as the force field [26].  Na+ 
and  Cl− ions (0.15 M) were added for mimicking the physi-
ological concentration of the monovalent ions. The ensem-
ble class NPT (constant number of particles, pressure, and 
temperature) were used adopting a constant temperature of 
310 K and a pressure of 1.01325 bar. For integrating the 
equations of motion, RESPA integrator [27] was used. 
Nose–Hoover thermostats [28] and the Martyna-Tobias-
Klein method [29] were employed to keep constant temper-
ature and pressure of the simulation, respectively. Particle-
mesh Ewald technique (PME) was employed for calculating 
long-range electrostatic interactions [30]. 9.0 Å was chosen 
as the threshold for the van der Waals and short-range elec-
trostatic interactions. The system was equilibrated using the 
default procedure, which consists of a series of restrained 
minimization and MD simulations to gradually relax the 
system. As a result, a single 500 ns trajectory was deter-
mined. MD simulation studies were independently repeated 

three times for providing a more reliable output. Simulation 
Event Analysis tools, included in the software package, were 
used to examine the trajectory files. All charts relating to 
MD simulation presented in this article were created using 
the same tools. Therefore, the root mean square deviation 
(RMSD) was evaluated using the following equation:

RMSDx: calculation for a frame x; N: number of selected 
atoms; tref: reference time (normally the first frame is utilized 
as the reference at time t = 0); r′: position of chosen atoms 
in frame x at time tx, after the superimposition with the ref-
erence frame. Every frame in the simulation trajectory is 
subjected to the same technique. The following formula was 
used to calculate the root mean square fluctuation (RMSF):

RMSFi: generic residue; T: trajectory time considered for 
the calculation of RMSF; tref: reference time, ri: position of 
residue i; r′: position of atoms in residue i after superposi-
tion on the reference. The square distance is averaged over 
the atoms in the residue, as indicated by the angle brackets.

Physicochemical properties and Lipinski’s Rule

The next step followed was the identification of those natural 
components among the selected natural/herbal compounds, 
based on their potential antioxidant, antiviral, and immu-
nomodulatory properties. The structures of natural products 
were downloaded from the NCBI PubChem database [31] 
and evaluated for their drug-likeness through the free online 
web-server tool, namely, Swiss ADME [32]. The pharma-
cokinetics parameters, lipophilicity, and toxicity of all 32 
natural products were examined and the best molecules were 
selected. Butein was finally selected for further studies based 
on its binding score and ADMET analysis.

Results

Mapping possible binding site on hACE2 receptor

The sitemap analysis of all 32 potent inhibitors provided 
hints about the crucial contacts governing their binding to 
the binding cavity of the hACE2 receptor, interacting with 
residues that are involved in catalysis and substrate speci-
ficity. hACE2, a type I integral membrane protein, is com-
posed by 805 residues comprising a zinc binding consensus 
sequence (HEXXH + E). The native and inhibitor-bound 
crystal structures of the hACE2 extracellular domains show 
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considerable inhibitor-dependent hinge-bending movement 
(~ 16°) of one catalytic subdomain in comparison to the 
other, bringing significant residues into the site for catalysis 
[33]. The catalytic domain, also known as the zinc metal-
lopeptidase domain, is comprised between residues 19–611, 
and it is also subdivided into two subdomains (I and II). 
The subdomain I (painted in blue in Fig. 1) is composed by 
residues 19–102, 290–397, and 417–430), while subdomain 
II (painted in magenta in Fig. 1) is composed by residues 
103–289, 398–416, and 431–615. These two subdomains 
are separated by a long α-helix composed by 17 residues 
(511–531) (painted in yellow, Fig. 1). We hereby, provide 
the detailed sitemap of the interactions used for the location 
of the receptor binding site for Butein (Dscore more than 1). 
The potential receptor binding domain (shown in sky-blue 
mesh along with coordinating residues in Fig. 1) of Butein 
is found sandwiched between the two catalytic subdomains.

Docking of natural products against the hACE2 
receptor

The focused natural product chemical library was screened 
to identify plausible drug candidates considering their bind-
ing affinities and structure-based prospects. All compounds 
were arranged in congeneric series as per their Dscore of 
binding affinity, which engages protein–ligand complex 
geometries, free energy calculation or MM-GBSA and the 
peptide linkages. Table 1 enlists the docking score of all the 
compounds. After a careful analysis of the docking score 
and visual inspection of the binding poses, we selected Arc-
tiin, Wedelolactone, Butein, Emodin, and Curcumin as best 

performing molecules based on their potential binding affin-
ity for hACE2.

Furthermore, out of the above most promising natural 
products selected by molecular docking against the receptor 
binding site of hACE2, Butein was identified as one of the 
best hit molecules (Fig. 2). The binding profile of Butein was 
found interesting due to the relevant interactions observed 
within the selected hACE2 binding site. The residues N437, 
Y279, P289, and D367 showed strong H-bonding interac-
tion with the hydroxyl group of Butein, while the delocal-
ized electrons of benzene moiety strongly interacted with 
the residue K441. This binding mode showed a docking 
score of − 7.28 kcal/mol, indicating a satisfactory affinity 
of Butein for the selected binding site. Remarkably, Butein 
is considered a suitable molecule for further investigation 
due to its simple structure and the straightforward synthetic 
eco-friendly and cost-effective route.

Notably, the potential binding site of Butein is a well-
established allosteric binding site of hACE2 that if targeted 
can influence the normal function of the enzyme modifying 
the conformational dynamics [34–36]. This site, composed 
by the following amino acids F428, P289, R288, N290, 
E430, L418, P415, I291, T434, E435, N437, K541, T414, 
M366, F438, L439, K441, Y279, A413, H540, C542, A412, 
L539, Y587, Q442, L410, L370, and Q526 (cavity volume 
of 448.4 Å3). According to the AlloFinder software, this 
allosteric site showed an AlloScore of 8.18, indicating that 
it can be considered druggable [34]. Remarkably, small mol-
ecules able to bind an allosteric site on hACE2 can disrupt 
the recognition between the viral spike protein and hACE2, 
limiting the capability of SARS-CoV-2 to infect human 
cells, maintaining the function of the human enzyme. In a 
recent work Wang and collaborators, based on the fact that 
dexamethasone, chloroquine, and telmisartan have been 
demonstrated in vitro to bind hACE2, investigated their 
mechanism of action, demonstrated that the compounds 
interacted with an allosteric site of hACE2 comprising the 
mentioned region, causing a conformational change of the 
hACE2, precluding the recognition with the viral spike pro-
tein [35]. Very recently, Hochuli and co-workers, using a 
virtual screening approach, identified five small molecules 
able to allosterically bind hACE2, with a slight reduction 
in its enzymatic activity, inhibiting the viral replication in 
human cells [36]. Accordingly, the allosteric modulation of 
hACE2 can be a valuable approach for identifying effective 
antivirals.

Analysis of ADMET data based on Lipinski’s rule 
of five

Based on the docking analysis, the selected compounds 
were screened using computer-based applications to eval-
uate the ADMET (absorption, distribution, metabolism, 

Fig. 1  Pictorial representation of receptor binding site through sitemap 
analysis
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excretion, Toxicity) profile of the considered molecules. 
The identification of a drug-like molecule is based on 
many factors, namely, the physicochemical properties, 
water solubility, lipophilicity, and the pharmacokinet-
ics of their molecular structures. Through analyzing the 
inhibitory effects using the Lipinski’s rule of 5, Emodin, 
Curcumin, and Butein showed promise as potential “small 
molecule” modulators with a good druggability quotient 
(Table 2). In fact, Emodin showed a significant drug-like 
profile, but Butein was chosen in this particular study for 
both its high binding score and ADMET analysis.

Molecular dynamics

In order to validate the docking output and to assess the 
influence of the binding of Butein on the conformational 
dynamics of hACE2, evaluating the stability of the selected 
complex and related time-line behavior, we conducted 
500  ns MD simulation study on the biological system 
hACE2/Butein. The resulting trajectory was comprehen-
sively examined employing diverse standard simulation 
parameters, including RMSD assessment for each backbone 
atom and ligand, RMSF of each protein residue (Fig. 3). The 

Table 1  Docking of naturally occurring biomolecules within hACE2

ecruoStnalPstcudorplarutaNyrtnE
Dscore 

(hACE2) 

1 Arctiin Arctium lappa (burdock) -9.28

2 Wedelolactone Eclipta alba (false daisy) and in Wedelia calendulacea -7.41 

3 Butein 

Toxicodendron vernicifluum (or formerly Rhus 
verniciflua), Coreopsis, Butea (Butea monosperma), 

and Dahlia
-7.38 

4 Emodin Rhubarb, buckthorn, and Japanese knotweed -7.25 

5 Curcumin Curcuma longa (Turmeric) -7.15

6 Silibinin-1 Silybum marianum (Plant milk thistle) -6.91 

7 Capillarisin Artemisia capillaris Thunb -6.55

8 Caffeic Acid Coffea arabica (Coffee) -6.54 

9 Capsaicin Chili peppers, jalapeño peppers, cayenne peppers -5.97

10 Resveratrol 
Skin of grapes, blueberries, raspberries, mulberries, 

and peanuts -5.41 

11 Bavachin Psoralea corylifolia -5.33 

12 Diosgenin Tubers of Dioscorea wild yam, such as the Kokoro -5.15 

13 Oridonin Isodon rubescens (Rabdosia rubescens) -5.09 

14 
5,7-

Dihydroxyflavone 

Honey, propolis, the passion flowers, Passiflora 
caerulea, Passiflora incarnata, and Oroxylum indicum -5.05 

15 Cardamonin Elettaria cardamomum (Cardamom) -5.03 

16 Apigenin-6 Parsley, celery, celeriac, and chamomile tea s -4.93

17 Andrographolide Andrographis paniculata) -4.83 

18 Formononetin Nee Red clover, beans (green and lima beans, soy -4.80

19 Bergamottin Pulp of pomelos, grapefruits, bergamot, and orange -4.60 

20 Garcinol Garcinia indica -4.53

21 Indirubin Danggui Longhui Wan -4.51 

22 Dihydroartemisinin Artemisia annua -4.38

23 Evodiamine Evodia rutaecarpa -4.36 

24 Honokiol Magnolia grandiflora -4.13

25 Cryptotanshinone Salvia miltiorrhiza Bunge (Danshen) -4.03 

26 Ascochlorin Ascochyta viciae (Phytopathogenic fungus) -3.97

27 Brassinin Brassica campestris ssp. pekinensis (Chinese cabbage) -3.50 

28 Betulinic Acid Birch tree (Betula spp., Betulaceae) -3.36

29 Guggulsterone Commiphora mukul gum -3.31 

30 Alantolacton Inula helenium L. -3.23

31 Thymoquinone Nigella sativa -3.09 

32 Chalcone Eclipta alba (false daisy) and in Wedelia calendulacea -3.07 
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analysis revealed that the system is quite stable until 200 ns, 
after that we observed a significant variation in RMSD with 
a reduction of the structure stability for the rest of the simu-
lation, ascribable to the Butein binding (Fig. 3A).

Interestingly, Butein maintained the main interactions 
found by docking studies, with no relevant movement within 
the binding site and maintaining the interacting conforma-
tion (Fig. 3A, red line) with no relevant conformational 
changes, also highlighted by superposing the complexes 
obtained at the time 0 of the MD simulation and at the end of 
the MD run (Fig. 4). However, the binding determined some 
changes in the protein arrangement as highlighted by the 
RMSD and RMSF. The RMSF represents the discrepancy 
between the protein atomic Cα coordinates and its average 
position throughout the MD run. This kind of estimation 
is significantly advantageous for determining the flexibility 
of specific protein backbone amino acids. In fact, although 
the considered complex did not exhibit dramatic fluctuation 
events, we observed some groups of hACE2 residues that 
showed a high fluctuation ratio (Fig. 3B). In addition, the 

conformational alterations of key amino acids in the hACE2 
binding cavity (lowest RMSF value) proved the capability 
of the molecule to establish stable contacts with hACE2 
enzyme.

As previously mentioned, the analysis of the MD run 
revealed some conformational changes in the protein struc-
ture and destabilization/fluctuation of precise cluster resi-
dues within the protein structure. Accordingly, we investi-
gated which residues were interested from this perturbation 
induced by the binding of Butein. We analyzed whether the 
well-established hotspots on hACE2 [16, 20, 21], crucial 

Fig. 2  Chemical structure of Butein and its putative binding mode 
(gray sticks) within hACE2 binding site (PDB ID 6VW1)

Table 2  Drug profile and ADME/toxicity analysis of the best performing natural products selected in this study

Lipophilicity: XLOGP3 between − 0.7 and + 5.0, size: MW between 150 and 500 g/mol, polarity: TPSA between 20 and 130Å2, solubility: log S 
not higher than 6, saturation: fraction of carbons in the sp3 hybridization not less than 0.25, and flexibility: no more than 9 rotatable bonds

Physicochemical parameters Arctiin Wedelolactone Butein Emodin Curcumin Range

mol_MW (g/mol) 534.55 314.25 272.25 270.24 368.38 150–500 g/mol
#Rotatable bonds 10 1 3 0 7  < 9
#H-bond acceptors 11 7 5 5 6  < 10
#H-bond donors 4 3 4 3 3  < 5
XLOGP3 1.78 2.38 2.82 2.72 3.98 between − 0.7 and + 5.0
TPSA 153.37 113.27 97.99 94.83 96.22 20–130 Å2

Log S  − 4.62  − 4.4  − 4.54  − 4.37  − 5.7  < 6

Fig. 3  A RMSD regarding the complex hACE2 (blue line) and Butein 
(red line); B RMSF of all residues of hACE2. Pictures were created 
by Simulation Event Analysis available in Desmond

270   Page 6 of 11 Journal of Molecular Modeling (2022) 28: 270



1 3

for the binding of viral spike protein, were involved in these 
conformational changes of the protein structure. In Fig. 5, 
we reported the main hotspots responsible for the recogni-
tion between hACE2 and viral spike protein, named hotspots 
A-D (Fig. 5A). Considering the residues that are perturbated 
by the binding of Butein during the MD run, showing high 
fluctuation, we noted that amino acids involved in the fluc-
tuation phenomena mainly belong to the hotspots A and D, 
while the residues from hotspots B and C are more stable 
with lower fluctuation especially for the hotspot B (Fig. 5B). 
In fact, as detailed in Fig. 5B, by superposing the structure 
at the time 0 and the structure after 500 ns is clearly observ-
able that residues from hotspots A and D, completely lack 
their original conformation, precluding the correct recogni-
tion between the RDB of the spike protein and hACE2. This 
event could be relevant in reducing the affinity of the viral 
protein to its human target and possibly slowing down the 
capacity of the virus to enter the host cell.

Finally, to determine whether there is a difference in 
the binding affinity of the two mentioned conformations of 
hACE2, at time 0 and after 500 ns, with the viral spike pro-
tein interacting domain, we performed a calculation using 
the HDOCK webserver. Regarding the original structure, 
we observed that the viral spike protein interacted with the 
hACE2 with a binding affinity of − 326.16 kcal/mol, while 
the structure obtained after 500 ns in the presence of Butein 
was bound by the viral spike protein with a binding affinity 
of − 175.08 kcal/mol. These results highlighted a dramatic 
reduction of the binding affinity of the viral spike protein 
toward hACE2 after the inclusion of Butein, indicating its 
possible role in influencing the ability of the virus to enter 
the host cells. To confirm the obtained results, we employed 
another method for protein–protein docking implemented 
in the HADDOCK webserver. Using the same input, we 
obtained a similar result. In fact, considering the original 
structure, we observed that the viral spike protein interacted 
with the hACE2 with an HADDOCK score of − 142.7 a.u., 

while the resulting conformation of hACE2 after 500 ns in 
the presence of Butein was bound by the viral spike protein 
with an HADDOCK score of − 126.9 a.u., indicating that 
after the conformational changes of hACE2, the affinity of 
the viral spike protein for the mentioned target exhibited a 
dramatic decrease since the HADDOCK score is a weighted 
sum of electrostatics, van der Waals, restraint energies, bur-
ied surface area and an empirical desolvation term [22, 37].

Discussion

The purpose of this computational investigation was to 
explore, using a computational approach, the possibility of 
targeting hACE2 with small-molecule ligands and possibly 
to cause conformational alterations inside the hACE2 recep-
tor, thus changing the dynamics with which it can bind to 
viral spike protein [14, 34]. hACE2 receptor that is ubiq-
uitously present in the heart, kidney and the epithelia of 
the lung and small intestine, is a multifaceted proteolytic 
enzyme of the renin-angiotensin system (RAS). A synthetic 
small-molecule XNT has been proposed as a cardiovascu-
lar drug by activating hACE2 receptor [38]. Surprisingly, 
this molecule obliterates the binding between hACE2 and 
anti-ACE2 IgG autoantibodies, indicating a conformational 
change within hACE2 receptor, thus affecting the binding 
potential of ACE2-binding proteins [39]. According to the 
Protein Data Bank of Transmembrane Proteins database 
(PDBTM), hACE2 receptor has three domains, a cytoplas-
mic domain, an extracellular signal sequence and a trans-
membrane helical region [40]. It is now proven that hACE2 
is an allosteric protein containing two binding sites, one for 
the modulator and the other for the ligand [41]. The first 
binding site is the functional site where the protein’s physi-
ological function is carried out; while the second binding 
site is the regulatory unit, which modulates the shape and 
thus the functional activity of the hACE2 receptor. The spike 
protein of SARS-CoV-2 binds as a ligand to the functional 
site of the hACE2 receptor and participates in the biological 
process of the viral entry into the host cells. The presence 
of small molecules as modulators allosterically regulates 
the binding capacity of the spike proteins. Thus, anti-viral 
activity could be achieved by destabilizing the binding of 
the host hACE2 receptor with the viral spike protein and 
certain natural compounds were shown to bind as non-com-
petitive molecules and act as modulators. Here, 32 natu-
ral phytochemicals were considered potential ligands for 
protein–ligand molecular docking study and were screened 
for their ability to bind the functional site of the hACE2 
receptor.

Since Butein exhibited one of the lowest binding ener-
gies and a satisfactory drug-like profile, this phytochemi-
cal was identified as the most promising compound for 

Fig. 4  Superposition between initial docked structure (cyan) and final 
structure (yellow) after 500 ns of MD simulation of Butein bound to 
hACE2 binding cleft
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targeting the selected biomolecule. The natural compound 
Butein (3,4,2′,4′-tetrahydroxychalcone), which is also a 
crucial dietary polyphenol that shows the ability to sup-
press the signaling pathways adapted by protein tyrosine 
kinases [42]. This simple chalcone is widely present in 
various plants belonging to the families of Anacardiaceae, 
Adoxaceae, Asparagaceae, Asteraceae, Fabaceae, Pinaceae, 
Rubiaceae, Schisandraceae, and Sonanaceae. This molecule 
can be found in the leaves, heartwood, stem, rhizome, roots, 
flowers, seeds, fruits, tubers and even in whole plants [43]. 
The hydroxyl groups present in the structure (Fig. 2) help 
Butein effortlessly mitigate hepatic, renal and a neurological 
condition as well it is effective against diabetes and hyper-
tension [44]. Its high nutraceutical value makes it a potent 
antioxidant and anti-angiogenic agent [45]. With its ability 
to inhibit phosphorylation and many enzymatic pathways, it 
imparts protection against many cancers and inflammatory 
diseases [46]. Notwithstanding evidence from literature sug-
gests lack of harnessing pure Butein for human clinical tri-
als. Also, it is plausible its potential role as anti-pathogenic 

agent, possessing antimicrobial or antiviral properties that 
are not considered yet.

Butein showed a docking score of − 7.38 kcal/mol, which 
indicates a possible affinity against hACE2 receptor. Thus, 
Butein can be considered a significant candidate for targeting 
the viral entry. Furthermore, Butein did not contravene the 
Lipinski’s rule of five and showed a satisfactory pharma-
cokinetic profile as indicated by the computational investi-
gation. To gain further insight into the behavior of Butein 
into hACE2 receptor active site, we performed a comprehen-
sive assessment of the MD simulation, examining the main 
interactions formed by Butein within the binding cavity. The 
result of the evaluation regarding the hACE2 in complex 
with Butein is illustrated in Fig. 6. In general, observing the 
trajectory of MD simulation, Butein maintained the inter-
actions found by molecular docking calculation, targeting 
Y279, P289, I291, D367, N437, and K441. Furthermore, 
during the MD simulation, we observed further additional 
contacts with the backbone of G286 and the sidechain of 
K288, which can be relevant in stabilizing the discussed 

Fig. 5  A Hotspots of hACE2 
crucial for the binding with 
SARS-CoV-2 spike protein. B 
Main conformational changes in 
the hotspots after 500 ns of MD 
in the presence of butein
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binding mode. Notably, the computational outcome undeni-
ably validated the crucial contacts of Butein found by dock-
ing studies, showing acceptable thermodynamic stability 
within hACE2 binding site, indicating that the compound 
can behave as a possible hACE2 binder. This binding pro-
voked a destabilization of the conformational dynamics of 
hACE2 influencing its binding with SARS-CoV-2 spike 
protein, as demonstrated by analyzing the MD run in which 
we observed relevant conformational changes in the inter-
acting residues (hotspots) relevant for the recognition of 
SARS-CoV-2 spike protein and hACE2 and by perform-
ing docking calculations between the viral spike protein 
and hACE2 considering the starting conformation and the 

resulting conformation of hACE2 after 500 ns of MD run 
in the presence of Butein. The results highlighted that after 
the inclusion of Butein that influenced the conformational 
dynamics, the affinity of the viral spike protein for hACE2 
was dramatically reduced, possibly precluding the correct 
recognition between the mentioned proteins, slowing down 
the viral entry.

Butein belongs to the chalcone family of flavonoids, 
which possesses numerous biological properties as previ-
ously discussed. However, the extraction of the Butein from 
plant suffers low yield. Therefore, total synthesis of Butein 
was conducted via Claisen-Schmidt condensation between 
3,4-dihydroxybenzaldehyde and 2,4-dihydroxyacetophenone 

Fig. 6  Butein monitored in 
the course of the MD run. The 
interactions can be grouped 
into four types: H-bonds 
(green), hydrophobic (gray), 
ionic (magenta), and water 
bridges (blue). The subsequent 
diagram of the figure illustrates 
a timeline description of the 
main interactions. A darker hue 
of orange indicates that some 
residues make many distinct 
contacts with the ligand
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using a basic catalyst [47]. It was also synthesized via aldol 
condensation catalyzed by thionyl chloride  (SOCl2) following 
the method reported by Hu and coworkers [48].

Conclusion

A total of 32 phytoconstituents were screened, out of which 
4 phytochemicals (Arctiin, Wedelolactone, Butein, and 
Emodin) showed potential affinity for hACE2 binding site 
along with satisfactory drug-like profile. The other best 
performing compounds (Garcinol, Brassinin, Arctiin, and 
Butein) also showed potential as possible hACE2 ligands. 
Thus, Arctiin and Butein are the common polyphenols that 
show tremendous promise as potential binders of the hACE2 
receptor. In this study, Butein was finally chosen due to its 
satisfactory computational scores regarding its behavior as 
a binder of hACE2, its simple structure, and its synthetic 
accessibility. The binding to hACE2 is assumed to be crucial 
for interfering with the recognition step between hACE2 
and SARS-CoV-2 spike protein. Accordingly, Butein as a 
possible hACE2 receptor ligand could be potentially able 
to induce conformational changes in the native structure of 
the hACE2 receptor, precluding the correct recognition of 
spike viral protein with the human receptor, slowing down 
the viral entry. Furthermore, Butein showed a satisfactory 
ADMET profile, paving the way for developing innovative 
anti-SARS-CoV-2 therapeutic agents.
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