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H I G H L I G H T S
� The unique substrate specificity of SARS-CoV-2 Mpro makes it a potential target for drug design.
� Fermented sorghum extract RevX solution enhances adjuvant therapy of lung adenocarcinoma, suggesting the role of bioactive components in RevX solution.
� The solid extract of RevX showed potent Mpro inhibitory activity with IC50 of 2.07 � 0.38 μg/mL.
� The three sterol-like structures of RevX extract showed a similar binding cavity to Mpro-GC376, suggesting its putative inhibitory activity.
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A B S T R A C T

The main protease (Mpro) of SARS-CoV-2 is a protease necessary for viral polyprotein processing and maturation.
Mpro cleaves the polypeptide sequence after the glutamine residues. There is no known cellular protease with this
substrate specificity in humans; therefore, it is considered an attractive drug target. Previously, fermented sor-
ghum extract RevX (trademark of Revolutrx INC.) solution significantly alleviated physical decline and compli-
cations in a patient with lung adenocarcinoma, suggesting the role of bioactive components in RevX solution. To
further explore whether the bioactive components in RevX solution exhibit other biological activities, such as
antiviral effects, we investigated its inhibitory effect on the Mpro of SARS-CoV-2 virus. We report herein that the
solid extract of the RevX solution exhibits an efficacious Mpro inhibitory activity, with IC50 of 2.07 � 0.38 μg/mL.
Molecular docking of sterol-like components in the RevX extracts identified by MS shows that the three sterol-like
molecules can bind to the active region of the GC376-Mpro complex, supporting the structure-function relation-
ship. Combined with its ability to significantly alleviate the body's immunity decline and to inhibit the activity of
SARS-CoV-2 Mpro, RevX solution may provide a possible alternative supportive treatment for patients with
COVID-19.
1. Introduction

The 2019 global pandemic coronavirus disease (COVID-19), caused
by severe acute respiratory syndrome-related coronavirus-2 (SARS-CoV-
2), has caused highmorbidity andmortality, and severe social, economic,
and political chaos. As of 16 November 2021, the number of confirmed
cases has exceeded 253.26 million, and the death toll has surpassed 5.11
million (https://sites.google.com/cdc.gov.tw/2019ncov/global). SARS-
su), tkwmll@nycu.edu.tw (T.-K.
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CoV-2 belongs to the Coronaviridae family and is a member of the same
family as SARS-CoV for severe acute respiratory syndrome and MERS-
CoV for the Middle East respiratory syndrome (Gordon et al., 2020).
SARS-CoV-2, SARS-CoV and MERS-CoV viruses are all enveloped
positive-stranded single-stranded RNA viruses. Phylogenetic analysis of
the original SARS-CoV-2, SARS-CoV and MERS-CoV genomes showed
that both SARS-CoV and SARS-CoV-2 are members of the genus Beta-
coronavirus and the subgenus Sarbecovirus (beta-CoV lineage B), whereas
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MERS-CoV is a member of the subgenusMerbecovivirus (beta-CoV lineage
C). The sequence identity between SARS-CoV-2 and SARS-CoV and
MERS-CoV is approximately 79% and 50%, respectively. In addition,
both SARS-CoV-2 and SARS-CoV enter host cells by binding to
angiotensin-converting enzyme 2 (ACE 2), while MERS-CoV enters host
cells by binding to dipeptidyl peptidase 4 (DPP4) receptors (Ge et al.,
2013; Fehr and Perlman, 2015; Lu et al., 2020). The genome of
SARS-CoV-2 is about 30 kb in size and contains 16 open reading frames
(ORFs) (Lu et al., 2020). Among them, the replicase gene (ORF 1ab)
encodes for the two overlapping polyproteins pp1a and pp1ab, which are
cleaved by the main protease (Mpro, also referred to as 3CLpro) (Figure 1)
(Ullrich and Nitsche, 2020; Yang and Rao, 2021). This is a key step in the
process of virus replication, transcription, and maturation (Du et al.,
2004). Additional genome contains accessory and structural proteins
such as envelope protein (E), membrane protein (M), nucleocapsid
phosphoprotein (N), and spike glycoprotein (S). The functional role of
spike glycoprotein S involves host tropism and hopping, and enters the
cell by recognizing the ACE 2 receptor (Du et al., 2009). So far, although
several vaccines with effective immunity have been claimed, break-
through infections still occur. Several drugs, including remdesivir (Saha
et al., 2020), molnupiravir (MK-4482, EIDD-2801) (Painter et al., 2021),
glycyrrhetinic acid (Ding et al., 2020) and vitamin D (Grant et al., 2020)
have been tested under clinical trials for COVID-19 treatment. However,
safe and effective drugs and supportive treatments are still needed to
combat with the current COVID-19 pandemic (Li and Clercq, 2020).

Among the putative therapeutic targets for the treatment of COVID-
19, the main protease (Mpro) is often a potential drug target (Hartenian
et al., 2020). Inhibiting the activity of Mpro can reduce the assembly of
mature virus particles during the process of viral polyprotein processing
and maturation, thereby achieving the key function of virus infection
resistance. The structure of SARS-CoV-2 Mpro was recently solved by
Zhou et al. at pH7 (Zhang et al., 2020a,b). Mpro is a functional dimer and
cysteine protease with a histidine-cysteine catalytic dyad at the active
site (Ullrich and Nitsche, 2020). The protease has a unique substrate
preference for glutamine at the P1 position of the polyprotein
(Leu-Gln↓(Ser, Ala, Gly)) and, specifically, cleaves the peptide sequence
after the glutamine residues (Rut et al., 2021). There is no known cellular
protease with such substrate specificity in humans (Hilgenfeld, 2014;
Zhang et al., 2020a,b). Therefore, inhibiting the function of Mpro can
block the replication of coronaviruses without affecting human host cells,
which makes Mpro inhibitors promising candidates for the treatment of
patients with coronavirus infection. Until now, there have been few re-
ports on safe and effective Mpro inhibitors, leaving an urgent need to
Figure 1. SARS-CoV-2 genome organization. (A) SARS-CoV-2 genomic RNA, encodin
two polyproteins pp1a and pp1b, and structural and accessory proteins. (B) Schematic
a papain-like protease (PLpro, green arrow) and a main protease (Mpro, red arrow), cl
Mpro recognizes and cleaves the virus non-structural polyprotein at 11 sites. The PLp
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discover more Mpro inhibitors to develop as therapeutic agents against
COVID-19.

Phytochemicals in medicinal plants are known to be a major source of
lead compounds for drug development (Egbuna et al., 2020). It has been
reported that some natural products (such as alkaloids, flavonoids, pol-
yketides, simple aromatics, terpenes, steroids, and phenolic compounds)
have Mpro inhibitory activity, which encourages us to find more effective
SARS-CoV-2 Mpro inhibitors from natural resources (Chojnacka et al.,
2020; Russo et al., 2020; Wen et al., 2007). Sorghum contains low
digestible proteins, unsaturated organics, and certain minerals, vitamins,
phenols, terpenes, sterols, and fat-soluble compounds, and is an impor-
tant source of nutrients and bioactive compounds in human and animal
diets (Cardoso et al., 2017 and references therein). Sorghum from
different sources shows a variety of biological activities, such as
anti-oxidation, scavenging free radicals, anti-cancer, cardiac prevention,
antimicrobial, antiviral, anti-diabetic, and neuroprotective abilities
(Cardoso et al., 2017; Kamath et al., 2007; Muriu et al., 2002; Shih et al.,
2007; Yang et al., 2009). For example, four compounds detected in
Sorghum bicolor may reduce the severity of type-2 diabetic mellitus
(T2DM) by activating the PPAR signaling pathway (Oh et al., 2020).
Many studies have also shown that sorghum fermentation can increase
the concentration and structural diversity of vitamins, phenols, terpenes,
sterols, and fat-soluble compounds (Cardoso et al., 2017 and references
therein).

RevX (trademark of Revolutrx INC.) solution extract is a fermented
extract of sorghum obtained by a unique extraction technology. It con-
tains various compositions such as organic acids, sulfonamides, phytos-
terols, and anti-inflammatory ingredients. Previously, the RevX solution
has been used as an adjuvant treatment for lung adenocarcinoma (Lin,
2021). For example, a 71-year-old woman supplemented with the RevX
solution during targeted therapy experienced a significantly alleviated
decline in physical strength during the study treatment period and
greatly reduced her complications. This suggests that the RevX solution
may be used as an adjuvant therapy for patients with metastatic lung
adenocarcinoma. Given the effects of the bioactive components in RevX
solution on improving mental and physical strength and reducing com-
plications arising from targeted cancer treatment, it is worth exploring
whether the bioactive components in RevX solution exhibit other bio-
logical activities, such as antiviral effects. In this study, we further
explored whether the bioactive components in the RevX solution have
inhibitory effects on the Mpro of the SARS-CoV-2 virus. Three extracts of
RevX solution, solid, organic, and water, were first partially character-
ized using gas chromatography-mass spectrometry (GC-MS) and then
g non-structural proteins (NSPs), ORF 1ab which can be directly translated into
representation of non-structural polyprotein cleavage sites. Two viral proteases,
eave the two polyproteins to generate 16 NSPs (Ullrich and Nitsche, 2020). The
ro cleaves the virus non-structural polyprotein at 3 sites.
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analyzed for SARS-CoV-2Mpro inhibitory activity in vitro. The in vitroMpro

inhibitory activities of solid, organic, and water fractions showed IC50s of
2.07 � 0.38, 28.17 � 3.49, and 32.73 � 1.06 μg/mL, respectively. We
then usedmolecular dockingmethods to search for compounds identified
by MS that might interact with Mpro, hoping to link their possible
structure-activity relationship to Mpro inhibition. Interestingly, three
MS-identified sterol-like components were found in the active region of
the GC376-Mpro complex, a potent Mpro inhibitor, suggesting that they
may have a potential function to inhibit Mpro activity. Collectively, these
results suggest that the RevX solution may be useful as an adjunctive
treatment for patients with SARS-CoV-2 infection and to help COVID-19
patients recover quickly.

2. Materials and methods

2.1. The RevX solution extracts

The RevX solution extracts were obtained according to the following
procedures. First, 600 mL of RevX solution was gently removed the sol-
vent by rotary evaporation to obtain the solid (S) fraction. By dissolving it
in 30 mL CCl4 and 30 mL ddH2O, the solid extract (S) was used to prepare
the water (W) or organic (L) fractions using the following procedure:
Collect the first organic layer (L1), add 30 mL of CCl4 to the water layer,
repeat the extraction, and collect the organic layer (L2). Then add 30 mL
of water for extraction and repeat the above process again to collect the
organic layer (L3). After collecting the organic layer, the remaining water
layer was marked as W1, and add 30 mL of water to L1 þ L2 þ L3 for
extraction, and collect the water layer as W2. Then, add 30 mL of water
for extraction and repeat the above process to obtain W3. Removing the
organic solvent in L1 þ L2 þ L3 and the water in W1 þ W2 þ W3 to
obtain the organic (L) and water (W) extracts. The three different sam-
ples, solid part (S), organic part (L), and water-soluble part (W), were
used for in vitro Mpro inhibitory activity determination experiments.

2.2. GC-MS analysis

GC-MS analysis was performed using an Thermo Trace 1300GCþ ISQ
MS instrument equipped with a Rxi-5MS (30 m � 0.25 mm � 0.25 μm)
capillary column. The instrument was initially set at 50 �C, then ramped
up to 300 �C at a rate of 10�C/min, then held at 300 �C for 10 min. The
inlet temperature was set at 300 �C. The column uses helium as the
carrier gas, which is flowed at a constant rate of 1 mL/min. Electron
ionization was performed with an electron beam at 70 eV. The split mode
for sample injection is 5:1. The MS scan range was from m/z 35 to 600.
Mass spectra of all detected compounds and fragmentation modes were
compared with spectra libraries in NIST2017 þ Wiley 10th Ed. The per-
centage of each compound is based on the relative peak area of each
compound in the chromatogram.

2.3. In vitro inhibitory activity assay of Mpro

Dabcyl-KTSAVLQ↓SGFRKME-Edans is a F€orster resonance energy
transfer (FRET)-based 12-amino acid fluorescence quenching peptide
that can be recognized and cleaved by Mpro (cleavage site: ↓) (Chen et al.,
2006). The measurement of SARS-CoV-2 Mpro inhibition was performed
according to the manufacturer's protocol with minor modifications
(Zhang et al., 2020a,b). In short, the reaction was performed in a
384-well black flat-bottomed microtiter plate (Thermo Scientific™

Nunc™), with a final volume of 25 μL per well. The blank contained a 10
μL assay buffer (20 mM Tris, 100 mM NaCl, 1 % DTT, 1 % EDTA) and 2.5
μL inhibitor buffer (70% ethanol in water). The positive control con-
tained a 10 μL Mpro protease in the assay buffer (36 nM, final concen-
tration) and a 2.5 μL inhibitor buffer (70% ethanol in water). The
inhibitor control contained a 10 μL Mpro protease and a 2.5 μL GC376 (1,
000 μM). The test samples of water and lipid fractions contained 10 μL
Mpro protease and 2.5 μL of different concentrations of extract (0, 3.125,
3

6.25, 12.5, 25.0, 50.0, and 100.0 μg/mL). For the solid fraction, 2.5 μL of
different concentrations of extracts (0, 0.78, 1.56, 3.125, 6.25, 12.5, and
25.0 μg/mL) was used. The reaction was initiated by incubating at 37 �C
with slow shaking for 30 min. A 12.5 μL (40 μM, final concentration)
substrate solution was added to start the hydrolysis reaction and was
incubated at 37 �C for 1 h with slow shaking. The hydrolyzed product
emitted a strong fluorescence signal (excitation/emission, 355 nm/460
nm) around 460 nm, which was recorded by a microplate reader (Fluo-
roskan Ascent FL, Thermo Fisher). The inhibitory effect was calculated by
comparing with the control wells without an inhibitor. The IC50 value
was determined by nonlinear regression (GraphPad Prism 8.0.1). For the
calculation, the enzyme activity was assumed to be 100%. The reaction
was carried out in triplicate.

2.4. Molecular docking

Ligand-based molecular docking of MS-identified RevX-extracted
compounds with Mpro protein was performed using iGemdock software
to search for potential drug targets (Hsu et al., 2011). Briefly, iGemdock
is a structure-based virtual screening (VS) framework based on phar-
macological interactions between ligands and targets. It integrates pro-
cesses including ligand and binding site preparation, virtual screening,
post-screening analysis, and pharmacological interactions. First, a
screening compound and a binding site of interest are prepared. Then,
using the in-house docking tool Gemdock, the compound is docked to the
binding site. Next, iGemdock uses hydrogen bonding (H), electrostatic
(E), and van der Waals (V) interactions to generate protein-compound
interaction profiles. Next, iGemdock screened compounds for
post-screen analysis using pharmacological interactions and clustering.
Pharmacological interactions occur at conserved interacting residues that
perform essential functions of target proteins by forming binding pockets
with specific physico-chemical properties. Finally, iGemdock combines
the pharmacological interaction and energy-based scoring capabilities of
Gemdock to perform hierarchical clustering dendrograms for screening,
analysis, ranking, and visualization of screened compounds. The
three-dimensional (3D) structure of SARS-CoV-2 Mpro was retrieved from
the Protein Data Bank (https://www.rcsb.org/structure/6W63) in pdb
format. Some ligand structures were obtained from the PubChemwebsite
(http://pubchem.ncbi.nlm.nih.gov), and the sdf format file was con-
verted to Mol using Open Babel. Other ligands were drawn with Chem-
Draw 12.0 software and converted into Mol files with the ChemBio3D
Ultra software. For docking experiments, amino acid residues, including
His41, Cys44, Leu141, Asn142, Gly143, Ser144, Cys145, His163,
His164, Met165, Glu166, Arg188, and Gln189 were used as active sites.
The docking conformation of the ligand was determined by selecting the
posture with the highest free energy of binding. The structural analysis of
the system and graphics were carried out using PyMOL2 (Accelrys Soft-
ware Inc., San Diego, CA, USA) and Ligplot þ v.2.2.4 (DeLano, 2002).

3. Results and discussion

3.1. RevX extracts fractionation and GC-MS analysis

The RevX solution was concentrated by a rotary evaporator and was
drained directly and extracted with carbon tetrachloride (CCl4) and
distilled water (ddH2O) to obtain three parts: solid (S), organic (L), and
water (W) fractions. Gas chromatography–mass spectrophotometry (GC-
MS) was applied to identify the main components of each fraction. From
the GC-MS process, more than 300 compounds were separated from the
RevX solution extracts, and 80 main components were identified. The
GC-MS analysis results show that representative components were
identified, including flavonoids, vitamins, phenols, terpenes, sterols, and
fat-soluble compounds. Based on the purpose of this study to focus on
sterol-like components, Table 1 shows the representative compounds
with sterol-like structures identified in the RevX solution extracts using
GC-MS. All 13 compounds were screened for physio-chemical

https://www.rcsb.org/structure/6W63
http://pubchem.ncbi.nlm.nih.gov/


Table 1. Representative sterol-like components identified by MS obtained from the RevX solution extract.

Name Chemical
formula

Molecule name Chemical structure Retention
Time (min)

J1 C30H50O2 3α-(hydroxymethyl)-5α,5β,8,8, 11a-pentamethyl-1-prop-1-en-2-yl-1,2,3,4,5,6,7,7α,9,10,11,11b,
12,13,13α,13β-hexadeca hydrocyclopenta [α]chrysen-9-ol

32.94

J2 C19H24 1,1-dimethyl-6-(propan-2-yl)-1,2,3,4-tetrahydrophenanthrene 20.13

J3 C29H50O (3S)-17-(5-ethyl-6-methylheptan-2-yl)-10,13-dimethyl-2,3,4,7,8,9, 11,12,14,15,16,17-dodecahydro-1H-
cyclopenta [α]phenanthren-3-ol

20.67

J4 C24H40O5 (4R)-4-((3S,5S,7R,8R,9S,10S,12S,13R,14S,17R)-3,7,12-trihydroxy-10,13-dimethyltetradecahydro-1H-
cyclopenta [α]phenanthren-17-yl)pentanoic acid

21.81

J5 C32H52O3 (13α,14β,17α)-3β-(acetyloxy)-5α-lanost-8-en-7-one 26.84

J6 C30H52O2 7,7,12,16-tetramethyl-15-(6-methylheptan-2-yl)pentacyclo [9.7.0.01,3.03,8.012,16]octadecane-6,10-diol 25.82

J7 C32H52O3 24,25-epoxylanost-8-en-3-ol acetate 26.84

J8 C21H29NO3S 19-methoxy-9,13-dimethyl-20-thia-18-azapentacyclo [10.5.3.01,13.04,12.05,9]icos-18-ene-8,16-dione O

O
N S

C
O

25.70

J9 C30H50O (1R,3αR,5αR,5βR,7αR,9S,11αR,11βR,13αR,13βR)-3α,5α,5β,8,8, 11α-hexamethyl-1-prop-1-en-2-yl-
1,2,3,4,5,6,7,7a,9,10,11,11b, 12,13,13α,13β-hexadecahydro cyclopenta [α]chrysen-9-ol

27.42

J10 C19H24O3 12-α-hydroxyandrosta-1,4-diene-3,17-dione

0

28.03

J11 C27H44O3 (6R)-6-((1R,3αS,4E,7αR)-4-((2Z)-2-((5S)-5-hydroxy-2-methylenecyclohexylidene)ethylidene)-7α-
methyl-2,3,3α,5,6,7-hexahydro-1H-inden-1-yl]-2-methylheptane-2,3-diol

1

23.22

(continued on next page)
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Table 1 (continued )

Name Chemical
formula

Molecule name Chemical structure Retention
Time (min)

J12 C22H34O3 1-(4-hydroxy-2,13,16-tri methyl-8-oxapentacyclo [9.7.0.02,7.07,9. 012,16]octadecan -15-yl)ethanone

2

23.61

J13 C32H52O3 4,4,6α,6β,8α,11,11,14β-octamethyl-13-oxodocosahydropicen-3-yl acetate

3

26.84
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characteristics, drug-likeness properties, and bioavailability scores by
Lipinski's rule using SwissADME analysis (Lipinski et al., 2011). As shown
in Table 2, all 13 compounds met Lipinski's rule and had a satisfactory
“Abbott Bioavailability Score (>0.1)”.
Table 2. Physico-chemical properties of the 13 sterol-like compounds for drug-
likeness and bioavailability scorea.

Name Lipinski's rules

MW
�500

HBA
<10

HBD
�5

Mlog
P
�4.15

Lipinski's
violations �1

Bioavailability
score

J1 442.72 2 2 6.00 1 0.55

J2 252.39 0 0 6.19 1 0.55

J3 414.71 1 1 6.73 1 0.55

J4 408.57 5 4 3.05 0 0.56

J5 484.75 3 0 6.10 1 0.55

J6 444.73 2 2 6.14 1 0.55

J7 484.75 3 0 6.20 1 0.55

J8 375.19 4 0 3.03 0 0.55

J9 426.72 1 1 6.92 1 0.55

J10 300.39 3 1 2.53 0 0.55

J11 416.66 3 3 4.33 1 0.55

J12 346.50 3 1 3.49 0 0.55

J13 484.75 3 0 6.20 1 0.55

a MW, molecular weight (g mol�1); HBA, hydrogen bond acceptor; HBD,
hydrogen bond donor; log P, lipophilicity; bioavailability score, a determinant of
oral absorption of drug or other substances.
3.2. Mpro inhibitory activity assay

Three RevX extracts, solid (S), organic (L), and water (W) fractions,
were studied in vitro against Mpro in a spectrofluorometric assay. A novel
fluorescent peptide, Dabcyl-KNSTLQSGLRKE-Edans, was used as a sub-
strate for F€orster resonance energy transfer (FRET). GC376, a cysteine
Figure 2. The inhibitory activity of SARS-CoV-2 Mpro in serial
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protease inhibitor that specifically binds to Cys145 of Mpro with a potent
in vitro inhibitory concentration of 80 nM, was used as an inhibitor
control (Vuong et al., 2020). The three fractions with a final concentra-
tion of 50 μg/mL were initially used in the Mpro inhibition test, and the
emission fluorescence intensity detected at wavelength 460 nm was
compared with the GC376 inhibitor control experiment. The results
showed that, compared with GC376, the inhibitory activity of the
enzyme exceeded 50%. To further quantify the inhibitory activity,
different doses (from 0.0 to 100.0 μg/mL) were used to draw the
dose-inhibition curve of the three fractions of Mpro. As shown in Figure 2,
the solid, organic, and water fractions inhibit the target enzyme in a
dose-dependent manner, and the calculated IC50 values were 2.07� 0.38
μg/mL, 28.17 � 3.49 μg/mL, and 32.73� 1.06 μg/mL, respectively. This
finding indicates that all three fractions contain naturally occurring in-
hibitors against SARS-CoV-2 Mpro, with the solid fraction showing the
strongest inhibitory effect.
3.3. Molecular docking of RevX extract components identified by MS with
Mpro

Molecular docking, a method for predicting the preferred binding
affinity and mode of a ligand to proteins of known three-dimensional
structure, has become one of the most popular methods for drug dis-
covery (Meng et al., 2011). To correlate the structure-function relation-
ship of Mpro inhibition with the RevX extract, a docking simulation of the
components of the RevX extract identified byMS andMpro was performed
and compared with the crystal structure of the Mpro-GC376 complex
(Kneller et al., 2020). Previously, Vuong et al. reported the X-ray struc-
ture of the SARS-CoV-2 Mpro-GC373 and Mpro-GC376 complexes (Vuong
et al., 2020). GC373 is the aldehyde form of GC376 and is covalently
bound to Cys145 (Vuong et al., 2020). Molecular docking and X-ray
structure of the GC376-Mpro complex exhibited similar active site cavity
packing and electrostatic or hydrogen bonding interactions between
amino acid residues and ligands (Figure 3). The glutamine surrogate of
GC376 (P1 position) forms H-bonds with His163 and Glu166 and hy-
drophobic interactions with His172. The Leu of GC376 (P2 position)
dilutions of (A) solid, (B) organic, and (C) water fractions.



Figure 3. Molecular docking of GC376 and SARS-CoV-2 Mpro. (A) Ligplot image showing both hydrogen and hydrophobic interactions by GC376 and Mpro, and (B)
Docking pose of GC376 against Mpro.

Figure 4. Molecular docking of J3 and SARS-CoV-2 Mpro. (A) Ligplot image showing both hydrogen and hydrophobic interactions by J3 and Mpro, and (B) Docking
pose of J3 against Mpro.
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inserted into the S2 hydrophobic pocket consisting of Arg40, His41,
Cys44, Met49, Tyr54, Met165, Arg188 and Gln189. The benzyl ring of
GC376 (P3 position) fits into the S1 binding site and forms a H-bond with
the side chain carboxyl group of Glu166. The hydrophobic and hydrogen
bonding interactions of these residues form a support for drug binding
Figure 5. Molecular docking of J4 and SARS-CoV-2 Mpro. (A) Ligplot image showin
pose of J4 against Mpro.

6

(Fu et al., 2020). The backbones of Gly143, Ser144, and Cys145 form the
oxyanion hole. Previously, the flexibility of Mpro was as pH-dependent as
SARS-CoV Mpro (Tan et al., 2005). Proteins were found to be most stable
at neutral pH. Basic protein structures become the most unstable with
changes in pH, and acidic pH also tended to alter the structural properties
g both hydrogen and hydrophobic interactions by J4 and Mpro, and (B) Docking



Figure 6. Molecular docking of J11 and SARS-CoV-2 Mpro. (A) Ligplot image showing both hydrogen and hydrophobic interactions by J11 and Mpro, and (B) Docking
pose of J11 against Mpro.
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of Mpro. When docking experiments were performed at pH 4, 5, 6, 7, and
8, it was assumed that all acidic amino acids (Asp and Glu) were
deprotonated, while basic amino acids (Arg, Lys, and Cys) were pro-
tonated in this pH range. In addition, the protonation states of catalytic
His41 and Cys145 were not changed. The protonation state of all other
12 His residues present in the protein changes by changing the partial
charge on the atoms of the titratable residue. Moreover, all important
domains of Mpro, including domains 1 and 2 affecting substrate binding
to Mpro and domain 3 affecting dimerization, become unstable as the pH
becomes acidic or basic. Finally, the correct orientation of the catalytic
dyad His41 and Cys145 was only observed at pH 7, but a distorted or
wrong orientation was present at all pH values except pH 7. Therefore, in
this study, the amino acid residues used in the docking experiments
included His41, Cys44, Leu141, Gly143, Asn142, Gly143, Ser144,
Cys145, His163, His164, Met165, Glu166, Arg188, and Gln189 as active
sites (Figure 3).

Because the purpose of this study was to focus on sterol-like compo-
nents, the structure-function relationship of 13 sterol-like components
identified by MS was further evaluated. The protein-ligand docking
model based on the binding affinity of iGemdock showed that the three
sterol-like components of RevX extract, clionasterol (J3), 2,7,12-trihy-
droxycholan-24-oic acid (J4) and 24,25-dihydroxycholecalciferol
(J11), have an overall overlap with the active cavity of GC376 (Fig-
ures 4, 5, and 6). Figures 4, 5, and 6 show the 2D and 3D structures of the
docking ligand molecules. The docked ligand molecules interact strongly
with some residues around the active site of GC373, mainly through
hydrophobic interactions and hydrogen bonds. The key interaction be-
tween the three newly discovered sterol-like components and SARS-CoV-
2 Mpro was also analyzed.

Clionasterol (J3) forms hydrophobic interactions with Met165,
Glu166, Leu167, Pro168, Gln189, Ala191, and Gln192. The hydroxyl
group at the C3 site forms hydrogen bonds with the backbone amide
groups of Gly143, Ser144, and Cys145 and the carbonyl oxygen of
Leu141 and Ser144 (Figure 4).

2,7,12-Trihydroxycholan-24-oic acid (J4) forms hydrogen bonds
with His41, Cys145, His163, His164, and Gln189 and hydrophobic
interactions with His41, Met 49, Tyr54, Leu141, Ser144, Met165,
Glu166, Arg188, and Gln189 in the active site (Figure 5). The O1
hydroxyl group at the C3 site of J4 forms hydrogen bonds with Nε2 of
His163 and the amide group of Cys145, and the O2 hydroxyl group at
the C7 position forms a hydrogen bond with the sulfhydryl group of
Cys145. The O3 hydroxyl group at the C12 site forms hydrogen bonds
with Nε2 of His41 and the carbonyl oxygen of His164. The O4 of
carboxylate oxygen at the C24 site forms a hydrogen bond with the
amide group of Gln189.
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Additionally, 24,25-dihydroxycholecalciferol (J11) binds to Cys44,
Phe140, Asn142, Met165, Glu166, Asp187, and Gln189 in the GC376-
Mpro cavity to form hydrophobic interactions and forms hydrogen bonds
with Cys44, Leu141, Gly143, Ser144, Cys145, and His163 (Figure 6). The
O1 hydroxyl atom at the C3 site of J11 forms a hydrogen bond with
Cys44. The O2 hydroxyl group at the C24 position forms a hydrogen
bond with Nε2 of His163, and the O3 hydroxyl group at the C25 site
forms hydrogen bonds with the amide groups of Gly143, Ser144, and
Cys145 and the carbonyl oxygen of Leu141 and His163.

As a common source of nutrients and biologically active compounds,
sorghum's variety of biological activities, including anti-oxidation,
scavenging free radical, anti-cancer, heart prevention, antibacterial,
antiviral, and neuroprotective abilities have been proven. Increasing
evidences has also shown that some of the main components in sorghum,
such as bioflavones and glycyrrhetinic acid, have significant antiviral
activity on DNA virus such as human cytomegalovirus and RNA viruses
such as SARS-CoV, Ebola virus, and human immunodeficiency virus (Lü
et al., 2012; Russo et al., 2020; Ryu et al., 2010). In this study, we report
the in vitro inhibition test of the RevX solution extract on SARS-CoV-2
Mpro and the results of molecular docking of putative candidates. The
results show that the solid fraction can strongly inhibit the hydrolytic
activity of Mpro, which indicates that the solid fraction might prevent the
replication of SARS-CoV-2 by inhibiting the enzymatic activity of Mpro

(Shaito et al., 2020; Wang et al., 2020). The molecular docking of MS
identified components shows that the three sterol-like compounds are
suitable for the putative active site pocket. COVID-19 is a complex,
multi-organ, and heterogeneous severe case that is often accompanied by
inflammation in a hypercoagulable state (Chauhan et al., 2020; Cor-
don-Cardo et al., 2020). In view of the need for supportive treatments for
COVID-19, the RevX solution extract may be suitable for COVID-19 pa-
tients with chronic diseases such as cardiovascular disease, stroke, hy-
pertension, diabetes and obesity, by relieving the main symptoms of
COVID-19 and other underlying health problems.

4. Conclusion

In summary, our analysis of fermented sorghum RevX extract for use
in inhibiting SARS-CoV-2 Mpro showed that the bioactive components in
RevX solution have antiviral activity. GC-MS analysis identified 80 main
components of various structural classes from more than 300 com-
pounds, including 13 sterol-like compounds. Docking simulation results
of 13 sterol-like compounds revealed 3 compounds that may interact
with the protein's active site pocket. Further identification of putative
bioactive components and studies of RevX solution as adjunctive therapy
are ongoing.
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