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Abstract 

The main viral protease  (Mpro) of SARS‑CoV‑2 provides an excellent target for antivirals, due to its essential and con‑
served function in the viral replication cycle. We reported in this study, the SARS‑CoV‑2 main protease inhibitory effect 
of twelve compounds isolated from D. caloneura and P. erinaceus together with four derivatives. Among the effectively 
tested samples, two derivatized compounds displayed significant improvement on the activity from the starting 
material, friedelin (1) through the acetoreduced (2) to the acetoxy product (3) with respective  IC50 values of 42.89, 
29.69 and 19.39 µg/mL. The latter displayed the highest activity although lower as compared to that of baicalein, 
the positive control with  IC50 0.41 µg/mL. The molecular docking study showed that an increase in the number 
of hydrogen bonds between compounds and active site of  Mpro resulted in increased inhibition.
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Graphical Abstract

Introduction
COVID-19 is a SARS-CoV-2 viral infectious disease 
which emerged in early December 2019 and was pro-
claimed a pandemic on 12 March 2020. It caused dev-
astating consequences worldwide, death cases were 
estimated in millions. This mobilised the scientific com-
munity to find effective but also quick solutions to stop 
the threat. In this regard, clinical trials were carried out 
on existing antiviral drugs some of which were homolo-
gated by the World Health Organisation (WHO) e.g., 
Janus Kinase (JAK) inhibitors. This is because the virus 
invades the immune system leading to an increase level 
of cytokine due to the main protease (aka  Mpro, 3C-like 
protease,  3CLpro or NSP5) enhancing the inflamma-
tory process in the lung [1] through its link with His-
tone Deacetylase 2 [2–4]. JAK inhibitors are used to 
boost the immunity system and to suppress cytokine or 
inflammation.

In addition to anti-inflammatory drugs, several viral-
protein targeting drug has been approved for treatment 
of COVID-19. Remdesivir was the first FDA-approved 
anti-viral drug for treatment of COVID-19, whose target 
is RNA-dependent RNA polymerase (RDRP) of SARS-
CoV-2 [5]. Paxlovid has been authorized (on Decem-
ber 22, 2021) by the Food and Drug Administration 
(FDA) for COVID-19 treatment for adult and paediatric 
patients who are at least 12 years old and at least 40 kg 
body weight. It is a  Mpro inhibitor who works in part by 
blocking a group of enzymes that are required in the 
metabolism of certain drugs, thereby posing a problem of 

contraindication with those drugs [6]. Furthermore, Pax-
lovid has several side effects including allergic reactions, 
altered sense of taste, diarrhea, high blood pressure, mus-
cle aches, abdominal pain, or nausea, indicating that still 
novel drugs must be developed.

Vaccines were equally produced which could easily be 
rendered ineffective due to the rapidly evolving structural 
proteins of the virus leading to double and triple dosage 
vaccine administration. As such, the search for an antivi-
ral therapy to support the vaccine remains eminent.

The virus shows various unspecific symptoms, ranging 
from mild to severe and include: dry cough, fever, fatigue, 
sore throat and shortness of breathe [7–9]. All coronavi-
ruses require the proteolytic activity of  Mpro during virus 
replication, making it a high value target for the devel-
opment of anti-coronavirus therapeutics [10]. Research-
ers also found that  Mpro can indirectly affect cytokine 
expression; therefore, anti-inflammatory molecules as 
inhibitors of this enzyme may have double benefit on 
coronavirus patients [11]. Hence, the present study eval-
uated the inhibition potential of anti-inflammatory com-
pounds previously isolated [12, 13] from Pterocarpus 
erinaceus (Poir) and Discoglypremna caloneura (Prain) 
on  Mpro and evaluated the molecular docking potential of 
three compounds in order to speculate on the structure 
activity relationship observed.

Pterocarpus erinaceus is a small tree of 15–25  m tall, 
it is widely spread in the savanna zone from Senegal and 
Gambia to Tchad and the Central African Republic. Dis-
coglypremna comprises a single species, it is a tree up to 
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45 m tall and occurs in rainforest and old secondary for-
est from east of Guinea to Uganda and south of Uganda 
to Democratic Republic of Congo. Their medicinal uses 
are multiple and include their used for the treatment of 
inflammation and pain [14, 15].

The investigation of their secondary metabolite led to 
the isolation of numerous compounds with known anti-
inflammatory activities including calycosin [16], frie-
delin [17], aurantiamide acetate [18], acetyl aleuritolic 
acid [19]. To test the dual effect of the anti-inflammatory 
compounds, we evaluated the inhibitory effect against 
SARS-CoV-2  Mpro. In addition, in silico and in vitro inhi-
bition activities of friedelin and its derivatives on human 
coronavirus were established by other research teams 
[20, 21], we found relevant to confirm their findings and 
speculate on the structure–activity-relationship.

Materials and methods
Plant material
Stem bark of D. caloneura and P. erinaceus were har-
vested in the month of July 2013 from Mefoup in the 
South Region and mount Tinguelin in the North Region 
of Cameroon respectively assisted by Mr Nana, bota-
nist of the National Herbarium of Cameroon. The plants 
were respectively authenticated on the voucher number 
N°4207/SRFK and N°5205/SRFCAM at the National Her-
barium Yaoundé-Cameroon.

Extraction and isolation of compounds
The respective stem barks were chopped into small 
pieces, air-dried and grounded to powder. The resulting 
powders were successively extracted with hexane, ethyl 
acetate and mixture MeOH/DCM (1:1) in increasing 
polarity by percolation.

Compounds were isolated using chromatographic tech-
niques such as TLC, column chromatography (normal 
and reversed phase) over silica gel and sephadex LH-20 
with gradient and isocratic solvent systems. Compounds 
1 and 4–7 were isolated from the stem bark of P. erina-
ceus [12], and 8–14 were isolated from the stem bark of 
D. caloneura [13].

Hemisynthetic reactions
Reaction of reduction
Compound 1 (20 mg) was introduced into a 250 mL flask 
(containing some glass beads or pumice granules) with 
20 mL of 95° ethanol. The compound was allowed to dis-
solve by heating under reflux. After complete dissolution, 
heat was suppressed to allow cooling at room tempera-
ture and a magnetic stirrer was placed under the flask. 
An amount (0.4 g) of the reducing agent, sodium tetrahy-
druroborate  (NaBH4) was added to the flask and the mix-
ture stirred at room temperature for 10 min. Afterward, 

30 mL of distilled water was added to the reaction mix-
ture to reflux for 5 min. The mixture was cooled at room 
temperature for the second time and 60  mL of ice cold 
distilled water was added. This allowed the precipitation 
of the reduced compound 2 which was then recovered by 
filtration under vacuum while rinsing with distilled water. 
The filtered paper (with reduced product) was dried in a 
ventilated oven at 60 °C.

Reaction of acetylation
Compound 2 (15  mg) was allowed to react overnight 
with 1  mL of acetic anhydride and 0.5  mL of pyridine. 
After verifying the completion of reaction with TLC, an 
amount of distilled water (5 mL) was added to the reac-
tion mixture and extracted with DCM using a separat-
ing funnel. The organic extract was concentrated in a 
rotavapor under reduced pressure. Toluene was added 
and evaporated three times successively to remove all 
traces of pyridine. Finally, the acetylated product 3 was 
obtained as amorphous solid or powder.

Compound 14 was treated similarly to furnish 15.

Reaction of methylation
A mixture of potassium carbonate (1750  mg) and dry 
methyliodide (1 mL) were added to an acetone solution 
(15 mL) of compound 14 (20 mg). After stirring at room 
temperature for 10 h, the remaining acetone was evapo-
rated in a ventilated oven at 60 °C. the residue was then 
dissolved in 15  mL ethyl acetate and 5  mL water was 
added. The organic layer was separated and dried over 
anhydrous magnesium sulphate. The dried organic layer 
was filtered and concentrated to afford the methylated 
product 16.

Cloning, protein expression and purification of  Mpro

SARS-CoV-2  Mpro gene from SARS-CoV-2 isolate 
Wuhan-Hu-1 was ordered from Integrated DNA Tech-
nologies (https:// sg. idtdna. com/). pET21a (+) plasmids 
with SARS-CoV-2 was transformed into competent cells 
of E. coli BL21(DE3). And then a fresh single colony was 
picked to inoculate 4  mL of liquid broth supplemented 
with 0.1 mg/mL Ampicillin and grown in a shaking incu-
bator (37  °C, 180 rpm) overnight. The 4 mL inoculum / 
starter culture was added (1:100 ratio) to 400 mL of liq-
uid broth with 0.1  mg/mL ampicillin and grown to an 
OD value of 0.4–0.5 at 600 nm, and then induced using 
0.5 mM of IPTG. Afterwards, the induced cultures incu-
bated for 3  h (37  °C, 180  rpm) and harvested (30  min, 
4000 rpm, 4 °C). The harvested culture was resuspended 
in a lysis buffer (50 mM Tris–Hcl, pH 8.0, 100 mM NaCl, 
1  mM PMSF buffer) and lysed by ultrasonication (20% 
amplitude, 2 s on/4 s off). The cell debris was eliminated 
completely by centrifugation (14,000 rpm, 10 min, 4 °C). 

https://sg.idtdna.com/
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The supernatant was incubated with Ni–NTA bead (1 h, 
4  °C) on a rotator. The bead was completely washed 
with buffer A (50  mM Tris–Hcl, pH 8.0, 300  mM Nacl, 
1  mM DTT, 20  mM Imidazole); and eluted with buffer 
B (50 mM Tris–Cl, pH 8.0, 300 mM NaCl, 1 mM DTT, 
300 mM Imidazole, 10% Glycerol). The eluted sample was 
concentrated via a 10,000 MWCO centrifugal concentra-
tor spin column. Finally, desalting process was done using 
Fast Protein Liquid Chromatography (FPLC) to ensure 
high purity of the protein. The purity of the protein was 
further confirmed by SDS-PAGE analysis. The concentra-
tion of protein was resolved via 260 nm absorbance Nan-
oDrop 1000 Spectrophotometer V3.8.

Screening of compounds for  Mpro inhibition activity
To identify inhibitors of  Mpro, the FRET-based  Mpro activ-
ity assay was used to screen isolated and hemi-synthetic 
compounds as described by Chuck and collaborators 
[22] with slight modification. The  Mpro FRET substrate 
DABCYL-KTSAVLQSGFRKME-↓EDANS was pur-
chased from BPS Bioscience. All compounds were stored 
at a stock concentration of 10 mM in DMSO. In a 96-well 
plate, 12.5  µg/mL of in-house-prepared SARS-CoV-2 
 Mpro and 100  µg/mL concentration of each compound 
was mixed in the  Mpro enzyme inhibition assay in reac-
tion buffer (20 mM Tris–Cl pH 7.4). To start the reaction, 
20 µM FRET substrate was dispensed. Following reaction 
initiation, fluorescence readings were taken every 1 min 
for a total of 30 time points using a Synergy multiplate 
reader (BioTek) at 360 nm excitation, and 460 nm emis-
sion. To validate our assay system, a negative control 
(enzyme and substrate) and a positive control (enzyme, 
substrate and baicalein- previously reported inhibitor) 
were used. For  IC50 value measurement, 6 different con-
centrations of inhibitors were used (ranging from 200 µg/
mL to 195.31 ng/mL).

Inhibition mechanism
The study investigated the reaction velocities at different 
concentrations of substrate and inhibitors with a fixed 
concentration of enzyme. Specifically, substrate concen-
trations of 5, 10, 20, and 40 μM were used, while inhibitor 
concentrations of 0, 40, 80, and 120 μM were employed 
for Friedelin and 0, 35, 70, and 105 μM for acetoreduced, 
and 0, 20, 40, and 60  μM for acetoxy product. The col-
lected data was globally analyzed using a generalized 
mixed-model of inhibition through GraphPad prism 9. 
This model was based on an equilibrium reaction scheme 
that allows for the binding of inhibitors to the free 

enzyme and the enzyme–substrate complex with varying 
affinities. The rate equation was used to describe the dif-
ferent binding affinities of inhibitors, where Ki represents 
the affinity of the inhibitor for free enzyme.

The mechanism of inhibition can be characterized by 
the parameter α. If α tends towards 1, the inhibitor can 
be classified as non-competitive, while if α tends towards 
infinity, the inhibitor is considered competitive.

Molecular docking simulation
Molecular docking simulation was carried out by using 
AutoDock VINA [23, 24]. For ligand preparation, the 
3D structures of compounds were generated by using 
Chem3D (PerkinElmer Informatics), then pdpqt files of 
ligands were prepared by using prepare_ligand4.py of 
AutoDock Tools. For receptor preparation, monomeric 
3D structure of  Mpro was extracted from a PDB structure, 
accession number 6M2N. Then pdpqt file was generated 
by using AutoDock Tools by following the author’s tuto-
rial. The center of grid box was set at -61.638, -34.761 and 
23.244 in X, Y, and Z coordinates respectively. The size 
of the grid was set at 30 in all XYZ coordinates. Exhaus-
tiveness was set at 16. After running the docking simula-
tion of the ligands and the receptor, docking pose with 
the highest binding affinity was selected and visualized by 
using PyMOL (Schrodinger).

Data analysis
IC50 calculation was carried out by plotting the initial 
velocity versus multifarious concentrations of the com-
pounds using Prism 9 software (Graphpad). The equation 
to derive  IC50 was four-parameter nonlinear regression 
equation for dose response of inhibitor.

Results and discussion
A total of twelve compounds (1, 4–14) were previously 
isolated and characterised from stem barks of P. erinaceus 
[12] and D. caloneura [13]. Compound 1 was reduced 

Vobs =
[S]Kcat [E]total

Km
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1+
[I]

Ki

)

+ [S](1+
[I]

αKi
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and acetylated to furnish respectively racemic mixtures 
of friedelan-3-ol (2) and friedelan-3-acetoxy (3). Com-
pound 14 was acetylated and methylated leading to com-
pound 15 and 16 respectively. All compounds (Fig.  1) 
were screened for  Mpro inhibition potential. Inhibition 
kinetics and molecular docking studies were performed 
on compounds 1, 2 and 3 in order to understand the sig-
nificant difference in their  Mpro inhibition activities.

Hemisynthetic reactions
Reaction of reduction of Friedelin (1)
The reduction of the ketone to alcohol was carried out 
in the presence of sodium borohydride  (NaBH4) in eth-
anol under reflux. The completion of the reaction was 
confirmed by TLC and 1H NMR spectrum (Additional 
file 1: Fig. S1) which shows a broad signal at δH 3.78 cor-
responding to H-3 of both α and β configuration of the 
racemic mixture (2). The reduced mixture of compounds 
was obtained with a yield of 95%.

Reaction of acetylation of the racemic mixture (2) 
and acetylation of isoquinoline‑1,4‑diol (14)
The acetylation of compound 2 was carried out overnight 
with acetic anhydride and pyridine. The completion of 
the reaction was confirmed with TLC and the presence 
of a sharp singlet at δH 2.2 on the 1H NMR spectrum 
(Additional file 1: Fig. S1). The acetylated product 3 was 
obtained with a yield of 80%. Compound 14 followed 
similar treatment as 2 and afforded compound 15 at the 
yield production of 82%. The 1H NMR spectrum of com-
pound 15 (Additional file 1: Fig. S2) in addition to signals 
observed on the spectrum of compound 14 displayed 
singlet of α-methyl protons at δH 2.72. Its APT spectrum 
(Additional file 1: Fig. S3) showed the methyl and the two 
carbonyl carbons respectively at δC 22.2, 165.5 and 169.8.

Reaction of methylation of isoquinoline‑1,4‑diol (14)
Compound 14 in the presence of methyl iodide, potas-
sium bicarbonate and acetone afforded the methylated 
product 16 at the production yield of 85%. The comple-
tion of the reaction was confirmed by TLC and the pres-
ence of two methoxy protons on the 1H NMR spectrum 
(Additional file  1: Fig. S2) at δH 3.85 and the presence 
on the APT spectrum (Additional file 1: Fig. S3) of two 
methoxy carbons at δC 51.3 and 33.5.

Mpro screening assay
Primary screening was done in fixed concentration which 
is 100 µg/ml. Among them, potent compounds were fur-
ther considered for secondary screening to determine 
 IC50. Compounds showing fluorescence or not dissov-
ing neither in DMSO or pyridine were neglected for fur-
ther analysis. Compounds showing fluorescence were 

neglected for further analysis. They are labelled as N.A 
(Not applicable). Baicalein was used as a positive control 
and it showed  IC50 of around 1.53 µM which is equivalent 
to 0.4 µg/ml.

Finally, we had a total of twelve compounds having 
effective  IC50 values (cf Additional file 1: Table S1, Fig. 2 
and Additional file  1: Fig. S4). A significant increase in 
activity was observed from friedelin 1  (IC50 = 42.89  µg/
ml) to its acetoreduced derivative (2)  (IC50 = 29.69  µg/
ml) and acetoxy derivative 3  (IC50 = 19.39  µg/ml) 
(Fig.  2). Moderate activities were also observed with 
mixture of β-sitosterol glucoside and stigmasterol glu-
coside 6  (IC50 = 36.45  µg/ml), aurantiamide acetate 
12  (IC50 = 25.80  µg/ml), and 3α-hydroxyaleuritolic 
acid 2α-p-hydroxybenzoate 13  (IC50 = 29.82  µg/ml). 
Weak activities were observed with (R)-2-hydroxy-N-
((2S,3S,4R,Z)-1,3,4-trihydroxydocos-6-en-2-yl)docosana-
mide 8  (IC50 = 49.54  µg/ml), mixture of β-sitosterol and 
stigmasterol 10  (IC50 = 45.17  µg/ml), mixture of 7-oxo-
β-sitosterol and 7-oxo-stigmasterol 11  (IC50 = 59.72  µg/
ml), isoquinoline-1,4-diol 14  (IC50 = 41.12  µg/ml), iso-
quinoline-1,4-diyl diacetate 15  (IC50 = 63.57  µg/ml), 
1,4-dimethoxyisoquinoline 16  (IC50 = 74.72  µg/ml). 
Compounds with hydroxyl or sugar functions exhibited 
enhanced activities than their homologues lacking those 
functions. The enhanced activity could therefore be due 
to hydrogen bondings between the substrate and the tar-
get enzyme.

Inhibition mode assays
The enzymatic kinetics approach was employed to elu-
cidate the action mechanism of Friedelin and its two 
derivatives. From the mixed-model fitting result of the 
GraphPad Prism software, the alpha (α) values of com-
pounds 1, 2 and 3 were 0.55, 0.79, and 1.21, respectively 
(Fig. 3a, c, e). The data analysis revealed that the acetoxy 
product was more likely to bind to the free enzyme, as 
indicated by the value of α > 1 (Fig. 3e, f ), whereas Frie-
delin (Fig. 3a, b), and acetoreduced product (Fig. 3c, d), 
were more likely to bind to the enzyme substrate com-
plex, as indicated by the value of α < 1. Despite their pref-
erences, the α values of all three were close to 1 (Fig. 3a, 
c, e) and double-reciprocal plots illustrated that Km for all 
three compounds was dependent on the inhibitor con-
centration [I], while Vmax remained consistent (Fig. 3b, d, 
f ). In sum, the inhibition modes of all three compounds 
were revealed as non-competitive.

Molecular docking study of compound 1, 2 and 3
Molecular docking simulation showed that all three 
compounds 1, 2, and 3 were well fitted to the active 
site of  Mpro (Fig.  4). Of note, we used only R forms of 
compounds for simulation since those has less steric 
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hinderance in carbon number 3. The docking score 
of simulation were summarized in Additional file  1: 
Table  S2. The binding energy (affinity) of compound 3 
was the lowest among compounds 1 through 3, which 
is concordant to the fact that compound 3 had the low-
est  IC50 among the three. The positions of the oxygen-
bound carbons number 3 were placed in S3 subsite of 
 Mpro, whereas the opposite sides (carbons number 21) 
were oriented toward S1 subsite of  Mpro. Thus, it was 
shown that the active site residues H41 and C145 were 
blocked by the interaction of inhibitors and  Mpro. To 
further analyze the structure and activity relationships, 
we compared the interacting residues of the carbonyl-, 
hydroxy, and acetoxy- warheads of the compounds 1, 2, 
and 3, respectively. The interactions length of less than 
2.5 Å between the ligands and the enzyme residues are 
highlighted in yellow dashes (Fig.  4). By comparing the 

warheads, compound 1 friedelin was placed closely with 
M165 and backbone of E166 (Fig.  4a). Unfortunately, 
this positioning is not favorable compared to other com-
pounds since the partial negative charges of both car-
bonyl groups between friedelin and backbone of E166 
may have a repulsive effect. On the other hand, hydroxy 
warhead of compound 2 were placed closely with Q192 
(Fig. 4b) forming hydrogen bond between hydrogen atom 
of amide (Q192) and oxygen atom of hydroxy (Comp 2). 
Finally, the acetoxy warhead of compound 3 is positioned 
closely with Q192 and T190 backbone (Fig. 4c). Thus, in 
Comp 3, partial negative charges of oxygen atoms are 
available to form several hydrogen bonds with hydro-
gen atoms of amide residue of Q192 or amide backbone 
of T190. Concludingly, it is likely that increasing num-
ber of hydrogen bonds increased the affinity of friedelin 
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Fig. 3 Enzyme kinetics assay. In the kinetic studies, 12.5 μg/ml  Mpro was added to a solution containing various concentrations of substrate 
and protease inhibitors. a, c, e Lineweaver Burk Plot of the compounds (b, d, f)
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derivatives and eventually resulted in increased inhibi-
tory effect against  Mpro.
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