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Abstract 

Betulin (B), betulinic and betulonic acids (BAs) are the pentacyclic lupine triterpens, which possess an array of biological activities making 
them potential therapies for cardiovascular, inflammatory, neurological disorders, and cancer. They demonstrate a range of antiviral activities with 
different mechanisms, which aim different pharmacological targets. The COVID-19 pandemics showed the lack of specific treatments against SARS-
CoV-2 and posed a challenge of repurporsing known antiviral drugs, including natural product, into potent coronavirus inhibitors. Two main SARS-
CoV-2 targets promising for inhibition are the main protease involved in virion maturation, and the spike protein-mediated cell entry involving 
spike-receptor interactions. Entry inhibitors possess several advantages: easily accessibile extracellular targets, a non-overlapping resistance 
mutation spectra with other groups of antivirals, and others. A number of SARS-CoV-2 entry inhibitors were identified in silico and in vitro, the latter 
approach involving pseudotype entry inhibition assay and the suppression of SARS-CoV-2 replication, both also used in our research. BA derivatives 
inhibit HIV-1 and HSV-1 cell entry, but their activity against SARS-CoV-2 entry is unknown. Structural and in silico studies predict strong binding 
sites for BAs and betulin in the structure of SARS-CoV-2 spike protein. Here, we report a betulоnic acid amide derivative with inhibitory activity on 
SARS-CoV-2 replication. Using a replication-deficient vesicular stomatitis virus pseudotype, we show that SARS-CoV-2 spike-protein-mediated cell 
entry is inhibited. 
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Introduction
Betulin (B) 1 and betulinic acid (BA) 2 are the pentacyclic lupine-

type triterpens, which represent the widely distributed secondary 
metabolites found in different medicinal plants, mainly, belonging 
to the Betulaceae family and possessing an array of biological 
activities. A number of studies has reported the efficiency of BA and 
its derivatives as the therapies for cardiovascular, inflammatory, 
and neurological disorders, and was considered as an efficient 
anticancer drug for some types of cancer due to its ability to induce 
multiple apoptosis pathways [1,2,3]. It was extensively reported to 
be a selective agent inducing cell death in tumor, but not normal 
cells [4] – an opinion, which might now have to be somehow 
readdressed [5,6,7].

Betulin (B) 1, betulinic acid (BA) 2 and their derivatives 
demonstrate a range of activities against unrelated viruses, 
which rely upon different mechanisms and are aiming at 
different pharmacological targets. Their anti-HIV activities are 
best documented, with representatives found in several classes 
of antiretroviral drugs [8,9,10], although acting with varying 
potency. The most potent anti-HIV BA and B derivatives inhibit 
virus maturation by blocking the cleavage of the capsid-spacer 
(CA/p2) peptide of the HIV-1 Gag polyprotein [11]. Betulinic acid 
and its various derivatives including C-28 amides, a number of the 
2,3-dehydrobetulin and 2,3-dehydrobetulinic acid derivatives, as 
well as bevirimat, the C-3 BA ester of 2,2-dimethylsuccinic acid, 
which reached Phase II clinical trials, all belong to this group of 
action [12]. The most powerful inhibitors of this group have IC50 
within nanomolar range [8]. Other BA derivatives, such as its 
glutaryl hemiester, may affect the HIV-1 maturation by inhibiting 
the viral protease, possibly, via blocking its dimerization, although 
with rather modest potency (IC50~5mM) [13].

Another group of BA derivatives has earlier been identified as 
quite potent HIV entry inhibitors. IC9564 (4S-[8-(28 betuliniyl) 
aminooctanoylamino]-3R-hydroxy-6-methylheptanoic acid) [14] 
and its stereoisomer, RPR103611 [15] block the HIV-1 envelope-
mediated membrane fusion at nanomolar range. The first 
compound appears to target gp120 surface subunit of the HIV-1 
Env, while the second one, reportedly, targets gp41 transmembrane 
subunit or the interaction between gp120 and gp41, but further 
studies are needed to elucidate their precise mechanism of action 
[13]. Recently, the HIV-1 integrase inhibition by the ethanol extracts 
of Betula alnoides, which contain five pentacyclic triterpenoids 
including betulin and betulinic acid, has been reported. Upon 
chromatographic fractionation, the purified B and BA showed good 
inhibition of the HIV-1 integrase in vitro with the IC50 values of 17.7 
and 24.8 mM, respectively [10]. While all above mentioned BA-
derived HIV-1 inhibitors had little effect on the HIV-2 replication, 
a shorter side chain at C-28 position of (n=5) and a carboxylic acid 
terminus of this chain confer the anti-HIV-2 entry inhibition activity, 

apparently, via targeting the V3 loop of the HIV-2 gp120 [16].

Apart from the HIV, the antiviral effect of betulin, betulinic 
and betulonic acids against herpesviruses (HSV-1) has been 
shown [17], while a later study, which involved time-of-addition 
experiments, pointed at a peculiar, yet, not elucidated mechanism 
of inhibition of the earliest steps of HSV-1 infection, before virus 
adsorption and penetration and, probably, related to a direct drug-
virus interaction, since only pretreatment of virus prior to the 
infection has been efficient [18]. Meanwhile, some ionic derivatives 
obtained to improve BA solubility exhibited antiviral effect against 
another herpes simplex virus, HSV-2, with IC50 values comparable 
or superior to acyclovir (0.6-7.2 mM vs. 0.1-10.0 mM) [19].

Betulinic acid, as well as two closely related triterpenes 
isolated from a Chinese medicinal plant, Schefflera heptaphylla 
(3alpha-hydroxylup-20(29)-ene-23,28-dioic acid and 3-epi-
betulinic acid 3-O-sulfate), showed potent inhibition of different 
influenza A/H1N1 virus strains in cultured cell lines [20,21,11]. 
However, B and BA proved inefficient against another influenza A 
virus subtype, H7N1 (A/FPV/Rostock/34 strain), while betulonic 
acid showed weak antiviral activity [17]. The 3-oximation or the 
C-28 carboxyl substitutution improve the anti-influenza effect of 
betulonic acid [22] (Baltina et al., 2003), and its ureido derivatives 
also demonstrate, though rather weak, influenza A virus inhibition 
[23]. Also, isolated studies report the antiviral activity of BA and the 
related substances against ECHO-6 virus [17], respiratory syncitial 
virus (RSV), Coxsackie B3 (Cox B3) virus [20], papilloma viruses 
[24], hepatitis C [25] and B [26] viruses.

The current global outbreak of COVID-19 disease caused by 
SARS-CoV-2 showed the lack of specific treatment against this 
beta-coronavirus and posed a challenge to test the compounds 
with known antiviral activities, including those derived from 
natural products, and repurpose them into potent and low-toxic 
coronavirus inhibitors. Several lines of research and design of such 
inhibitors are being currently pursued.

The first line is aiming at the inhibition of SARS-CoV-2 main 
protease, 3CL, involved in virion maturation due to its proteolytic 
processing of two viral polyproteins, pp1a and pp1ab. The 
resolution of crystal structure of SARS-CoV-2 3CLPRO revealed the 
high degree of structural similarity with 3CL protease of the first 
beta-coronavirus causing respiratory distress syndrome, SARS-CoV, 
with which it shares 96% homology and differs in only 12 amino 
acids [27,28]. An in silico approach combining virtual screening, 
docking and molecular dynamics revealed a striking similarity of 
ligand binding to SARS-CoV and SARS-CoV2 main proteases [29], 
and, thus, the inhibitors of the former are expected to efficiently 
inhibit the latter.

Betulinic acid was found to be one of the most potent SARS-
CoV 3CL protease inhibitors out of 221 herbal compounds screened 
[30] with a proposed inhibition mechanism involving formation 
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of hydrogen bonds between BA and the amino acids at the active 
site of a pocket of protease enzyme [31]. Several in silico studies of 
BA-related compound binding to SARS-CoV-2 3CL protease reveal 
good binding energies of BA to the structure pocket of 3CL protease 
[32,33]. The latter study also provides an in vitro confirmation 
of a significant protease inhibition by BA, as compared to betulin 
(IC50=3.22-14.55 mM vs. 89.67 mM), and points at the significance 
of C-17 carboxylate moiety and C-3 m-hydroxyl group as essential 
features for 3CL binding and inhibition. Surprisingly, another in 
silico study reports an unfavorable BA binding to SARS-CoV 3CL 
protease [34].

Recently, BA-related compound from C. xylocarpa, betulonal, 
previously known as an anti-HIV compound, was identified in silico 
as a natural molecule with high-affinity binding to two SARS-CoV-2 
targets, 3CL protease and RNA-dependent RNA polymerase [35]. 
The next direction investigates the potential of BA and its derivatives 
as SARS-CoV-2 entry inhibitors acting mainly by disrupting the 
interaction of the viral spike protein S with its cognate cellular 
receptor, ACE2. A virtual screen of an FDA-approved drug library 
for the compounds able to inhibit interaction of S1 subunit RBD 
(receptor-binding domain) with ACE2 identified six pockets in the 
3D structure of S1 RBD, which can interfere with ACE2 binding 
either directly or via an allosteric mechanism upon drug binding 
and which are conserved with respect to SARS-CoV sequence. BA 
and betulin have shown selective binding to one of these pockets 
in silico, while BA proved to significantly inhibit ACE2:SARS-CoV-2 
Spike interactions in vitro in submicromolar concentrations (0.1 
mM) [36]. An in silico study of terpenoids from Chaga medicinal 
mushroom demonstrated that BA can stably bind Spike protein 
near the ACE2-binding site [37], while docking experiments 

performed in another study showed that BA can preferentially 
bind to sites different from the RBD [34]. Yet another activity of 
BA-related molecules, which can make them the potential anti-
coronavirus drugs, is the inhibition of a cellular target, SREBP 
(sterol regulatory element-binding protein) and the downstream 
fatty acid synthesis [38], which blocks the formation of double-
membrane vesicles, the specific organelles serving as the factories 
for coronavirus replication [39]. Betulin, which inhibits SREBP 
cleavage and maturation, can effectively reduce the production 
of a related coronavirus, MERS-CoV, in the infected cells [38]. 
Here, we report a betulоnic acid amide derivative, which shows 
inhibitory activity on SARS-CoV-2 replication in Vero E6 cells. Using 
a replication-deficient vesicular stomatitis virus (VSIV), we show 
that SARS-CoV-2 spike-protein-mediated cell entry inhibition is 
the mechanism responsible for the anti-coronavirus activity of the 
described betulonic acid derivative. We further plan to synthesize 
a series of BA-related compound starting from BA8 as a prototype 
molecule and to more precisely dissect the entry inhibition 
mechanism using the time-of-addition experiments [40-46].

Materials and Methods

Synthesis of BA derivatives and stock solution 
preparation

Вetulonic acid 3 and five derivatives, of three amides 4 
(further referred to in the paper as BA-2m, BA7, and BA8), and two 
dipeptides 5,6 (DP1 and DP82f) were synthesized following the 
schemes published in [47-49]. The starting material for preparing 
betulonic acid was betulin 1, which was isolated from birch bark by 
method described in [50]. Chemical structures of the compounds of 
this BA series are shown in Figure 1.

Figure 1: Chemical structures of betulin (B) 1, betulinic acid (BA) 2, betulonic acid 3 and compounds of
BA series 4-8.
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To prepare stock compounds, every dry compound was 
dissolved in sterile cell culture grade DMSO to the concentration of 
10 mM, aliquoted and stored at -20oC.

Cells, viruses and plasmids

Vero E6 cells used as the targets for infection with SARS-
CoV-2 infectious isolate were grown in MEM medium (Gibco, USA) 
supplemented with 10% calf serum (Gibco, USA). 293FT cells 
used as the producer cells for virus pseudotypes and as targets for 
pseudotype infection (when transfected with an ACE2-expressing 
plasmid, see the corresponding portion of Materials and Methods 
for details) were grown in DMEM/F12 medium (Clontech, USA) 
supplemented with 10% calf serum (Clontech, USA) and penicillin/
streptomycin.

SARS-CoV-2hCoV-19/Russia/Vologda-171613-1208/2020 
isolate used in experiments on infection inhibition in Vero E6 cells 
was obtained from the collection of Vector State Research Center 
of Virology and Molecular Biology and passaged 3 times in Vero E6 
cells prior to the infection experiments.

rVSV/SARS-CoV-2 S and rVSV/VSV-G pseudotypes based on 
the capsid of recombinant vesicular stomatitis virus and used for 
the entry inhibition studies are described in a separate portion of 
Materials and Methods.

pGBW-m4137382 plasmid for the expression of SARS-CoV-2 
Spike protein with a 19 a.a. truncation of transmembrane domain 
and pLP-VSVG plasmid for the expression of VSV G glycoprotein, 
which were used to transfect virus pseudotype producer cells are 
from Addgene repository. pUCHR-hACE2 plasmid for the expression 
of ACE2 receptor used for the transfection of virus pseudotype 
target 293FT cells was kindly provided by Dr.D.Mazurov (Institute 
of Gene Biology, RAS, Moscow) [51]. peGFP-N1 plasmid used to 
trace the transfection efficiency was purchased from Clontech.

Colorimetric assay of cell metabolic activity/viability 
(MTT test)

MTT test was used to determine the cytotoxicity of different 
concentrations of BA derivatives to target cells and to evaluate 
the degree of cytopathic effect (CPE) induced by SARS-CoV-2 
isolate in Vero E6 cells. Briefly, at the end of cytotoxicity tests 
or SARS-CoV-2 infection experiments, tetrazolium dye MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
was added to the cells. After 2-4 h of incubation, the produced 
formazan crystals were dissolved in DMSO or HCl/SDS, and the 
absorbance was measured using a designated plate reader, at 450 
nm and 570 nm for DMSO and HCl/SDS, respectively. 

Inhibition of SARS-CoV-2 infection by BA derivatives

Vero E6 cells used as the targets for infection with SARS-CoV-2 
hCoV-19/Russia/Vologda-171613-1208/2020 isolate were split in 
96-well plates one day before the infection and preincubated for 2 h 

in 100 mL of BA derivatives at different concentrations (100, 20, 4.0, 
0.8 and 0.016 mM). Four or six wells (quadruplicates or hexaplicates) 
were used for each concentration of each BA derivative. Remdesevir 
taken at the same concentrations was used as a reference SARS-
CoV-2 inhibitory compound. After preincubation, 100 mL of virus 
were added to the wells, and the plates were incubated for 3 days 
at 37oC and 5% CO2. Then, the plates were first visually inspected 
under the microscope to ensure that CPE in positive control wells 
containing the virus without inhibitors reached 85-100%. After 
that, the MTT test was performed, as described above.

After the absorbance has been measured, TC50 (50% toxic 
concentration, at which 50% of non-infected cells remain viable) 
and IC50 (50% inhibitory concentration, at which 50% of infected 
cells remain viable) were calculated using SoftMaxPro-4.0 software. 
Then, selectivity index (SI) was calculated for each compound using 
the following formula – SI= TC50/IC50. The compounds possessing 
SI > 8 – 10 are considered active, those with SI from 2 to 8 are 
considered to have moderate antiviral activity, while those with SI 
below 2 were counted as inactive ones [52,53].

All experiments with infectious SARS-CoV-2 isolate were 
performed at Vector State Research Center of Virology and 
Molecular Biology BSL-3 facility.

Production of rVSV pseudotypes for entry inhibition 
assay

rVSV/SARS-CoV-2 S and rVSV/VSV-G pseudotypes based 
on the capsid of replication-deficient recombinant vesicular 
stomatitis virus (rVSV) and used for the entry inhibition studies 
were produced, as published elsewhere. Briefly, the pseudotype 
producer 293FT cells were co-transfected with the plasmids for 
viral glycoprotein expression (pGBW-m4137382 for rVSV/SARS-
CoV-2 S and pLP-VSVG for rVSV/VSVG) and peGFP-N1 plasmid to 
trace the transfection efficiency in 100 mm plates using Fugene HD 
transfectant. As much, as 10 mg of pGBW-m4137382 or 0.5 mg of 
pLP-VSVG were used per 100 mm dish, tracer plasmid was always 
used at 0.5 mg per dish. 48 h post transfection, the monolayers of 
producer cells expressing viral glycoproteins on their surface were 
infected by the stock rVSV/VSV-G pseudotype (kindly provided 
by Professor Robert Davey of National Emerging Infectious 
Diseases Laboratories (NEIDL), USA), and the virus pseudotypes 
secreted into growth medium were collected 48 h post infection. 
Pseudotypes were cleared by low-speed centrifugation (3000 rpm 
x 5`) to get rid of cell debris, aliquoted and stored at -80o. rVSV/
SARS-CoV-2 S pseudotype was used to study the inhibition of spike 
protein-mediated cell entry, while rVSV/VSV-G pseudotypes by 
BA derivatives. rVSV/VSV-G pseudotypes were used in the same 
assays to confirm the specificity of pseudotype entry inhibition. A 
specific inhibitor of SARS-CoV-2 S-mediated entry should inhibit 
the infection by rVSV/SARS-CoV-2 S, but not the rVSV/VSV-G 
pseudotypes.

http://dx.doi.org/10.33552/ICBC.2022.02.000535
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl


Citation: Cheresiz SV*, Kononona AA, Skarnovich M, Volkova AN, Poletaeva Yu A, Emaminia F, Pyankov OV, Schultz EE and Pokrovsky 
AG. An Amide Derivative of Betulonic Acid as a New Inhibitor of Sars-CoV-2 Spike Protein-Mediated Cell Entry and Sars-CoV-2 
Infection. Insi in Chem & Biochem. 2(2): 2022. ICBC. MS.ID.000535. DOI: 10.33552/ICBC.2022.02.000535.

Insights in Chemistry and Biochemistry                                                                                                                               Volume 2-Issue 2

Page 5 of 11

Pseudotype entry inhibition assay

The target cells for the pseudotype entry inhibition assay were 
obtained by the transfection of 293FT cells split in 96 well plates 
by 0.1 mg of pUCHR-hACE2 plasmid per well to express the cellular 
ACE2 receptor of SARS-CoV-2 entry. Also, 0.01 mg of peGFP-N1 
plasmid per well was transfected to evaluate the efficiency of co-
transfection, which was determined 24 h later, before pseudotype 
infection, by detaching the transfected cells in a test well and 
counting the percentage of GFP-positive cells by FACS using BD 
Accuri C6 instrument. The cytotoxicities of studied BA-derived 
inhibitors exerted on such ACE2-transfected 293FT cells were 
also measured using MTT test before setting up the pseudotype 
infection.

24 h post transfection, the target cells were preincubated for 
2 h with different concentrations of BA-derived inhibitors and 
then infected in triplicates (3 wells) by either rVSV/SARS-CoV-2 
S, or the rVSV/VSV-G pseudotypes. The signal of the transduced 
rVSV reporter gene, firefly luciferase, was measured in the infected 
293FT/ACE2 cells 24 h post infection using designated plate-reader 
format luminometer. The degree of pseudotype entry inhibition by 
different BA-derived inhibitor concentrations was calculated as 
the ratio of luminescences of inhibited to the non-inhibited wells. 
Statistical analysis was performed using Excel statistical software.

Results

Synthesis and description of BA derivatives

The synthesis of 4,5 involves the reaction of betulonic acid 
chloride with methyl esters of ω-amino acids or methyl N-(9-
aminononanoyl)-3-amino-3-phenylpropionate hydrochloride in 
CH2Cl2 in the presence of Et3N and subsequent hydrolysis of the 
esters by NaOH in THF and MeOH. Hydrogenation of compound 
5 gave 6. One of the dipeptide of betulonic acid, exhibited high 
antiviral activity and acts as a powerful immunostimulating agents 
[40].

All chemical structures of the compounds of this BA series are 
shown in Figure 1.

10 mM stock solutions of BA derivatives in DMSO were prepared 
and stored at -20oC. The dilutions of BA-related compounds in 
growth medium were prepared and used immediately.

Cytotoxicities and Inhibition of SARS-CoV-2 infection by 
BA derivatives

In order to study the cytotoxicities and antiviral properties of 
the described panel of BA derivatives, all compounds were brought 
to their working concentrations of 100, 20, 4.0, 0.8, and 0.016 mM 
by diluting them in growth medium. A ribonucleotide analogue of 
viral RNA polymerase, remdesivir, known to efficiently block the 
replication of SARS-CoV-2, was used as a reference inhibitor, and 
was diluted to the same concentrations, as BA derivatives.

All compounds were added to Vero E6 cells plated in 96-well 
plates one day before the experiment. The cells were preincubated 
with the compounds for 2 h before being infected with SARS-CoV-2 
hCoV-19/Russia/Vologda-171613-1208/2020 isolate. After 3 days 
of infection, when an 85-100% cytopathic effect was observed in 
the positive control wells infected in the absence of inhibitors, 
MTT was added to the wells, and the absorbance was analyzed 2 h 
thereafter. The TC50, IC50, and SI values were determined for those 
substances, for which this was feasible due to their toxicity and 
antiviral activity profiles. The resulting figures are provided in Tab. 
1. Two peptide derivatives, DP1 and DH8.2f, proved to be rather 
toxic to the non-infected cells (showing TC50 values of 7.0 and 
32.21 mM, respectively), while lacking antiviral activity, and, thus, 
IC50 could not have been calculated. Surprisingly, almost the same 
toxicity/activity profile was found for the first compound of the 
series, betulinic acid (TC50 ~7.6 mM and IC50 non-available), which 
has been previously reported to exhibit toxicity against cancer, but 
not normal cells [41]. Instead, all amide derivatives (BA 2m, BA7, 
and BA8) demonstrated lack of toxicity (TC50 > 100 mM), but two 
of them (BA 2m and BA7) were also lacking virus inhibitory activity 
(IC50 > 100 mM), and SI value could not have been calculated for 
these two. The last amide, BA8, had some inhibitory activity on 
virus-induced CPE ((IC50 ~40.8 mM) and represented a moderate 
virus inhibitor according to its calculated SI (> 2.45) (Table 1).

Table 1: TC50, IC50, and SI values of BA derivatives and remdesivir in Vero E6 cells.

TC50, µМ IC50, µМ SI (TC50/ IC50)

3=BA* 7,6 NA NA

4= BA 2β >100 >100 NA

5=BA7 >100 >100 NA

6=BA8 >100 40,8 >2,45

8=DP1* 7,00 NA NA

7= DH8.2f* 32,21 NA NA

Remdesevir 358,0 4,6 77,76

NA – nonavailable. TC50, - toxic concentration 50%. IC50 – inhibitory concentration 50%. SI – selectivity index.
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In order to more accurately determine the SI value for the 
only active compound, BA8, we attempted to determine its TC50 
and IC50 in a wider concentration range (>100 mM). To this end, 
a 3-fold dilution series of 9 BA8 dilutions starting from 500 mM 
was prepared, and 22.5x103 Vero E6 cells split in 96-well plate in 
hexaplicates (6 wells) 2 days before the infection were infected 
by SARS-CoV-2 hCoV-19/Russia/Vologda-171613-1208/2020 at 
the multiplicity of infection (MOI) equal to 0.1 TCID50/cell in the 

presence of BA8. Again, remdesevir prepared as a similar dilution 
series, was used as a reference inhibitor. As one can see from the 
results shown in Table 2, the precise TC50 value still remained 
undetermined within this range of concentrations (TC50 > 500 mM), 
while a refined IC50 obtained in this experiment was 131 IC50 mM. 
This resulted in SI value of > 3.82 indicating at an apparent, though 
moderate, inhibition of SARS-CoV-2 infection (Table 2).

Table 2: TC50, IC50, and SI values of BA derivatives and remdesivir in Vero E6 cells.

TC50, µМ IC50, µМ
SI

(TC50/ IC50)

BA8 >500 131 >3,82

Remdesivir 197,5 4,56 43,31

TC50, - toxic concentration 50%. IC50 – inhibitory concentration 50%. SI – selectivity index.

Pseudotype production and entry inhibition assay

As a next step, we attempted to start dissecting the mechanism 
of action of BA8 compound and tested its activity against rVSIV/
SARS-CoV-2 S pseudotypes. Pseudotypes are recombinant viruses 
composed of a capsid of a non-pathogenic virus (in our model, rVSIV 
with luciferase reporter gene) and expressing viral glycoproteins 
in their lipid envelope, either homologous or foreign, typically, 
belonging to the more pathogenic viruses (in our case, SARS-CoV-2 
spike protein). These viral pseudotypes have two advantages 
– they are biologically safe due to rVSV genome modifications, 
and the inhibition of rVSV/SARS-CoV-2 S pseudotype infection 
clearly classifies the compound as coronavirus entry inhibitor. To 
test the specificity of this entry inhibition, a control rVSV/VSV-G 
pseudotype infection is set up an inhibited by a compound. A 
specific coronavirus entry inhibitor should suppress the infection 
by the former, but not the latter pseudotype.

We prepared both pseudotypes by transfecting the monolayer 
of pseudotype producer 293FT cells with the plasmids expressing 
the respective viral glycoprotein, and further infected them by stock 
rVSV/VSV-G pseudotype, as described in the Materials and methods. 
Virus pseudotypes secreted to the cell growth medium were 
collected 48 h post infection, cleared by low-speed centrifugation, 
and their luciferase transduction titer was determined using 293FT 
cells transfected by an ACE2 receptor expressing plasmid as the 
targets (data not shown).

The target cells for pseudotype entry inhibition assay were 
prepared by transient transfection of 293FT cells. Cells split 
in 96-well plate were co-transfected at 90% confluence with a 
combination of plasmids, one for the expression of virus entry 

receptor, ACE2, and another for tracing transfection efficiency 
by GFP expression. One day post transfection, its efficiency was 
determined by detaching the transfected monolayer in a test well 
and counting the percentage of GFP-positive (and, hence, efficiently 
co-transfected by ACE2 + GFP) by FACS. Since the original 293FT 
cell line is not permissive to SARS-CoV-2 or rVSV/SARS-CoV-2 S 
pseudotype infection, the level of successfully transfected cells 
reports the permissivity of these target cells to these infections. 
In our experiments, we achieved the levels of transfection of ~ 50-
60%.

Also, the cytotoxicities of BA8 derivative and the parent 
compound, BA, were determined in ACE2-transfected target 293FT 
cells. Using the 100, 50, 25, and 12.5 mM 2-fold dilution series, BA8 
proved non-toxic, likewise in Vero E6 cells, while BA demonstrated 
apparent toxicity, though, to a lesser extent, than in Vero E6 (10-
30% toxicity within 25 – 50 mM range, CC50 was not reached (Figure 
2, A).

The same concentrations of compounds were used to inhibit 
SARS-CoV-2 or rVSV/SARS-CoV-2 S pseudotype infection following 
the entry inhibition protocol provided in the Methods. Target 
cells were preincubated with substances for 2 h, and infecting 
pseudotypes were then added to the wells. The infections were set 
up in triplicate wells, and the transduced luciferase signal, which 
reports the successful pseudotype entry/infection, was measured 
24 h thereafter. The measured signals were represented as relative 
values normalized to the luciferase signal of positive control 
wells holding target cells and pseudotypes without inhibitors. 
The reference inhibitor was not included into the pseudotype 
entry inhibition assay, since coronavirus entry inhibitors are not 
currently commercially available (Figure 2, B).
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Figure 2A: Cytotoxicities of BA and BA8 to the ACE-2-transfected 293FT cells (2A) and the inhibition of VSV-S and VSV-G pseudotype 
infection of these cells by BA8 (2B) and BA (2C). BA – betulinic acid, BA8 – amide derivative of betulinic acid, ACE-2 – angiotensin converting 
enzyme 2, VSVS– recombinant vesicular stomatitis Indiana virus pseudotyped with SARS-CoV-2 spike protein, VSV-G –recombinant vesicular 
stomatitis Indiana virus pseudotyped with VSIV G glycoprotein.

Figure 2B: Cytotoxicities of BA and BA8 to the ACE-2-transfected 293FT cells (2A) and the inhibition of VSV-S and VSV-G pseudotype 
infection of these cells by BA8 (2B) and BA (2C). BA – betulinic acid, BA8 – amide derivative of betulinic acid, ACE-2 – angiotensin converting 
enzyme 2, VSVS– recombinant vesicular stomatitis Indiana virus pseudotyped with SARS-CoV-2 spike protein, VSV-G –recombinant vesicular 
stomatitis Indiana virus pseudotyped with VSIV G glycoprotein.
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The pseudotype entry inhibition curves represented in Figure 
2, B clearly show a specific inhibition of rVSV/SARS-CoV-2 S 
pseudotype (with IC50 slightly over 10 mM), while the rVSV/VSV-G 
remains barely suppressed, which enables us to classify BA8 as a 
specific SARS-CoV-2 entry inhibitor molecule. Conversely, betulinic 
acid itself only mildly reduces the signal of pseudovirus-transduced 
luciferase (30% reduction at 50mM of BA, Figure 2, C), which 

is, clearly, a non-specific effect, since both pseudotype entries 
mediated by SARS-CoV-2 spike protein S or VSIV glycoprotein G, 
are suppressed to an equal extent (Fig. 2, C). Meanwhile, this paired 
minor reduction in the measured luciferase signals observed 
at 25 and 50 mM of BA well correlate with the overall reduction 
of metabolic activity of 293FT cells in the presence of these BA 
concentrations (Figure 2, C).

Figure 2C: Cytotoxicities of BA and BA8 to the ACE-2-transfected 293FT cells (2A) and the inhibition of VSV-S and VSV-G pseudotype infection 
of these cells by BA8 (2B) and BA (2C). BA – betulinic acid, BA8 – amide derivative of betulinic acid, ACE-2 – angiotensin converting enzyme 2, 
VSVS– recombinant vesicular stomatitis Indiana virus pseudotyped with SARS-CoV-2 spike protein, VSV-G – recombinant vesicular stomatitis 
Indiana virus pseudotyped with VSIV G glycoprotein.

Discussion
In this paper, we report the betulinic acid amide derivative, 

which acts as an inhibitor of SARS-CoV-2 spike protein-mediated 
cell entry and possesses some inhibitory activity on the replication 
of an infectious SARS-CoV-2 isolate in an in vitro cell culture. Virus 
entry to the target cells is the earliest step in the infection, and 
entry inhibitors, thus, possess a number of attractive features. 
Since many of them are directed against extracellular targets 
(viral glycoproteins and cellular surface receptors), these are 
easily accessible to the inhibitor molecules of different nature 
(peptides, antibodies or small-molecule inhibitors). As they are 
acting on the other spectrum of targets, than the antivirals of other 
classes (polymerase and protease inhibitors or else), they develop 
a non-overlapping drug resistance profiles with such antivirals, 
which may be important for multidrug antiviral therapies, such as 
antiretroviral therapy against the HIV [42]. Entry inhibitors may 
also prevent the development of adverse immune responses, such 
as cytokine overproduction/storm, since the components of the 

virion do not access the cytosol upon such inhibition and, thus, do 
not trigger antiviral response.

A number of SARS-CoV-2 entry inhibitors have been already 
identified in the in vitro screens of approved drug libraries, which 
has an advantage of easy repurposing of such drugs for COVID-19 
treatment. Such studies, typically, combine the pseudotype 
entry inhibition assay and the suppression of replication of an 
infectious SARS-CoV-2 isolate [43], both also used in our research. 
Even more compounds are predicted in silico to possess an entry 
inhibition activity against SARS-CoV-2 [44]. Betulinic acid and its 
derivatives has been long shown to inhibit cell entry of unrelated 
viruses, such as the HIV-1 [14,15] and herpes simplex virus, 
HSV-1 [18]. Its activity against coronavirus entry has not been 
extensively characterized, as yet, however, a number of structural 
and in silico studies (some of which are cited in the Introduction) 
predict several strong binding sites for betulinic acid and betulin 
in the structure of SARS-CoV-2 spike protein, which can serve as 
the targets for therapeutic intervention. One study demonstrated a 
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good inhibitory activity of betulinic acid against ACE2:SARS-CoV-2 
Spike interactions measured by an in vitro cell-free test [36].

A possible role of betulinic acid as an anti-coronavirus 
therapeutics of entry inhibitor class is underscored by two recent 
publications reporting the inhibition activity of a tri-herbal 
medicine, Coronil, targeting SARS-CoV-2 spike protein, both in 
terms of its fusogenic activity and fusion-irrelated toxicity [45,46]. 
Coronil could inhibit the ACE2:SARS-CoV-2 interactions measured 
in an ELISA-based cell-free model and reduced the infection of 
human lung epithelium cells by viral pseudotypes bearing SARS-
CoV-2 spike proteins in their envelopes. Additionally, it modulated 
the production of proinflammatory cytokines (IL-6, IL-1β, and 
TNF-α) in the infected cells [45]. Moreover, in a humanized zebrafish 
model with human lung epithelium cells xenotransplanted into the 
swim bladder, coronil treatment inhibited the adverse toxic effects 
of an ectopic injection of recombinant SARS-CoV-2 spike protein, 
such as related mortality, behavioral fever, skin hemorrhage, renal 
cell degeneration and necrosis, as well, as the secretion of the 
above-mentioned proinflammatory cytokines [46]. Ultra-high-
performance liquid chromatography analysis identified betulinic 
and ursolic acids, withaferine, rosmarinic acid and a number of 
other biologically active molecules in Coronil [46], many of which 
may possess antiviral activity.

In our work, betolinic acid itself did not show any significant 
antiviral activity, neither in pseudotype entry inhibition test, 
nor in the inhibition of SARS-CoV-2 infection in cultured cells. 
A 30% reduction of measured luciferase signal occurring at high 
BA concentrations (50 mM) in 293FT cells transduced by either 
of the pseudotypes is clearly correlated with a 30% reduction of 
metabolic activity of 293FT cells at the same concentration, and, 
thus, represents a non-specific effect. 

Instead, and quite unexpectedly, betulonic acid demonstrated 
rather high toxicity in normal, non-transformed cell lines used 
as virus targets in our experiments (Vero E6 and 293FT), which 
is contrary to the previously reported toxicity of betulinic and 
betulonic acids to cancer, but not normal cells [27]. Both findings 
do not agree with the report of some SARS-CoV-2 inhibitory activity 
and good toxicity profiles (CC50 > 150 mM) of both betulinic and 
betulonic acids [30]. The discrepancy in Vero-E6 sensitivity 
to betulinic and betulonic acids can only be explained by the 
differences between our and the author`s varieties of this cell line 
or the varying toxicity of different BA batches.

Meanwhile, currently the data is being accumulated on the 
toxicity of BA-related compounds to normal cells. Despite being 
a mitochondrial toxin, betulinic is able to induce a mitochondria-
independent eryptosis of red blood cells, which are lacking 
these organelles, via the mechanism involving membrane 
permeabilization [5]. It also triggers apoptosis in differentiated rat 
PC12 cells, which serve as a model for the normally differentiating 
brain neurons, via ROS-mediated mitochondrial mechanism [6]. A 

recent research reports the toxicity of betulin to mouse and fish 
fibroblasts with CC50 comparable with those reported previously 
for cancer cell lines, again involving the mitochondrial pathway 
[7]. Thus, before the concept of lack of BA toxicity to normal cells is 
carefully addressed, preliminary testing of each particular cell line 
for BA toxicity is advisable.

Contrary to betulonic acid, its amide 6 (BA8) was lacking 
significant toxicity in both cell lines (TC50 higher, than 500 mM and 
100 mM in VeroE6 and 293FT, respectively). Its virus inhibition 
activity in both tests employed has also been comparable (IC50 values 
of 40.8-131 mM and > 10 mM for SARS-CoV-2 and VSV pseudotyped 
with SARS-CoV-2 spike protein, respectively). This corroborates the 
validity of pseudotype entry inhibition test as the biologically safe 
and relevant assay for the coronavirus entry inhibitors, and makes 
BA8 a suitable candidate for the further modification in order to 
obtain more powerful molecules of this profile of action.

The last consideration, although not directly linked to the 
experimental part of this research, is concerned with suitability 
of different pseudotype platforms for the search of BA-related 
entry inhibitors. As seen from our and other`s experience, viral 
pseudotypes are convenient and safe tools for virus entry studies 
and entry inhibitor search. The two most popular pseudotype 
platforms exist, with different viral glycoproteins pseudotyping 
either VSIV capsid (as in our study) or the HIV capsid. Since BA 
derivatives can (and often do) block HIV capsid maturation, can 
they be analyzed as possible entry inhibitors using this lentiviral 
pseudotype platform?

Conclusions
Here, we present a first, to the best of our knowledge, report 

on the virus entry inhibitory activity of a betulinic acid amide 
derivative towards SARS-CoV-2 coronavirus and its biosafe model, 
a recombinant VSV virus pseudotyped with SARS-CoV-2 spike 
protein. Our future plans include the synthesis of BA-related 
compound starting from BA8 as a prototype molecule, further 
dissection of inhibition mechanism involving accurate time-of-
addition experiments, and a paired comparative study of VSV-based 
and lentiviral pseudotypes as the tools for the study of BA-related 
entry inhibitors.
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