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against SARS-CoV-2 and inhibit the viral spike glycoprotein interaction
with ACE2

Andrei E. Siniavin'2® . Maria A. Streltsova®® - Maria A. Nikiforova®® - Denis S. Kudryavtsev'
Svetlana D. Grinkina? - Vladimir A. Gushchin?® . Vera A. Mozhaeva'* - Vladislav G. Starkov’ - Alexey V. Osipov’ -
Sarah C. R. Lummis’ - Victor I. Tsetlin' © - Yuri N. Utkin'

Received: 30 April 2021/ Revised: 17 September 2021 / Accepted: 14 October 2021 / Published online: 29 October 2021
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2021

Abstract

The COVID-19 pandemic caused by SARS-CoV-2 requires new treatments both to alleviate the symptoms and to prevent
the spread of this disease. Previous studies demonstrated good antiviral and virucidal activity of phospholipase A,s (PLA,s)
from snake venoms against viruses from different families but there was no data for coronaviruses. Here we show that PLA s
from snake venoms protect Vero E6 cells against SARS-CoV-2 cytopathic effects. PLA,s showed low cytotoxicity to Vero
E6 cells with some activity at micromolar concentrations, but strong antiviral activity at nanomolar concentrations. Dimeric
PLA, from the viper Vipera nikolskii and its subunits manifested especially potent virucidal effects, which were related to
their phospholipolytic activity, and inhibited cell-cell fusion mediated by the SARS-CoV-2 spike glycoprotein. Moreover,
PLA,s interfered with binding both of an antibody against ACE2 and of the receptor-binding domain of the glycoprotein S
to 293T/ACE2 cells. This is the first demonstration of a detrimental effect of PLA,s on p-coronaviruses. Thus, snake PLA,s
are promising for the development of antiviral drugs that target the viral envelope, and could also prove to be useful tools to
study the interaction of viruses with host cells.

Keywords Molecular modelling - Pseudotyped SARS-CoV-2 virus - Receptor binding domain - Replication cycle - Surface
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Introduction

In December 2019, a rapidly spreading community-acquired
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pneumonia was discovered in Wuhan (Hubei Province,

andreysi93 @ya.ru
5 Yuri N. Utkin China) and subsequent studies have shown that this disease
utkin@ibch.ru is caused by a virus belonging to the coronavirus family, a

conclusion confirmed by sequencing the full-length genome
from samples (bronchoalveolar lavage fluid) of patients with
pneumonia [1]. In February 2020, WHO (https://www.who.
int/dg/speeches/detail/who-director-general-s-remarks-at-
the-media-briefing-on-2019-ncov-on-11-february-2020)
officially named this disease «COVID-19» (coronavirus dis-
ease 2019) and the causative virus was designated as SARS-
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CoV-2 (severe acute respiratory syndrome coronavirus 2) by
the International Committee on Taxonomy of Viruses [2].
Coronaviruses are enveloped RNA viruses, and form the
Coronaviridae family which includes four genera: a-, p-, y-
and d-coronaviruses [3]. Of the seven known coronaviruses
that infect humans, HCoV-229E and HCoV-NL63 belong to
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a-coronaviruses, while HCoV-HKU 1, HCoV-OC43, MERS-
CoV, SARS-CoV, and SARS-CoV-2 are f-coronaviruses [4].
Coronaviruses HCoV-229E, HCoV-NL63, HCoV-HKU1
and HCoV-0OC43 cause mild disease symptoms similar to
the common cold [5]. However, MERS-CoV, SARS-CoV
and SARS-CoV-2 cause more severe diseases associated
with pneumonia, acute respiratory distress syndrome and
«cytokine storms» that can lead to death [6-8]. Cell entry of
SARS-CoV-2 occurs as a result of the binding of the spike
glycoprotein (glycoprotein S) to angiotensin-converting
enzyme (ACE2) expressed on the surface of the host cells
[9], the lung tissues being the main target. Intervention at the
stage of adsorption/binding or replication of the virus using
therapeutic agents can effectively block viral infection [10,
11]. The most common symptom of COVID-19 patients is
respiratory distress, and patients admitted to intensive care
are usually unable to breathe on their own. In addition, some
COVID-19 patients have experienced neurological symp-
toms including headaches, nausea and vomiting, consistent
with the fact that coronaviruses are not always limited to
the respiratory tract and can also affect the central nervous
system, resulting in neurological complications [12].

COVID-19 was declared a global pandemic in March
2020, by which time it had spread worldwide in only a few
months [13]. At present the total number of infected is more
than 220 million, and more than 4.5 million have died. Vac-
cination is currently underway in many countries but is
unlikely to be 100% effective, and some medications have
been identified which decrease the severity of the disease,
but again these do not improve outcomes in all cases; thus,
new drugs are urgently needed.

Animal venoms contain a wide range of biologically
active compounds of different chemical structures, and have
proven to have not only significant pharmacological value
but also great potential for drug discovery, with many snake
venom components being investigated in preclinical or clini-
cal trials for a variety of therapeutic applications [14-22].
Among snake venom enzymes, phospholipase A,s (PLA,s)
are one of the main components [23]. Typically, PLA,s are
small proteins with a molecular weight of about 13—15 kDa
and they catalyze hydrolysis at the sn2 position of mem-
brane glycerophospholipids to lysophospholipids and free
fatty acids [24, 25]. The PLA, superfamily is currently sub-
divided into six types, namely secreted PLA,s (SPLA,s),
Ca**-dependent cytosolic cPLA,, Ca**-independent cyto-
solic iPLA,, platelet-activating factor acetylhydrolase PAF-
AH, lysosomal LPLA, and adipose-specific AAPLA, [26].
More than one-third of the members of the PLA, superfam-
ily belong to sPLA,, which is further subdivided into 10
groups and 18 subgroups. The PLA,s from snake venoms
are in groups [ and II [27]. Previous studies have shown that
PLA,s have antiviral activity against a number of viruses
including Dengue and Yellow fever viruses [28], HIV [29]
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Rous virus [30], adenovirus [31], Newcastle virus [32] and
Chikungunya virus [33]. We, therefore, tested several snake
venom PLA,s for antiviral activity against SARS-CoV-2.
Here we show that all the PLA,s we examined are capa-
ble of inhibiting SARS-CoV-2 infection in vitro, although
only dimeric PLA,s have high antiviral activity. Additional
studies showed that the virucidal and antiviral activities of
dimeric PLA, depend on its catalytic activity. This abil-
ity of PLA, to inactivate the virus suggests a mechanism
which has the potential to provide a barrier to the spread of
infection.

Materials and methods
Cells and viruses

Vero E6 (ATCC CRL-1586), 293T (ATCC CRL-3216) and
293T/ACE2 (obtained as described [34]) cells were grown in
complete DMEM medium (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA), supplemented with 10% fetal bovine
serum (FBS; HyClone, Cytiva, Marlborough, MA, USA),
1 X L-Glutamine (PanEco, Moscow, Russia) and 1 X peni-
cillin—streptomycin (PanEco, Russia). All cell lines tested
negative for mycoplasma contamination. SARS-CoV-2
strain hCoV-19/Russia/Moscow_PMVL-4 (GISAID ID:
EPI_ISL_470898) was isolated from naso/oropharyngeal
swab of COVID-19 patient using the Vero E6 cell line. The
stocks of SARS-CoV-2 used in the experiments had under-
gone six passages. Viral titers were determined as TCIDy,
in confluent Vero E6 cells in 96-well microtiter plates by
endpoint dilutions assay. In some experiments, SARS-CoV-2
strain hCoV-19/Russia/Moscow_PMVL-18 (GISAID ID:
EPI_ISL_872633) and SARS-CoV-2 strain hCoV-19/Rus-
sia/Moscow_PMVL-20 (GISAID ID: EPI_ISL_872634)
were used. Bovine coronavirus (BCV; The State Collection
of Viruses of the D.I. Ivanovsky Institute of Virology) was
propagated on MDBK cells (ATCC CCL-22). Virus-related
work was performed at a biosafety level-3 (BSL-3) facility.

Venoms

The venoms of V. nikolskii and V. ursinii renardi vipers were
kindly provided by Siberian Serpentarium Ltd. (Novosi-
birsk, Russia). Krait B. fasciatus venom (Vinh Son, Vinh
Tuong, Vinh Phuc Province, Vietnam) was obtained from
the certified farm owned by professional snake breeder Mr.
Ha Van Tien. The venom was collected from several tens
of snake specimens by farm team members. The certificate
of farm has been registered in accordance with the Govern-
ment's Decree No. 82/2006/ND-CP of August 10, 2006 by
the Department of agriculture and rural development of the
Socialist Republic of Vietnam and valid until May 31, 2021.



Snake venom phospholipase A,s exhibit strong virucidal activity against SARS-CoV-2 and... 7779

Phospholipases A,

Phospholipase A, II (BF-PLA2-II, GenBank AAK62361.1)
and phospholipase A, 1 (BF-PLA2-1, UniProtKB Q90WA7)
were purified from krait B. fasciatus venom as described
[35]. Phospholipase A, Vur-PL2 (UniProtKB FSQN53) was
purified from viper V. ursinii renardi venom as described
[36]. Dimeric phospholipases HDP-1 and HDP-2 were iso-
lated from vipera V. nikolskii venom and separated into sub-
units HDP-1P (UniProtKB Q1RP79), HDP-2P (UniProtKB
QI1RP78) and HDP-11I (UniProtKB A4VBFO0) as described
[37].

Modification of HDP-2P

4-Bromophenacyl bromide (Lancaster Synthesis, More-
cambe, England) as a 10 mM stock solution in acetone was
added to a final concentration of 200 uM to a 20 uM HDP-
2P solution in 50 mM Tris HCI buffer, pH 7.5, containing
10 mM Na,SO,. The mixture was incubated for 6 h at room
temperature and separated using a Jupiter C18 HPLC col-
umn (Phenomenex) and acetonitrile gradient from 20 to 50%
in 30 min in the presence of 0.1% trifluoroacetic acid. The
phospholipolytic activity was measured (according to [38])
using a synthetic fluorescent substrate 1-palmitoyl-2-(10-
pyrenyldecanoyl)-sn-glycero-3-phosphocholine (Molecular
Probes, Thermo Fisher Scientific, Waltham, MA, USA) and
a Hitachi F-4000 spectrofluorimeter.

Cell viability assay

Cell viability in the presence of the tested PLA, was
assessed using the MTT (Methylthiazolyldiphenyl-tetrazo-
lium bromide) method as previously described [39]. Briefly,
Vero E6 cells (2x 10* cells per well) were incubated with
different concentrations of the individual PLA2s in 96-well
plates for 48 h, followed by the addition of MTT (Sigma,
Merck KGaA, Darmstadt, Germany) according to the manu-
facturer's instructions. Results are expressed as a percentage
of cell viability in comparison to the untreated cell con-
trols. Three experiments were performed with two technical
replicates.

Bromodeoxyuridine (BrdU) incorporation assay
and flow cytometry

For the BrdU incorporation assay [40], Vero E6 cells were
incubated with 100 pg/ml of various PLA,s for 72 h. Then,
BrdU was added to the cell culture medium to a final con-
centration of 10 uM and incubated for 2 h. After BrdU
incorporation, cells were permeabilized with 70% ethanol
chilled to — 20 °C for 30 min on ice. For the cell cycle
assay, cells were treated with 2 N HCl for 30 min to denature

chromosome DNA followed by neutralization with 0.1 M
Na,B,0; (pH 8.5) for 30 min. The cells were then stained
with fluorescein isothiocyanate (FITC)-anti-BrdU antibody
(clone 3D4; Sony Biotechnology, San Jose, CA, USA) and
PI (propidium iodide; with RNase A). Data were acquired
using a MACSQuant Analyzer 10 Flow Cytometer (Miltenyi
Biotec, Bergish Gladbach, Germany), and processed using
FlowlJo software 10.0.8. (Three Star Inc., Ashland, OR,
USA). Dead cells were excluded by forward scatter (FSC)
versus side scatter (SSC) dot plot analysis. Doublet cells
were excluded by FSC-H versus FSC-A dot plot analysis.

Cytopathic effect (CPE) inhibition assay
against SARS-CoV-2

Vero E6 cells were plated in 96-well plates at a density of
2x 10 cells per well. After 18 h of incubation, 100 TCIDs,
SARS-CoV-2 were added to the cell monolayer in the
absence or presence of various concentrations of PLA,s
(tenfold dilutions in a concentration range of 0.001 pg/ml
to 100 pg/ml). After 72 h of incubation, differences in cell
viability caused by virus-induced cytopathic effects were
analyzed using the MTT method as previously described
[41, 42]. For this, an MTT stock solution (5 mg/ml in PBS)
was added to each well at a final concentration of 0.5 mg/
ml. After a 2 h incubation, medium was aspirated from wells
and 150 pl of DMSO was added. Absorbance was measured
at 590 nm using a SPECTROstar Nano microplate reader
(BMG LABTECH GmbH, Ortenberg, Germany). Three
independent experiments with triplicate measurements were
performed. Data were analyzed using GraphPad Prism 6
(GraphPad Software Inc., La Jolla, CA, USA) and the ICy,
(concentration of the compound that inhibited 50% of the
infection) calculated via nonlinear regression analysis.

Time-of-drug-addition assay

The time-of-drug-addition assay was performed as described
in [43]. Briefly, Vero E6 cells (3 x 10* cells/well) were
treated with HDP-2 (10 pug/ml) at different stages of virus
infection. For “Full-time” treatment, cells were pre-treated
with the PLA, for 1 h prior to virus infection, followed by
incubation with a virus for 1 h in the presence of the PLA,.
Then cells were washed with PBS, and further cultured with
the PLA,-containing medium until the end of the experi-
ment. For “Entry” treatment, the PLA, were added to the
cells for 1 h before virus infection, and maintained during
the 1 h viral attachment. Then, the virus-PLA, mixture
was replaced with a fresh culture medium without PLA,
until the end of the experiment. For “Post-entry” experi-
ment, virus was added to the cells to allow infection for 1 h,
and then virus-containing supernatant was replaced with
PLA,-containing medium until the end of the experiment.
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The cells were infected with SARS-CoV-2 (multiplicity of
infection, MOI=0.01), and at 18 h after infection the cell
culture supernatant of each time point experiment was col-
lected for viral yield measurements using qRT-PCR.

Viral RNA extraction and qRT-PCR

Viral RNA was purified from the cell culture supernatant
using the ExtractRNA (Evrogen, Moscow, Russia) accord-
ing to the manufacturer’s instructions. Real-time one-step
qRT-PCR was used for quantitation of SARS-CoV-2 viral
load using the «<SARS-CoV-2 FRT» RT-PCR kit (Gamaleya
National Center of Epidemiology and Microbiology, Rus-
sia) with a QuantStudio 5 Real-Time PCR System (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, USA).
A standard curve was generated by the determination of
copy numbers from serial dilutions (10° -10® copies) of the
plasmid.

Pseudovirus assay

To generate SARS-CoV-2 or VSV-G pseudovirus parti-
cles, suspension cultures of 293T cells were seeded onto
a 10 cm dish and transfected with 10 pg of pLVPG (kindly
provided by I.V. Zvyagin, Shemyakin-Ovchinnikov Institute
of Bioorganic Chemistry, Moscow, Russia) plasmid, 8 ug
of pCMV-deltaR8.2 plasmid (Addgene, #12263) and 5 pg
of pVAX-1-S-glycoprotein (Evrogen, Moscow, Russia) or
pCGI1-SARS-2-S-delta 18 UK variant or pCG1-SARS-2-S-
delta 18 South Africa variant plasmids (kindly provided by
Prof. Stefan Péhlmann) or pCMV-VSV-G plasmid (Addgene,
#8454) using Transporter™ 5 transfection reagent. 72 h after
transfection the supernatant was harvested, clarified by cen-
trifugation and passing through a 0.45 pum pore size filter,
aliquoted and frozen at — 80 °C.

To evaluate the pseudovirus neutralization activity,
HDP-2 was incubated with an equal volume of pseudovirus
at 37 °C. Then the mixture was transferred to pre-plated
293T/ACE2 cell monolayers in 96-well plates. After incu-
bation for 72 h, the fluorescence of GFP positive cells was
determined using a microplate reader (Hidex Sense Beta
Plus, Hidex, Turku, Finland).

Post-entry study

Vero E6 cells were infected with 100TCID5, SARS-CoV-2
PMVL-4 and incubated for 16 h. Then, virus-containing
medium was removed and replace with a fresh medium
containing different concentrations of HDP-2 and incubated
for 48 h. Inhibition of CPE was assessed by MTT assay.
In post-entry assay with pseudo-SARS-CoV-2 (lineage
B.1.1.7), 293T/ACE2 cells were transduced with pseudo-
SARS-CoV-2 for 16 h. Then, different dilutions of HDP-2
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were added to the cells. After incubation for 72 h, the fluo-
rescence of GFP was determined using a microplate reader
(Hidex Sense Beta Plus, Hidex, Turku, Finland).

Virucidal activity test

The SARS-CoV-2 virus stock (1 x 10° TCIDs) was incu-
bated with serial tenfold dilutions of PLA, (0.1-10 pg/ml)
for 1 h at 37 °C. Then, the virus samples treated by PLA,
were diluted below ICy, and titrated onto Vero E6 cells by
limiting dilution assay (fivefold dilutions in six replicates)
in 96-well plates. A viral stock treated with PBS was used
as a control. The plates were incubated at 37 °C (5% CO,)
for 72 h. The CPE was scored visually under a microscope
and the virus titers were calculated by the Reed and Muench
method [44].

Transmission electron microscopy (TEM)

Bovine coronavirus or SARS-CoV-2 was treated with 10 pg/
ml HDP-2 for 1 h at 37 °C. Fifty microliters of sample were
placed on a glass slide with a 200 mesh copper TEM grid.
The grid was then removed, blotted with filter paper and
exposed to 1.0% uranyl acetate solution. Excess uranyl ace-
tate was removed, grids were air-dried, and examined under
a JEM-2100 Plus electron microscope (JEOL Ltd, Akishima,
Japan) at an accelerating voltage of 80 kV.

Cell—cell fusion assay

The inhibitory activity of PLA, on SARS-CoV-2 S-medi-
ated cell—cell fusion was assessed as previously described
[45, 46]. 293T effector cells were transfected with plasmid
pUCHR-IRES-GFP (kindly provided by D.V. Mazurov)
encoding the GFP and plasmid pVAX-1-S-glycoprotein
(Evrogen, Moscow, Russia) encoding a full-length SARS-
CoV-2 Spike glycoprotein (293T-GFP-Spike). Vero E6
cells (3 x 10* cells per well), expressing ACE2 receptors on
the membrane surface, were used as target cells, and were
incubated in 96-well plates for 18 h. Then 10* effector cells
(293T-GFP-Spike) per well were added in the presence or
absence of PLA, at various concentrations and incubated
at 37 °C for 2 h. The percentage of cell-cell fusion was
calculated by counting the fused cells in each well in five
random fields using an Olympus (Olympus, Tokyo, Japan)
epifluorescence microscope.

ACE2 and RBD binding experiments

Experiments were performed as previously described
[47] with minor modifications. Briefly, 293T/ACE2 cells
were incubated at 37 °C in PBS (containing 0.5% bovine
serum albumin) in the presence of HDP-2P (100 pg/ml) for
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20 min. Then, cells were placed on ice and stained with
phycoerythrin (PE)-anti-ACE2 antibody (Clone # 535919;
R&D Systems, Minneapolis, MN, USA) or isotype-matched
control IgG for 1 h. In other experiments, 293T/ACE2 cells
were incubated with recombinant RBD protein fused with
Fc (kindly provided by R.S. Kalinin, Shemyakin-Ovchin-
nikov Institute of Bioorganic Chemistry, Moscow, Russia)
followed by staining with DyLight 650—conjugated goat
anti-human Fc antibody (ThermoFisher Scientific, Waltham,
MA, USA). Cells were analyzed with MACSQuant Analyzer
10 Flow Cytometer (Miltenyi Biotec, Bergish Gladbach,
Germany).

Molecular modeling

A homology model of the HDP-2P subunit was generated
using the Swissmodel Web-server [48] with the X-ray struc-
ture (PDB 1jlt) of another snake venom PLA, vipoxin as
a template [49]. Initial docking was performed using the
Frodock server [50] with the best-scored positions indicated
in Fig. 7A. The data aligned well with the structure of RBD-
ACE2 complex (PDB 7A98 [51]) which was used as a posi-
tive control, and as a source of individual ACE2 and RBD
structures (Fig. 7A central panel). The resulting structures
of the complexes of HDP-2P with RBD and ACE2 were
submitted for local optimisation docking using the Rosetta-2
Web-server [52]. The resulting optimized structures were
visualised using UCSF Chimera [53].

Surface plasmon resonance (SPR)

SPR measurements were performed using a multiparametric
SPR instrument NAVI 220A (DBA BioNavis Ltd., Tampere,
Finland). Recombinant human ACE2 (Cusabio, Houston,
TX, USA) was immobilized on 3D carboxymethyl dextran
hydrogel-coated sensor slides. The following protocol was
used for ACE2 immobilization:

1) The sensor was washed with 2 M NaCl solution for
7 min at a flow rate of 30 pl/min;

2) The sensor was activated by washing with a mixture of
0.05 M N-hydroxysuccinimide and 0.2 M 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (dissolved in 5 mM
2-(N-morpholino)ethanesulfonic acid buffer) for 7 min
at a flow rate of 30 pl/min;

3) ACE2 (0.35 mg/ml) dissolved in 5 mM acetic acid, pH
4 was applied for 25 min at a flow rate of 10 pl/min;

4) The sensor was washed with water for 40 min to com-
plete the coupling reaction;

5) Ethanolamine (pH 9) was applied for 6 min at a flow rate
of 30 pl/min to quench the reaction.

Protein immobilization was confirmed by comparing the
baseline level at the beginning and at the end of the procedure.
Measurements were carried out simultaneously in two chan-
nels, one of which was used as a control. HDP-2P (0.5 mg/ml)
dissolved in PBS pH 7.5 was applied for 20 min at a flow rate
of 10 pl/min. RBD (0.1 mg/ml, kindly provided by V.Yu. Kost,
Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry,
Moscow) dissolved in PBS pH 7.5 was applied for 25 min at
a flow rate of 10 pl/min.

Statistical analysis

Data were analyzed using Student’s ¢ test or one-way
ANOVA with a Tukey’s post hoc test for multiple compari-
sons. P <0.05 was considered statistically significant. All
analyses were performed with GraphPad Prism version 6.

Results
Secretory PLA,s from snake venoms

We studied eight samples of snake venom PLA,s and their
subunits. Two PLA,s were from the venom of the krait Bun-
garus fasciatus: BF-PLA2-II (phospholipase A, II; GenBank
AAK62361.1), and BF-PLA2-1 (basic phospholipase A,
1; UniProtKB Q90WA7), both of which belong to group
IA. All other PLA,s tested in this work belong to group
ITA: Vur-PL2 (UniProtKB F8QNS53) was from the viper V.
ursinii renardi. HDP-1 and HDP-2 were from the viper V.
nikolskii; these are dimers composed of the enzymatically
active subunits HDP-1P (UniProtKB Q1RP79) and HDP-
2P (UniProtKB Q1RP78), respectively, combined with the
enzymatically inactive HDP-11I (UniProtKB A4VBFO) for
both dimers. HDP-2 was separated into HDP-2P and HDP-
11 for further studies using reverse phase chromatography.
All these PLA,s are Asp-49 enzymes with the exception of
HDP-11I which contains Gln residue instead of Asp at posi-
tion 49. An inactive version of HDP-2P was also created by
treating it with 4-bromophenacyl bromide, which selectively
alkylates the His residue in the active site. This modified
analogue was purified by reversed-phase HPLC (yield of
the target derivative =45%) and analyzed by mass spectrom-
etry, which revealed the increase in mass by 198 Da, the
molecular weight of one 4-bromophenacyl residue. Testing
the enzyme activity of the modified HDP-2P (called HDP-2P
inact) showed that phospholipolytic activity decreased by
about 2200-fold (Figure S1).

Snake venom PLA,s possess high antiviral activity
against SARS-CoV-2

The cytopathic effects (CPE) of SARS-CoV-2 on Vero E6
cells were used to assay the antiviral activity of five snake
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venom PLA,s, two of which, HDP-1 and HDP-2, were
dimeric, and the antiviral activity of two subunits (HDP-
11 and HDP-2P) isolated from HDP-2 was also examined.
The Vero E6 cell line is widely used in virology, as viruses
produce obvious CPE. The variants of SARS-CoV-2 used in
this work belong to lineage B.1.1, which is the main lineage
in Russia and is also widely spread worldwide. Our data
show SARS-CoV-2 infection results in several morphologi-
cal changes including cell rounding, detachment and cytoly-
sis (Figure S2). We found that all five tested PLA,s showed
antiviral activity as morphological changes induced by the
virus were prevented by PLA,s (Figure S2). The two dimeric
PLA,s HDP-1 and HDP-2 showed the strongest antiviral
activity, inhibiting ~ 50% of the CPE at a concentration of
0.1 pg/ml (Fig. la, b, Table 1). Vur-PL2 was less potent,
inhibiting 50% of the CPE at 1 ug/ml, while BF-PLA2-II and
BF-PLA2-1 showed the lowest level of activity, inhibiting
less than 50% of the CPE at 100 ug/ml (Fig. 1a).

a
100+ mm HDP-1
- mm HDP-2
x 807 B Vur-PL2
§ o : [ BF-PLA2-II
= : 3 BF-PLA2-1
£ 401
w :
0- S :
100 10 1 01 0.01
Concentration (ng/ml)
c
< 1001
§ 80 ~- Vur-PL2
2 o -»- HDP-1
2 - HDP-2
o 40- —— HDP-1I
2 HDP-2P
g 204 -+ HDP-2P inact
14
< 07
(/2]

-3 -2 -1 0 1 2
Log concentration (ng/ml)

Fig.1 Snake venom PLA,s possess high inhibitory activity against
the cytopathic effect of SARS-CoV-2 on the Vero E6 cells. Vero E6
cells were infected with SARS-CoV-2 at 100 TCIDs, (50% tissue cul-
ture infectious dose) in the presence of PLA,s at the indicated con-
centrations for 72 h. CPE inhibition was then measured by colorimet-
ric assay with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT). n=3. a Influence of PLA,s from different venoms
on CPE of SARS-CoV-2. b Influence of HDP-2 and its subunits on
CPE of SARS-CoV-2. ¢ Dose-response curves for determination of
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Next, we studied the antiviral activity of two isolated
subunits of HDP-2: the catalytically active subunit HDP-
2P showed twofold higher antiviral activity than the parent
HDP-2, while the enzymatically inactive subunit HDP-11
had ~ 100 fold lower activity (Fig. 1b, c). This suggests that

Table 1 Half-maximum inhibitory concentration (ICs,) values for
antiviral effects of PLA,s against SARS-CoV-2

PLA, ICy), pg/ml 95% CI*, ug/ml
Vur-PL2 1.88 1.27-2.79
HDP-1 0.08 0.058-0.12
HDP-2 0.17 0.12-0.24
HDP-11 771 5.28-11.27
HDP-2P 0.06 0.05-0.07
HDP-2P inact 417 3.01-5.77

2CI confidence interval
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half-maximum inhibitory concentration (ICs,) values. Nonlinear
regression was used to fit experimental points. d Arachidonic acid
(AA) weakly inhibits the CPE of SARS-CoV-2 on Vero E6 cells.
Vero E6 cells were infected with SARS-CoV-2 at 100 TCIDS50 in the
presence of different concentrations of the AA for 72 h. CPE inhibi-
tion was then measured by colorimetric MTT assay. Results are repre-
sentative of at least five biologically independent samples and shown
as mean+SD
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antiviral activity may be associated with phospholipolytic
activity. To determine the contribution of the phospholipase
activity of the HDP-2P subunit to the inhibition of SARS-
CoV-2, the enzymatic activity of this subunit was inhibited
by chemical modification of the active site (by producing
HDP-2P inact): after such modification the antiviral activ-
ity decreased 70-fold (Fig. 1b, Table 1). As PLA,s catalyze
hydrolysis at the sn2 position of membrane glycerophos-
pholipids to lysophospholipids and free fatty acids, mostly
arachidonic acid (AA), we also tested the influence of AA
on the CPE. AA did inhibit the CPE, but only at high (mM)
concentration (Fig. 1d).

A number of genetically distinct variants of SARS-
CoV-2 have appeared in recent months, some of which

are associated with an increased rate of spread of the virus
[54-57]. To determine whether PLA,s exhibit antiviral
activity against these viruses, HDP-2 was tested using two
SARS-CoV-2 isolates containing deletions and mutation in
glycoprotein S. HDP-2 showed potent antiviral activity with
ICs, values of 0.006 and 0.038 pg/ml for hCoV-19/Russia/
Moscow_PMVL-18 and hCoV-19/Russia/Moscow_PMVL-
20 SARS-CoV-2 strains, respectively (Fig. 2a).

To investigate which stage(s) of the SARS-CoV-2 rep-
lication cycle were interrupted by PLA,, we treated virus-
infected Vero E6 cells with PLA, (10 ug/ml) at different
time points (a time-of-drug-addition assay), and measured
the viral load using quantitative real-time PCR (qQRT-PCR)
(Fig. 2b). The assay showed that HDP-2 efficiently inhibited

a 100+ RS % 3 b4 g b 100-
opig (0 W SARSCov-2PMVL-18
< 801 : : - ICs 0.006 pg/ml ~ 801
s s
g 60- ] SARS-CoV-2 PMVL-20 5 60+
s =
Z 40l ICs0 0.038 pg/ml S 40-
- K
w =
& 20 201
i _: . 5 5 5 0_
100 10 1 041 001 0.001 Post-entry Entry  Full-time
Concentration (ng/ml)
d * Kk ok
c Wuhan-Hu-1 B.1.1.7 (UK) B.1.351 (SA) 4000-
—_ L . :
3 & 3000- : :
< . .
@ 20004 :
(2] : :
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(=] : :
N S 10004 : :
3 L : :
[=] : :
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Fig.2 PLA,s exhibit antiviral activity against viruses containing
mutations and interfere with different stages of the SARS-CoV-2 rep-
lication cycle. a CPE inhibition assay. Vero E6 cells were infected
with SARS-CoV-2 strain PMVL-19 or PMVL-20 at 100 TCIDs,
in the presence of different concentrations of HDP-2 for 72 h. CPE
inhibition was then measured by colorimetric assay with MTT. b
Time-of-drug-addition assay. Vero E6 cells were infected with SARS-
CoV-2 at a multiplicity of infection (MOI) of 0.01, and virus yield
in the infected cell supernatants was quantified by qRT-PCR 18 h
after infection. ¢ 293T/ACE2 were infected with different pseudo-
SARS-CoV-2-GFP either in the presence of vehicle (PBS, Control)
or HDP-2 (10 pg/ml). Representative fluorescent microscopy images

Wuhan B.1.1.7 B.1.351

of 293T/ACE2 cells infected with the pseudo-SARS-CoV-2 and
treated with HDP-2. HDP-2 treatment led to a decrease in the entry
of pseudoviruses, which was manifested in a decrease in the number
of GFP-positive cells compared to the control. Scale bars, 100 pm.
d Infectivity of pseudo-SARS-CoV-2 particles on 293T/ACE2 cells
was quantified by measuring GFP fluorescence. Wuhan, B.1.1.7 and
B.1.351 are the Wuhan reference strain, the lineage B.1.1.7 (United
Kingdom) and the lineage B.1.351 (South Africa), respectively. Sig-
nificant difference was determined using a Student’s 7 test: *p°0.05;
#%p0.01; ***p“0.001. All results are shown as mean=+SD of n=3 or
5 biologically independent samples. RFU relative fluorescence units
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SARS-CoV-2 infection at stages “full-time” and “post-
entry”, while smaller inhibition (~40%) was observed at
stage “entry”. We next determined whether HDP-2 can block
SARS-CoV-2 pseudo-virions entering the cell through bind-
ing to ACE2 (Fig. 2c, d). For this, the pseudo-SARS-CoV-2
(either the Wuhan reference strain or the lineage B.1.1.7
(United Kingdom) and B.1.351 (South Africa) spike pro-
tein) was incubated with HDP-2, after which the mixture
was added to 293T cells expressing the human ACE2 recep-
tor (293T/ACE2 cells). After 72 h of infection, green fluo-
rescent cell (GFP cells) counts were performed. At 10 pg/
ml, HDP-2 showed ~ 50% inhibition of pseudo-SARS-CoV-2
entry into 293T/ACE2 cells (Fig. 2d), indicating that PLA,
can interfere with SARS-CoV-2 attachment to the cellular
surface. Lentivirus pseudotyped with vesicular stomatitis
virus G glycoprotein (VSV-G) was used as a control, and
we found HDP-2 also blocked the entry of pseudo-VSV-G
into 293T/ACE2 cells (Figure S3). To analyze HDP-2 effects
at the stage «post-entry» in more detail, Vero E6 cells were
infected with SARS-CoV-2 for 24 h, after which various
dilutions of HDP-2 were added to the cells. It was found that
HDP-2 blocked the CPE in virus-infected cells at concen-
trations as low as 0.1-0.01 pg/ml, which indicated its high
activity at the «post-entry» stage (Figure S4A). For further
analysis of “post-entry” mechanisms, we used pseudotyped
SARS-CoV-2 virus. Treatment of cells with HDP-2 at a con-
centration of 100 pg/ml for 72 h after transduction with a
pseudovirus revealed an ~twofold decrease in the expression
compared to the control (Figure S4B). Taken together, these
results suggest that HDP-2 inhibits «post-entry» stages of
virus infection prior to/at translation.

Snake venom PLA,s exhibit low cytotoxic activity
against Vero E6 cells

To evaluate direct effects of PLA,s on Vero E6 cells, the
cytotoxicity of PLA,s was studied. PLA,s slightly decreased
cell viability, but did not produce morphological changes in
the cell monolayer (Figure S5). The highest, albeit moderate,
cytotoxicity was manifested by Vur-PL2 and HDP-2P which
at 100 pg/ml reduced cell viability on average by 38% and
51%, respectively (Fig. 3a). Only HDP-2P at the maximal
concentration used (100 pg/ml) had pronounced cytotoxicity
with a change in cell morphology.

The effect of PLA, on cell proliferation was also exam-
ined using cell cycle analysis. For this, the maximum con-
centration (100 ug/ml) of each PLA, was added to Vero E6
cells, which were then incubated for 72 h (Fig. 3b). Analysis
of the treated cells by flow cytometry showed that the major-
ity of these cells were in G1 phase, with a small percentage
in the early S and G2 phases. The cell cycle profiles for cells
treated with PLA,s did not broadly differ from the profile
for untreated cells, except that BF-PLA2-II, Vur-PL2 and
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HDP-2P treatment resulted in small increases in the percent-
age of apoptotic cells.

Dimeric PLA, HDP-2 and its subunits HDP-2P
and HDP-11 possess potent virucidal activity
and inactivate coronavirus

To elucidate whether the PLA,s exert their antiviral activity
through phospholipolytic effects on the cell membrane or on
the virus, we analyzed the virucidal activity of the HDP-2
and HDP-2P (which manifested the highest antiviral activ-
ity), as well as of HDP-1I and HDP-2P inact. To probe a
direct inhibitory effect on viral particles, SARS-CoV-2 was
treated with various concentrations (0.1-10 pg/ml) of PLA,
or buffer, and the results were evaluated using visual scoring
of the CPE on Vero E6 cells (Fig. 4). Complete suppres-
sion of the infectivity of SARS-CoV-2 was observed when
the viral stock was treated with HDP-2P even at 0.1 pug/ml,
at which concentration HDP-2, HDP1I and HDP-2P inact
showed significant residual viral infectivity. HDP-2P inact
also showed residual infectivity at 1 ug/ml, supporting
our hypothesis that HDP-2 can only act efficiently when it
retains phospholipolytic activity.

The mechanisms of action of HDP-2 against bovine
coronavirus (BCV; a prototypical SARS-CoV-2 coronavi-
rus) and SARS-CoV-2 itself were evaluated using trans-
mission electron microscopy. The viral envelope of the
untreated BCV was intact and the virions had a predomi-
nantly spherical morphology, while exposure to 10 pg/ml
HDP-2 resulted in the destruction of the envelope and gross
distortion of the virus ultrastructure, revealing a significant
change in the morphology (Fig. 4b). The treated virus sus-
pension contained two forms of virions:virions with par-
tially destroyed membranes and defective morphology, or
virions with completely destroyed membranes (deformed,
disintegrated particles). Similar effects of HDP-2 on the
morphology of SARS-CoV-2 were observed (Fig. 4c) as
virions treated with HDP-2 revealed many empty virus
shells which were permeable to negative stain (Fig. 4c).
These damaged virions are likely caused by lipid hydrolysis
in the viral membrane.

Snake venom PLA,s inhibit cell-cell fusion mediated
by SARS-CoV-2 glycoprotein S

To study cell fusion mediated by glycoprotein S interaction
with the ACE2 receptor, we used 293T cells expressing
green fluorescent protein (GFP) and SARS-CoV-2 glyco-
protein S (293T-GFP-Spike), and Vero E6 cells express-
ing ACE2. After co-cultivation of the effector 293T-GFP-
Spike cells and target Vero E6 cells in the presence of
the five snake venom PLA,s, the number of fused cells
was counted using a fluorescence microscope. The data
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Fig.3 Snake venom PLA,s exhibit low cytotoxicity to Vero E6
cells. a Cytotoxicity data for all tested PLA,s at 100 pg/ml. Data are
mean+SD from three independent experiments with two measure-
ments. The data are presented as the mean+SD. One-way ANOVA
with Tukey post hoc test was applied to assess statistically significant
differences: *#p<0.01; *#%p<0.001; ****¥p0.0001; ™ p>0.05. b Flow
cytometry analysis of the cell cycle. Vero E6 cells treated with differ-

showed that HDP-1 and HDP-2 inhibited glycoprotein S
mediated cell—cell fusion by ~50% at 1 ug/ml and 70% at
100 pg/ml (Fig. 5A, B). HDP-2P at 100 ug/ml completely

>

ent PLA,s at 100 pg/ml. After 72 h of incubation, cells were labeled
with bromodeoxyuridine (BrdU), treated with HCI, stained with
FITC-labeled anti-BrdU antibody and propidium iodide (PI), and
analyzed by flow cytometry. Vero E6 treated with PBS were used as
a control. Numbers show percentages of cells in S phase (upper) and
G1 or G2 phase (lower) in each dot plot. Apo apoptotic cells

blocked the cell—cell fusion (Fig. 5A), although Vur-PL2
and BF-PLA2-II at 100 pg/ml showed no significant inhi-
bition (Figure S6).
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Fig.4 Dimeric PLA, HDP-2 and its subunits HDP-2P and HDP-11I
possess potent virucidal activity; they inactivate coronaviruses and
disrupt their membranes. a Virucidal activity: SARS-CoV-2 (1 x 10°
TCIDs,) was incubated with serial tenfold dilutions of PLA,s for 1 h
at 37 °C. The treated viruses were used to infect Vero E6 cells. Virus
infectivity was calculated by the reduction of the virus titer after
treatment with PLA, compared to untreated virus. The data are pre-
sented as mean+ SD of three independent experiments and analyzed
by one-way ANOVA with a Tukey post hoc test: all PLA, concen-
trations were significantly different to control, p<0.0001. TCIDs,

HDP-2P reduces the binding of anti-ACE2 antibody
and receptor-binding domain (RBD) of glycoprotein
S to ACE2 receptor

As the catalytic subunit HDP-2P (at 100 pg/ml) completely
inhibits glycoprotein S mediated cell—cell fusion and sup-
presses SARS-CoV-2 replication, an interaction of HDP-
2P with the ACE2 receptor, the major receptor for SARS-
CoV-2, is a reasonable hypothesis. To test this, we analyzed
the effect of this PLA, on the binding of an ACE2-specific
antibody to 293T/ACE2 cells (Fig. 6a, b). Binding of this
antibody to ACE2 decreased twofold in the presence of
HDP-2P, as measured by flow cytometry analysis, which
suggests that HDP-2P may bind to ACE2 receptors. To test
this hypothesis, we analyzed the HDP-2P inhibitory effect
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50% tissue culture infectious dose. Cnfr control. b, ¢ Transmission
electron microscopy (TEM) demonstrates that HDP-2 disrupts the
integrity of the viral envelope and alters viral morphology. Untreated
bovine coronavirus BCV (b) or SARS-CoV-2 (¢) (Control) were
treated with 10 pg/ml of HDP-2 for 1 h at 37 °C. Two different repre-
sentative images are shown for both control and treated virions. In ¢,
the arrow shows the accumulation of contrasting material inside the
virion. Viral particles exposed to HDP-2 show a disrupted envelope
and, as a consequence, altered morphology of viral units. In b, scale
bar=50 nm

on the binding of the SARS-CoV-2 receptor binding domain
protein (RBD) to the ACE2 receptor on 293T/ACE2 cells
using flow cytometry (Fig. 6¢, d). The staining of the cells
revealed two populations which differed in the fluorescence
intensity possessing a high (RBD") and a low (RBD'") flu-
orescence (Fig. 6e). While most cells in the control were
RBD", in the cell population treated with HDP-2P there was
an increase in the percentage of RBD' cells and a decrease
in RBDM cells. Thus, the treatment with HDP-2P decreased
the number of RBD bound by the cell, indicating HDP-
2P-mediated inhibition of RBD protein binding to the ACE2
receptor. Using real-time biomolecular interaction analysis
with surface plasmon resonance (SPR), we further studied
the interaction of HDP-2P with ACE2 protein. The results
demonstrated that HDP-2P could bind to the ACE2 (Figure
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Fig.5 Snake venom PLA,s a
inhibit cell—cell fusion mediated
by SARS-CoV-2 glycoprotein
S. A Images of SARS-CoV-2
glycoprotein S mediated cell-
cell fusion after a 2 h incubation
at different concentrations of
PLA,s. Scale bar=100 um. B
Percent inhibition of cell-cell
fusion by HDP-2. Cell—cell
fusion was calculated rela-

tive to the number of fused
cells in wells untreated with
HDP-2. Experiments were
repeated twice, and the data

are expressed as means + SD.
One-way ANOVA with a Tukey
post hoc test was applied to
assess statistically significant
differences: *p<0.05; **p0.01;
*#%p<0,001
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S7 A) and a sensorgram showed this occurred within 3 min,
i.e. it was a very fast interaction. The complex formed was
stable as it did not dissociate before washing out the sensor
with buffer. As a control, the binding of SARS-CoV-2 RBD
to ACE2 was also examined (Figure S7 B). RBD interaction
with ACE2 proceeded slowly, taking about 20 min to reach
equilibrium, and the complex formed began to dissociate
immediately after reaching equilibrium. These data indicate
that HDP-2P binds to ACE2 and this binding is stronger than
that of SARS-CoV-2 RBD.

Molecular modeling of interactions of HDP-2P
with ACE2 and RBD of SARS-CoV-2

To clarify possible molecular interactions of HDP-2P with
ACE2 and RBD of SARS-CoV-2, we performed molecular
modelling using Frodock and Rosetta 2 docking servers.
Both ACE2 and RBD were predicted to be potential docking
partners of HDP-2P with scoring function values better than
the control ACE2-RBD complex. The Rosetta algorithm
scores were — 578.669 and — 250.419 for ACE2 and RBD
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«Fig. 6 HDP-2P reduces the binding of an anti-ACE2 antibody and
RBD of glycoprotein S to ACE2 receptor at 293T/ACE2 cells. a, b
Inhibition of anti-ACE2 antibody binding to 293T/ACE2 cells by
HDP-2P. 293T/ACE2 cells were incubated with (100 pg/ml) or with-
out (control) HDP-2P for 30 min and stained using human phyco-
erythrin (PE) conjugated anti-mouse ACE2 antibody. MFI mean fluo-
rescence intensity. ¢, d Cells were incubated with PBS (control) or
HDP-2P. The RBD protein fused with human Fc was then added for
1 h. After washing, the binding of RBD was detected using a DyLight
650-conjugated secondary anti-human Fc antibody. e Representative
RBD binding profile in control and HDP-2P-treated cells. The cell
populations binding high (RBD") and low (RBD') amount of RBD
are shown. The percentage of positive cells was determined using
flow cytometry analysis. Significant difference was determined using
a Student’s ¢ test: *p0.05, **p“0.01. Results are mean+SD and are
representative of at least three independent determinations

interaction with HDP-2P, respectively, vs. — 248.931 for
the control complex. This suggests a putative mechanism of
snake venom PLA,s action on SARS-CoV-2. The predicted
complex of HDP-2P with RBD has a phospholipase site near
the structurally disordered RBD loop which, according to
X-ray structures, interacts with ACE2. A partial overlap
(Fig. 7B) between HDP-2P and ACE2 binding interfaces
on RBD could explain some of PLA,s direct effects on viral
attachment to cells. Not all structural data, however, are con-
sistent with this hypothesis: one predicted complex where
the interaction of HDP-2P at the opening of ACE2 catalytic
cleft was scored as the most energy favourable among all
those considered here, showed that the binding interfaces
of HDP-2P and RBD with ACE2 do not intersect (Fig. 7C),
thus, suggesting that HDP-2P binding to ACE2 may exert
only indirect effects on viral attachment.

Discussion

Current efforts to combat the COVID-19 pandemic are pri-
marily focused on hygiene, quarantine of infected people,
social distancing and the development and use of vaccines
[58, 59]. Nevertheless, despite considerable success with the
latter, many hundreds of thousands of people are still being
infected, and, both now and in the future (due to the rapid
viral mutation rate) patients are in need of effective thera-
peutic interventions. Russia belongs to the countries with the
highest number of confirmed cases of COVID-19, making it
a potential source of new virus variants. The vast majority
of variants found in Russia originated from Europe and are
of haplotype B; the variants of SARS-CoV-2 used in this
study belong to lineage B.1.1. We selected this because at
the beginning of this work, this lineage was the main lineage
in Russia [60] and was also widespread in the United King-
dom (33%), United States of America (13%), Japan (9%),
Germany (4%), and Turkey (3%); indeed more than forty
thousand sequences in GISAID are assigned to this lineage.

In addition, several virus variants of this lineage are referred
to as wild-type strains and some VOCs including B.1.1.7
were derived from this lineage.

We show here that a promising starting point for a novel
COVID-19 antiviral agent are snake venom PLA,s, as
a number of these have antiviral activity against SARS-
CoV-2. The most potent PLA, in our study was the dimeric
phospholipase HDP-2, and our work has revealed the pos-
sible mechanism by which this enzyme can inhibit infec-
tion. Our data have shown that HDP-2 must retain enzyme
activity to have antiviral activity, and treatment of SARS-
CoV-2 and BCV with HDP-2 causes not only a change in
the morphology of virions but significant destruction of the
viral membrane. These data suggest that HDP-2 cleaves the
membrane lipids. This is consistent with previous studies
which have shown that crotoxin, a dimeric PLA, isolated
from Crotalus durissus terrificus venom, and its enzymati-
cally active subunit PLA2-CB, inactivated Dengue Virus
Type 2 (Flaviviridae), Rocio virus (Flaviviridae), Oropouche
virus (Peribunyaviridae) and Mayaro virus (Togaviridae)
by cleaving the envelope glycerophospholipids that origi-
nate from the membranes of host cells, and were inactive
against non-enveloped Coxsackie B5 (Picornaviridae) and
encephalomyocarditis virus (Picornaviridae) or viruses bud-
ding through the plasma membrane [28, 61]. A recent study
of PLA s isolated from the venom of Bothrops asper pit
viper showed the high virucidal activity against Flaviviri-
dae strains for an enzymatically active PLA, Mt-I, while
a natural enzymatically-inactive PLA, homolog Mt-II and
inactivated Mt-I possessed greatly diminished activity [62].
These data supported the role of catalysis in the viral inhibi-
tion mechanism. In addition, several studies support the idea
that PLA,s belonging to groups V and X inhibit adenoviral
infection by hydrolysis of the plasma membrane of host cells
[31]. Not all enveloped viruses, however, are susceptible
to PLA,, and this is likely to be because the composition
of phospholipids in the endoplasmic reticulum membrane
differs from those in the plasma membrane, resulting in dif-
ferent compositions of phospholipids in the envelopes of
different viruses [63, 64]. Thus, depending on the origin,
and, therefore, the composition of the envelope, PLA,s can
differently affect the viruses and exert different virucidal
activities. Interestingly, it was recently shown that HDP-2
induced an aggregation and stacking of lipid bilayers [65].

The products of PLA, activity may also play an impor-
tant role in their activity; for example lysophosphatidyl-
choline, from PLA, mediated hydrolysis of phosphati-
dylcholine, has been shown to inhibit membrane fusion
caused by influenza (Orthomyxoviridae), simian immuno-
deficiency (Retroviridae), Sendai (Paramyxoviridae), and
rabies (Rhabdoviridae) viruses blocking viral entry into
host cells [66, 67]. Another product of membrane lipid
hydrolysis by PLA,s is AA, the inhibitory effect of which
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Fig.7 Molecular models for HDP-2P (gold) complexes with ACE2
(red), and RBD (turquoise) obtained by protein docking. A Structures
of HDP-2P complexed with ACE2 (left panel) and S-protein RBD
(right panel) determined using Frodock. The central (control) panel
shows re-docking of ACE2 to RBD, which results in a structure that
resembles published X-ray structures; B A Rosetta-optimized binding

on virus replication has been demonstrated for MERS-
CoV [68]. We found that AA inhibited CPE of SARS-
CoV-2, albeit at a high concentration. Thus, these data
show that AA released upon membrane lipid hydrolysis
has the potential to contribute to the inhibitory action of
PLA,s.
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interface between HDP-2P and RBD intersects the ACE2-RBD bind-
ing surface, which could prevent RBD from interacting with ACE2;
C A different Rosetta-optimized binding interface between HDP-2P
and ACE2 where HDP-2P docks away from the ACE2-RBD binding
surface, implying no direct interplay between viral protein and PLA,

Investigation of the stage(s) of the replication cycle
affected by PLA, showed that stages “full-time” and “post-
entry” were efficiently inhibited by HDP-2 and stage “entry”
was less influenced (although it should be noted that a few
snake venom PLA,s can be internalized and exert effects
inside cells [69, 70]). Moderate inhibition of post-entry steps
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of Chikungunya virus infection was observed for phospho-
lipase A2.p from the venom of Crotalus durissus terrifi-
cus [33]. Using pseudotyped virus labelled with GFP we
observed that in a “post-entry”” experiment, HDP-2 inhibited
the expression of GFP. These data suggest that transcrip-
tion, integration, and/or translation are affected by PLA,.
However as HDP-2 is active against SARS-CoV-2 at a much
higher concentrations, the later stages of the replication
cycle which include assembly, budding and release may also
be damaged by PLA,s perhaps because these stages proceed
with the participation of lipids from the host cell which can
be degraded by PLA,.

The envelopes of coronaviruses contain a spike protein
(glycoprotein S) which forms a “crown”, and mediates viral
entry into cells. Glycoprotein S is composed of two domains:
S1, which binds to the ACE2 receptor on the surface of host
cells, and S2 which mediates fusion of the viral envelope
with the cell membrane. Following binding to ACE2, tar-
get cell proteases activate glycoprotein S, cleaving the site
between S1 and S2, and rendering the latter now able to
mediate viral fusion and penetration [71, 72]. We found
that HDP-1 and HDP-2 are able to block SARS-CoV-2 gly-
coprotein S mediated cell-cell fusion, perhaps acting in a
similar manner to peptide fusion inhibitors [45]. It is also
possible that PLA2s may inhibit SARS-CoV-2 binding to
ACE2, and our data showing that HDP-2P reduced the bind-
ing of anti-ACE2 and RBD to 293T/ACE?2 cells support this
hypothesis. In addition, we demonstrated a direct HDP-2P-
ACE?2 interaction using SPR. Further support comes from
molecular modelling of HDP-2P interactions with ACE2 and
RBD of SARS-CoV-2. Docking studies showed that HDP-2P
can form fairly stable complexes both with ACE2 and RBD,
and, as SARS-CoV-2 utilizes ACE?2 for cell adhesion and
entering, HDP-2P could interrupt viral adhesion directly by
interacting with the ACE2-binding site on RBD. Alterna-
tively, the interaction of HDP-2P with ACE2 may influence
viral adhesion indirectly by altering ACE2 conformation.
Such competitive effects have been previously observed with
a number of peptides from scorpion venom, which are active
against retroviruses such as HIV/SIV through their ability to
bind to the HIV glycoprotein gp120 due to molecular mim-
icry of the CD4* receptor. As a result, they block gp120-
CD4 interactions, which are important for the initiation of
conformational changes in the viral envelope that trigger
virus entry into the cells [73].

In summary, we demonstrate here for the first time the
antiviral activity of snake PLA,s against SARS-CoV-2,
suggesting that these enzymes are active against the Coro-
naviridae family as they are against many other virus fami-
lies. Dimeric phospholipase HDP-2 and its catalytic subunit
showed virucidal activity in the nanomolar range, activity
that was significantly decreased by inhibition of phospholi-
pase enzymatic activity, indicating the effect is most likely

due to the cleavage of phospholipids on the virus envelope,
which can lead to the destruction of the lipid bilayer and
destabilization of surface glycoproteins in the virus. Addi-
tionally, PLA,s may prevent virus entry into the cell by
inhibiting its binding to ACE2. These data highlight the
potential of PLA,s as a natural product that could prove to
be fruitful as the starting point for the development of anti-
viral drugs.
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