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A B S T R A C T

Despite the advances in contemporary medicine and availability o f numerous innovative therapies, effective 
treatment and prevention o f SARS-CoV-2 infections pose a challenge. In the search for new anti-SARS-CoV-2 drug 
candidates, natural products are frequently explored. Here, fifteen cyanopeptolins (CPs) were isolated from the 
Baltic cyanobacterium Nostoc edaphicum and tested against SARS-CoV-2. O f these depsipeptides, the Arg- 
containing structural variants showed the strongest inhibition o f the Delta SARS-CoV-2 infection in A549ACE2/ 
TMPRSS2 cells. The functional assays indicated a direct interaction o f the Arg-containing CP978 with the virions. 
CP978 also induced a significant decline in virus replication in the primary human airway epithelial cells (HAE). 
O f the four tested SARS-CoV-2 variants, Wuhan, Alpha, Omicron and Delta, only Wuhan was not affected by 
CP978. Finally, the analyses with application o f confocal microscopy and with the SARS-CoV-2 pseudoviruses 
showed that CP978-mediated inhibition o f viral infection results from the direct binding o f the cyanopeptolin 
with the coronaviral S protein. Considering the potency o f viral inhibition and the mode o f action o f CP978, the 
significance o f the peptide as antiviral drug candidate should be further explored.
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1. Introduction

As the severe acute respiratory syndrome coronavirus 2 (SARS-CoV- 
2) pandemic unfolded at the onset o f the 2020s, the urgent demand for 
novel antiviral drugs became abundantly clear to both medical pro­
fessionals and the general public. During two years, the virus spread to 
all parts o f  the globe and caused 6,938,353 confirmed deaths (WHO, 
entry 31.05.23), but the estimated true death toll reached 20, 000, 000 
(COVID-19 Excess Mortality Collaborators, 2022). A  year after the

emergence o f SARS-CoV-2, a large-scale vaccination operation was 
initiated as a strategy to curb the impact o f the pandemic. Concurrently, 
the evolution o f SARS-CoV-2 yielded multiple variants differing in 
transmissibility, severity, and public health impact. The effectiveness o f 
the vaccines developed against the variants varied and the protection 
waned over time, especially in older and immunocompromised in­
dividuals (Cao et al., 2022; Zeng et al., 2022). Therefore, simultaneously 
with vaccination campaigns, efforts to develop new therapies were 
intensified. Regrettably, the success rate has been low, and so far only a

* Corresponding author.

** Corresponding author.
E-mail addresses: k.a.pyrc@uj.edu.pl (K. Pyrc), hanna.mazur-marzec@ug.edu.pl (H. Mazur-Marzec).

1 RK and AM contributed equally to all aspects o f the article.
2 w ww .http://virogenetics.info/

https://doi.org/10.10167j.antiviral.2023.105731
Received 12 June 2023; Received in revised form 18 August 2023; Accepted 1 October 2023 
Available online 12 October 2023
0166-3542/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ELSEVIER

http://www.sciencedirect.com/science/journal/01663542
https://www.elsevier.com/locate/antiviral
mailto:k.a.pyrc@uj.edu.pl
mailto:hanna.mazur-marzec@ug.edu.pl
http://virogenetics.info/
https://doi.org/10.1016/j.antiviral.2023.105731
http://creativecommons.org/licenses/by/4.0/


few  drugs showed limited efficacy (Beigel et al., 2020; Yip et al., 2022), 
with a notable exception o f paxlovid, which showed almost 1 log 
reduction in mortality among high-risk patients (Liu et al., 2023). 
Promising drug candidates predominantly target viral components, such 
as the spike (S) glycoprotein, the cysteine proteases (M pro/3CLpro and 
PLpro), RNA-dependent RNA polymerase (RdRp) and the angiotensin 
converting enzyme 2 (ACE2) o f the host cell ( Krumm et al., 2021). Other 
potential treatments aim to alleviate infection symptoms and facilitate 
recovery by modulating the improper and excessive immune responses 
(Rommasi et al., 2022). Among the screened compounds that target 
these elements, numerous natural products such as isoprenoids, alka­
loids, amides, tannins, peptides, and polyketides have been identified 
(da Silva Antonio et al., 2020; Wang et al., 2022; Chhetri et al., 2022; 
Raman et al., 2022; Al-Harrasi et al., 2022; Vargas et al., 2023). They 
come from organisms representing different phyla and habitats. These 
products o f plants, animals, fungi and bacteria, with their enormous 
structural diversity and unique biological activities, represent 
well-documented potential to aid in the prevention and treatment o f 
viral infections. In the case o f cyanobacteria, the activity o f lectins and 
polysaccharides against enveloped viruses has been studied for more 
than two decades (Mazur-Marzec et al., 2021; Mitchell et al., 2017; 
Mader et al., 2016). In a significant part o f the works, the antiviral po­
tential o f cyanometabolites synthesised by strains o f the Nostoc genus 
was demonstrated ( Carpine and Sieber, 2021). Cyanovirin-N (CV-N ), a 
lectin isolated from N. ellipsosporum, acts by blocking the interaction 
between the human immunodeficiency virus (H IV ) gp120 and the CD4 
T-cell receptor (Barrientos & Gronenborn, 2005; Liu et al., 2009). CV-N 
is also active against other enveloped viruses with glycoprotein con­
taining N-linked high mannose oligosaccharides (Barrientos et al., 
2003). Nostoflan, the acidic polysaccharide produced by N. flagelliforme 
inhibited the replication o f herpes simplex virus (HSV), human cyto­
megalovirus (HCMV) and influenza viruses, preventing the binding o f 
the virus to host cells. This polysaccharide also augments the host’ s 
immune defence mechanisms (Kanekiyo et al., 2007). In a limited 
number o f studies, the potential o f  cyanometabolites to inhibit corona­
virus infection was explored. Naidoo et al. (2020), analysed the 
conformational stability o f the complexes formed by the interaction o f 
23 cyanometabolites with Mpro and PLpro. Based on the binding energy 
scores o f the complexes as w ell as other physicochemical properties, 
deoxycylindrospermopsin was recommended as the promising corona­
virus protease inhibitor. In another computational study, conducted in 
parallel with ADME and toxicity tests, photoprotective 
mycosporine-glycine-valine and shinorine (scytonemin) effectively 
interacted with the ACE2 receptor (Sahu et al., 2022). In silico docking 
was also used to study the interaction between the receptor binding 
domain o f the viral S protein and the Arthrospira products, phycoery- 
throbilin, phycocyanobilin, phycourobilin and folic acid, ( Petit et al., 
2021). Zainuddin et al. (2007) showed that chromatographic fractions 
containing ichthyopeptins A  and B, the structural analogues o f cyano- 
peptolins (CPs), were active against the influenza A  virus. Cyano- 
peptolins are also produced by the Baltic cyanobacterium Nostoc 
edaphicum CCNP1411 (Mazur-Marzec et al., 2018), These compounds, 
categorised as cyclic depsipeptides with the 3-amino-6-hydroxy-2-piper- 
idone (Ahp) moiety, were reported to inhibit serine proteases (trypsin, 
chymotrypsin, thrombin and plasmin (Gesner-Apter and Carmeli, 2009; 
Gademann et al., 2010; Mazur-Marzec et al., 2018). During SARS-CoV-2 
infection, host (e.g. TMPRSS2, furin and cathepsin) and viral (e.g. PLpro 
and Mpro) proteases play an important role in virus entry to host cell or in 
the synthesis o f viral non-structural proteins, respectively. Therefore, 
protease inhibitors are w idely explored as potential antiviral drug can­
didates (Lv et al., 2022; Shapira et al., 2022; Saad et al., 2020). In the 
current study, the anti-SARS-CoV-2 activity o f cyanopeptolins from 
N. edaphicum CCNP1411 was explored with the aim to select the most 
promising CP structural variants, identify their mechanism o f action and 
determine the activity range against the SARS-CoV-2 variants.

2. Material and methods

2.1. Cyanobacterial material

Nostoc edaphicum CCNP1411 (GenBank accession no. 
PRJNA638531), isolated from the coastal water o f  the Baltic Sea, was 
grown for biomass in Z8 medium (7 PSU) (Kotai, 1972) at 20 ±  2 ° C and 
continuous irradiation o f  10 ±  2 pmol photons/m2/s. After approxi­
mately three weeks, when the stationary state was reached, the cyano­
bacteria were harvested by centrifugation. The collected biomass was 
freeze-dried and stored in a desiccator before further analyses.

2.2. Extraction and isolation

Dry cyanobacterial biomass (150 g) was homogenised by grinding 
and extracted five times with 75% methanol (M eOH) in M illiQ water (5 
x 1 l) by vortexing (15 min) and sonication in ultrasonic bath (10 min). 
The collected extracts were centrifuged (10,000 x g, 15 min, 4 °C) and 
diluted with M illiQ water to MeOH concentration <10%. To separate 
the extract into fractions and isolate pure compounds, flash chroma­
tography followed by preparative chromatography were performed with 
a Shimadzu HPLC instrument (Shimadzu Corporation, Kyoto, Japan) 
equipped with a photodiode array detector (PDA) and a fraction col­
lector. First, the sample was loaded onto a preconditioned 120 g SNAP 
KP-C18-HS flash chromatography column (Biotage, Uppsala, Sweden). 
Compounds were eluted with a step gradient from 0% to 100% MeOH in 
water, at a flow  rate o f 12 ml/min, and 40 ml fractions were collected. 
The procedure was repeated separately for each portion o f the extract 
obtained from approx. 15 g d.w. The fractions containing cyanopepto­
lins (eluted with 40-100% MeOH) were further individually separated 
in a Jupiter Proteo C12 column (21.2 x 250 mm; 4 pm; 90 A; Phe- 
nomenex, Aschaffenburg, Germany). During subsequent preparative 
runs, a mixture o f 5% acetonitrile (ACN) in water (phase A ) and 100% 
ACN (phase B), both containing 0.1% formic acid were used as an eluent. 
To isolate pure CP978, the content o f phase B increased from 15% to 
19% in 10 min, then to 20% in 10 min and to 29% in 20 min. The flow  
rate was 12 ml/min. The modified gradients used for the isolation o f 
other CPs are shown in Table S1.

2.3. LC-MS/MS analysese

The fractionation and purification process was controlled using a 
system composed o f an Agilent 1200 Series LC (Agilent Technologies, 
Waldbronn, Germany) and a QTRAP5500 mass spectrometer (Applied 
Biosystems, Sciex, Concord, ON, Canada). Separation o f cyanopeptolins 
was performed in a Jupiter Proteo C12 column (4.6 x 150 mm; 4 pm; 90 
A; Phenomenex, Aschaffenburg, Germany). The mobile phase compo­
nents and the gradient were the same as in the case o f preparative runs, 
but the flow  rate was 0.6 ml/min. Mass spectrometer operated in posi­
tive mode, at Turbo Spray source temperature 550 °C and ionisation 
voltage 5.5 kV. Spectra were acquired in information-dependent 
acquisition (IDA) mode. An enhanced product ion (EPI) was triggered 
when the pseudomolecular ion m/z was within the range o f 500-1250 
and the ion intensity exceeded 5 x 105 cps. The collision energy (CE) 
was 60 eV and the declustering potential (DP) was 80 eV. Data acqui­
sition and processing were performed using Analyst QS (version 1.7.1, 
2019, Applied Biosystems/MDS Analytical Technologies, Concord, ON, 
Canada).

For the measurements o f the exact masses o f cyanopeptolins, a high 
resolution tandem mass spectrometer was utilised. Chromatographic 
separation o f CCNP1411 extract was accomplished in an Elute HPG1300 
HPLC system (Bruker Daltonics, Bremen, Germany) using an Atlantis T3 
C18 column (2.1 mm x 100 mm; 3 pm; 100 A; Waters, Milford, Mas­
sachusetts, U.S.) with a VanGuard cartridge holder (precolumn, Waters, 
Milford, Massachusetts, USA). The mobile phases were water (A ) and 
ACN (B) both acidified with 0.1% formic acid. The gradient elution



program was: 75% A  (held for 2 min), to 100% B in 18 min (held for 3 
min) and 75% in 1 min (held for 5 min) for equilibrium. The flow  rate 
was 0.2 ml/min, column temperature was 30 °C and the injection vol­
ume was 10 pl. An Impact II high resolution time o f flight tandem mass 
spectrometer (Q-ToF-MS) (Bruker Daltonics, Bremen, Germany) equip­
ped with an electrospray ionisation source operated in positive mode 
was used. The ESI capillary voltage was 3.1 kV and the collision energy 
ranged from 8.4 eV to 10.5 eV (25% -75%  o f the timing). Full scan ac­
curate mass spectra were obtained in the m/z range 50-1300 in Auto MS 
(Data Dependent Analysis, DDA) with dynamic exclusion. Bruker’ s 
HyStar and Data Analysis software were used for data acquisition and to 
convert HRMS data to mzXML files, for further data analyses.

2.4. NM R analyses

The 1D 1H NMR and 2D homo- and heteronuclear NMR (COSY, 
TOCSY, ROESY, HSQC, and HMBC) were acquired with the application 
o f a Bruker Avance III spectrometers, 500 MHz and 700 MHz. Spectra 
were recorded in dimethyl sulfoxide-d6 (DMSO-d6). NMR data were 
processed and analysed by TopSpin (Bruker, Billerica, MA, USA) and 
POKY software (Lee et al., 2021).

2.5. Cell culture

Vero E6 cells (Cercopithecus aethiops; kidney epithelial; ATCC: CRL- 
1586; USA) were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM; Thermo Fisher Scientific, Waltham, Massachusetts, USA) sup­
plemented with 5% heat-inactivated fetal bovine serum (FBS; Thermo 
Fisher Scientific), streptomycin and penicillin (100 pg/ml and 100 mU/ 
ml, respectively).

A549 cells (adenocarcinoma human alveolar basal epithelial; ATCC: 
CCL-185; USA) overexpressing ACE2 and TMPRSS2 (a 549ACE2/TMPRSS2 
in-house generated ( Synowiec et al., 2021) were maintained in DMEM 
medium (Gibco, Thermo Fisher Scientific) supplemented with 5% 
heat-inactivated fetal bovine serum (Gibco, Thermo Fisher Scientific) 
and penicillin-streptomycin solution (100 U/ml and 100 pg/ml, 
respectively; PAN Biotech GmbH, Aidenbach, Germany). Medium for 
the A549ACE2/TMPRSS2 cells was additionally supplemented with blasti- 

cidin S (10 pg/ml; Sigma-Aldrich, Saint Louis, USA) and puromycin (0.5 
pg/ml; Sigma-Aldrich).

2.6. Cytotoxicity assays

The XTT Cell Viability Assay kit (Biological Industries, Cromwell, 
USA) was used according to the manufacturer’s instructions. Briefly, 
subconfluent A549ACE2/TMPRSS2 cells were incubated in cyanopeptolin 

containing solution for 95 h at 37 °C, 5% CO2. The medium was then 
discarded and fresh medium was overlaid on the cells, along with the 
activated 2,3-bis-(2-methoxy-4-nitro-5-sulphenyl)-(2H)-tetrazolium-5- 
carboxanilide (XTT) solution and cells were incubated for 2 h (37 °C, 
5% CO2). After this time, absorbance (X =  490 nm) was measured using a 
microplate reader (SpectraMax iD5, Molecular Devices, San Jose, USA). 
The obtained results were further normalised to the control sample, 
where cell viability was set to 100%.

2.7. Human epithelium (HAE) cultures

Human airway epithelial cells (Epithelix SAS, Archamps, France) 
were maintained in BEGM medium. Before the test, cells were trypsi- 
nised and transferred to a permeable transwell insert supports ( f  =  6.5 
mm). Cell differentiation was stimulated by medium additives. The 
removal o f the media from the apical side was performed after the cells 
reached confluence. Cells were cultured for 3-5 weeks to form well- 
differentiated, pseudostratified mucociliary epithelia, as previously 
described (Milewska et al., 2020; Barreto-Duran et al., 2022).

2.8. Virus preparation and titration

SARS-CoV-2 isolates [original Wuhan (Munchen-1.2 2020/984), 
Alpha [B1.1.7], Omicron (B.1.1.529) and Delta isolate (B.1.617.2)] were 
generated by infecting monolayers o f Vero E6 cells. The virus-containing 
liquid was collected on day 3 postinfection (p.i.), aliquoted, and stored 
at — 80 °C. Control Vero E6 cell lysate from mock-infected cells was 
prepared in the same manner. Plates were incubated at 37 °C for 3 days, 
and the cytopathic effect (CPE) was scored by observation under an 
inverted microscope. Virus yield was assessed by titration on fully 
confluent Vero E6 cells in 96-well plates, according to the method o f 
Reed and Muench (1938).

2.9. Virus infection

Unless stated otherwise, in all anti-SARS-CoV-2 assays the Delta 
variant was used.

2.9.1. Standard antiviral assays
In in vitro experiments, fully confluent A549ACE2/TMPRSS2 cells in 96- 

w ell plates were exposed to either SARS-CoV-2 or a mock treatment at a 
50% tissue culture infective dose (TCID5o) o f 800 per ml in the presence 
o f  tested cyanopeptolin or control medium. After 2 h incubation at 
37 °C, unbound virions were removed by washing with 100 pl o f PBS 
and fresh medium containing dissolved respective cyanopeptolin 
variant was added to each well. Cell culture supernatants were collected 
on day 3 p.i. and analysed using reverse transcription-quantitative PCR 
(RT-qPCR). For the ex vivo study, fully differentiated human airway 
epithelium cultures were exposed to the tested cyanopeptolin or the 
control (PBS) for 30 min at 37 °C, follow ing inoculation with SARS-CoV- 
2 at a TCID50 o f 800 per ml in the presence o f the CP978 or control PBS. 
After 2 h incubation at 37 °C, unbound virions were removed by 
washing with 200 pl o f PBS, and HAE cultures were maintained at the 
air-liquid interphase till the end o f the experiment. To analyse the ki­
netics o f the virus replication, each day p.i., 100 pl PBS was applied on 
the apical surface o f the HAE and collected after a 10-min incubation at 
37 °C. A ll samples were stored at — 80 °C and analysed using RT-qPCR.

2.9.2. Functional tests

2.9.2.1. Attachment assays. Cells were incubated w ith 100 pl o f CP978 
(50 pg/ml) or DMSO in growth media for 60 min at 37 °C. Cells were 
then washed three times with PBS and infected with 100 pl SARS-CoV-2 
(at TCID50 =  800/ml). After four days o f infection at 37 °C, supernatants 
were collected, and the number o f SARS-CoV-2 RNA copies was deter­
mined using RT-qPCR.

2.9.2.2. Entry assays. Pre-cooled A549ACE2/TMPRSS2 cells were inocu­
lated with ice-cold SARS-CoV-2 at TCID50  o f 800/ml and incubated at 
4 °C for 2 h to allow  virus binding. Next, the virus particles were 
removed by washing with ice-cold 1 x PBS and cells were incubated 
with cyanopeptolin CP978 (50 pg/ml) or control DMSO at 37 °C for 2 h 
to allow  virus penetration and to evaluate whether the cyanopeptolin 
interferes with this process. Subsequently, the media were removed and 
cells were washed 3 times with an acidic buffer in order to inhibit the 
fusogenic activity o f the virions that were not internalised. The effi­
ciency o f  virus deactivation using low  pH was verified prior to these 
experiments. Subsequently, cells were washed with 1 x PBS, overlaid 
with culture medium and incubated at 37 °C for four days.

2.9.2.3. Adsorption assays. Cells were pre-cooled at 4 °C, overlaid with 
100 pl o f CP978 (50 pg/ml) and SARS-CoV-2 (TCID50 =  800/ml). Cells 
were incubated at 4 °C to allow virus attachment, but not the internal­
isation to the host cell. Cells were then washed three times with PBS, and 
100 pl o f fresh medium was added. Cells were incubated for 4 day at



37 °C, and then, supernatants were collected for RT-qPCR analyses.

2.9.2.4. Release assays. Cells were infected with 100 pl SARS-CoV-2 at 
(TCID50 =  800/ml) and incubated for 2 h at 37 °C to allow  the virus to 
enter the cells. After incubation, cells were rinsed three times with PBS, 
and 100 pl o f CP978 (50 pg/ml) or control (DMSO) in the growth me­
dium was applied. Cells were incubated for 4 days at 37 °C, and su­
pernatants were collected for RT-qPCR analyses.

2.9.2.5. Virus inactivation assays. SARS-CoV-2 virions were incubated 
with CP978 (50 pg/ml) or control (DMSO) for 60 min at room temper­
ature. After preincubation, samples were titrated onto confluent 
A549aCE2/TMPRSS2 cells. Plates were incubated at 37 °C for 4 days, and 
the cytopathic effects were scored by observation under an inverted 
microscope.

2.10. Isolation o f  nucleic acids and reverse transcription-quantitative PCR 
(RT-qPCR)

Isolation o f viral RNA was carried out using a commercially available 
RNA isolation kit (Viral DNA/RNA Isolation Kit; A& A Biotechnology, 
Poland), according to the protocol provided by the manufacturer. The 
isolated RNA was subjected to RT-qPCR using the GoTaq® Probe 1-Step 
RT-qPCR System Protocol kit (Promega, Madison, Wisconsin, USA) ac­
cording to the manufacturer’ s instructions with the use o f primers and 
probes listed in Table 1. Appropriate standards were prepared to eval­
uate the number o f viral RNA molecules in the samples. The reaction was 
carried out in a thermal cycler (CFX96 Touch Real-197 Time PCR 
Detection System; Bio-Rad, Hercules, California, USA). The obtained 
data are presented as log reduction value (LRV), showing the relative 
decrease in the amount o f virus in cell culture media compared to the 
untreated sample.

2.11. Immunostaining and confocal imaging

Fixed cells were permeabilized with 0.1% Triton X-100 in PBS and 
incubated overnight at 4 °C in PBS supplemented with 5% bovine serum 
albumin (BSA) and 0.5% Tween 20. To visualise SARS-CoV-2 particles, 
cells were incubated for 2 h at room temperature with mouse anti-SARS- 
CoV-2 N  IgGs (MA5-29981, Thermo Fisher Scientific, Waltham, Mas­
sachusetts, USA) (1 : 200 dilution), followed by 1 h incubation with 
Alexa Fluor 488-labelled goat anti-mouse IgG (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA) (2.5 mg/ml). Nuclear DNA was stained 
with DAPI (49,6-diamidino-2-phenylindole) (Sigma-Aldrich, Saint 
Louis, USA) (0.1 mg/ml). Immunostained cultures were mounted on 
glass slides in ProLong Gold antifade medium (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA). Fluorescent images were acquired 
under a Leica TCS SP5 II confocal microscope (Leica Microsystems 
GmbH, Mannheim, Germany) and a Zeiss LSM 710 confocal microscope 
(Carl Zeiss Microscopy GmbH, Jena, Germany). Images were acquired 
using Leica Application Suite Advanced Fluorescence LAS AF v. 2.2.1 
software (Leica Microsystems CMS GmbH, Mannheim, Germany) or ZEN 
2012 SP1 software (Carl Zeiss Microscopy GmbH, Jena, Germany) and 
were deconvolved with Huygens Essential package version 4.4 (Scien­
tific Volume Imaging B.V., Hilversum, The Netherlands) and processed 
using ImageJ 1.47v (National Institutes o f Health, Bethesda, USA).

Table 1
Oligonucleotides used for SARS-CoV-2 RT-qPCR.

Oligonucleotides Sequence (5’ ->  3 )

5' primer (Forward) CACATTGGCACCCGCAATC
3' primer (Reverse) GAGGAACGAGAAGAGGCTTG
Fluorescent probe 6-ACTTCCTCAAGGAACAACATTGCCA-BHQ-1

2.12. Pseudovirus production and transduction

Human 293T cells (kidney epithelial cells ATCC: CRL-3216) were 
seeded in 10-cm diameter dishes, cultured for 24 h at 37 °C with 5% 
CO2, and transfected using polyethylenimine (Sigma-Aldrich, Saint 
Louis, USA) with the lentiviral packaging plasmid (psPAX), the VSV-G 
envelope plasmid (pMD2G), or SARS-CoV-2 S glycoprotein (pCAGGS- 
SARS-CoV-2-S) and a third plasmid encoding firefly luciferase protein 
(pRRL luciferase). Cells were further incubated for 72 h at 37 °C with 5% 
CO2, and pseudoviruses were collected every 24 h and stored at 4 °C. 
A549ACE2/TMPRSS2 cells were seeded in 96-well plates, incubated for 24 h 

at 37 °C with 5% CO2 , and transduced with pseudoviruses harbouring 
VSV-G or S-SARS-CoV-2 proteins or lacking the fusion protein (AEnv) or 
in the presence o f Polybrene (Sigma-Aldrich, Saint Louis, USA) (4 mg/ 
m l) and CP978 or control (DMSO). After 4 h o f incubation at 37 °C, the 
unbound virions were removed by three washes with PBS, and cells were 
further incubated for 72 h at 37 °C with 5% CO2. After that, cells were 
lysed using Bright-Glo luciferase assay buffer (Promega, Poland) and 
transferred to white 96-well plates. Luminescence levels were measured 
on a SpectraMAx iD5 microplate reader (Molecular Devices, San Jose, 
California, USA).

2.13. Microscale thermophoresis (M S T ) assays

SARS-CoV-2 Spike (Omicron 6P spike ectodomain) was labelled with 
the Protein Labelling Kit RED-NHS 2nd Generation from NanoTemper 
Technologies, Inc. (San Francisco, California, USA) according to the 
manufacturer’s guidelines. Labelled proteins were diluted in PBS con­
taining 0.05% Tween-20 up to 10 nM and mixed with the tested nano­
bodies that were diluted twofold in the same buffer. The samples were 
allowed to incubate for 30 min at room temperature. Measurements 
were performed on a Monolith in duplicates using excitation power: 
80% and MST power: medium in dedicated capillaries using RED nano 
detector. Data was further averaged and fitted with a kD fit using 
dedicated Nanotemper software (NanoTemper Technologies, San Fran­
cisco, California, USA). Hot and cold regions were set to 0 s and 0.5 s, 
respectively, to enhance the Temperature-Related Intensity Change 
(TRIC) as compared to the thermophoresis.

2.14. Statistical analysis

The Shapiro-Wilk test was used to evaluate normality o f all data. 
When data showed normal distribution, one-way- or two-way-ANOVA 
was applied. When data did not show normal distribution the Kruskal- 
Wallis non-parametric test and Dunn’ s multiple comparison test were 
used.

3. Results

3.1. Isolation and CPs structure elucidation

Chromatographic runs yielded fifteen pure peptides. They were 
isolated in sufficient amounts to perform antiviral tests (Table 2). 
Structure elucidation o f the peptides was based on the diagnostic ions 
present in the rich mass fragmentation spectra o f [M + H ]+  (CPs with 
Arg2) or [M  +  H -  H2O ]+  (CPs with Tyr2, Phe2 and Leu2). These ions 
indicated the presence o f specific residues and their sequences 
(Table S2). In the cyclic part, four residues were conserved: Thr1, Ahp3, 
Phe4, Val6, while in a side chain Asp7 was always present. The most 
variable part o f the structure was position 2 occupied by Arg2 (eight 
CPs), Tyr2 (three CPs), Phe2 (tw o CPs) and Leu2 (tw o CPs). Among the 
detected CPs, there were also two variants (CP922 and CP893), which 
lacked the fatty acid residue in the side chain. The diagnostic ions for 
CP978 are shown in Fig. 1. The purity o f the isolated CP978 (>95% ) was 
confirmed by LC-MS analysis (Figure S1).



Table 2
Cyanopeptolins isolated from Nostoc edaphicum CCNP1411 and tested in this study (Ahp -  3-amino-6-methoxy-2-piperidone, BA -  butanoic acid, HA -  hexanoic acid, 
Ac -  acetyl group, MeTyr -  N-methyltyrosine, diMeTyr -  N,0-di-methyltyrosine, MePhe -  N-methylphenylalanine, HRMS -  m/z measured with a high resolution mass 
spectrometer, n.d. -  not detected in cell extract).

Name Exact CP mass Calculated precursor ion (m/z) HRMS (m/z) Mass Error Structure

CP 1020 1020.5280 1021.5359 1021.5350 0.0009 [Thr +  Arg +  Ahp +  Phe +  diMeTyr +  Val]Asp +  HA
CP 992 992.4967 993.5046 993.5043 0.0003 [Thr +  Arg +  Ahp +  Phe +  diMeTyr +  Val]Asp +  BA
CP 990 990.5175 991.5253 991.5246 0.0007 [Thr +  Arg +  Ahp +  Phe +  MePhe +  Val]Asp +  HA
CP 978 978.4811 979.4889 979.4889 0.0000 [Thr +  Arg +  Ahp +  Phe +  MeTyr +  Val]Asp +  BA
CP 964 964.4654 965.4733 965.4631 0.0001 [Thr +  Arg +  Ahp +  Phe +  diMeTyr +  Val]Asp +  Ac
CP 962 962.4862 963.4940 963.4939 0.0001 [Thr +  Arg +  Ahp +  Phe +  MePhe +  Val]Asp +  BA
CP 922 922.4549 923.4627 n.d. - [Thr +  Arg +  Ahp +  Phe +  diMeTyr +  Val]Asp
CP 893 892.4443 893.4521 n.d. - [Thr +  Arg +  Ahp +  Phe +  MePhe +  Val]Asp
CP 999 999.4590 982.4562 982.4555 0.0007 [Thr +  Tyr +  Ahp +  Phe +  diMeTyr +  Val]Asp +  BA
CP 985 985.4433 968.4406 968.4396 0.0010 [Thr +  Tyr +  Ahp +  Phe +  MeTyr +  Val]Asp +  BA
CP 969 969.4484 952.4457 952.4449 0.0008 [Thr +  Tyr +  Ahp +  Phe +  MePhe +  Val]Asp +  BA
CP 949 949.4797 932.4712 932.4764 0.0005 [Thr +  Leu +  Ahp +  Phe +  diMeTyr +  Val]Asp +  BA
CP 935 935.4640 918.4613 918.4610 0.0003 [Thr +  Leu +  Ahp +  Phe +  MeTyr +  Val]Asp +  BA
CP 983 983.4640 966.4613 966.4612 0.0001 [Thr +  Phe +  Ahp +  Phe +  diMeTyr +  Val]Asp +  BA
CP 953 953.4535 936.4507 936.4500 0.0007 [Thr +  Phe +  Ahp +  Phe +  MePhe +  Val]Asp +  BA

Fig. 1. The QTRAP5500 generated product ion mass spectrum o f cyano- 
peptolin CP978 BA-Asp-[Thr-Arg-Ahp-Phe-MeTyr-Val] with the precursor ion 
[M +H ]+  at m/z 979.49. The mass signals were assigned to the following 
fragment ions: 961.5 [M +  H -  H2O]+, 933.5 [M +  H -  H2O -  CO]+, 862.4 [M 
+  H -  Val -  H2O]+, 793.4 [M +  H -  (BA +  Asp)]+, 776.4 [M +  H -  (BA +  Asp) -  
H2O]+, 758.4 [M +  H -  (BA +  Asp) -  2H2O]+, 701.4 [M +  H -  (Ahp +  Phe) -  
H2O]+, 693.4 [Arg +  Ahp +  Phe +  MeTyr +  Val +  H]+, 425.2 [BA +  Asp +  Thr 
+  Arg +  H -  H2O]+, 420.2 [Ahp +  Phe +  MeTyr +  H -  H2O]+, 309.1 [Phe(-N) 
+  MeTyr +  H]+, 243.1 [Ahp +  Phe +  H -  H2O]+, 215.1 [Ahp +  Phe +  H -  H2O 
-  CO]+, 150.1 MeTyr immonium ion, 120.0 Phe immonium ion, 70.0 Arg- 
related ion.

3.2. NM R analysis o f  CP978

To confirm the structure o f the bioactive cyanopeptolin (CP978), 
NMR analyses were conducted. The 1H NMR spectrum o f the studied 
compound displayed a typical pattern o f a peptide. The COSY, TOCSY 
and HMBC experiments allowed to assign the NMR spin systems to Asp, 
Thr, Arg, Ahp (3-amino-6-hydroxy-2-piperidone), Phe, MeTyr (N - 
methyl tyrosine), Val, and BA (butanoic acid) (Fig. 2). The amino acid 
sequence was confirmed by TOCSY data. The presence o f two aromatic 
residues was recognised by the signals that occurred in the aromatic 
region o f the spectrum (8H 6.77-7.17 ppm). One o f them was identified 
as MeTyr based on the A A ’BB’ spin system between the aromatic protons 
(MeTyr-H2’/6' and MeTyr-H3’/5'). The 1H -13C long range correlation 
from the methyl group (8H 2.76 ppm) to the MeTyr-C2 atom (8C 61.3 
ppm) revealed the presence o f a N -methyl tyrosine residue. The second 
aromatic residue was found to be Phe based on the TOCSY interaction 
between protons 2 ’/6', 3 ’/5', and 4', and the HMBC correlation from 3’/ 
5' protons (8H 7.17 ppm) to the Phe-3 carbon atom (8C 35.8 ppm). The 
presence o f Ahp residue was detected by the characteristic signal o f the 
OH proton (8H 6.05 ppm) and a broad singlet (8H 5.06 ppm) derived

Fig. 2. Key TOCSY, ROESY, and HMBC correlations in cyanopeptolin CP978.

from the Ahp-H5 proton. The HMBC correlations from Ahp-H5 to Ahp- 
C1 confirmed the cyclic nature o f this residue. The chemical shifts o f 
the assigned proton and carbon atoms, and the complete set o f ROESY 
and HMBC correlations are presented in Table S3, Figure S2-7.

3.3. Antiviral activity o f  CPs

The cytotoxic and anticoronaviral potential o f different variants o f 
cyanopeptolins produced by the Baltic strain CCNP1411 was analysed in 
vitro. The cytotoxicity o f each compound at two concentrations: 100 and 
50 pg/ml was tested on A549ACE2/TMPRSS2 cells (Fig. 3). No significant 
cytotoxicity was observed for any o f  the tested cyanopeptides.

Next, the antiviral activity o f CPs against SARS-CoV-2 (Delta variant) 
was analysed in a standard antiviral assay. The results are presented in 

Fig. 4.
Analyses showed a significant inhibition o f the Delta SARS-CoV-2 

infection in A549ACE2/TMPRSS2 cells by several cyanopeptolins, espe­

cially those with Arg in position 2 (CP-Arg) (~ 2 -3  logs). Cyanopeptolin 
CP978 was proven to be one o f the most potent SARS-CoV-2 inhibitors. 
Due to antiviral potential and the fact that CP978 is synthesised by 
CCNP1411 in high quantities, this CP was chosen for further studies. 
Cytotoxicity and antiviral activity o f CP978 was tested in a range o f 
concentrations (0.1-100 pg/ml). In the virus infection assay, the 
determined inhibitory concentration (IC50) was 80 ng/ml, with the 
significant SARS-CoV-2 inhibition already at the concentration o f 1 pg/ 
ml (Fig. 5).

Next, a series o f  functional assays was performed. The “Attachment 
assay” verified i f  CP978 interacts w ith the host cell and protects it from 
the infection, but no inhibition was observed. The “Entry assay” verified



Fig. 3. The in vitro cytotoxicity o f cyanopeptolins isolated from Nostoc edaphicum CCNP1411. Cell viability was assessed via XTT assay. Data on the y  axis represent 
viability o f the treated cells compared to the untreated reference samples. All assays were performed in triplicate and average values with standard errors are 
presented. The differences in cytotoxicity were not statistically significant.

Fig. 4. Antiviral activity o f cyanopeptolins isolated from Nostoc edaphicum CCNP1411 against Delta SARS-CoV-2. Virus replication was evaluated using quantitative 
RT-qPCR. Data are presented as Log Removal Value (LRV) compared to untreated samples (medium control). The assay was performed in triplicate, and average 
values with standard errors are presented (*p <  0.05).

A B

Fig. 5. Antiviral activity o f cyanopeptolin CP978 isolated from Nostoc edaphicum CCNP1411 against SARS-CoV-2. Virus replication was evaluated using quantitative 
RT-q-PCR. Data are presented as viral yield (A ) and Log Removal Value (LRV) compared to untreated samples (DMSO control) (B). The IC50 value was calculated 
using the GraphPad nonlinear regression (curve fit) analysis. The assay was performed in triplicate, and average values with standard errors are presented (*p 
<  0.05).

i f  CP978 hampers virus internalisation into cells. Likewise, no inhibitory 
effect o f CP978 was observed. The “Adsorption assay” , allowed to 
determine i f  the tested CP978 blocks the attachment o f virus particles to 
the host cell. But also in this case no inhibition was observed, Then, the 
“Release assay”, examined whether the cyanopeptolin hampers the late 
stages o f SARS-CoV-2 replication, but no significant changes in the virus 
titer were observed. Simultaneously, an experiment with CP978 (50 pg/ 
ml) or control (DMSO) present during all stages o f virus infection was 
performed ( “Normal assay” ). As expected, in this experiment a strong 
decline in virus replication was observed (Fig. 6A). Lastly, the “Virus 
inactivation assay” , verified the direct inactivation o f the virus by the 
tested compound. The results showed a significant inhibition o f SARS- 
CoV2 replication only in the case o f the normal virus assay, with the 
cyanopeptolin present throughout the infection (Fig. 6A). However, 
here, a dramatic decrease in SARS-CoV-2 titer was observed after virus 
incubation with CP978, suggesting that the tested cyanopeptolin

interacts directly with the SARS-CoV-2 virions (Fig. 6B).
Next, we employed the primary HAE cultures (HAEs), which mimic 

the natural microenvironment o f the respiratory tract. The results 
showed a great decline in SARS-CoV-2 replication in cells treated with 
CP978 (100 pg/ml) (Fig. 7A). These results were confirmed using pri­
mary cells from different donors, where SARS-CoV-2 infection was 
significantly diminished in the presence o f 100 pg/ml o f  CP978 in all 
tested time points (Fig. 7B).

Next, the replication o f different SARS-CoV-2 variants in the pres­
ence o f CP978 was analysed. A  standard infection assay was performed 
with Wuhan, Alpha, Omicron, and Delta (as control) variants (TCID50 =  
800/ml) in the presence o f CP978 (50 pg/ml) or control (DMSO). The 
assay showed significant inhibition o f all variants except Wuhan 
(Fig. 8A). Similarly, the inactivation assay showed inhibition o f the 
Alpha, Omicron, and Delta variants, with no effect on Wuhan (Fig. 8B).

As SARS-CoV-2 was observed to be inhibited in direct interaction



Fig. 6. The mechanism o f action o f cyanopeptolin CP978 isolated from Nostoc edaphicum CCNP1411. Mechanistic assays allowing recognition, at which stage the 
inhibition occurs. Virus replication was evaluated using quantitative RT-qPCR. Data are presented as Log Removal Value (LRV) compared to untreated samples 
(medium control). The assay was performed in triplicate, and average values with standard errors are presented (*p <  0.05) (A ). Inactivation assay showing a 
decrease in virus titer (TCID50/ml) after incubation with CP978 or control (DMSO) (B). The assay was performed in triplicate, and average values with standard 
errors are presented.

Fig. 7. Antiviral activity o f cyanopeptolin CP978 isolated from Nostoc edaphicum CCNP1411 against Delta SARS-CoV-2 in HAEs. The kinetics o f the virus replication 
was evaluated in the apical washes using quantitative RT-qPCR (A ). Data obtained using cells from three different donors are presented as Log Removal Value (LRV) 
compared to untreated samples (medium control) (B). The assay was performed in triplicate, average values with standard errors are presented.

Fig. 8. Antiviral activity o f cyanopeptolin CP978 against SARS-CoV-2 variants. Virus replication was evaluated using quantitative RT-qPCR. The data are presented 
as Log Removal Value (LRV) compared to untreated samples (medium control) (A ) The assay was performed in triplicate, and average values with standard errors are 
presented (*p <  0.05). Inactivation assay showing a decline in virus titer (TCID50/ml) after incubation with CP978 or control (DMSO) (B). The assay was performed 
in triplicate, and average values with standard errors are presented (*p <  0.05).

with the CP978, we aimed to analyse how this affects virus binding to 
permissive cells. For this, virus adhesion was analysed with confocal 
microscopy. The results showed a great inhibition o f SARS-CoV-2 
binding to cells after incubation with CP978 (Fig. 9).

To verify whether the inhibition is S protein-dependent, we exam­
ined the entry o f Delta SARS-CoV-2 pseudoviruses into the A549ACE2/ 
TMPRSS2 cells. VSV-G -  decorated or naked (AEnv) pseudoviruses were 
used as a control. After 3 days o f culture at 37 °C, pseudovirus entry was 
quantified by measuring the luciferase activity (Fig. 10). In the presence

o f CP978, the entry o f SARS-CoV-2-S pseudoviruses was significantly 
hampered, in contrast to VSV-G particles, which effectively infected 
under all cells conditions.

Lastly, the SARS-CoV-2 S protein interaction with the CP978 was 
confirmed with the application o f MicroScale Thermophoresis (MST) 
assay. The determined affinity between the S protein and CP978 was 
estimated to be KD o f 3.8 pM (Fig. 11). This confirmed that the CP978- 
mediated inhibition o f SARS-CoV-2 infection results from the direct 
binding o f the cyanopeptolin with the coronaviral S protein.



Fig. 9. Confocal analysis o f SARS-CoV-2 adhesion in A549ACE2/TMPRSS2 cells 
after pre-treatment with cyanopeptolin CP978 isolated from Nostoc edaphicum 
CCNP1411 or control (DMSO). The viral N protein was labelled with specific 
antibodies (green), and the nuclei were denoted in blue.

Fig. 10. Entry o f the SARS-CoV-2 pseudoviruses in the presence o f CP978 or 
control (DMSO). Data are presented as Relative Luminescence Units per ml. 
VSV-G -  decorated or naked (AEnv) pseudoviruses were used as a controls. The 
assay was performed in triplicate, and average values with standard errors are 
presented (*p <  0.05).

4. Discussion

CPs are one o f the most commonly occurring classes o f cyanobacte- 
rial peptides. They have been identified in species from different cya- 
nobacterial genera (e.g. Microcystis, Planktothrix, and Nostoc). In the 
CyanoMetDB database, 202 structural variants o f these cyclic dep- 
sipeptides were deposited, including micropeptins, ichthyopeptins, 
aeruginopeptins and lyngbyastatins (Janssen et al., 2023; Jones et al.,
2021). A ll these compounds contain a unique Ahp residue in position 3 
and possess a side chain linked to Thr (optionally Pro) in position 1. In 
the side chain o f many CPs, short fatty acids attached through glutamine 
(Gln), glutamic acid (Glu) or aspartic acids (Asp) are present. CP-like 
peptides were shown to inhibit the activity o f serine proteases with 
selectivity and potency that depended mainly on the residue in position 
2 linked to Ahp (Yamaki et al., 2022; Zainuddin et al., 2007; M azur- 
Marzec et al., 2018). Despite their common occurrence in many 
bloom-forming cyanobacteria worldwide, not much has been reported 
on the activity o f the peptides against other targets. Only in one study, 
the antiviral activity o f  ichthyopeptins, the CP-like peptides produced by

Fig. 11. The determination o f affinity between the SARS-CoV-2 Spike ectodo- 
main and cyanopeptolin CP978 isolated from Nostoc edaphicum CCNP1411 
using MicroScale Thermophoresis. Experimental data (n =  3) is shown as black 
dots with measurement error as a bar. KD fit is presented as a solid line.

Microcystis ichthyoblabe, was explored (Zainuddin et al., 2007). But even 
in that work, the fraction containing ichthyopeptins as the main com­
ponents, not the isolated peptides, was tested. The samples (IC50 =  12.5 
pg/ml) protected the Madin-Darby canine kidney (MDCK) cells against 
influenza A  (H1N1) virus-induced destruction, without cytotoxic effects 
on the cells. As the viral and cellular proteases are common targets o f 
antiviral drugs, the authors suggested that the activity o f the peptides 
can result from their inhibitory effects on the enzymes. Unfortunately, 
these studies have not been continued, so the antiviral potential o f 
CP-like peptides has not been further explored.

In the current work, we isolated 15 cyanopeptolin variants. Two o f 
the peptides lack a short fatty acid in a side chain, while in other CPs 
butanoic acid, hexanoic acid or acetyl group are present. The CPs also 
differ with respect to the residues in position 2 occupied by Arg, Tyr, Leu 
or Phe, and the residue in position 5 occupied by N- MeTyr, and N ,0 - 
diMeTyr or N-Phe. Thus far, these 15 CP variants were only identified in 
N. edaphicum CCNP1411 (Mazur-Marzec et al., 2018). A  high number o f 
structurally diverse CPs provided a good basis for further studies on the 
antiviral potential o f this class o f non-ribosomal peptides. It also allowed 
us to test the effect o f the most variable residue in position 2 on the 
activity o f the compounds. In the screening experiments, all CPs 
inhibited SARS-CoV-2 replication o f in A549ACE2/TMPRSS2 cells, but the 

most potent effects were recorded for Arg2-containing peptides (LRV at 
50 pg/ml from — 1 to — 2.5 logs). It was also revealed that Arg-containing 
CP variants lacking the fatty acid in the side chain either did not inhibit 
the SARS-CoV-2 infection at 50 pg/ml (CP983) or their LRV was low  
( —0.5 for CP922). This can indicate the contribution o f both electrostatic 
and hydrophobic interactions between the molecule and its binding site. 
Optionally, the presence o f the fatty acid chain can induce conforma­
tional changes in the peptide so that it fits better to the receptor. To gain 
knowledge about the significance o f specific structural elements o f CPs 
responsible for their antiviral activity, the CP target with its binding site 
and the structure o f the whole complex should be determined.

For further studies on the antiviral potential o f cyanopeptolins, the 
Arg-containing variant, CP978, produced by CCNP1411 in the highest 
amounts, was selected. In the virus infection assay, CP978 showed 
concentration-dependent inhibition o f SARS-CoV-2 replication in 
A549ACE2/TMPRSS2 cells. The determined IC50 value was low  (80 ng/ml =  

82 nM), so that this variant can be classified into the natural products 
that most potently inhibit SARS-CoV-2 infection. In a review  article by 
Wang et al. (2022), the IC50 values for anti-SARS-CoV-2 natural products 
ranges from 0.028 pM for the cathepsin L inhibitor, gallinamide A  iso­
lated from marine cyanobacterium Schizothrix (Ashhurst et al., 2022), to 
8.1 pM for the wallichin D, the 3Clpro inhibitor from Dryopteris wall- 
ichiana ( Hou et al., 2021). The IC50 value o f CP978 is also low, compared



to many other tested SARS-CoV-2 inhibitors (Xiang et al., 2022; Chen 
et al., 2022; Hurst et al., 2021; Milewska et al., 2021; Jo et al., 2020).

The potential o f CP978 as an anti-SARS-CoV-2 agent was addition­
ally documented in a 3D cell culture model with HAE cells. In our tests, 
CP978 significantly inhibited the replication o f SARS-CoV-2 in the 
ACE2-expressing HAE cells. HAE constitutes a frontline defence system 
against inhaled pathogens, including viruses. In culture, HAEs form a 
pseudostratified epithelial layer with many functional cell types, effec­
tively mimic the natural respiratory track microenvironment. Therefore, 
they are used as physiologically relevant models for the anti-SARS-CoV- 
2 drug screening and studies o f viral pathology (Mulay et al., 2021).

A  series o f functional assays performed in this study indicated a 
direct interaction o f CP978 with viral particles. This mode o f action was 
also confirmed with application o f confocal microscopy. After virus pre­
exposure to CP978, no SARS-CoV-2 adhesion in A549ACE2/TMPRSS2 cells 

was observed. Generally, compounds that act extracellularly, and affect 
the early stages o f viral infection, are especially valuable as antiviral 
drug candidates (Schütz et al., 2020; Lee et al., 2022; Moroy and Tuffery,
2022). This mode o f action reduces the potential risk o f negative side 
effects induced by antivirals, after they enter into the cell. Compounds 
that interact with ACE2 can be effective against different SARS-CoV-2 
mutants and usually show a wider spectrum o f antiviral activity. How­
ever, this mode o f action can disrupt the natural function o f the receptor 
and induce adverse effects in cells (Jia et al., 2020).

The studies revealed differences in the response o f the four variants 
o f SARS-CoV-2, Wuhan, Alpha, Omicron and Delta, to cyanopeptolin 
CP978. Most significant mutations in the virus were usually recorded in 
the spike protein and led to the appearance o f new variants o f concern 
(VOC) (Abavisani et al., 2022; Koley et al., 2022). The S protein is a 
homotrimer composed o f three monomeric structures with an N -termi- 
nal signal peptide and two functional subunits, S1 and S2. These sub­
units participate in the binding o f  viral particles to the host cellular 
receptor (S1) and in the fusion o f viral and host cellular membranes (S2). 
The S1 is a highly glycosylated subunit with a receptor-binding domain 
(RBD) which interacts directly with ACE2 (Walls et al., 2020). Mutations 
in RBD are critical for the binding affinity to ACE2 o f the host cell and for 
the infectivity o f the virus (da Costa et al., 2022). In our study, the role o f 
the S protein in the interaction o f CP978 with SARS-CoV-2 was proven in 
the cell entry assays. In the assay, the recombinant human immunode­
ficiency virus pseudotyped with the SARS-CoV-2 S protein, vesicular 
stomatitis virus G protein or with the particles padoneicles particles 
lacking the fusion protein were used. The inhibition o f SARS-CoV-2-S 
pseudovirus entry into A549ACE2/TMPRSS2 cells by CP978 and the effec­

tive infection o f the cells by VSV-G particles strongly indicated the 
interaction o f CP978 with the viral S protein. This mode o f the cyano- 
peptolin action was additionally confirmed by the microscale thermo­
phoresis assay with S protein. The determined dissociation constant 
suggests a strong binding interaction o f CP978 with the SARS-CoV-2 S 
protein. The differences in CP978 activity against Wuhan and other 
variants are most likely related to the amino acid mutations in the S 
protein.

Natural compounds, including peptides, are extensively explored in 
the search for new therapeutics for the treatment and prevention o f viral 
infections. Peptides, especially those positively charged and amphi- 
pathic, are considered good antiviral drug candidates (Schütz et al., 
2020; Lee et al., 2022; Moroy and Tuffery, 2022). They are characterised 
by high efficacy, safety and specificity. In the case o f the non-ribosomal 
peptides, composed o f non-proteinogenic residues, such as cyano- 
peptolins, they are additionally less prone to proteolytic cleavage and 
have improved stability. These compounds also show potent activity 
against many serine proteases, and therefore they can find application as 
multi-target therapeutics.

5. Conclusions

COVID-19 pandemics had devastating effects on different areas o f

our lives. Considering the fact that current methods for effective treating 
the infection are limited and the risk o f  new outbreaks o f the diseases 
exists, the attempts to develop new anti-SARS-CoV-2 agents should 
continue. Cyanopeptolins isolated from Nostoc edaphicum CCNP1411 are 
among the compounds that could be considered for further studies. The 
tested CP978 was found to be effective against three, more recently 
evolved variants o f SARS-CoV-2 and showed a low  inhibitory concen­
tration value. So far, no cytotoxic effects o f the peptides have been 
recorded. Additionally, the mode o f CP978 action, through binding to 
the S protein, decreases the risk o f potential side effects in the treated 
cells. The discovery o f the exact location o f CP978 binding site to the S 
protein would facilitate the process o f peptide modification into com­
pounds with a broader spectrum o f antiviral activity and possibly 
simpler structure.
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