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ABSTRACT

Background. Despite the presence of SARS-CoV-2 antivirals, namely, remdesivir, nirmatrelvir and toremifene, these 
drugs entail adverse effects and limited effectiveness. Thus, development of a safer alternative is imperative, and likely 
candidates include the cell-free supernatant (CFS) and protein fractions from Lactiplantibacillus plantarum strains. 
These postbiotics have known antiviral properties primarily mediated by plantaricins and enhanced by organic acids.

Objectives. The study determined the in silico mechanism of plantaricins against the receptor-binding domain (RBD) 
and angiotensin-converting enzyme 2 (ACE2), as well as compared the in vitro activities of the L. plantarum BS25 CFS, 
semi-purified and crude protein fractions, against the SARS-CoV-2 pseudotyped viruses (nCoV-S-EGFP) expressing 
the spike of wild-type (wt) Wuhan strain, Omicron BA.1 and BA.4/5 variants. Further, this study determined the 
metabolome of the strain BS25 CFS.

Methods. A quasi-experimental approach was utilized in the study. Plantaricins were screened for safety in silico, 
followed by molecular docking with RBD and ACE2. Using a cell culture model, two-fold dilutions of the CFS and frac-
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tions were tested for cytotoxicity and microneutraliza-
tion against the pseudoviruses. Mass spectrometry was 
utilized for the metabolomics.

Results. Plantaricins interact stably with RBD than 
ACE2 which were mediated by hydrogen, hydrophobic 
and covalent bonds. The activities of the CFS and 
fractions were substantially higher against the nCoV-S-
EGFP BA.4/5 variant. The 1:8 dilution of CFS entailed 
no cytotoxicity and displayed higher activities than 
toremifene. Metabolomics has identified a relatively 
abundant putative peptide, followed by organic acids 
and cyclic peptides.

Conclusion. Plantaricins can prevent SARS-CoV-2 
entry by interacting with key RBD mutations or with 
intrinsically disordered RBD residues. The cationic and 
hydrophobic RBD mutations in the BA.4/5 variant may 
facilitate interactions with the putative peptide from the 
CFS and fractions, hence the observed potent activities. 
These findings can be used as basis for the development 
of an alternative antiviral targeting the RBD of live or 
pseudotyped SARS-CoV-2 variants.

Keywords: Lactiplantibacillus plantarum, SARS-CoV-2, cell-
free supernatant
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INTRODUCTION

SARS-CoV-2 caused the previous pandemic, coronavirus 
disease 2019 (COVID-19), which still poses public health 
risks.1 Among its components, the spike RBD mediates 
entry to susceptible host cells and is an important target for 
development of therapeutics.2-4 Majority of mutations in the 
previous SARS-CoV-2 variants of concerns, i.e., Omicron 
BA.1 and BA.4/5, were found in the RBD and linked with 
disease severity.5

Currently, the Food and Drug Administration (FDA) 
has approved antiviral drugs mostly targeting the SARS-
CoV-2 enzymes which reduces risks of hospitalization or 
death. These include remdesivir and molnupiravir, which 
targets the RNA polymerase, while nirmatrelvir targets the 
protease. An FDA-repurposed drug, toremifene, has been 
evaluated in vitro to inhibit SARS-CoV-2 entry.6 These 
drugs entail adverse effects, high cost, limited effectiveness, 
and availability. Remdesivir is not recommended beyond 
7-10 days, molnupiravir is ineffective to Omicron variants 
while nirmatrelvir increase symptom recurrences.7-9 The 
adverse effects of toremifene can be noticed within 3-5 days 
of intake and a clinical trial has been withdrawn in 2021.10 In 
the Philippines, monoclonal antibodies have been suggested 
as alternative antivirals, which include casirivimab (REGN 
10933) and imdevimab (REGN 10987), however these 
were ineffective against Omicron variants.11 With these 
drawbacks, a safer alternative antiviral capable of targeting 
the RBD can be developed.

Promising candidates would be postbiotics, which 
were the functional bioactive compounds from preparations 
including the cell-free supernatant (CFS) of probiotics 
such as Lactiplantibacillus plantarum, known to contain 
antiviral metabolites.12 They also include metabolites, lysates, 
secretions and other components which endow fitness 
directly or indirectly to both probiotics and humans, and 
their use offer advantages compared to probiotics, as they 
entail ease of optimization, stability and does not involve 
colonization.12 Among the CFS metabolites, plantaricins 
(Pln), which were bacteriocins composed of cationic or 
hydrophobic residues known to bind with target receptors 
or permeabilize lipid membranes, mostly mediate the 
activity.13,14 The CFS from the strain L. plantarum BS25 has 
been known to produce a potent bacteriocin. These were 
ribosomally synthesized antimicrobial peptides of bacteria 
and archea.15 Recent data from its whole genome sequence 
indicates that it can produce plantaricins similar to Pln K, 
E, F, S and Y.16 Pln E and F have been identified in silico 
to interact with SARS-CoV-2 helicase.14 The lanthipeptide 
Pln W has also been determined in silico to interact with 
both RBD and ACE2.17 Organic acids found in the CFS 
can enhance the activity by causing conformational changes 
to viral proteins or increase membrane permeability.18 Most 
of the in vitro activities of CFS from L. plantarum strains 
were observed upon coincubation with RNA viruses, 

such as SARS-CoV-2, HIV, echovirus, coxsackievirus, 
transmissible gastroenteritis virus and influenza.13,14,19-22 
In silico interactions of plantaricins against SARS-CoV-2, 
HIV and influenza were also noted.13,14,22 However, to this 
end, there were no studies exploring the activity of CFS and 
its semi-purified or crude protein fractions against SARS-
CoV-2 pseudoviruses expressing the spike of the basal strain 
and variants of concern. Emphasis is also highlighted on the 
search for putative peptides as antivirals, albeit a possible 
cytotoxicity is inevitable.

MATERIALS AND METHODS

In silico Safety Evaluation of Plantaricins
Plantaricins (Pln) composed of 5-35 residues and have 

known antimicrobial activities were obtained from PDB, 
Pubchem and databases (https://aps.unmc.edu/database/
result; http://dramp.cpu-bioinfor.org) from September 
2021-January 2023. The search keywords used were 
“plantaricin,” “plantaricins,” “bacteriocins,” “producing strain- 
Lactobacillus plantarum or Lactiplantibacillus plantarum,” 
“additional properties– antimicrobial, antiviral, antibacterial.” 
The safety evaluation was performed in ADMET 2.0 (https://
admet.scbdd.com/calcpre/index/#).23 Plantaricins which 
passed the safety profiling proceeded with docking analysis.

In silico Docking of Plantaricins with RBD and 
ACE2

This was done to describe the antiviral mechanism of 
plantaricins from L. plantarum strains in terms of blocking 
the RBD and ACE2 to prevent entry in cells. Also, this can 
support the potential mechanism of the putative peptide, 
possibly a plantaricin, from the strain BS25. RBD-binding 
residues of ACE2 (PDB 2AJF), as well as the RBD of the 
Wuhan strain (PDB 6VYB), Delta (PDB 7V7Q), UK (PDB 
7LWV), South African (PDB 7LYN), D614G (PDB 7KDL) 
and Omicron variants, BA.1.1.529 (PDB 7TL9), BA.1 (PDB 
7T9L) and BA.4/5 (PDB 7XNQ), were utilized. Plantaricins 
without available structures were processed in I-Tasser 
(https://zhanggroup.org/I-TASSER/). Each structure of 
plantaricin, ACE2 and RBD underwent removal of ligands, 
ions or water using UCSF Chimera 1.16, and energy 
minimization through Yasara (http://www.yasara.org/). 
Each model quality was checked in the Ramachandran plot 
(https://zlab.umassmed.edu/bu/rama/). GlobPlot 2 (http://
globplot.embl.de/) was utilized for predictions of intrinsically 
disordered regions (IDR). Docking was performed in 
ClusPro 2.0 (https://cluspro.bu.edu/) and structures were 
obtained from clusters with the lowest “balanced” energy, 
which represent the most likely model of the interactions.24 
Atomic and molecular interactions were evaluated using 
Chimera. The binding affinity and dissociation constant 
(Kd) of the best candidate plantaricin was processed in 
PRODIGY (https://wenmr.science.uu.nl/prodigy/), with the 
temperature reflecting the respiratory epithelium (35°C).25 
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Preparation of the Strain BS25 Cell-Free 
Supernatant (CFS)

Institutional permits (e.g., Research Grants Adminis-
tration Office, Institutional Biosafety and Biosecurity Com-
mittee, Research Ethics Board) were initially prepared 
prior to working in the laboratory. The probiotic culture, 
induction of specific conditions to prepare the CFS, semi-
purified fractions and metabolomics samples were done 
in the BSL-1 Graduate Laboratory of the Department of 
Biochemistry and Molecular Biology (DBMB), University 
of the Philippines Manila (UPM). The strain BS25, sourced 
from a locally-fermented food, Balao balao, has a glycerol 
stock provided by the UP Manila Applied Microbiology for 
Health and Environment Research Group (AMHERG). 
Microaerophilic conditions were utilized during bacterial 
culture.26 6 x 106 CFU/mL was inoculated into a 50 mL 
MRS broth and incubated for 14 hrs at 37°C.27 Then, 25 mL 
was inoculated in 1 liter MRS broth for further incubation at 
32 hrs. Optimized conditions for the isolation of plantaricins 
were followed.15,28,29 Each supernatant was heated at 
70°C for 30 mins and syringe-filtered (0.22 µm, PES) to 
remove contaminating proteins and isolate plantaricins of 
class I or class II bacteriocins.14,17,28,29  The pH of the CFS 
was maintained at pH 4.0.

Preparation of the Semi-purified and Crude 
Protein Fractions from the CFS

A 100 mL CFS aliquot was saturated with 70% of 0.01 
M ammonium sulphate at 4°C and pooled to obtain the 
precipitate (labeled as ASP, Ammonium Sulphate Precipitate 
of the CFS) diluted in 100 mL of 0.01 M PBS (pH 6.0). 
2 mL from this was sterile-filtered and loaded in Sephadex 
G25 column (16.17 mm x 90 mm, Sigma-Aldrich, Cytiva™) 
equilibrated with distilled water followed by washing with 
0.01 M PBS (pH 6.0, 25°C). The flow rate was 2 mL/min. 
There were 35 gel-purified fractions with only Fractions #5, 
#6, #9, #31, #33, #35 obtaining the highest activity against 
the preliminary indicator strain, Streptococcus mutans. These 
were pooled (52.2 mg) in the Central Instrumentation 
Facility – De La Salle University (CIF-DLSU) for the 
semi-preparative RP-HPLC. Among these fractions, only 
Fraction (#8) (labeled as HAP8, RP-HPLC Fraction no. 
8 from the Ammonium Sulphate Precipitate) was utilized 
as it has a detectable protein and de novo sequence. Also, 
only the gel chromatography-purified Fractions #5, #6 
and #9 were pooled into one sample (labeled as GAP, Gel 
chromatography fractions from the Ammonium Sulphate 
Precipitate) as it has activity against S. mutans, detectable 
protein and SDS-PAGE bands. To this end, the semi-
purified fractions prepared successively from the CFS which 
were tested for the in vitro assays include the ASP, followed 
by GAP then by HAP8. The single protein bands (crude 
protein fraction) from the tris-tricine SDS-PAGE (SDS 
Gel-Excised) of CFS (SGE-CFS) and ASP (SGE-ASP) 

were excised and also tested for the in vitro assays to support 
if the activity is primarily mediated by a peptide.30 

Screening for the Presence of Plantaricins
This includes a detectable protein content, non-lethality 

to the producing probiotic strain and broad antimicrobial 
activity.15,31 S. mutans was utilized as a preliminary indicator 
strain due to previous accessibility and is also known to be 
susceptible to the activity of plantaricins.32 Absence of the 
zone of inhibition (ZOI) against the BS25 indicates the 
presence of plantaricins, as producing strains entail blocking 
proteins or channels.31 Confirmation using an actual 
plantaricin control peptide was not performed. 

Protein Concentration and Tris-tricine SDS PAGE
The in vitro assays which include tris-tricine SDS-

PAGE (sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis), MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) and nCoV-S-EGFP micro-
neutralization assays, respectively, were all performed in 
the BSL-2 Virology Laboratory of the Graduate Institute 
of Microbiology and Public Health (GIMPH), National 
Chung Hsing University (NCHU), Taichung, Taiwan. A 
Material Transfer Agreement was secured to transport the 
CFS and semi-purified fractions, MRS agar and broth, as 
well as the control drug for the microneutralization assay, 
toremifene citrate, towards the NCHU. The Qubit assay and 
SDS-PAGE was performed using the manufacturer’s manual 
(Thermo Fisher and BioRad). Vertical electrophoresis gels 
were set at 100-120 volts. A non-reducing setup was utilized 
which included a “spacer” gel placed between the stacking 
and resolving gels to increase the resolution of peptides 
between 1-5 kDa.33 25 µL of 2 mg bovine serum albumin 
was the control along with 7µL ladder (Thermo Scientific, 
10-180 kDa).

Strain BS25 CFS Metabolome
This was performed to profile BS25 CFS metabolites 

with known functional properties and to check the 
consistency of the CFS preparation based on the literatures, 
in which plantaricins and organic acids predominate.14,18 All 
mass spectrometry samples were processed in the Central 
Instrumentation Facility (CIF) of De La Salle University 
(DLSU), Laguna. A 15 mL CFS aliquot underwent mass 
spectrometry using the protocol from Wang et al.34 An 
optimization step (Agilent InfinityLab LC series Infinity 
II Semi-prep HPLC with VWD detector, Quaternary 
HPLC system) using a linear gradient of 0.1% formic 
acid in ultrapure water and 0.1% formic acid in methanol 
was utilized, followed by the Ultra-high Performance 
Liquid Chromatography-Tandem Mass Spectrometry with 
Quadrupole Time of Flight Reaction (UHPLC-MS/MS-
qTOF, Agilent 1260 Infinity II HPLC with 6530 QTOF 
LCMS detector, Poroshell 120 EC-C18 3.0 x 150 mm 2.7 
micron) performed at 23°C with an injection volume of 
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450 µL and flow rate of 30 mL/min by a linear gradient of 
0.1% formic acid in ultrapure water and 0.1% formic acid 
in MS grade acetonitrile. Mass range for MS is 10-2000 
Daltons (Da) while MS/MS is between 50-2000 Da. Data 
were submitted in Global Natural Products Social Molecular 
Networking (GNPS) database and hits were confirmed 
in Microbial Metabolite Database (MiMeDB)(https://
mimedb.org/), Pubchem, or ChemSpider. Metabolites with 
potential impacts on cell viability and antiviral activity were 
quantified through their ion abundances by an in-house data-
dependent acquisition (DDA) method (CIF-DLSU).

Mass Spectrometry of the Suspect Compound
The pooled gel-purified fractions underwent semi-

preparative HPLC (Agilent 1260 InfinityLab LC series 
1260 Infinity HPLC with VWD detector, C18 30 x 150 mm 
and 10 µm pore). The mobile phase used is a linear gradient 
of 0.1% formic acid in MS grade methanol and 0.1% 
formic acid in ultrapure water. The injection volume is 450 
µL with a flow rate of 30 mL/min. MS range is 100-2000 
Da while for MS/MS, 50-2000 Da. Spectral reading was 
performed to both 254 nm and 280 nm. This was followed 
by UHPLC-ESI-MS/MS-qTOF performed at 23°C with 
an injection volume of 5 µL and flow rate of 0.4 mL/min. 
A linear gradient of 0.1% formic acid in ultrapure water and 
0.1% formic acid in acetonitrile was utilized. Mass range 
for both MS and MS/MS was searched between 100-2000 
Da. Data were initially submitted in the Mascot web server 
(https://www.matrixscience.com/), GNPS, and DenovoGUI 
softwwere. De novo sequencing was performed using PEAKS 
DB.35,36 The binding affinity of the suspect or putative 
peptide against the ACE2 and RBD of the Wuhan strain, 
BA.1 and BA.4/5 variants, was also processed in PRODIGY. 
Toremifene, as a control, was processed in Autodock Vina 
since it is a non-peptide ligand. 

Cytotoxicity Assay
HEK293T-hACE2, an epithelial cell line derived from 

a human embryonic kidney, overexpressing the ACE2 and 
contains a plasmid for blasticidin resistance, was utilized 
for both MTT and microneutralization assays. The samples 
tested in these assays included the CFS and its semi-purified 
fractions, namely, ASP, GAP and HAP8, respectively, as well 
as the crude protein fractions, SGE-CFS and SGE-ASP.

The MTT assay was done to determine which two-
fold dilutions, namely 1:2, 1:4 and 1:8, promoted viability 
and cytotoxicity to the cell line (which reflects the cell type 
infected by SARS-CoV-2). Two-fold dilutions starting 
from 60 µL of DMEM-F12-10%FBS, added with an 
equal amount of sample and 30 µL were serially diluted. 
Background correction was performed by subtracting the 
average absorbance value of the blank from each sample and 
controls. The positive control in all runs included the wells 
containing cells with complete media only while the blank 
includes the wells containing only the complete media, 

whereas the negative control were the wells containing cells 
treated with phosphate buffer saline.37 

Microneutralization Assay
This assay was done to determine the blocking or 

neutralization of a pseudovirus entry into a cell line by 
the two-fold dilutions, namely 1:2, 1:4 and 1:8. Each 
pseudovirus, namely the nCoV-S-EGFP wt Wuhan, 
Omicron BA.1 and BA.4/5 variants, were acquired from 
the RNAi Core Facility of Academia Sinica and expresses 
the enhanced green fluorescent protein (EGFP) from 
which a fluorescence intensity (FI) can be detected upon a 
single-round infection to the cell line. The protocol similar 
to Rather et al. was utilized.14 Proteolytic treatment using 
Dithiothreitol and Trypsin-lysC were added to both CFS 
and ASP which were tested against the nCoV-S-EGFP 
BA.4/5 variant.28 The antiviral activity pertains to the percent 
inhibition of EGFP FI upon treatment with the samples. A 
dilution is considered neutralizing if it causes an inhibition 
by 50% or higher. Toremifene citrate was used as the control. 
EGFP FI was detected using 485 nm excitation and 520 
nm wavelength (FLUOstar OPTIMA, BMG). The positive 
control is toremifene citrate-treated cells, while the negative 
control is cells treated with complete media. Background 
correction was done by subtracting the average absorbance 
value (RFU/µL) of the blank (complete media) from the 
samples. The following equation was used to determine the 
percent inhibition.38

Formula no. (1):

(RFU/µL¹ of virus control²) – (RFU/µL sample)

(RFU/µL of virus control)

1 relative fluorescence units per µL of EGFP fluorescence intensity, 
and; 2 virus control (cells in complete media and pseudovirus).

Statistical Analysis
Statistical analysis and data representations were 

performed through GraphPad Prism (v10.0). Demographic 
statistics was utilized for the summative and graphical 
visualizations. For the inferential analysis, the unpaired t-test 
was performed for the comparison of antiviral activity, cell 
viability or toxicities. The relationship of two significant 
variables was analyzed through Pearson correlation. For the 
MTT assay, a curve-fitting nonlinear regression was used to 
identify the CC50, defined as the concentration producing 
a response halfway between the range of a baseline and 
maximum value, i.e., the median concentration in which only 
half of the population of cells were viable. Also, this nonlinear 
regression was performed in the microneutralization to 
determine the IC50, or the minimum inhibitory concentra-
tion where the EGFP FI decreased by 50%. Across the 
analysis for these assays, the level of significance was set at 
0.05, and is significant if p <0.05. Statistical significance using 
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the GraphPad style were indicated in figures, these include 
ns (not significant), * (p <0.05), ** (p <0.01), *** (p <0.001), 
and **** (p <0.0001). Error bars depicted in the following 
figures indicate the mean ± SEM (standard error of mean).

RESULTS

In silico Safety Evaluation
There were 17 plantaricins selected across several 

databases and Table 1 shows their safety profile. All were 
predicted to entail low toxicities and have no mutagenic 
potential. Among these, only Pln DL3, F, NC8, 149, ZJ5 
and the ɑ-subunit of Pln W, have been predicted as potential 
intranasal drugs. To identify their antiviral mechanism, 
interactions with the RBD and ACE2 have been explored 
through molecular docking.

In silico Docking of Plantaricins with RBD and 
ACE2

All 3D models have residues in the highly preferred 
observations, hence suitable for docking (Table 2). The 
mean binding energy (kCal/mol) with RBD (mean ± SEM, 
n=number of interacting Pln), were as follows, Wuhan strain 
(-897.45 ± 26.77, n=10), South African variant (-983.87 ± 
32.24, n=14), UK variant (-846.23 ± 184.78, n=11), D614G 
variant (-716.85 ± 30.97, n=13), Delta variant (-987.14 ± 
41.85, n=12), Omicron BA.1.1.529 (-904.79 ± 41.56, n=13), 
BA.1 (-925.37 ± 39.04, n=12) and BA.4/5 variants (-1004.33 
± 68.99, n=8). The mean binding energy with ACE2 is -897.3 
± 57.01 (n=8). The ɑ-Pln W obtained the lowest binding 
energy especially for the Omicron BA.4/5 variant RBD 
(-1308.3). 

Among the 17 Pln, there were only 6 capable of inter-
acting with the key RBD mutations (Table 3). Interaction 

Table 2.	 In silico Interactions of each plantaricin with ACE2 and RBD
Plantaricin

(Pln)
(n=17)

ACE2 
receptor 

(8/17)

Wuhan 
strain

(10 /17)

South 
African
(14/17)

SARS-CoV-2 RBD basal strain or variants Omicron 
BA. 1.1.529

(13/17)

Omicron 
BA.4/5
(8/17)

UK
(11/17)

D614G
(13/17)

Delta
(12/17)

Omicron BA.1
(12/17)

ɑ-Pln W ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔

β-Pln W ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔

C ✔ ✔ ✔ ✘ ✔ ✔ ✔ ✔ ✔

149 ✘ ✔ ✔ ✘ ✔ ✘ ✘ ✔ ✘

NC8 ✘ ✔ ✔ ✔ ✔ ✘ ✔ ✘ ✘

3 ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔

GZ1-27 ✔ ✘ ✘ ✘ ✔ ✔ ✔ ✔ ✔

A ✘ ✘ ✘ ✔ ✘ ✘ ✔ ✔ ✘

β-Pln S ✔ ✘ ✔ ✘ ✘ ✔ ✘ ✘ ✘

ɑ-Pln S ✘ ✘ ✔ ✔ ✔ ✔ ✔ ✔ ✔

J ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✘ ✘

DL3 ✘ ✘ ✘ ✔ ✔ ✘ ✘ ✘ ✔

E ✘ ✘ ✔ ✔ ✘ ✔ ✘ ✔ ✘

F ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔

ZJ5 ✘ ✔ ✔ ✘ ✘ ✘ ✘ ✔ ✘

KL-1Y ✘ ✔ ✔ ✘ ✔ ✔ ✔ ✔ ✘

Y ✘ ✘ ✔ ✔ ✔ ✔ ✔ ✔ ✘

Table 1.	 In silico Safety Evaluation of Selected 17 plantaricins

Bacteriocin 
class

Plantaricin
(Pln) (n=17)

Passed
ADMET1 (17/17)

Predicted as 
intranasal drug

(6/17)

I (lanthipeptide)2 ɑ-Pln W ✔ ✔
β-Pln W ✔ ✘

C ✔ ✘

I 149 ✔ ✔

II
NC8 ✔ ✔

3 ✔ ✘
GZ1-27 ✔ ✘

A ✔ ✘
ɑ-Pln S ✔ ✘
β-Pln S ✔ ✘

J ✔ ✘
DL3 ✔ ✔

E ✔ ✘
F ✔ ✔

ZJ5 ✔ ✔
KL-1Y ✔ ✘

Y ✔ ✘
1	ADMET (Absorption, Distribution, Metabolism, Excretion, Toxicity)
2	Peptides with post-translational modification composed of thioether 

links between dehydrated serines and threonines with dehydrated 
cysteines
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with these mutations blocks access to ACE2 which can lead 
to prevention of viral entry.39 The mean atomic distance 
(Å) from these interactions is 2.021 ± 0.1 (mean ± SEM) 
(n=8). Majority of the interactions were from class I and 
lanthipeptides mediated by their hydrophobic residues. 
Also, there were only 7 Pln which mediated covalent 
interactions with the RBD (Table 4). The mean atomic 
distance (Å) from these covalent bonds is 3.00 ± 0.17 (mean 
± SEM) (n=10).

Covalent bonds are formed when electrons are shared 
in the orbitals making these stronger than hydrogen or 
hydrophobic interactions.40 Further, there were only 8 
Pln capable of interacting with ACE2 (Table 5). This 
interaction blocks the access of RBD which also leads 
to prevention of entry. The mean atomic distance (Å) of 
interactions with ACE2 is 2.22 ± 0.89 (mean ± SEM) (n=22). 
Majority of the interacting residues were polar or solvent-
accessible from Class II bacteriocins.

The best candidate plantaricin against the SARS-
CoV-2 (Table 6) has been identified as the ɑ-subunit of 
Pln W, as this adhered with ADMET filters, predicted as 
a potential intranasal drug, interacted with ACE2 and 
key RBD mutations, mediated covalent interactions with 

RBD, has the most number of interactions with the lowest 
binding energy and closest atomic interactions with RBD, 
especially with Omicron variants. Experimental evidences 
of the antiviral activity of plantaricin-containing postbiotics 
such as the strain BS25 CFS and protein fractions, were 
presented in the next section. 

Cytotoxicity Assay
Figure 1 shows the cell viabilities of HEK293T-

hACE2 upon treatment with dilutions of the CFS and its 
crude protein fraction (SGE-CFS), as well as the semi-
purified fraction ASP and its crude fraction (SGE-ASP), 
along with other semi-purified fractions, GAP and HAP8. 
In the 1:2 dilutions, the viability from CFS is significantly 
lower than SGE-ASP (p=0.003*). The viabilities from ASP 
and GAP were significantly lower compared to SGE-CFS 
(p=0.001** and p=0.012*, respectively). In the 1:4 dilutions, 
the viability from ASP is significantly lower than CFS and 
SGE-CFS, (p=0.008** and p=0.004**, respectively). The 
viability from HAP8 at this dilution is significantly lower 
compared to SGE-CFS (p=0.0006***). In the 1:8 dilutions, 
the viability from ASP is significantly lower compared with 
CFS and SGE-CFS (p=0.001** and p=0.001**, respectively). 

Table 4.	Covalent Interactions of plantaricins with the RBD

Pln Bacteriocin class Pln amino acid 
and position

Amino acid and 
position in RBD

SARS-CoV-2 basal 
strain or variant

Molecular 
interaction

³ɑ-pln W I (lanthipeptide) ¹Cys 18 ¹Ile 434 South African 3.14

β-pln W I (lanthipeptide) ¹Cys 5 ¹,⁴Phe 592 D614G 2.42

¹Cys 5 ²Gln 613 2.54

²Arg 30 ¹Cys 430 Delta 3.46

C I (lanthipeptide) ¹Cys 26 ¹Cys 430 Delta 3.84

³F II ¹Gly 34 ¹Cys 432 Omicron BA.1 3.44

3 II ¹Cys 6 ¹Val 620 Delta 3.32

³DL3 II ¹Ala 8 ¹Cys 590 D614G 3.10

²Thr 10 ¹Cys 590 3.15

Y II ²Ser 1 ¹Cys 432 UK 2.04
1 Hydrophobic residues; 2 Polar or solvent-accessible residues; 3 Predicted as potential intranasal drugs, and 
4 Intrinsically disordered region.

Table 3.	Molecular Interaction of plantaricins with Key Mutations Found in the RBD

Pln Bacteriocin class Pln amino acid 
and position

Key mutation and 
position in RBD

SARS-CoV-2 basal 
strain or variant Molecular interaction Atomic distance

(Angstrom)
³149 I ¹Tyr 1 ¹Leu 452 Wuhan strain Hydrophobic contact 1.92

²Ser 2 ¹Leu 452 Wuhan strain Hydrogen bond 2.35

β-Pln W I (lanthipeptide)  ¹Ile 3  ¹Asn 405 Omicron BA.4/5 Hydrogen bond 2.55

³ɑ-Pln W I (lanthipeptide) ²Asp 14 ²Lys 440 BA.1 Hydrogen bond 1.78 and 1.72

GZ1-27 II ¹Val 1 ¹,⁴Gly 500 Delta variant Hydrophobic contact 1.92

 A II ¹Ala 4 ²Thr 470 BA.1.1.529 Hydrogen bond 2.02

 J II ²Arg 21 ¹Leu 452 Wuhan strain Hydrogen bond 1.91
1 Hydrophobic residues; 2 Polar or solvent-accessible residues; 3 Predicted as potential intranasal drugs, and 4 Intrinsically disordered region.
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Compared with the cell control, the CFS at 1:2 dilution 
has a significantly lower viability (p=0.0077**). This was 
also observed in the 1:2, 1:4 and 1:8 dilutions of ASP, 1:2 
dilution of GAP, 1:2 and 1:4 dilutions of HAP8, respectively 
(p<0.0001****, p<0.0001****, p=0.0122*, p=0.0010** and 
p=0.0083**, respectively). A significant positive correlation 
occurs for both CFS and GAP (r=0.9971, p=0.03*, thick 
bars). All dilutions from the crude protein fractions produced 
100% cell viability, hence suggesting that the putative peptide 
does not entail cytotoxicity. Overall, 1:8 dilutions from these 
samples, except ASP, show either a slight cytotoxicity or 
no cytotoxicity.

Microneutralization Assay

Activity against nCoV-S-EGFP wild-type Wuhan strain
Figure 2 shows the antiviral activity of the CFS, crude 

protein and semi-purified fractions in comparison with the 
positive control, toremifene citrate (TC), against an MOI 
(0.1) of the nCoV-S-EGFP wt Wuhan strain. The activity 
of CFS at 1:8 dilution is significantly higher compared 
with toremifene citrate (TC) (p=0.04*), while HAP8 is 
significantly lower than CFS (p=0.049*). The activity from 
ASP at 1:2 dilution is significantly lower with HAP8 at 
1:4 dilution (p=0.03*). The activity from both 1:2 and 1:8 
dilutions of SGE-ASP were significantly lower compared 

Table 5.	Molecular Interaction of plantaricins with ACE2-RBD Binding Sites

Pln Bacteriocin class Pln amino acid 
and position

ACE2 amino acid 
and position

Molecular 
interaction

Atomic distance
(Angstrom)

 ³ɑ-pln W I (lanthipeptide) ²Asn 6 ²Asn 51 Hydrogen bond 2.01

²Gln 25 ²Ser 44 Hydrogen bond 1.96

²Gln 25 ²Ser 44 Hydrogen bond 2.21

β-pln W I (lanthipeptide) ²Thr 21 ¹Gly 354 Hydrogen bond 1.97

²Lys 29 ¹Trp 349 Hydrogen bond 1.99

C I (lanthipeptide) ¹Cys 26 ¹Leu 73 Covalent bond 3.20

³F II ¹Val 1 ²Thr 347 Hydrogen bond 2.23

²Ser 6 ²His 345 Hydrogen bond 1.96

²Ser 6 ²His 345 Hydrogen bond 2.05

¹Ala 7 ²Thr 347 Hydrogen bond 1.85

3 II  ²Lys 2 ²,⁴Ser 331 Hydrogen bond 2.40

²Ser 3 ²Asn 330 Hydrogen bond 2.36

²Ser 3 ¹,⁴Met 332 Hydrogen bond 2.04

²Ser 3 ²Asn 330 Hydrogen bond 2.01

²Arg 4 ²Thr 347 Hydrogen bond 2.55

²Arg 5 ²Thr 347 Hydrogen bond 2.3

¹Cys 6 ²His 345 Covalent bond 3.5

GZ1-27 II ¹Gly 6 ²His 345 Hydrogen bond 2.10

¹Gly 6 ²His 345 Hydrogen bond 1.77

J II ¹Ala 2 ²Asp 350 Hydrogen bond 1.92

β-pln S II ¹Phe 22 ²Thr 347 Hydrogen bond 2.21

¹Leu 23 ²Thr 347 Hydrogen bond 2.23
1 Hydrophobic residues; 2 Polar or solvent-accessible residues; 3 Predicted as potential intranasal drugs, and 
4 Intrinsically disordered region.

Table 6.	Binding Affinity of the Best Candidate plantaricin to the RBD

Plantaricin (Pln) Gibbs free energy1, 
in ΔG (kCal/mol)

Dissociation constant2, 
Kd (M) at 35°C

ɑ-pln W (lanthipeptide) to Omicron BA.4/5 variant RBD -15.2 1.7 x 10⁻¹¹

Control: Tixagevimab (AZD 8895) -13.8  1.7 x 10⁻¹⁰

Control: Cilgavimab (AZD 1016) -12.4  1.5 x 10⁻⁹

Lower values indicate favorable and spontaneous interactions¹, as well as higher affinity and stability² of 
binding, respectively.⁴
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with CFS (p=0.005** and p=0.01*, respectively). The activity 
from 1:2 dilution of ASP is significantly higher than SGE-
ASP (p=0.02*). The 1:8 dilution of SGE-CFS is significantly 
lower than CFS (p=0.047*). Overall, the highest neutralizing 
activity without entailing cytotoxicity can be seen from the 
1:8 dilution of CFS. 

Activity against nCoV-S-EGFP Omicron BA.1 variant
Figure 3 shows the antiviral activity of the CFS, crude 

protein and semi-purified fractions in comparison with the 
positive control, toremifene citrate (TC), against an MOI 
(0.1) of the nCoV-S-EGFP Omicron BA.1 variant. The 
activity of CFS at 1:4 and 1:8 dilutions were significantly 
higher than TC (p=0.02* and p=0.01*, respectively). The 
activities of ASP and GAP at 1:4 dilutions were significantly 
higher compared with HAP8 and TC (p=0.008**). The 
activities from 1:8 dilutions of ASP and GAP respectively, 
were significantly higher compared with TC (p=0.001** and 
p=0.006**, respectively). Further, the activities from the 1:8 
dilution of ASP and GAP respectively, were significantly 
higher with HAP8 (p=0.001** and p=0.02*, respectively). 
The activity from 1:2 dilution of GAP is significantly lower 

than CFS (p=0.016*) and SGE-ASP (p=0.04*). The activities 
from 1:4 and 1:8 dilutions of HAP8 were significantly lower 
compared with CFS, respectively (p=0.037* and p=0.001**, 
respectively). Also, the activity from 1:4 dilution of HAP8 
is significantly lower than SGE-CFS and SGE-ASP 
(p=0.02*). A significant positive correlation occurs for both 
CFS and GAP (r=0.998, p=0.03*, thick bar). A significant 
positive correlation also occurs for both crude protein 
fractions, SGE-CFS and SGE-ASP (r=0.998, p=0.04*, thick 
bar). The crude protein fractions also follow the trend with 
CFS, ASP, GAP and HAP8, i.e., activity becomes higher as 
dilutions progress, which supports that the antiviral activity 
is mediated by a peptide. Overall, the highest activities from 
noncytotoxic dilutions can be seen from 1:4 and 1:8 dilutions 
of CFS.

Activity against nCoV-S-EGFP wild-type Omicron 
BA.4/5 variant

Figure 4 shows the antiviral activity of the CFS, 
semi-purified and crude protein fractions in comparison 
with the positive control, toremifene citrate (TC), against 
an MOI (0.1) of the nCoV-S-EGFP Omicron BA.4/5 

Figure 1.	 Comparison of the HEK293T-hACE2 percent cell viability with dilutions of the CFS, crude protein and semi-purified 
fractions. Two-fold dilutions (X-axis) were prepared using the complete media (DMEM-F12-10%FBS). Y-axis pertains to 
the percent cell viability of after 48 hrs. The MTT assay determines the dilutions from samples which were either cytotoxic 
(<50% viability) or promote viability (>50%). Each value represents the mean cell viability from a duplicate run in separate 
microplates. Data were statistically significant at *p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001. Error bars indicate 
mean ± SEM. 

Abbreviations: MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide), and DMEM-F12-F10%FBS (Dulbecco’s Modified Eagle Medium, 
with Ham’s F12 nutrient mixture and 10% Fetal Bovine Serum). Refer to Methodology for the definition of CFS, SGE-CFS and SGE-ASP, GAP and HAP8.
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variant. The activities between the crude protein fractions 
and when compared with the CFS and ASP were parallel, 
hence further affirms that the antiviral activity is primarily 
mediated by a peptide. The highest activities can be seen 
from 1:2, 1:4 and 1:8 dilutions of the CFS, as well as from 
1:4 and 1:8 dilutions of ASP. The activities of CFS at 1:4 
and 1:8 dilutions were significantly higher than TC (p=0.03* 
and p=0.02*, respectively). The activity from 1:2 dilution of 
ASP is significantly higher than GAP (p=0.04*). Also, the 
activities from 1:4 dilutions of ASP and HAP8, respectively, 
were significantly higher when compared with TC (p=0.03* 
and p=0.04*, respectively). The activity from 1:8 dilutions of 
ASP, GAP and HAP8, respectively, were also significantly 
higher compared with TC (p=0.01*, p=0.045*, and p=0.04*, 
respectively). The activities from 1:2 and 1:4 dilutions of GAP 
were significantly lower than CFS, respectively (p=0.01* and 
p=0.03*, respectively). The activity from GAP at 1:2 dilution 
is significantly lower than SGE-CFS and SGE-ASP, 
respectively (p=0.03* and p=0.009**, respectively). GAP, in 
the 1:4 dilution, is significantly lower compared with SGE-
ASP (p=0.005**). 

Across the pseudoviruses, the CFS exhibited 3.24%, 
2.17% and 16% higher activities compared with the SGE-

CFS at 1:2, 1:4 and 1:8 dilutions, respectively. Overall, the 
highest neutralizing activities from the CFS, crude protein 
and semi-purified fractions against the nCoV-S-EGFP wt 
Wuhan range from 72 to 100% (86.67 ± 4.56, mean ± SEM), 
while for the nCoV-S-EGFP BA.1 and BA.4/5 variants, 
range from 78-100% (95.33 ± 3.60) and 90-100% (96.33 ± 
2.02), respectively. Generally, the activities of these samples 
were higher against the BA.4/5 variant followed by the BA.1 
variant, then the Wuhan strain. The dilution which exhibited 
the highest activity taken as an average from all samples is 
from 1:8 (96.33% ± 2.03), also against the BA.4/5 variant, 
highlighting their potent activity against this pseudovirus.

Table 7 shows the IC50, CC50 and SI of the CFS, 
ASP, GAP, HAP8 and TC, against the pseudoviruses. Only 
the CFS have SI values (>1), highlighting its potential as 
a therapeutic candidate against live or strains of SARS-
CoV-2.42 This value may reflect a combined action between 
the metabolites (e.g., organic acids) and the putative peptide. 
The IC50 and SI values of the samples were also consistent 
with the trend of activities from the microneutralization assay. 
Table 8 shows the purification details starting from the CFS. 
An approximate 55% yield of the putative antiviral peptide 
was concentrated from the 48-fold purification steps starting 

Figure 2.	 Comparison of the antiviral activity against the nCoV-S-EGFP wild-type Wuhan between the CFS, semi-purified fractions 
and crude protein fractions. Two-fold dilutions (X-axis) were prepared using the complete media, DMEM-F12-10%FBS. 
Y-axis indicates the antiviral activity in percent inhibition, expressed as the ratio of the loss of EGFP fluorescence intensity 
(FI) upon treatment with dilutions of a sample relative to the virus control. The microneutralization assay determines the 
neutralizing dilutions from samples capable of preventing the viral entry by more than 50% through coincubation with a 
pseudovirus. Each value represents the mean of a duplicate run performed in separate microplates. Data were statistically 
significant at *p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001. Error bars indicate mean ± SEM. 

Abbreviations: nCoV-S-EGFP (Pseudotyped Enhanced Green Fluorescent Protein-labeled Lentivirus expressing the Spike of Novel Coronavirus or a 
SARS-CoV-2 Spike Pseudotyped Lentivirus) and MOI (multiplicity of infection).
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Figure 4.	 Comparison of the antiviral activity against the nCoV-S-EGFP Omicron BA.4/5 variant between the CFS, crude protein 
and semi-purified fractions. Two-fold dilutions (X-axis) were prepared using the complete media, DMEM-F12-10%FBS. 
Y-axis indicates the antiviral activity in percent inhibition. This assay determines the neutralizing dilutions from samples 
capable of preventing the viral entry by more than 50% through coincubation with a pseudovirus. Each value represents 
the mean of a duplicate run performed in separate microplates. Data were statistically significant at *p <0.05, **p <0.01, 
***p <0.001, and ****p <0.0001. Error bars indicate mean ± SEM.

Figure 3.	 Comparison of the antiviral activity against the nCoV-S-EGFP Omicron BA.1 variant between the CFS, semi-purified 
fractions and crude protein fractions. Two-fold dilutions (X-axis) were prepared using the complete media, DMEM-F12-
10%FBS. Y-axis indicates the antiviral activity in percent inhibition. This assay determines the neutralizing dilutions from 
samples capable of preventing the viral entry by more than 50% through coincubation with a pseudovirus. Each value 
represents the mean of a duplicate run performed in separate microplates. Data were statistically significant at *p <0.05, 
**p <0.01, ***p <0.001, and ****p <0.0001. Error bars indicate mean ± SEM.
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Table 7.	 IC50, CC50 and SI Values of the CFS, ASP, GAP, HAP8, and TC

Samples CC50
nCoV-S-EGFP wt Wuhan nCoV-S-EGFP BA.1 nCoV-S-EGFP BA.4/5
IC50 SI1 (CC50/IC50) IC50 SI1 (CC50/IC50) IC50 SI1 (CC50/IC50)

CFS 2.25 1.26 1.79 0.89 2.53 0.81 2.78

ASP 0.995 3.58 0.28 2.85 0.35 2.36 0.42

GAP 2.63 4.01 0.66 3.16 0.83 4.14 0.64

HAP8 1.22 5.20 0.23 5.37 0.23 3.59 0.34

TC 0.28 8.76 0.03 9.62 0.03 13.64 0.02
1 Highlighted were selectivity index values above 1 which indicates a potential therapeutic candidate.

Figure 5.	 Abundance of the strain BS25 CFS metabolites relevant for antiviral activity, cell viability and cytotoxicity. Actual ion 
counts vs mass/charge ratio were shown in Y-axis.

Table 8.	Purification details from the strain BS25 CFS to its semi-purified fractions

Samples Purification step Total protein1 
(mg)

Total activity2

(AU, arbitrary units)
Specific activity3 

(AU/mg)
Purification 

fold4
Percent 
yield5

CFS Crude cell-free supernatant 0.26 523 641 1 100

ASP Ammonium sulphate precipitation 0.18 290 1,620 26.93 83

GAP Pooled gel chromatography 0.294 381 992 45.95 66

HAP8 Semi-preparative RP-HPLC 0.01 375 25,000 47.64 55
1	The total protein concentrations identified by Qubit assay were converted to milligrams;
2	Total activity pertains to the reciprocal from the average of dilution factors with highest antiviral activity against nCoV-S-EGFP wt Wuhan, Omicron 

BA.1 and BA.4/5 variants;
3	Specific activity pertains to the total activity divided by the protein concentration;
4	Purification fold is obtained by dividing specific activity of succeeding fractions from the initial sample, and;
5	Percent yield is calculated by dividing the total activity of the succeeding fraction from the initial sample.
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from the CFS. To identify and screen the main antiviral 
compound, metabolomics of the CFS has been performed.

Strain BS25 CFS Metabolome 
A fraction prepared from the CFS underwent non-

targeted metabolomics which has identified organic acids, 
amino acids and modified forms, sugars, vitamin degradation 
product, bacterial-derived lipid, enzyme fragment and cyclic 
peptides (Table 9). The metabolites with potential impacts 
on cell viability and antiviral activity were quantified through 
their ion abundances by a data-dependent acquisition (DDA) 
method (Figure 5), and these include organic acids, modified 
amino acids and cyclic-peptides, along with a relatively 
abundant putative peptide.

 
Suspect Compound Screening

Figure 6 shows bands with an apparent molecular 
weight of <10 kDa, as seen from the CFS, ASP, individual 

and pooled gel fractions. The higher loss of antiviral activity 
upon DTT treatment further supports that the activity is 
mediated by a peptide with sulfide and thioether bonds, as 
seen with lanthipeptides (Figure 7).15,28,42 Table 10 shows the 
summary of suspect compound screening, which is suggestive 
only for the presence of plantaricins, possibly mediating the 
antiviral activity. De novo sequencing has identified a putative 
peptide with the sequence HLCSGDSTCGSTKDM and 
molecular weight of 1445 Da (1463 Da is the hydrated 
form). It has been predicted by the RiPPMiner server as 
a potential lanthipeptide. Database search also revealed no 
matches, further supporting its putative status. The proposed 
name of this putative compound is "BS25-JLDM”, based 
on the strain BS25 and investigators, Joshua Mandanas, 
Leslie Dalmacio, Day Yu Chao, and Marilen Balolong. The 
in vitro evidence of antiviral activity and detection through 
mass spectrometry, as well as the loss of activity with DTT 
treatment, possibly imply that the nature of the putative 

Table 9.	Non-targeted Metabolomics Profile of the Strain BS25 CFS

Metabolite Observed retention 
time (seconds)

Observed mass spectra 
(m/z)

Molecular weight 
(g/mol)

Putative peptide 217.44 1463 (1445 +H+H2O)⁺ 1445.00

Organic acids
Aceturic acid 160.57 117.02 117.10
Succinic acid 158.73 117.20 118.09
Citramalic acid 102.90 146.05 148.11
Tartaric acid 104.27 149.01 150.09
Phenyllactic acid 266.64 165.06 165.17
4-hydroxyphenyllactic acid 443.30 181.05 182.17
Citric acid 165.54 191.02 192.12
dl3-indoleacetic acid 748.84 204.07 203.24
Brassylic acid 971.04 242.18 242.33

Amino acid and modified forms
Tryptophan 446.38 203.08 204.22
Tyrosine 145.77 180.07 181.19
Phenylalanine 265.40 164.07 165.19
N-acetyl-aspartic acid 139.02 177.04 175.14
O-acetyl-serine 122.71 146.05 147.13
Carnosine 293.83 225.09 226.23
Pyroglutamic acid 146.58 229.12 229.23

Cyclic peptides
cyclo L-Leucyl-L-Proline 252.83 211.15 210.27
cyclo L-Phenylalanine-D-Proline 272.50 245.13 244.29
cyclo (L)-Valine-leucine-proline-valine-proline 254.87 652.41 651.80

Peptide fragment
NADH:quinone oxidoreductase 826.38 1122.62 1155.00

Sugars
Galactose 100.16 179.06 180.16
D-mannitol 781.40 182.99 182.17

Riboflavin degradation product
7,8-dimethyl alloxazine (lumichrome) 648.79 241.12 242.23

Lipid
C17-Sphinganine 165.54 288.29 287.50
lysophosphatidylglycerol 667.50 666.35 512.60
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compound is a lanthipeptide, and together, correspond to 
the level 2 suspect compound screening.43 Table 11 further 
supports that the putative peptide has a higher binding 
affinity for the RBD, especially to the Omicron BA.4/5 
variant, compared with ACE2. This affirms the finding 
from the in silico section that a plantaricin lanthipeptide has 
a higher affinity to the RBD of BA.4/5. In future, level 1 
suspect compound confirmation can be achieved through 
mass spectrometry with a control plantaricin or lanthipeptide 
along with other biochemical assays and indicator strains.

DISCUSSION

Molecular docking has identified that plantaricins bind 
more stably with the RBD, compared with ACE2. The larger 
atomic distance of covalent bonds is due to the radius and 
electron densities of atoms other than hydrogen.44 Further, 
plantaricins can interact with the IDR of RBD and ACE2, 
these were residues which do not form stable secondary 
and tertiary structures, allowing interaction with a binding 
candidate.45 The best plantaricin candidate, ɑ-Pln W, which 
is a lanthipeptide, complements Anwar et al., that it interacts 
with high affinity to the RBD.17  Together, these support that 
lanthipeptides from the CFS of L. plantarum strains were 
promising antivirals by preventing SARS-CoV-2 entry. 

Non-targeted metabolomics of the strain BS25 CFS 
has identified a relatively abundant putative peptide along 
with several compounds with known functional properties, 
among the organic acids, phenyllactic is the most abundant. 
It is an antioxidant and known to enhance the activity of 
lanthipeptides through pH effects.18 Carnosine, detected in 
the CFS, is also an antioxidant known to bind residues of 
ACE2 which were distant from the predicted binding sites 
of plantaricins.46 The CFS cyclic peptides, L-Leucyl-L-

Figure 6.	 Tris-tricine SDS-PAGE of the CFS, ASP, individual and pooled GAP fractions. Lane 1 pertains to molecular weight markers 
of the protein ladder (ThermoScientific Page Ruler, 10-70 kDa) with 2 mg of bovine serum albumin (BSA) as the control. 
Gels were analyzed 72 hrs post-staining with Coomasie blue. Images were color contrasted to greyscale.

Figure 7.	 Effect of proteolytic treatment on the antiviral 
activity of CFS and ASP against the nCoV-S-EGFP 
Omicron BA.4/5 variant. MOI=0.1 of this pseudovirus 
was used. Treatment of Dithiothreitol (10 mM) and 
Trypsin-LysC (100 mM) were performed at 35°C with 
5% CO2 for 3 hrs. The removal of antiviral activity 
was measured by an increase in EGFP fluores- 
cence intensity (FI) after 48 hrs. The loss of antiviral 
activity further supports that the antiviral activity 
of CFS, and possibly the subsequent semi-purified 
fractions, is mediated by a peptide composed of 
sulfide or thioether bonds and lysine residues. Each 
value represents the mean of a duplicate run in 
separate microplates. Data were statistically signifi-
cant at *p <0.05, **p <0.01, ***p <0.001, and ****p 
<0.0001. Error bars indicate mean ± SEM.
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Proline and L-Phenylalanine-D-Proline, have antifungal and 
antibacterial properties but were cytotoxic. These can reduce 
plaque formation by Influenza A.47 The 1:2 dilution of CFS 
and all dilutions of ASP were cytotoxic, this may be due to 
the organic acids succinic, indoleacetic and citric, known 
to entail cytotoxicities in mammalian cell lines.48-50 Other 
CFS organic acids, phenyllactic, tartaric and brassylic, along 
with carnosine, were known to display antioxidant activities 
by reduction, chelation and radical scavenging, potentially 
mediating the cell viability as dilutions progress.51,52  Traces of 
ammonium sulfates may also negatively impact the viability 
from ASP, and together with cytotoxic acids from the CFS, 
may still be present until the 1:4 dilution of GAP. The CFS 
is also acidic (pH=4.0), while the ASP and GAP were both 
slightly acidic (pH=6.0). This is suggestive of the presence 
of cytotoxic organic acids, whereas the HAP8 and crude 
fractions, respectively, were within neutral pH (7.0 and 6.8, 
respectively). The low viabilities seen from HAP8 can be due 
to trace amounts of RP-HPLC formic acid which is unlikely 
to mediate any antiviral activity.53 Overall, 1:8 dilutions of the 
CFS and GAP have shown no cytotoxicity, which indicates 
that further dilutions may have neutralized the cytotoxic 
acids or removed cyclic peptides. To further support this, 
all dilutions of the crude fractions prepared from both CFS 
and ASP, namely the SGE-CFS and SGE-ASP, also entail 

no cytotoxicity, which supports that the putative peptide 
found in the CFS and fractions can possibly be used as a safe 
antiviral adjunct on epithelial cells, such as the nasal tract. 
To note, the putative peptide has no aromatic residues and 
contains one lysine, hence the decreased absorption of the 
Coomassie blue dye, which is known to bind with arginine, 
lysine, and aromatic amino acids. 

The aforementioned may have contributed to the 
appearance of faint bands in the SDS-PAGE.30,33 In order 
to ensure the consistency of protein fraction production, 
an aliquot of the CFS was the source to produce the 
successive fractions, namely the ASP, GAP and HAP8. 
The methods were based on optimized antiviral plantaricin 
purification.14,17,28,29  Pooling of individual gel chromato-
graphy fractions to obtain the GAP, could also impact its 
higher protein content compared with ASP. Screening 
tests have indicated a potential plantaricin, especially on 
the strain BS25 CFS, albeit that the screening was not 
completely performed on the succeeding fractions, but 
since the CFS was used to produce these, the finding of 
potential plantaricin is nevertheless likely to the fractions. 
Plantaricins were bacteriocin peptides which can be screened 
initially on samples with detectable protein concentrations, 
followed by activity on indicator strains and non-lethality to 
the producing probiotic strain.15,28  These peptides primarily 
mediate the antiviral activity observed from L. plantarum 
strains.13,14 

Infection and neutralization of pseudoviruses compared 
with live viral strains to ACE2-expressing epithelial cell lines 
positively correlate and have similar infectivity, hence supports 
the use of pseudoviruses and HEK293T for COVID-19 
drug development, minimizing risks to researchers and 
environment.2 The nCoV-S-EGFP Omicron BA.1 variant 
contains 10 out of 11 wild-type key RBD mutations (no 
L470T), while the nCoV-S-EGFP BA.4/5 variant contains 
all the 12 wild-type key RBD mutations, making it more 
cationic and hydrophobic.54 Previously, these were the major 
circulating variants of concern during the experimentation 
phase of this study (2022-2023). These residues may facilitate 
interactions with the putative peptide and correlates well 

Table 10.	Suspect compound screen of the putative peptide as the main antiviral metabolite

Sample

Potential presence of plantaricin In vitro
activity 

against the 
pseudo-
viruses

Similar 
activity with 

the crude 
protein 

fractions

Loss of activity upon 
proteolytic treatment De novo 

sequence 
data

Detectable 
protein 

concentration

Tris-tricine 
SDS-PAGE 

(<10 kDa band)

In vitro activity 
against 

S. mutans

Non-lethality 
to the strain 

BS25
DTT Trypsin- 

LysC

CFS Yes Yes Yes Yes Yes Yes Yes Yes Yes

ASP Yes Yes Yes Yes Yes Yes Yes Yes Not 
performed

GAP Yes Yes Yes Yes Yes Yes Not 
performed

Not 
performed

Not 
performed

HAP8 Yes Not performed Not performed Not performed Yes Yes Not 
performed

Not 
performed

Yes

Table 11.	Binding affinity of the putative peptide

Target
Binding affinity1 (kCal/mol)

Putative peptide2

(HLCSGDSTCGSTKDM)
Control: 

toremifene

RBD of SARS-CoV-2 Wuhan 
strain

-10.00 -5.60

RBD of SARS-CoV-2 Omicron 
BA.1 variant

-10.00 -7.08

RBD of SARS-CoV-2 Omicron 
BA.4/5 variant

-11.40 -5.47

ACE2 -9.97 -6.02
1 Lower values indicate favorable and spontaneous interactions
2 Passed ADMET and predicted as a potential intranasal drug
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from the activity of the samples in the microneutralization. 
The similar trend of activity observed upon coincubation with 
the pseudoviruses between the CFS, ASP, GAP and HAP8, 
compared with the crude protein fractions, further support 
that the activity is mediated by a peptide. The slightly higher 
activity of the CFS compared with the SGE-CFS implies 
enhancement of organic acids with the former. Further, 
the removal of antiviral activity of the CFS and ASP by 
dithiothreitol, which reversibly reduces thioether or sulfide 
bonds and dehydrated rings characteristic of lanthipeptides, 
may have caused conformational changes to the putative 
peptide, weakening its interaction hence lowered its activity.29 
De novo sequencing analysis (PEAKS DB) has indicated 
the presence of dehydrated serine, threonine and cysteine 
residues in the putative peptide, which were also apparent 
to lanthipeptides. These agree with the CFS metabolomics, 
as the putative peptide predominates, followed by the 
organic acids. These acids may have enhanced the activity by 
causing denaturation of the spike, or to the S2, membrane 
and envelope proteins.55  The absorption of organic acids 
by the pseudoviruses leading to capsid denaturation can 
also be a possibility. Lanthipeptides have been known to 
interact with negatively charged lipids using their cationic 
residues followed by permeabilization of their hydrophobic 
or uncharged residues into the membrane of pathogens.29 
The putative peptide has cationic residues flanking at the 
amino and carboxy-terminal, while the remainder were “in-

between” hydrophobic residues, further suggesting its lytic 
potential. Analysis on the draft whole genome sequence of 
the strain BS25 indicates that it can produce plantaricins of 
class II bacteriocins yet there were no identified lanthipeptide 
genes.16 Undetected bacteriocin genes can be encoded by 
episomal or separate plasmids, as data from WGS may not 
characterize every plasmids.56 The possibility of lanthipeptide 
formation induced by heating of the CFS as performed in this 
study can also be explored in future. With smaller molecular 
weights, resistance to extreme temperatures (-20°C to 
100°C), ability to be packed into nanocarriers along with the 
versatility of mechanisms, together support the advantages of 
lanthipeptide plantaricins as potential antivirals.57

The coincubation format utilized in this study allows 
samples to directly interact with the pseudoviruses, and from 
this, it can be postulated that the main antiviral metabolite, 
i.e., the putative peptide, acts as an allosteric competitive 
inhibitor.58 This can interact with the active sites (i.e., 
RBD key mutations) which result in sterically hindering 
ACE2. The putative peptide can also interact with an IDR 
residue adjacent to a key RBD mutation (allosteric sites) 
which caused conformational changes and prevented the 
interaction with ACE2. Either of these may have prevented a 
pseudovirus entry hence the absence of EGFP FI (Figure 8). 
This also correlates with the sustained 100% inhibition and 
absence of dose dependency. Supplementary docking analysis 
has indicated that the binding affinity of the putative peptide 

Figure 8.	 Mechanism of the antiviral activity by the CFS, semi-purified and crude protein fractions.
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is higher with the BA.4/5 variant compared with Wuhan 
strain, BA.1 variant and ACE2. This further support the 
substantially higher activity against the BA.4/5 exhibited by 
the samples. The current circulating SARS-CoV-2 variants 
from recombinations of Omicron, such as XEC, K.S.1.1 
and KP3.3, also have cationic and hydrophobic mutations, 
suggesting a future application.59 Together, these point that 
the activity of the CFS and fractions, is mainly directed 
against the RBD, and can be utilized as alternative antivirals 
against SARS-CoV-2 variants. Further exploration on the 
activity as adjunct antivirals against human and animal 
pan-coronaviruses, entailing a one-health strategy, can be 
performed in future investigations. 

CONCLUSION

Plantaricins can prevent SARS-CoV-2 entry by 
interacting with key RBD mutations or with intrinsically 
disordered RBD residues. The cationic and hydrophobic RBD 
mutations in the BA.4/5 variant may facilitate interactions 
with the putative peptide from the CFS and fractions, hence 
the observed potent activities. These findings can be used as 
the basis for development of an alternative antiviral targeting 
the RBD of live or pseudotyped SARS-CoV-2 variants.

Recommendations
Molecular simulations and analysis of the interactions 

of plantaricins with the SARS-CoV-2 RNA polymerase 
and protease can be further explored. Desalination of ASP 
and removal of trace formic acids in HAP8 to improve 
the viability of HEK293T-hACE2, as well as performing 
cation-exchange chromatography to increase the yield 
of the putative peptide, are also recommended. Level 1 
confirmation of the suspect compound with a reference 
plantaricin lanthipeptide can also be explored. Preparation 
of other crude fractions from GAP and HAP8, tris-tricine 
SDS-PAGE of HAP8, along with testing the activity of the 
CFS and semi-purified fractions using a higher multiplicity 
of infection (MOI) by the pseudoviruses can be performed in 
future studies. Lastly, the 1:8 dilution of CFS can be utilized 
against the currently circulating SARS-CoV-2 variants or 
other pseudotyped strains.
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