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ABSTRACT

Prodigiosin, a red linear tripyrrole pigment found in Serratia marcescens, is one such naturally occurring compound 
that has gained wide attention owing to its numerous biological activities, including antibacterial, antifungal, 
antimalarial, anticancer, and immunosuppressive properties. This study was conducted to evaluate the possible 
antiviral activity of prodigiosin against Enterovirus 71, a causative agent of hand, foot, and mouth disease (HFMD). 
Preliminary studies were done in silico by analyzing the interaction of prodigiosin with amino acid residues of five 
EV71-target proteins. Interaction refinement analysis with FireDock revealed that 2C helicase (-48.01 kcal/moL) 
has the most negative global energy, followed by capsid (-36.52 kcal/moL), 3C protease (-34.16 kcal/moL), 3D RNA 
polymerase (-30.93 kcal/moL) and 2A protease (-20.61 kcal/moL). These values are indicative of the interaction 
strength. Prodigiosin was shown to form chemical bonds with specific amino acid residues in capsid (Gln-30, Asn-
223), 2A protease (Trp-33, Trp-142), 2C helicase (Tyr-150, His-151, Gln-169, Ser-212), 3C protease (Glu-50), and 
3D RNA polymerase (Ala-239, Tyr-237). To investigate further, prodigiosin was extracted from S. marcescens using 
a methanolic extraction method. In vitro studies revealed that prodigiosin, with an IC50 value of 0.5112 μg/mL, 
reduced virus titers by 0.17 log (32.39%) in 30 min and 0.19 log (35.43%) in 60 min. The findings suggest that 
prodigiosin has antiviral activity with an intermediate inhibitory effect against EV71. As a result of this research, new 
biological activities of prodigiosin have been identified.
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INTRODUCTION
According to the World Health Organization (2018), 
numerous cases of hand, foot, and mouth disease (HFMD) 
have been reported in countries throughout the Western 
Pacific region, including Malaysia, Japan, the Republic of 
Korea, Singapore, Vietnam, and China. As of June 2022, the 
Malaysian Ministry of Health (MoH) has reported over 95,000 
HFMD cases, which is over the warning threshold (1,215 
cases) indicated by the ministry (Abdullah, 2022). HFMD is 
a complex of the febrile disease characterized by cutaneous 
eruptions (exanthem) on the palm of the hands and feet with 
simultaneous occurrences of muco-cutaneous vesiculo-
ulcerative lesions in the mouth (Chua & Kasri, 2011). HFMD 
has been an important public health concern due to its high 
propensity to cause large outbreaks and even deaths among 
children and infants (Fong et al., 2021).

HFMD is a systemic infection caused by human 
enteroviruses and is frequently associated with 
Coxsackievirus A16 (CA16) and Enterovirus 71 (EV71) as 
its etiological agents, which are non-enveloped RNA viruses 
(Ren et al., 2015; Yuan et al., 2018). Most patients suffering 
from HFMD manifest mild clinical courses and are self-limiting 
meaning that the disease disappears on its own or does not 
have long-term adverse effects on health. However, several 
reported cases, especially those caused by EV71, tend to 
be more severe in symptoms and can lead to death (Kim 
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et al., 2018). EV71 is the second most important 
neurotrophic enterovirus after poliovirus and 
infections of EV71 can lead to severe neurologic, 
cardiac, and respiratory complications in children 
below the age of 5. Apart from that, EV71 has been 
associated with various other clinical diseases 
such as meningitis, encephalitis, and poliomyelitis-
like acute paralysis (Chua & Kasri, 2011). HFMD 
can be easily transmitted via droplet transmission 
and fomite amongst children in care centers and 
kindergartens (Sun et al., 2018). As a result, it is a 
significant disease in terms of public health. 

Treatment for HFMD is primarily supportive 
(treating symptoms) due to the absence of specific 
antiviral agents against its causative agent. Patients 
will usually recover from the disease within 7 to 10 
days. Patients are closely monitored from time to 
time to ensure they are well hydrated, while other 
symptoms like fever and pain are controlled with 
non-steroidal anti-inflammatory drugs (NSAIDs) 
and acetaminophen. Additionally, the liquid mixture 
of ibuprofen and diphenhydramine can be used as 
a gargling solution to relieve pain resulting from 
ulcers (Coates et al., 2019; Rasti et al., 2019).

Currently, there are no drugs against the 
causative agent of HFMD that have been 
approved. Several EV71 vaccine candidates 
are being developed (in the clinical trial stage), 
using viral structural proteins as immunogens 
to produce antibodies, which target viral epitope 
neutralization (Fang & Liu, 2018; Li et al., 2021). 
These include inactivated viruses, live-attenuated 
viruses, and viral-like particle vaccines. There is 
no proven pharmacological method to prevent or 
control HFMD/EV71 and the main action frequently 
taken involves a non-pharmaceutical approach in 
which most of the parts are aimed at interfering 
with the viral transmission chain (CDC, 2022). 
Early detection, identification, and intervention of 
the outbreak in high-risk cases from potentially 
developing into a more severe condition is the main 
key to minimizing the impact of the disease. Hence, 
there is always a constant need for antiviral agent 
discovery and development efforts to combat the 
recurrent endemic of HFMD that poses a threat to 
global public health.

The red pigment of prodigiosin is synthesized 
under both aerobic and anaerobic conditions by 
the facultative anaerobe bacterium called Serratia 
marcescens from the family of Enterobacteriaceae 
(Wei & Chen, 2005). Physiologically, the role of 
prodigiosin in the producing bacterial strain is 
unknown, yet numerous biological activities related 
to prodigiosin have been reported previously. 
These include antifungal, antiproliferative, and 
immunosuppressive activities (De Araújo et al., 
2010). Moreover, Lapenda et al. (2015) reported 
bactericidal and bacteriostatic effects of prodigiosin, 
whereas Lin et al. (2019) demonstrated prodigiosin 

to possess high apoptotic activity on cancer cell 
lines and low cytotoxicity on non-cancer cells. 
Unlike vaccines, most natural products (such as 
prodigiosin) and antiviral drugs, use both viral 
structural and non-structural proteins as targets 
for direct inactivation upon their binding to the 
active sites, rendering the viral proteins inactive 
or incapable of functioning properly (Su et al., 
2020; Littler et al., 2021). On the other hand, in 
silico studies and molecular docking analysis on 
prodigiosin with several RNA virus target proteins 
such as HBV, HIV, and H1N1 suggested the 
presence of antiviral activity from prodigiosin when 
interactions with the aforementioned viral protein 
active sites are found (Suba et al., 2013). 

Although prodigiosin has been reported to 
possess antimicrobial activities against various 
microbes, no experimental data is proving the 
antiviral activity of prodigiosin against human 
viruses. The in silico studies of prodigiosin 
conducted in previous research were putative 
antiviral potential against enveloped human 
viruses but the antiviral efficacy against non-
enveloped human viruses is yet to be determined. 
Hence, in this study, we aim to predict the potential 
interaction between prodigiosin and essential 
viral proteins of EV71 through in silico analysis 
and evaluate its antiviral efficacy through in vitro 
antiviral assay.

MATERIALS AND METHODS
Molecular docking 
Protein structures used in this research were 
downloaded from the Protein Data Bank (PDB) 
(http://rcsb.org). EV71 target protein candidates 
were chosen (based on their critical role in the 
virus) as receivers, and they were expected to 
interact positively with the prodigiosin pigment 
compound. The prodigiosin structure (PubChem 
CID: 135408511), as a ligand, with a molecular 
formula of C20H25N3O, was chosen from PubChem 
(https://pubchem.ncbi.nlm.nih.gov/compound/
Prodigiosin). The prodigiosin 3D chemical 
structure file downloaded from PubChem was 
converted from SDF file format (input) to PDB file 
format (output) using an online SMILES translator 
and structure file generator (https://cactus.nci.nih.
gov/translate/), which is a public web server of the 
Computer-Aided Drug Design (CADD) Group.

Protein-ligand docking was conducted using 
the DockThor web server (https://dockthor.
lncc.br/v2/) and the output of the binding 
affinity value was generated. The geometrical 
orientation, conformational complementarity, and 
the characteristics between the protein and the 
ligand were evaluated. The interaction results 
were analyzed based on the binding affinity value 
(kcal/moL) of prodigiosin (ligand) to EV71 target 
proteins. Additionally, PatchDock (http://bioinfo3d.
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cs.tau.ac.il/PatchDock/), a web server with an 
algorithm based on shape complementarity 
principles (Schneidman-Duhovny et al., 2005) 
was used. PatchDock generated output such 
as the geometric score, the interface area size, 
the desolvation energy, and the actual rigid 
transformation of the solution.

Subsequently, the fast interaction refinement 
process in molecular docking was carried out 
using the FireDock web server (http://bioinfo3d.
cs.tau.ac.il/FireDock/), where candidate solutions 
were further refined and re-scored (Andrusier et 
al., 2007). FireDock generated the lowest global 
energy value as the output of all of the candidates 
for protein-ligand complexes. Visualization of the 
protein-ligand complexes was done using PyMOL 
(version 2.3.5), a molecular visualization system 
software. Also, PyMOL was used to visualize 
amino acid residues on the virus target protein 
active site chains that form chemical bonds with 
prodigiosin, including the nucleus-to-nucleus 
distance (in angstrom, Å). 

Bacterial culture
Serratia marcescens UKMCC 1014 was procured 
from the Universiti Kebangsaan Malaysia 
Culture Collection (UKMCC), Bangi, Malaysia. S. 
marcescens UKMCC 1014 was grown on peptone 
glycerol agar at 28 °C for 96 h. For the prodigiosin 
pigment production, S. marcescens UKMCC 1014 
was inoculated into a sterile cold peptone glycerol 
broth medium followed by incubation in an orbital 
shaker incubator at 28 °C for 96 h.

Methanolic extraction of prodigiosin
The prodigiosin from S. marcescens UKMCC 
1014 was extracted using a methanolic extraction 
method as described by Nakashima et al. (2005). 
S. marcescens UKMCC 1014 was cultured in 
100 mL of yeast extract-peptone-glucose (YPG) 
broth medium at 28 °C for 96 h. Then, 100 mL of 
methanol was added to the YPG broth, followed 
by centrifugation of the mixture at 10,000 × g for 
30 min. The supernatant was evaporated under a 
vacuum to obtain the dry residue, which was later 
extracted into chloroform and washed several 
times using the same solvent. The extracted 
fraction was centrifuged at 10,000 × g for 10 
min. The supernatant was evaporated under a 
vacuum before the addition of methanol to the dry 
residue. The dry residue was dissolved thoroughly 
in methanol. The absorption spectrum of the red 
pigment was measured using a spectrophotometer 
with a wavelength ranging from 200 nm to 800 nm 
(ultraviolet to visible light region). 

Cytotoxicity assay
This assay aimed to evaluate the non-cytotoxic 
concentration that could be used in an antiviral 

study. The Vero cells were grown in the Dulbecco’s 
Modified Eagle’s Medium (DMEM) containing 
5% (v/v) Fetal Bovine Serum (FBS), 100 IU/mL 
penicillin-streptomycin, 1% (v/v) L-glutamine, 50 
mg/mL amphosphate B and sodium bicarbonate 
(NaHCO3). Cell cultures were incubated and 
maintained at 37 °C in 5% CO2 atmospheric 
conditions. Subsequently, 100 mL of cell 
suspension was aliquoted into each well in a 96-
well microtiter plate and incubated for monolayer 
cell formation. DMEM was discarded from each 
well using a micropipette followed by the addition of 
200 mL extract, fresh DMEM, or dimethyl sulfoxide 
(DMSO) and further incubated for 24 h at 37 °C in 
5% CO2 atmospheric condition. Cell concentration 
(cell/mL) was calculated. Serial dilution of the 
original extract concentration (100%) was done for 
extract preparation. 

Cell culture was stained for analysis to obtain 
the IC50 value. After incubation, DMEM was 
discarded and each well was washed using DMEM 
without 5% FBS a few times. 100 mL DMEM with 
5% FBS and 40 mL MTT (concentration: 5 mg/mL) 
were added to each well. The microtiter plate was 
fully covered with aluminum foil and incubated for 
3 h at 37 °C in 5% CO2 atmospheric condition. MTT 
was removed and DMSO was added, converting 
yellow tetrazole into purple formazan crystal in 
viable cells. A microtiter plate reader (EpochTM 
Microplate Spectrophotometer Gen5) was used 
to measure absorbance at a 570 nm wavelength. 
The percentage of cell viability was calculated 
using the following formula:

The data from the percentage of cell viability 
at different extract concentrations was plotted as 
a graph of cell viability percentage against the 
log concentration of prodigiosin extract. The IC50 
value was calculated using the GraphPad Prism 9 
software as the antilog of prodigiosin concentration 
at 50% population cell death. The regression 
coefficient (R2) was recorded to show the data was 
close to a non-linear fitted regression line (curve fit) 
and the mathematical model used was suitable for 
the data. The extract concentration of prodigiosin 
at IC50 was later used for the virucidal test.

Virucidal efficacy suspension test
The virucidal efficacy suspension test was 
performed to determine the potential of prodigiosin 
to act as a direct-acting antiviral, which inhibits virus 
particles directly. The EV71 clinical strain retrieved 
from Virology Laboratory Stock Collection, Faculty 
of Science and Technology, Universiti Kebangsaan 
Malaysia, with an initial virus stock of 1 × 106 pfu/
mL was used and treated with prodigiosin at the 
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ratio of 1 part virus: 9 parts prodigiosin (1.6 μg/mL). 
The treatment was done at 37 °C for 30 min and 
60 min. The treatment was stopped by carrying out 
serial dilution on the mixture using DMEM (serum-
free) which was cooled on ice to reach the dilution 
that would allow virus plaque enumeration (10-1, 
10-3, 10-5, & 10-6). For this test, 95% ethanol was 
used as a positive control while serum-free DMEM 
was used as a negative control. The mixture with 
different dilutions at 100 μL of inoculum volume was 
subsequently added to the 24-well plate containing 
the Vero cell monolayer. Virus adsorption was 
conducted for 2 h at 37 °C and the plate was tilted 
every 15 min. The free virus was removed with the 
addition of 1.5% methylcellulose (MCS) into each 
well. The plate was incubated for 48 h before the 
crystal violet (CV) staining to visualize the plaque. 
The number of plaques formed was calculated 
and the data was converted to virus titer using the 
formula:

The titer value was then transformed to a log10 
scale using the formula:

Then, the relationship between log10 reduction and 
reduction percentage was also calculated using 
the formula:

Statistical analysis
The half-maximal inhibition concentration (IC50) 
of prodigiosin was calculated using GraphPad 
Prism 9 software. The unequal variance two-tailed 
paired t-test was used to evaluate the statistical 
significance. The difference between values is 
considered significant when p<0.05.

RESULTS AND DISCUSSION
EV71 target protein resolution value (Å)
Some of the target protein structures of the 
EV71 virus were selected from the Protein Data 
Bank (http://rcsb.org) based on their functional 
importance to the infection mechanism of the 
host cells and the replication of EV71 in the host 
cells. Among the target proteins selected including 
capsid proteins [important in viral adhesion to host 
receptors and viral pathogenesis (Tan et al., 2013; 
Yuan et al., 2018; Yuan et al., 2016)], 2A protease 
[important in viral polyprotein maturation, cleavage 

of eukaryotic initiation factor 4G (eIF4G) and 
poly (A)-binding protein (Cai et al., 2013; Wang 
et al., 2017)], 2C helicase [important in capsid 
disassembly and replication complex formation 
(Xia et al., 2015; Guan et al., 2017)], 3C protease 
[important in apoptosis induction, innate immunity 
inhibition and virus polyprotein processing (Li et 
al., 2019; Wen et al., 2020)] and RNA-dependent 
RNA polymerase 3D [main player in genomic RNA 
replication and genome-associated viral protein 
uridylation (Chen et al., 2013; Li et al., 2019)], and 
only the target protein with a resolution value of 3 
Å and below was selected for analysis (Table 1).

It is important to select target proteins with 
good resolution values. Resolution is the data 
quality measure that has been collected on crystals 
containing proteins or nucleic acids and is defined 
as the minimum distance of the crystal lattice 
plane that allows X-ray diffraction to be measured 
(Wlodawer et al., 2008). Proteins in the crystal 
are aligned and will scatter the X-ray to produce 
a diffraction pattern that shows the crystal’s fine 
details. Hence, the resolution is the measure 
of the diffraction details and the details that will 
be observed when the electron density map is 
calculated. The majority of protein structures have 
a resolution of between 1 Å and 3 Å. Structures 
with the highest order and when the atoms in the 
electron density map are visible are categorized 
as high-resolution structures (resolution value of 
1 Å or so), whereas structures that show only the 
basic contours of the protein chain are categorized 
as low-resolution structures (resolution value of 3 
Å & above) (Protein Data Bank, 2022).

Docking analysis
Docking analysis was conducted using different 
web servers such as DockThor, PatchDock, and 
FireDock that have been chosen to increase 
the confidence in the presence of protein-ligand 
interactions and as a means to compare the data 
generated from different algorithms employed 
by each docking platform. The results from the 
docking of target proteins with prodigiosin (as a 
ligand) demonstrated the occurrence of protein-
ligand interaction for all of the five EV71 target 
proteins (as a receptor). The docking analysis 
results generated from these web servers can be 
summarized in Table 2. The EV71 target proteins 
with different and multiple localizations to that of 
the virus, including the viral external proteins such 
as capsid and viral internal proteins, which have 
been the major targets of antiviral drugs based 
on previous reports (Lei et al., 2015; Pourianfar & 
Grollo, 2015; van der Linden et al., 2015; Lin et al., 
2019) were chosen to study the probability of the 
prodigiosin’s suitability for use as a virucidal drug 
or a post-treatment drug or both.
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The binding affinity value of the most negative 
was given by 3C protease (-8.162 kcal/moL) > 3D 
RNA polymerase (-8.131 kcal/moL) > 2C helicase 
(-8.018 kcal/moL) > capsid (-7.361 kcal/moL) 
> 2A protease (-6.113 kcal/moL). Based on the 
binding affinity value, prodigiosin has shown the 
ability to bind tightly and stably on 3C protease, 
3D RNA polymerase, 2C helicase, and capsid 
with a more negative value than -7000 kcal/moL 
(except for 2A protease). These values were 
significant because they indicated the potency 
of a drug. In a study done by Peele et al. (2020), 
several antiviral substances had been tested via 
computational simulation, and reported that those 
drugs that fall within an approximate docking 
score of -7.429 kcal/moL to -10.574 kcal/moL (or 
even more negative) were as potent if tested in 
vivo. From this finding, it was predicted the activity 
of prodigiosin was likely to target two different 
mechanisms, namely in virucidal activity and 
post-treatment. Nevertheless, prodigiosin binding 
affinity was higher post-treatment. Also, the lack 
of EV71 external protein diversity as targets was 
one of the contributing factors because only one 
external protein was used in the screening (for 
virucidal effect).

To address the issue, additional analysis was 
performed using various docking platforms to 
increase confidence, thereby validating the findings 
of the mechanism. Comparative analysis of a 
few docking algorithms was deemed to increase 
the finding accuracy. A two-tier process docking 
platform was selected that uses PatchDock 
and FireDock (Mashiach et al., 2008). The data 
generated included shape complementarity score 
and the best score was given by 2C helicase 
(5420) > capsid (5026) > 3D RNA polymerase 
(4918) > 2A protease (4904) > 3C protease (4792). 
2C helicase and capsid (scores greater than 5000) 
stood out from the other target proteins by having 

high geometric matches between protein and 
ligand structures, with interface areas of 688.50 
and 673.00, respectively. Prodigiosin matched 
the protein’s active pocket, thus having a high 
possibility of blocking the protein from functioning. 
However, the coarse global search algorithm by 
PatchDock evaluated only the compatibility of the 
ligand orientation to the active site by assuming 
proteins as one rigid body without permitting the 
protein conformational change calculation during 
interaction (Schneidman-Duhovny et al., 2005). 
Hence, to increase the data reading accuracy, 
further docking analysis was carried out with an 
interaction refinement process.

Proteins in real physiological conditions are 
dynamic and flexible. Therefore, the movements 
of the protein side chain and backbone have to 
be taken into account (May & Zacharias, 2005; 
Bonvin, 2006). Protein-ligand complexes with the 
best orientation scores for each target protein were 
further refined and re-scored to obtain the final 
global energy values. The results revealed that 
2C helicase (-48.01 kcal/moL) > capsid (-36.52 
kcal/moL) > 3C protease (-34.16 kcal/moL) > 3D 
RNA polymerase (-30.93 kcal/moL) > 2A protease 
(-20.61 kcal/moL) with the low-energy candidates 
(highly negative) ranked first. Using the same 
docking platform, Gupta et al. (2013) reported that 
the global energy of antiviral compounds ranges 
from -26.50 kcal/moL to -43.20 kcal/moL, to be 
potent drug candidates. Values in the same range 
were also discovered in this analysis, bolstering 
the initial findings that predicted prodigiosin has the 
potential to be developed as a potent antiviral drug 
based on the good energy values obtained after 
two consecutive dockings. The more negative the 
global energy of a complex, the more the complex 
binding free energy (thermodynamically favorable 
as the reaction is more stable and spontaneous) 
(Du et al., 2016). For this reason, 2C Helicase 

Table 1. List of EV71 target proteins downloaded from the Protein Data Bank (PDB)
No. PDB ID Target protein Resolution (Å)
1 3VBH Capsid 2.30
2 3W95 2A Protease 1.85
3 5GQ1 2C Helicase 2.49
4 3OSY 3C Protease 2.99
5 3N6L 3D RNA Polymerase 2.60

Table 2. Analysis of protein-ligand complex interactions in docking
Protein-ligand Binding Affinity (kcal/

moL) Shape Complementarity Score Global Energy (kcal/
moL)

Capsid-prodigiosin -7.361 5026 -36.52
2A Protease-prodigiosin -6.113 4904 -20.61
2C Helicase-prodigiosin -8.018 5420 -48.01
3C Protease-prodigiosin -8.162 4792 -34.16

3D RNA Polymerase-prodigiosin -8.131 4918 -30.93
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was discovered to interact with the ligand more 
spontaneously and easily than the other target 
proteins.

Overall, in silico analysis found that three EV71 
target proteins, namely 2C helicase, 3C protease, 
and capsid, exhibited the best interactions with 
prodigiosin. DockThor suggested 3C protease 
with the best binding affinity value (-8.162 kcal/
moL) but gave the lowest value for PatchDock 
shape complementarity value (4792) and the third 
highest for FireDock global energy value (-34.16 
kcal/moL). On the contrary, DockThor suggested 
2C helicase with the third highest binding affinity 
value (-8.018 kcal/moL) but the highest values 
for both PatchDock shape complementarity 
value (5420) and FireDock global energy value 
(-48.01 kcal/moL). Interestingly, both PatchDock 
and FireDock suggested capsid as a consistent 
target protein alongside 2C helicase as the 
shape complementarity score and global energy 
value were not too far off between analyses. 
Hence, appropriate to the target protein functions, 
prodigiosin was predicted to be effective in the 
inhibition of early-phase transcription, polyprotein 
processing, and EV71 structural protein 
destruction. With this computational analysis 
evidence, it could be concluded that prodigiosin 
might be suitable to be used as a virucidal drug and 
a potent antivirus in post-treatment applications. 
In comparison to the prodigiosin in silico studies 
reported by Suba et al. (2013) against HBV, HIV, 
and H1N1, the results were comparable to that 
of this study. The protein-ligand binding affinities 
revealed were -8.87 kcal/moL for HBV, -8.14 kcal/
moL for HIV, and -15.71 kcal/moL for H1N1, while 
it ranged from -6.113 kcal/moL to -8.162 kcal/moL 
for EV71 target proteins, with global energies 
ranging from -20.61 kcal/moL to -48.01 kcal/moL.

Protein-ligand complexes and interacting 
amino acid residues visualization
To ease the search for active sites which allow 
tight binding by prodigiosin, only those amino acid 
residues of the target proteins positioned within 
the 5 Å (atomic distance) range were considered 
for analysis using PyMOL. All of the amino acid 
residues in the 5 Å vicinity of prodigiosin were 
illustrated in a stick model, followed by the 
search for polar contacts with atoms. Dashed 
lines represent the bonds formed. Table 3 shows 
PyMOL visualization on bond formation in protein-
ligand complexes, interacting amino acid residues’ 
position in the protein chains as well as the 
interacting atoms’ nucleus-to-nucleus distance.

Capsid interacted with prodigiosin, forming 
two hydrogen bonds with the Gln-30 and Asn-223 
amino acid residues at a distance of 2.2 Å and 3.2 
Å, respectively. The nucleus-to-nucleus distance 
given was within the range of a strong hydrogen 

bond (~2.5 Å to 3.5 Å). 2A protease, a cysteine 
protease with approximately 150 amino acids (Mu 
et al., 2013; Yuan et al., 2018), interacted with 
prodigiosin, forming one hydrogen bond directly to 
Trp-142 at a nucleus-to-nucleus distance of 4.6 Å. 
This weak hydrogen bond was taken into account 
after considering the possible movements of 
interacting molecular side chains and backbones. 
Apart from that, prodigiosin also formed a 
hydrogen bond with a nearby water molecule at a 
4.5 Å distance and was potentially bonded to Trp-
33 (4.9 Å). Due to the high likelihood of hydrogen 
bond formation with other surrounding water 
molecules in physiological conditions, these bonds 
were considered. In addition, these findings were 
constrained by the restricted presence of atoms 
within the protein crystal structures deposited in 
the PDB.

The 2C helicase, which is involved in genomic 
transcription and replication and is comprised of 
about 329 amino acids (Borowski et al., 2002; 
Yuan et al., 2018), was complexed with prodigiosin, 
forming as many as four hydrogen bonds between 
different amino acid residues within a strong 
hydrogen bond distance range of 2.5 Å until 3.4 
Å. Prodigiosin bonded to Tyr-150, His-151, Gln-
169, and Ser-212 at a nucleus-to-nucleus distance 
of 2.5 Å, 3.4 Å, 2.8 Å and 3.2 Å, respectively. 
The 3C protease, a cysteine protease made up 
of 184 amino acids (Cui et al., 2011; Yuan et al., 
2018), interacted with prodigiosin as prodigiosin 
was shown to form a strong hydrogen bond with 
Glu-50 with a nucleus-to-nucleus distance of 2.7 
Å. Lastly, 3D RNA polymerase, which consists of 
462 amino acids (among the longest EV71 protein 
chain) complexed with prodigiosin as prodigiosin 
formed bonds with Ala-239 (3.6 Å) from the water 
molecule (2.4 Å) and to the aromatic ring of Tyr-237 
(5.0 Å). Prodigiosin was found to have very weak 
interactions between water molecules and Ala-239. 
Also, the bond to the Tyr-237 aromatic ring made 
from one of the nitrogen atoms in the first pyrrole 
ring of prodigiosin results in hydrophobic contact 
with a weak interaction due to its formation at the 
maximum atomic nucleus-to-nucleus distance 
setting at a resolution of 5.0 Å.

Results from prodigiosin interactions with the 
five target proteins of EV71 were compared and 
summarized in Table 4. According to the nucleus-
to-nucleus distance of interacting atoms, it was 
concluded that prodigiosin could form strong bonds 
with 2C Helicase (all four strong bonds), Capsid (all 
two strong bonds), and 3C Protease (one strong 
bond). Meanwhile, only the intermediate bond with 
3D RNA Polymerase and the weakest bond with 
2A Protease (all two weak bonds). This result and 
position ranking between target proteins were by 
the global energy analysis from FireDock where 
2C Helicase (-48.01 kcal/moL) > Capsid (-36.52 
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Table 3. Protein-ligand complexes and chemical bonds to amino acid residues

EV71 target protein PyMOL visualization Interacting amino acid, distance, 
and binding strength

Capsid
(PDB ID: 3VBH)

Gln-30 
(2.2 Å) - Strong

Asn-223
(3.2 Å) - Strong

2A Protease 
(PDB ID: 3W95)

Trp-33 
(4.9Å) - Weak

Trp-142 
(4.6 Å) - Weak

2C Helicase 
(PDB ID: 5GQ1)

Tyr-150 
(2.5 Å) - Strong

His-151
(3.4 Å) - Strong

Gln-169
(2.8 Å) - Strong

Ser-212
(3.2 Å) - Strong

continued...
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kcal/moL) > 3C Protease (-34.16 kcal/moL) > 3D 
RNA Polymerase (-30.93 kcal/moL) > 2A Protease 
(-20.61 kcal/moL) and therefore could be made as 
a review of the results that reinforce previous initial 
findings.

Prodigiosin identification
Spectrophotometry analysis of the red pigment 
from S. marcescens UKMCC 1014 was revealed 
to have a maximal absorbance value at the 535 nm 
wavelength (l). This value showed a resemblance 
to the absorbance spectrum characteristics of 
prodigiosin reported in previous studies with a 
maximal absorbance peak at l=535 nm (De Araújo 
et al., 2010; Elahian et al., 2013; Lapenda et al., 
2014; Nakashima et al., 2005; Song et al., 2006). 

In this study, red pigment from the methanolic 
extraction showed a maximal absorbance peak 
at l=535 nm with an absorbance value (Abs) of 
0.61 (Figure 1a). In the acidic solution, prodigiosin 
is red, showing a sharp, high, and narrow spectral 
band with a maximum at l=535-540 nm and a slight 
shoulder on the low l limb of the curve (about 510 
nm) that is always present without any association 
with the impurity (Hubbard & Rimington, 1950). 
The same observation was also made in this study 
and this suggested that the pure red pigment 
extracted was the prodigiosin with sufficient quality 
and purity.

The methanol solvent (blank) displayed a 
maximal absorbance peak around l=200 nm 
with an absorbance value (Abs) of 0.67, as 

3C Protease 
(PDB ID: 3OSY)

Glu-50
(2.7 Å) - Strong

3D RNA Polymerase
(PDB ID:  3N6L)

Ala-239
(3.6 Å) - Intermediate

Tyr-237
(5.0 Å) - Weak

Table 3 continued...
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well as a series of spectra spanning l=200 
nm to l=300 nm (Figure 1b). The absorbance 
spectrum of the solvent explained the presence 
of the background absorbance noise in the low l 
absorbance spectrum of the prodigiosin (Figure 
1a). Organic solvents commonly have significant 
ultraviolet (UV) absorption and methanol showed 
weak absorbance at lower UV l. The presence of 
methanol, the solvent used in pigment extraction, 
explained the presence of peaks other than the 
peak of prodigiosin. Additionally, there was a wide 
peak present at the wavelength of l=350 nm and 
l=400 nm in between the maximal absorbance 
peaks of the solvent and the prodigiosin in Figure 
1a. This weak peak might have been due to the 
functional groups within the sample and it was 
required for further analysis using a Fourier 
transform infrared spectrophotometer (FTIR) for 
characterization.

Cytotoxicity assay
Cells were treated with prodigiosin at different 
concentrations (5-fold serial dilution) and the 
results were converted from absorbance value 
into cell viability percentage (%) as shown in Table 
5. The results from the in vitro cell exposure to 
prodigiosin revealed that the pigment induced a 
cytotoxic effect at a high concentration and the 
effect was shown to be reduced gradually upon 
dilution of prodigiosin (dose-dependent) when 
compared to the control. The percentage of 
viable cells increased with the dose reduction of 
prodigiosin (inversely proportional). The value of 
cell viability percentage at each concentration of 
prodigiosin was calculated and the values were 
later presented as points on the Y-axis while the 
log10 concentrations of prodigiosin were presented 
as points on the X-axis in a graph (Figure 2).

Virucidal efficacy suspension test
The average virus titer (pfu/mL) was calculated 
from the observed number of plaques formed and 
the calculated titer reduction is tabulated in Table 
6. Before treatment, the titer of the virus was found 
to be in the range of 1.0 × 106 pfu/mL to 3.0 × 106 
pfu/mL.

The percentage of virus titer that had been 
successfully reduced after the mixture of the cell 
and the EV71 was exposed to prodigiosin was 
observed with time as a changing variable. For 
a 30-min time interval, the virus titer showed a 
reduction from 1.0 × 106 pfu/mL to 6.7 × 105 pfu/mL 
(and 3.3 × 105 pfu/mL difference after treatment). 
For a 60-min time interval, the virus titer showed a 
reduction from 2.0 × 106 pfu/mL to 1.3 × 106 pfu/mL 
(and 7.0 × 105 pfu/mL difference after treatment). 
This result revealed that there was a titer reduction 
occurring after treatment with prodigiosin with an 
intermediate inhibition effect via virucidal action. 
The two contact times were chosen by the 
standard procedure in evaluating virucidal efficacy 
suspension tests, which range from 30 sec to no 
more than 60 min (Rabenau et al., 2020). Any 
activities demonstrated after the time limit may 
render the active compound ineffective in the 
intended area of usage due to unrealistic contact 
time. Additionally, the reduction resulting from 
prolonged contact times may be invalid as the 
number of viral particles will gradually decrease 
when they are outside of host cells for an extended 
period, even in the absence of treatment.

To date, there are numerous reports regarding 
natural compounds that have a virucidal effect 
against EV71. Li et al. (2020) reported the acidic 
polysaccharide extract from Laminaria japonica 
as having good virucidal activity against EV71 
by direct inactivation of the virus, preventing 

Table 4. Comparison of binding strength in the interaction of prodigiosin with amino acid residues

Target protein
Binding strength

Strong Intermediate Weak

Capsid
Gln-30 (2.2 Å)

Asn-223 (3.2 Å)

2A Protease 
Trp-33 (4.9 Å)

Trp-142 (4.6 Å)

2C Helicase 

Tyr-150 (2.5 Å)

His-151 (3.4 Å)

Gln-169 (2.8 Å)

Ser-212 (3.2 Å)
3C Protease Glu-50 (2.7 Å)

3D RNA Polymerase Ala-239 (3.6 Å) Tyr-237 (5.0 Å)
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(a)

(b)

Fig. 1. The absorbance spectrum for the (a) red pigment (prodigiosin) and (b) solvent.

Table 5. Cell viability percentage average after the prodigiosin treatment 

[Prodigiosin], mg/mL Absorbance Reading Average at 570 nm for 
Prodigiosin-treated Cell, Abs

 Cell Viability Percentage Average for 
Prodigiosin-treated Cell, %

40 0.1440 ± 0.00 1.74 ± 0.21
8 0.1995 ± 0.01 5.74 ± 0.56

1.6 1.0200 ± 0.03 64.94 ± 2.04
0.32 0.9075 ± 0.02 56.82 ± 1.58

0.064 1.3275 ± 0.03 87.12 ± 1.99
0.0128 1.7695 ± 0.10 119.01 ± 6.89

0.00256 1.7440 ± 0.05 117.17 ± 3.87
0.000512 1.7020 ± 0.01 114.14 ± 0.61

0.0001024 1.7160 ± 0.13 115.15 ± 9.39
0.00002048 1.5025 ± 0.01 99.75 ± 0.76

Control Absorbance Reading Average at 570 nm for Control, Abs
Positive 1.5063 ± 0.06
Negative 0.1203 ± 0.01

*T-test provided p<0.05 at 40, 8, 1.6, and 0.32 mg/mL [Prodigiosin] when compared to control
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Fig. 2. Graph of cell viability percentage, % against Log10 [prodigiosin], mg/mL. The graph was used to calculate the 
IC50 value after treatment.

Table 6. Virus titer reduction with 10-5 dilution at 30- and 60-min time intervals
Virus titer average (pfu/mL)

30-min 60-min
Prodigiosin-treated* 6.7 × 105 ± 5.8 × 105 1.3 × 106 ± 5.8 × 105

Negative control# 1.0 × 106 ± 0.0 2.0 × 106 ± 1.4 × 106

Log10 titer reduction 0.17 0.19
Titer reduction percentage 32.39% 35.43%

*n=3 (prodigiosin-treated)
#n=2 (negative control) for each time interval
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attachments but demonstrating weak inhibition 
for post-treatment. Apart from that, natural 
products reported with anti-EV71 activity include 
allophycocyanin (Shih et al., 2003), raoulic acid 
(Choi et al., 2009), chrysosplenetin and penduletin 
(Zhu et al., 2011), and matrine (Yang et al., 
2012). The abovementioned natural compounds, 
including prodigiosin, have shown virucidal activity 
against EV71 by targeting crucial viral proteins 
in multiple stages of viral replication, which have 
been identified as primary drug targets. Consistent 
with our findings, most of these compounds were 
suggested to interfere with the early stages of the 
viral replication cycle (in adsorption, penetration, 
and RNA replication), except matrine, which was 
shown to regulate host immune response (in 
vivo). Since highly efficacious natural compounds 
are extremely difficult to discover, structural 
modification and derivative synthesis may be 
considered to enhance their efficacy (Lin et al., 
2022; Xu et al., 2022). Furthermore, Shang, Xu, 
and Yin (2013) reported that 6-amino acid peptide 
(LVLQTM) was capable of binding the active site 
and inhibiting 2A protease (Falah et al., 2012), 
metrifudil and N6-benzyladenosine inhibited 2C 
helicase (Arita et al., 2008), and rupintrivir inhibited 
3C protease ( Kuo et al., 2008; Cui et al., 2011; Tan 
et al., 2016). Unfortunately, no clinical trials have 
been reported to have been successfully initiated. 
The discovery of antiviral activity with prophylactic 
and preemptive characteristics in natural 
compounds is significantly low as compared 
to post-treatment targets (therapeutic) and in 
synthetic compounds. Therefore, a continuous 
effort to search for compounds having antiviral 
activity against EV71 is crucial to discovering 
compounds that could pass a clinical trial. 

Log10 reduction of titer given 0.17 and 0.19 by 
prodigiosin at 30-min and 60-min time intervals. 
The percentage of titer reduction calculated at 0.17 
log reduction and 0.19 log reduction was 32.39% 
and 35.43% for a 30-min and 60-min time interval, 
respectively. The given values were considered 
low since the titer reduction of at least 4 log10, which 
is equivalent to a reduction percentage of 99.99%, 
permits the product tested to be concluded to 
have virus-inactivating properties (strong inhibition 
effect) under specified test conditions (Rabenau et 
al., 2020). In this study, prodigiosin demonstrated 
a weak ability to inactivate EV71 and virucidal 
activity with an intermediate inhibition effect. 
Moreover, it was also found that the result of 
the percentage of titer reduction did not show a 
doubling in titer reduction, even though the contact 
time had doubled. Still, prodigiosin showed a 
slightly higher reduction of virus titer at the longer 
60-min treatment time (contact time) as compared 
to the shorter 30-min contact time. However, the 
differences in the titer reduction between those 

time intervals were not as significant, resulting in 
the 30-min treatment time being seen as more 
effective. This data suggested that prodigiosin 
was capable of inactivating EV71 (intermediate 
inhibition) while demonstrating efficacy in vitro, 
under test conditions (dilution and contact time-
point).

Also, the intermediate inhibition effect might 
be due to the low concentration of prodigiosin 
used which was insufficient to inhibit the non-
enveloped EV71, which is a highly resistant 
virus. Hayashi et al. (2019) reported that the 
application of a higher concentration than CC50 
increased the effectiveness of a compound in vivo 
testing compared to in vitro testing. Therefore, if 
prodigiosin is to be developed as a topical drug 
for HFMD, a higher concentration that is more 
cytotoxic could be used for external usage. 
Additionally, there are many different strategies 
thought to apply to increasing chemical compound 
effectiveness, including the combination of several 
antiviral drugs to give a synergistic effect that is 
more effective, as reported by Criscuolo et al. 
(2018), Lin et al. (2016) and Zhang et al. (2014). 
The synergistic action was reported to be able to 
overcome the side effects produced as a result of 
high dosages of single-target drugs, increased the 
selectivity of the drug, and could provide highly 
accurate biological systems control (Lehár et al., 
2009).

All in all, prodigiosin has been proven to possess 
in vitro virucidal activity to inactivate EV71. This 
observation confirmed the preliminary findings from 
the in silico analysis which suggested the ability of 
prodigiosin to strongly interact with the viral capsid 
protein, suggesting potential virucidal action. The 
unequal variance two-tailed paired t-test showed 
that the activity difference at 30-min and 60-min 
time intervals did not have a significant difference 
after treatment due to the p-value (probability) 
of .4226 and .6244, respectively. The inhibition 
of the capsid protein prevented receptor binding 
by the virus in the early phase of its life cycle. As 
for other proteins targeting different stages of the 
EV71 life cycle that provided convincing results 
through molecular docking still requires further 
post-treatment studies for confirmation. 

CONCLUSION 
In silico studies have suggested that prodigiosin 
is a potent antiviral drug candidate against EV71. 
The 2C helicase (-48.01 kcal/moL) had the most 
negative global energy value, followed by the 
capsid (-36.52 kcal/moL), 3C protease (-34.16 
kcal/moL), 3D RNA polymerase (- 30.93 kcal/
moL), and 2A protease (-20.61 kcal/moL) in the 
interaction refinement analysis using FireDock. 
Prodigiosin, in the interactions, formed bonds 
with the amino acid residues on the capsid (Gln-
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30, Asn-223), 2A protease (Trp-33, Trp-142), 2C 
helicase (Tyr-150, His-151, Gln-169, Ser-212), 3C 
protease (Glu-50) and 3D RNA polymerase (Ala-
239, Tyr-237). In vitro studies have successfully 
identified prodigiosin as the red pigment extracted 
from S. marcescens UKMCC 1014 using 
methanolic extraction, with an IC50 value of 0.5112 
mg/mL of prodigiosin concentration. Furthermore, 
the virucidal efficacy suspension test revealed that 
prodigiosin (1.6 mg/mL) at 10-5 dilution had a 0.17 
log reduction (32.39%) and a 0.19 log reduction 
(35.43%) of virus titer at a 30-min and 60-min time 
interval, respectively. In this study, prodigiosin 

was found to have intermediate virucidal antiviral 
activity. Hence, this latest discovery of the antiviral 
property of prodigiosin against EV71 adds to the 
already extensive list of its reported biological 
activities. 
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