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Introduction 
Streptococcus agalactiae also known as Group 
B Streptococcus (GBS) is a highly pathogenic 
Gram-positive bacterium (Joyce & Doran, 
2023). S. agalactiae with sequence type ST283 
is a zoonotic clone of GBS that has severely 
infected farmed freshwater fish, particularly 
tilapia (Oreochromis sp.) (Syuhada et al., 2020; 
Phuoc et al., 2021; Schar et al., 2023). A huge 
epidemic of S. agalactiae infection was reported 
in 2015 where Singaporean adults were severely 
infected with S. agalactiae infection with the 
sequence type of ST283 after they consumed 
raw freshwater fish that was infected with 
S. agalactiae (ST283) (Favero et al., 2020). 

Among the examples of health problems that are 
associated with S. agalactiae include neonatal 
infection (Silva & Winkelströter, 2019), Urinary 
Tract Infection (UTI) among pregnant women 
(Desai et al., 2021), bacteremia among elderly 
and immunocompromised individuals (Yoshida 
et al., 2023), bone and joint infection (Lacasse 
et al., 2022), endocarditis (Saito et al., 2023), 
and meningitis (Tsalta-Mladenov et al., 2022). 
Deng et al. (2019) reported that a total of 28 
antibiotic-resistant S. agalactiae isolates of 
serotype I and III were found in diseased 
farmed tilapia, Yayu (Schizothorax prenanti), 
and Yellow River striped fish (Schizopygopsis 
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Abstract: Streptococcus agalactiae is a zoonotic bacterium infecting farmed and 
wild fish species, which damages the central nervous system and tissues. Doubtless, 
S. agalactiae infection not only adversely impacts the development of the aquaculture 
and fishing industry but also endangers the public’s health. It severely compromises 
human immunity when raw or undercooked infected fish are consumed. To date, S. 
agalactiae is multidrug resistant to six widely-used antibiotics: Ampicillin, norfloxacin, 
aminoglycosides, fluoroquinolone, sulfamethoxazole, and tetracycline. Therefore, 
the study aims to investigate the potentiality of Marine Natural Products (MNPs) as 
inhibitors targeting S. agalactiae phosphopentomutase receptor, which is involved in 
the biosynthesis process of bacterial nucleic acid. Molecular docking analysis, which 
tested eight MNPs from the Comprehensive Marine Natural Product Database (CMNPD), 
revealed CMNPD30307, CMNPD30309, and CMNPD30310 as promising antibiotics. 
These MNPs, adhering to Lipinski’s rule with low binding energy, high gastrointestinal 
absorption, and high bioavailability scores exhibit potential for further in vitro and in vivo 
analysis. Nevertheless, given the escalating concerns surrounding biodiversity loss and 
over-exploitation of marine resources, it is crucial to adopt a sustainable approach in the 
extraction, collection, and utilisation of these MNPs to contribute to the sustainable and 
ethical conduct of research in the field of bioprospecting.

Keywords: Aquatic health management, computer-aided drug design, food-borne disease, 
antibiotic resistance, zoonotic.



Wee Ye Zhi et al.			   16

Journal of Sustainability Science and Management Volume 19 Number 11, November 2024: 15-38

pylzovi) in China, which eventually caused 
increased fish morbidity and mortality rates 
thereby resulting in major economic loss.

Generally, S. agalactiae colonises the GI 
tract of healthy adults without causing any harm, 
particularly in women (Abdullah et al., 2023). 
Nevertheless, S. agalactiae is an opportunistic 
pathogen whereby it has been regarded as a major 
contributor to severe newborn infections since 
1970; thereby, contributing to high morbidity 
and death rates (Miselli et al., 2022). In the case 
of severe neonatal infection, neonates below 
seven days of age often experience early-onset 
neonatal septicemia (Aldana-Valenzuela et 
al., 2019) as well as meningitis with mortality 
rates up to 60% after colonisation of maternal 
S. agalactiae. Two recently reported cases of 
human sepsis caused by S. agalactiae (ST283) 
fish-related infection were the first human cases 
from Malaysia (Zohari et al., 2023). Therefore, 
these phenomena eventually signal an immediate 
urgency and the need for scientists to manufacture 
as many effective drugs as possible to cure and 
eliminate the deadly bacterial infection.

Phosphopentomutase has been identified 
as a promising drug target for S. agalactiae due 
to its high druggability score and crucial role in 
bacterial metabolism and virulence (Favero et al., 
2020). This enzyme is essential for synthesising 
nucleic acid biosynthesis and producing 
metabolic energy in S. agalactiae (Doello et 
al., 2022; Giesen et al., 2023). Previous studies 
have demonstrated that inhibition of bacterial 
phosphopentomutase can lead to bacterial 
lysis, agglutination, and ultimately cell death 
(Osowole et al., 2017). These findings highlight 
the potential of targeting phosphopentomutase 
to develop new antibacterial agents against S. 
agalactiae.

Marine Natural Products (MNPs) have 
emerged as promising candidates for antibiotic 
development due to their structural similarity 
to animal metabolites and potent antibacterial 
properties (Kazmi et al., 2019). MNPs have 
been shown to disrupt bacterial biofilms and 
crucial metabolic processes (Deng et al., 2022). 
Kong et al. (2018) investigated eight MNPs 

(CMNPD30307-CMNPD30314)  derived  from
the marine fungus Aspergillus fumigatus 
HNMF0047. These compounds, classified 
as helvolic acid derivatives and triterpenoids 
were characterised using various spectroscopic 
methods. Notably, helvolic acid and two of its 
derivatives (CMNPD30311 and CMNPD30312) 
exhibited potent antibacterial effects against 
S. agalactiae with minimum inhibitory 
concentration (MIC) values of 8, 16, and 2 μg 
mL-¹, respectively.

Helvolic acid, a fusidane-type antibiotic 
has gained attention due to its exceptional 
biological activity and lack of cross-resistance 
to commonly used antibiotics (Lv et al., 2017). 
As a bacteriostatic agent, helvolic acid primarily 
inhibits the translocation step of bacterial 
protein synthesis, showing particular efficacy 
against Gram-positive bacteria (Hussein et al., 
2022). The current computational study aims 
to investigate the potential of these MNPs as 
inhibitors of S. agalactiae phosphopentomutase 
to disrupt nucleic acid biosynthesis and energy 
production in the bacteria. This research 
leverages the Comprehensive Marine Natural 
Product Database (CMNPD) developed by 
Lyu et al. (2021) to explore novel therapeutic 
strategies against S. agalactiae infections.

Materials and Methods
Sequence-based Analysis 
Multiple Sequence Alignment (MSA)
The target sequence of S. agalactiae 
phosphopentomutase was retrieved from 
UniProt (The UniProt Consortium, 2019) under 
the accession number Q8CMH7. BLASTp was 
performed to select three homologues of the 
bacterial protein with the highest percentage 
of query cover and identity. MSA between 
S. agalactiae phosphopentomutase and its 
homologues was later performed by using 
Clustal Omega (Sievers et al., 2011) and 
visualised using ESpript3 (Robert & Gouet, 
2014) to find out the aligned conserved regions 
predicted by the external NCBI Conserved 
Domain Search.
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Physicochemical Characterisation
Physicochemical properties of S. agalactiae 
phosphopentomutase such as its amino acid 
composition, amino acid count, molecular 
weight, theoretical pI, Grand Average of 
Hydropathicity (GRAVY) value, number of 
negatively charged and positively charged 
residues, aliphatic index, and instability index 
were measured and analysed by using Expasy 
ProtParam Tool (Walker, 2005). 

Structure-based Analysis 
Model Construction and Structure Analysis
Homology modelling was performed by using 
AlphaFold2 software (Jumper et al., 2021)  
embedded in UCSF ChimeraX (Pettersen et 
al., 2021) to model the 3D crystal structure of 
S. agalactiae phosphopentomutase. In this case, 
among the five different protein models being 
predicted by AlphaFold2, the best-predicted 
protein model was selected based on the highest 
value of the predicted Local Distance Difference 
Test (pLDDT) score first, followed by the 
expected Template Modelling (pTM) score. This 
is because the higher the value of the pLDDT 
score, the higher the confidence percentage 
of every amino acid residue of the predicted 
protein model. In addition, the higher the value 
of the pTM score (above 0.5), the higher the 
significance of the structural similarity between 
the target protein structure and its homologues 
(Jumper et al., 2021).

The topology of S. agalactiae 
phosphopentomutase was measured and 
investigated using PDBSum generated 
(Laskowski et al., 1997). This is to observe 
how the secondary structure folds in the three-
dimensional space, namely alpha helices 
and beta-pleated strands of S. agalactiae 
phosphopentomutase. As a result, the potential 
binding sites flexibility and accessibility of 
S. agalactiae phosphopentomutase, the local 
environment around the binding sites as 
well as the preferred binding orientation and 
positioning of ligands within the binding sites 
can be investigated (Laskowski, 2022).

After 3D structure prediction has been 
performed, the 3D model structure of S. 
agalactiae phosphopentomutase was further 
evaluated by using SAVESv6.0 structure 
validation server tools, which include ERRAT 
(Colovos & Yeates, 1993), PROCHECK 
(Laskowski et al., 2006), WHATCHECK 
(Bhattacharya et al., 2007), VERIFY 3D 
(Eisenberg et al., 1997), and ProSA-web server 
(Wiederstein & Sippl, 2007). This was performed 
to ensure that the predicted protein model of S. 
agalactiae phosphopentomutase was accurate, 
reliable, and high quality before the model was 
further visualised by using protein visualisation 
tools such as ChimeraX (Version 1.6) (Pettersen 
et al., 2021) and Pymol (Version 2.5.4) (Yuan et 
al., 2017).

Protein-ligand Interaction 
Binding Site Prediction
Before the site-specific docking process was 
performed, both the substrate binding sites 
and cofactor binding sites of S. agalactiae 
phosphopentomutase predicted by NCBI 
Conserved Domain Search were compared with 
the three protein’s homologues derived from the 
previous literature review (Panosian et al., 2011) 
by performing structural alignment using UCSF 
Chimera. This is to precisely identify and verify 
all available active site residues of S. agalactiae 
phosphopentomutase.

To elaborate in more detail, a structural 
superimposition process was performed to align
the structure of S. agalactiae phosphopentomutase 
(chain A only) with the structure of Bacillus 
cereus phosphopentomutase (PDB ID: 
3UN2; chain A only). Secondly, a structural 
superimposition process was performed 
to align the structure of S. agalactiae 
phosphopentomutase (chain A only) with 
the structure of Bacillus cereus ATCC 14579  
phosphopentomutase (PDB ID: 3M8Z; chain 
A only). Lastly, a structural superimposition 
process was performed to align the structure 
of S. agalactiae phosphopentomutase (chain 
A only) with the structure of Streptococcus 
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mutans phosphopentomutase (PDB ID: 3M7V; 
chain B only).

Protein and Ligand Preparation 
S. agalactiae phosphopentomutase was first 
prepared   by   using   AutoDockTools4   (Morris 
et al., 2009) and was embedded inside 
AutoDock4 (AD4) software (Version 1.5.7), 
whereby the files were later saved in the form of 
PDBQT format. In this case, there were several 
steps of protein preparation (Forli et al., 2016) 
which needed to be followed namely adding 
polar hydrogens, checking residues for missing 
atoms, adding Kollman charges, editing, and 
lastly, assigning AD4 type for all of the atoms 
within the protein structure (Morris et al., 2009).

A list of eight MNPs with the compound 
identification number (CMNPD30307, 
CMNPD30308, CMNPD30309, CMNPD30310, 
CMNPD30311, CMNPD30312, CMNPD30313, 
and CMNPD30314) were retrieved and 
downloaded from the CMNPD as shown in 
Table 1. 

The eight MNPs were prepared in the form 
of PDBQT format before being further tested 
as possible ligands to inhibit the function of 
S. agalactiae phosphopentomutase through a 
molecular docking approach. In this instance, 
the steps of ligand preparation which needed 
to be followed were assigning AD4 type for all 
of the atoms within the ligand structure, adding 
polar hydrogens, and adding Gasteiger charges 
to the ligand of interest (Morris et al., 2009).

Molecular Docking
The site-specific docking process was performed 
using AutoDock4, where S. agalactiae 
phosphopentomutase was first docked with two 
manganese ions cofactors, Mn2+, before being 
docked with the eight MNPs of interest. A Grid 
Parameter File (GPF) was prepared for running 
AutoGrid and a Docking Parameter File (DPF) 
was ready for running AutoDock4 (Morris et al., 

2009). The number of points in the x, y, and z 
dimensions was set at 50, 80, and 80, respectively 
while the x, y, and z centre of the grid box were 
set at 4.715, 4.665, and -8.147, respectively 
for every single docking process. The genetic 
algorithm was set at 30 to generate 30 different 
ligand conformations. Out of 30 different ligand 
conformations, the best conformation of the 
ligand with the lowest estimated free energy 
of binding was selected and downloaded in the 
form of PDB format (Asiamah et al., 2023).

Pharmacokinetic Assessment of MNPs
The pharmacokinetic properties of the eight 
MNPs were measured and evaluated by using 
a SwissADME server (Daina et al., 2017) in 
order to investigate whether they are suitable 
for human oral consumption in adherence to 
Lipinski’s rule of five (Benet et al., 2016). 
Firstly, the selected MNP must have a Molecular 
Weight (MW) of less than 500 g/mol or 500 Da 
in molecular size (Waring, 2009) to make sure 
that the molecule is not too big to pass through 
the phospholipid membrane of enterocytes that 
are located within the GI tract of humans. Also, 
the selected MNP must possess a Polar Surface 
Area (PSA) of less than 140 angstrom2 (Remko 
et al., 2014) and a hydrophobicity value (log 
P) of less than five to ensure that the molecule 
is polar and hydrophilic, so that the molecule 
can dissolve in water easily (Zuegg & Cooper, 
2012). Furthermore, the selected MNP must 
acquire less than 10 hydrogen bond acceptors 
and less than five hydrogen bond donor groups 
(Zheng et al., 2017). Lastly, the selected MNP 
must also have less than 10 rotatable bonds 
(Caron et al., 2020) to ensure that the molecule 
is not too flexible until it encounters difficulty in 
adopting a proper conformation to pass through 
the phospholipid membrane of enterocytes. All 
in all, the selected MNPs will be orally active, 
where they can be safely consumed by humans 
orally, if and only if they follow Lipinski’s rule 
of five.
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Results and Discussion
Sequence-based Analysis 
Multiple Sequence Alignment (MSA)
BLASTp analysis of S. agalactiae 
phosphopentomutase identified three homologues 
with high query cover (99% to 100%) and identity 
(55.94% to 88.09%), which are Streptococcus 
mutans (PDB: 3M7V), Bacillus cereus ATCC 
14579 (PDB: 3M8Z), and Bacillus cereus (PDB: 
3UN2) (Table 2). Higher query cover and identity 
percentages indicate greater structural similarity 
between S. agalactiae phosphopentomutase and 
its homologues (Cicaloni et al., 2022), increasing 
the likelihood of accurately identifying conserved 
domains and binding sites. The extremely low 
e-values further support significant sequence 
similarity that is unlikely to occur by chance 
(Yang & Tung, 2006). These homologues were 
used to perform multiple sequence alignment 
using Clustal Omega. 

NCBI Conserved Domain Search (Wang 
et al., 2023) predicted two active sites of the 
protein, which are the cofactor (Mn) binding site 
and the substrate binding site. The Mn binding 
site residues were identified as ASP-13, THR-
92, ASP-165, ASP-298, HIS-303, ASP-339, 

HIS-340, and HIS-351 (Figure 1). The substrate 
binding site comprised 15 residues, which were 
identified as THR-92, SER-140, GLY-141, 
TYR-161, ASP-165, GLN-169, ARG-202, ILE-
204, ARG-206, ARG-217, LYS-249, ASP-298, 
HIS-303, HIS-340, and HIS-351 as shown in 
Figure 2. Four conserved domains of the protein 
were identified: Metalloenzyme (pfam01676), 
deoB (TIGR01696), phosphopentomutase 
(PPM) (cd16009), and DeoB (COG1015). 
These domains are involved in metal binding 
and catalysis (Valasatava et al., 2018), 
purine and pyrimidine salvage pathways 
(Bizarro & Schuck, 2007), interconversion 
of ribose phosphates (Panosian et al., 2011), 
and carbohydrate transport and metabolism 
(McLeod et al., 2011), respectively.

The result of MSA between the target S. 
agalactiae phosphopentomutase and its three 
homologues with PDB IDs of 3M7V, 3M8Z, and 
3UN2 is shown in Figure 2. MSA revealed high 
conservation among the homologues, with a 
notable substitution of THR-92 in S. agalactiae 

Table 2: Three homologues of S. agalactiae phosphopentomutase generated by BLASTp with respective 
source of organisms, PDB ID, chain, percentage of query cover, percentage of identity, and e-value

Organism PDB ID Chain
Percentage of 
Query Cover 

(%)

Percentage 
of Identity 

(%)
e-value

Streptococcus mutans 3M7V B 100 88.09 0.0

Bacillus cereus ATCC 14579 3M8Z A 99 56.19 4e-159

Bacillus cereus 3UN2 A 99 55.94 3e-158

Figure 1: Protein graphic summary which demonstrates the active site residues of S. agalactiae 
phosphopentomutase predicted by NCBI Conserved Domain Search
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Figure 2: Illustration of MSA between S. agalactiae phosphopentomutase (Q8CMH7) and its three 
homologues  (3M7V, 3M8Z, and 3UN2) performed by using Clustal Omega server and visualised by using 

ESpript 3 server. The black stars indicate all the substrate binding sites of S. agalactiae phosphopentomutase 
whereas the green stars indicate all the cofactor binding sites of two Mn ions. The yellow bar shows the 

location of the metalloenzyme domain; green bar shows the location of the deoB domain; blue bar shows the 
location of the phosphopentomutase (PPM) domain; and violet bar shows the location of the DeoB domain of 

the bacterial protein
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by GLN-85 in B. cereus phosphopentomutase 
despite similar physicochemical properties.

Physicochemical Characterisation
The Expasy ProtParam Tool server was used 
to compare the physicochemical properties of 
Q8CMH7 (S. agalactiae phosphopentomutase) 
and its homologues 3M7V, 3M8Z, and 
3UN2 as shown in Table 3. These proteins 
exhibit electrical neutrality at pH values 
ranging from 4.75 to 5.62, representing 
their theoretical isoelectric points (pI). This 
characteristic is crucial for understanding 
their behaviour in different pH environments: 
Below their pI, the proteins become positively 
charged and protonated while above it, they 
become negatively charged and deprotonated 
(Santhoshkumar & Yusuf, 2020; Ghosal et 
al., 2023). All four proteins are hydrophilic as 
indicated by their negative GRAVY (Grand 
Average of Hydropathicity) values, suggesting 
high water solubility. Furthermore, they tend 
to be negatively charged under physiological 
conditions due to having more negatively 
charged residues than positively charged ones 
(Chen, 2005).

The phosphopentomutase enzyme and its 
homologues demonstrate high thermal stability 
as evidenced by their aliphatic indices exceeding 
80%. This indicates that over 80% of their 
structure consists of hydrophobic and non-polar 
amino acids such as alanine, valine, leucine, 
and isoleucine. The aliphatic index is directly 
correlated with the protein’s thermal stability 
with higher values indicating greater stability 
at elevated temperatures (Panda & Chandra, 
2012). All four proteins are also considered 
stable in vitro with instability indices below 
40 (Xu et al., 2016). These physicochemical 
properties provide valuable insights into the 
proteins behaviour under various conditions and 
their potential interactions in biological systems.

Structure-based Analysis 
Model Construction and Structure Analysis
The secondary structure and the best-predicted 
model of S. agalactiae phosphopentomutase 
(UniProt ID: Q8CMH7) were generated using 
PDBSum and AlphaFold2, respectively as 
shown in Figure 3. Based on the topological 
analysis in Figure 3 (a), it can be deduced that 
the secondary structure of phosphopentomutase 

Table 3: Physicochemical properties comparison between Q8CMH7, 3M7V, 3M8Z, and 3UN2

Characteristics Q8CMH7 3M7V 3M8Z 3UN2
No. of amino acid 403 413 399 399
Molecular weight (Da) 44,201.61 45,164.89 44,459.45 44,486.48
Theoretical pI 4.75 5.62 4.83 4.83
GRAVY value -0.237 -0.221 -0.404 -0.411
No. of negatively 
charged residues      
(Asp + Glu)

59 51 66 66

No. of positively 
charged residues     
(Arg + Lys)

32 35 42 42

Total no. of atoms 6151 6304 6217 6220

Molecular formula C1965H3036N528O610S12 C2013H3118N552O610S11 C1973H3095N517O614S18 C1974H3096N518O614S18

Aliphatic index 85.71 86.22 81.85 81.85
Instability index
(stable < 40) 30.38 26.97 31.35 31.73
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enzyme consists of three sheets, two beta alpha 
beta units, four beta hairpins, one psi loop, 16 
strands, 17 helices, 15 helix-helix interacts, 29 
beta turns, and four gamma turns (Laskowski, 
2022).  

The machine learning-based algorithm of 
AlphaFold2 software (Casadevall et al., 2023) 
generated the best-predicted protein model 
with the highest pLDDT score of 96.9 and the 
highest pTM score of 0.915 as shown in Figure 
3 (b). It is important to note that the higher the 
pLDDT score of the protein model, the higher 
the average confidence score percentage per 
residue of the protein model itself (Jumper et 
al., 2021). Also, the higher the pTM score of 
the protein model, the higher the percentage of 
the overall topological accuracy of the protein 
model predicted by AlphaFold2 (Jumper et al., 
2021).

Model Evaluation
The 3D structure of S. agalactiae 
phosphopentomutase enzyme (Q8CMH7) was 
evaluated using multiple tools: PROCHECK 
(Laskowski et al., 2006), Verify-3D (Eisenberg 
et al., 1997), ERRAT (Colovos & Yeates, 1993), 
WHATCHECK (Bhattacharya et al., 2007), and 
ProSA-web server (Wiederstein & Sippl, 2007). 

These tools assess different aspects of protein 
structure quality, providing a comprehensive 
evaluation.

PROCHECK analysis revealed excellent 
stereochemical quality with 100% of amino 
acid residues located in the allowed regions of 
the Ramachandran plot (88% in most favoured 
regions) as shown in the appendix (SF-1). The 
bond length or angle deviation of 3.8 (below the 
maximum of 4.2) and zero bad contacts between 
residues further support the high quality of the 
model (Reddy & Rao, 2020; Qaiser et al., 2021).

Verify-3D results showed that 84.37% of 
amino acid residues have an average 3D-1D 
score ≥ 0.1, exceeding the 80% threshold (SF-
2). This indicates compatibility between the 3D 
structure and the primary sequence (Ugurel et 
al., 2020). ERRAT analysis yielded an overall 
quality factor of 95.641% (SF-3), surpassing 
the 95% threshold for high-resolution structures 
(Michael et al., 2023).

Based on Table 4, WHATCHECK results 
provided mixed insights. While the structure 
showed high atom packing quality and normal 
chi-1 or chi-2 rotamers, it indicated poor 
backbone conformation (Sobolev et al., 2020). 
Bond lengths and angles were slightly smaller 
than ideal, suggesting a somewhat tighter 

Figure 3: (a) The secondary structure of S. agalactiae phosphopentomutase enzyme generated by PDBSum 
and (b) the best predicted protein model of S. agalactiae phosphopentomutase by AlphaFold2 with the 

attached reference percentage of model confidence per residue
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structure (Ratnaningsih & Saepulloh, 2022). 
Omega dihedral angles and side chain planarity 
slightly differed from ideal values (Jha et al., 
2022).

The ProSA-web server analysis yielded 
a Z-score of -10.37, indicating that the model 
falls within the score range for native proteins 
of similar size (SF-4). This suggests that the 
enzyme could be experimentally modelled using 
Nuclear Magnetic Resonance (NMR) methods 
(Pereira et al., 2021).

The summary of the 3D model evaluation 
for S. agalactiae phosphopentomutase enzyme is 
displayed and plotted in Table 5. In conclusion, 
the S. agalactiae phosphopentomutase enzyme 
model successfully passed all four major 
evaluation tests (PROCHECK, Verify-3D, 
ERRAT, and ProSA-web). While some aspects, 
particularly the backbone conformation may 
require further refinement, the overall quality 

of the model appears to be suitable for further 
structural and functional analyses.

Protein-ligand Interaction
Location and Binding of Mn Ions
Generally, phosphopentomutase enzyme has 
two Mn ions per subunit, which include a 
catalytic Mn ion (labelled as Mn-1) (Rigden 
et al., 2003) and a structural Mn ion (labelled 
as Mn-2) (Panosian et al., 2011) as shown in 
Figure 4. The catalytic Mn ion is found to be 
coordinated by four residues, which are ASP-
165, ASP-298, HIS-303, and HIS-351, where 
the catalytic Mn ion functions to speed up 
the transfer of phosphate group from the first 
carbon (C1) of D-ribose-1-phosphate (RIP) to 
the fifth carbon (C5) position to convert RIP 
to D-ribose-5-phosphate (R5P). Whereas, the 
structural Mn ion is found to be coordinated by 
four residues, which are ASP-13, THR-92, ASP-

Table 4: Overall summary report of WHATCHECK result for the predicted phosphopentomutase enzyme

Structure Z-scores RMS Z-scores
Parameters Values Parameters Values

First generation packing 
quality

-0.312 Bond lengths 0.58

Ramachandran plot appearance -1.485 Bond angles 1.021
Chi-1 or chi-2 rotamer 
normality

1.054 Omega angle restraints 1.099

Backbone conformation -29.107 Side chain planarity 1.538

Table 5: Summary of 3D model evaluation for S. agalactiae phosphopentomutase using different tools. NPS 
is native protein size check whether the Z-score of the input structure is within the range of scores for native 

proteins of similar size

Model 
Evaluation Tools Evaluation Scheme Score (%) Normal Range 

of the Score (%)
PROCHECK The number of residues in the allowed region 

based on Psi/Phi Ramachandran plot
100 >  90

VERIFY3D The number of residues having an average 3D-1D 
score above 0.1

84.37 > 80

ERRAT The overall quality for non-bonded atomic 
interaction

95.641 > 50

ProSA-web Model evaluation by calculating an overall quality 
score (Z-score)

-10.37 NPS
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339, and HIS-340, where the structural Mn ion 
functions to stabilise the overall structure of the 
phosphopentomutase enzyme. 

After the structural superimposition process 
was performed, the computed Root Mean Square 
Deviation (RMSD) between the structure of 
S. agalactiae phosphopentomutase and B. 
cereus phosphopentomutase (PDB ID: 3UN2; 
chain A only) is 0.860 angstroms. Whereas the 
computed RMSD between the structure of S. 
agalactiae phosphopentomutase and B. cereus 
ATCC 14579 phosphopentomutase (PDB ID: 
3M8Z; chain A only) is 0.890 angstroms. On the 
other hand, the computed RMSD between the 
structure of S. agalactiae phosphopentomutase 
and S. mutans phosphopentomutase (PDB 
ID: 3M7V; chain B only) is 0.689 angstroms. 
Among the three homologues, it can be 
observed that S. mutans phosphopentomutase 
is the most well-superimposed structure since 
its computed RMSD value is the lowest and 
its predicted e-value is zero. This is because 
the lower the RMSD value, the higher the 
percentage of structural similarity between the 
query S. agalactiae phosphopentomutase and its 
homologue (Meng et al., 2006).  

Overall, based on Figure 5, it can be 
observed that all the cofactor binding residues 
of S. agalactiae phosphopentomutase and 
its homologues are located at similar regions 
whereby they are pointing at similar positions 
after the structural superimposition process 
was performed. Therefore, this further verifies 
the exact location of the cofactor binding site 

of S. agalactiae phosphopentomutase; thus, 
showing that the cofactor binding residues of S. 
agalactiae phosphopentomutase are conserved 
among its homologues in terms of location and 
functionality.

Molecular Docking between S. agalactiae 
Phosphopentomutase and MNPs
The AutoDock4 results of molecular docking 
between the eight MNPs and S. agalactiae 
phosphopentomutase are plotted in Table 6. It 
can be observed that the binding energy values 
of the eight different MNPs with compound ID 
numbers of CMNPD30311, CMNPD30314, 
CMNPD30308, CMNPD30312, CMNPD30307, 
CMNPD30310, CMNPD30313, and 
CMNPD30309 are -8.73, -8.69, -8.45, -8.33, 
-8.32, -8.04, -7.33, and -7.09, respectively. 
Generally, ligands with low binding energy 
possess higher binding affinity towards the 
receptor (Salha et al., 2021) since the ligand only 
requires low energy to bind to the receptor. Also, 
the low binding energy of the ligand indicates 
higher stability of the receptor-ligand complex 
(Joshi et al., 2021) since the ligand fits well into 
the binding site of the receptor complementarily 
in terms of its shape and conformation. 

In terms of hydrogen bond interaction 
between the S. agalactiae phosphopentomutase 
and MNPs, it can be observed that 
CMNPD30313 forms the highest number of 
hydrogen bonds with the receptor, which is 
seven in this case. Meanwhile, CMNPD30311, 

Figure 4: A complex of phosphopentomutase enzyme that are bound with two ions (MN 502.B and MN 
412.A ) was visualised by using Pymol in the form of both cartoon and stick representation
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Figure 5: Structural superimposition between the cofactor binding sites of (a) S. agalactiae 
phosphopentomutase (coloured in grey) and B. cereus phosphopentomutase (PDB ID: 3UN2; chain A only; 
coloured in blue); (b) S. agalactiae phosphopentomutase and B. cereus ATCC 14579 phosphopentomutase 

(PDB ID: 3M8Z; chain A only; coloured in green); and (c) S. agalactiae phosphopentomutase and S. mutans 
phosphopentomutase (PDB ID: 3M7V; chain B only; coloured in red) to compare the cofactor binding sites
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Table 6: Lists of binding energy values and total number of hydrogen bonds formed for every single best 
conformation of MNP that have been ranked in the increasing order of binding energy value

MNP Compounds Compound ID 
Number

Binding Energy 
(kcal/mol)

No. of Hydrogen Bonds 
Formed

16-O-propionyl-16-O-
deacetylhelvolic acid

CMNPD30311 -8.73 5

24-epi-6ß,16ß-diacetoxy-25-
hydroxy-3,7-dioxo-29-nordammara-
1,17(20)-diene-21,24-lactone

CMNPD30314 -8.69 5

6-O-propionyl-6,16-O-
dideacetylhelvolic acid 
21,16-lactone

CMNPD30308 -8.45 2

6-O-propionyl-6-O-deacetylhelvolic 
acid

CMNPD30312 -8.33 5

16-O-deacetylhelvolic acid 
21,16-lactone

CMNPD30307 -8.32 3

1,2-dihydro-16-O-deacetylhelvolic 
acid 21,16-lactone

CMNPD30310 -8.04 2

6ß,16ß-diacetoxy-25-hydroxy-3,7-
dioxo-29-nordammara-1,17(20)-
dien-21,24-lactone

CMNPD30313 -7.33 7

1,2-dihydro-6,16-O-
dideacetylhelvolic acid 
21,16-lactone

CMNPD30309 -7.09 3

CMNPD30314, and CMNPD30312 each form 
five hydrogen bonds with the receptor, whereas 
CMNPD30307 and CMNPD30309 each form 
three hydrogen bonds with the receptor. On the 
other hand, CMNPD30308 and CMNPD30310 
each only form two hydrogen bonds with 
the receptor. The greater the number of non-
covalent bonded interactions (Sagaama et al., 
2021), the higher the stability of the receptor-
ligand complex. 

Pharmacokinetic Assessment of MNPs
The pharmacokinetics and drug-likeness 
properties of the eight MNPs were evaluated 
using the SwissADME server, focusing on 
Lipinski’s rule compliance. The result of the 
pharmacokinetic assessment is tabulated as 
shown in Table 7. Among the compounds, 
CMNPD30309 emerged as the most promising 
candidate, fully adhering to Lipinski’s rule 

with an ideal molecular weight of 468.62 g/mol 
(Santos et al., 2016). This property is crucial for 
efficient membrane permeability and metabolism 
(Chagas et al., 2018). All MNPs demonstrated 
appropriate structural flexibility with less than 
10 rotatable bonds, which is important for 
membrane permeability and stability (Damião 
et al., 2014; Maple et al., 2019).

The MNPs exhibited suitable lipophilicity 
with acceptable numbers of hydrogen bond 
acceptors and donors, essential for membrane 
permeability and metabolic stability (Abraham 
et al., 2002; Pajouhesh & Lenz, 2005). Most 
MNPs had favourable partition coefficient (Log 
Po/w) values between three and five, except 
CMNPD30308, indicating good solubility and 
absorption potential (Mannhold et al., 2009; Das 
et al., 2022). These characteristics suggest that 
the majority of MNPs have the potential to cross 
biological membranes effectively and maintain 
stability in physiological conditions.
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Table 7: List of MNPs with their respective molecular weight, number of rotatable bonds, number of 
hydrogen bond acceptors, number of hydrogen bond donors, consensus Log Po/w, GI absorption, and 

bioavailability scores

MNPs
Molecular 

Weight 
(g/mol)

No. of 
Rotatable 

Bonds

No. of 
H-bond 

Acceptors

No. of 
H-bond 
Donors

Log 
Po/w

GI 
Absorption

Bioavailability 
Scores

CMNPD30311 582.72 9 8 1 4.94 Low 0.56
CMNPD30314 584.70 5 9 1 3.69 Low 0.55
CMNPD30308 522.67 6 6 0 5.07 High 0.55
CMNPD30312 582.72 9 8 1 4.84 Low 0.56
CMNPD30307 508.65 5 6 0 4.79 High 0.55
CMNPD30310 510.66 5 6 0 4.90 High 0.55
CMNPD30313 584.70 5 9 1 3.66 Low 0.55
CMNPD30309 468.62 3 5 1 4.43 High 0.55

However, the assessment revealed some 
limitations among the compounds. Four 
MNPs (CMNPD30311, CMNPD30312, 
CMNPD30313, and CMNPD30314) showed 
poor GI absorption, which could impact 
their oral bioavailability. The bioavailability 
scores for all MNPs ranged from 0.55 to 0.56, 
suggesting moderate systemic availability 
(Yalkowsky et al., 2006; O’Donovan et al., 
2023). These findings highlight CMNPD30309 
as the most suitable for oral drug development, 
emphasising the importance of considering 
multiple pharmacokinetic parameters in drug 
discovery, particularly for marine-derived 
compounds. Future research should focus on 
optimising the absorption properties of the less 
favourable MNPs and further investigating the 
potential of CMNPD30309 as a lead compound.

Virtual Screening and Selection of MNPs
Based on binding energy, pharmacokinetic 
properties, and 2D interactions with S. agalactiae
phosphopentomutase,  three  MNPs  emerged  as
the most promising candidates: 16-O-deacetyl 
helvolic acid 21,16-lactone  (CMNPD30307), 
1,2-dihydro-6,16-O-dideacetylhelvolic  acid  21,
16-lactone (CMNPD30309), and 1,2-dihydro-
16-O-deacetylhelvolic acid 21,16-lactone (CM 
NPD30310). These compounds exhibited low 
estimated free binding energies (-8.32, -7.09, 

and -8.04, respectively) with no unfavourable 
donor-donor interactions or bumps, indicating 
stable binding interactions and minimal steric 
clashes (Gholam et al., 2022). Additionally, 
they largely adhere to Lipinski’s rule with a 
maximum of one violation allowed, suggesting 
potential for oral bioavailability.

The pharmacokinetic properties of these 
MNPs were evaluated using various parameters. 
CMNPD30309 fully complied with Lipinski’s 
rule having a molecular weight below 500 g/
mol (468.62 g/mol) while CMNPD30307 
(508.65 g/mol) and CMNPD30310 (510.66 
g/mol) slightly exceeded this threshold. All 
three compounds demonstrated favourable 
characteristics in terms of rotatable bonds (3-5), 
hydrogen bond acceptors (5-6), hydrogen bond 
donors (0-1), and consensus Log Po/w values 
(4.43-4.90). Importantly, they all exhibited 
high gastrointestinal (GI) absorption values and 
bioavailability scores of 0.55, indicating good 
potential for oral administration and systemic 
availability (Yalkowsky et al., 2006; O’Donovan 
et al., 2023).

The 2D and 3D binding interactions 
between these MNPs and S. agalactiae 
phosphopentomutase were visualised using 
the Biovia Discovery Studio server (Kemmish 
et al., 2017) and UCSF Chimera (Figure 6). 
CMNPD30307 and CMNPD30309 each formed 
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Figure 6: List of surface 3D and 2D representations of S. agalactiae phosphopentomutase that are bound with 
top three best MNPs, which are (a) CMNPD30307, (b) CMNPD30309, and (c) CMNPD30310 with their 

respective 2D interactions. Key amino acid residues that interact with the MNPs are represented in circles. 
Grey colour highlights the MNPs ligand in the form of stick representation; light grey colour indicates metal-

acceptor interaction; green colour dotted line indicates conventional hydrogen bonds; light green colour 
dotted line indicates van der Waals interactions; and light purple colour indicates both alkyl and pi-alkyl 

interactions. Green colour amino acids represent conventional hydrogen bond interactions and light green 
colour amino acids without interactions represent van der Waals interactions. The blue halo that surrounds the 

interacting residues represents the solvent-accessible surface that is proportional to its diameter
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three hydrogen bonds with the receptor while 
CMNPD30310 formed two. Specifically, 
CMNPD30307 interacted with GLN-169, 
ASN-293, and HIS-351; CMNPD30309 
with ASP-165, GLN-169, and ASN-293; and 
CMNPD30310 with ASN-293 and HIS-351. 
Additionally, CMNPD30307 and CMNPD30310 
demonstrated metal-acceptor interactions with 
MN 502.B of the receptor while CMNPD30309 
exhibited weak van der Waals interactions with 
the same residue.

In conclusion, these three MNPs 
(CMNPD30307, CMNPD30309, and 
CMNPD30310) demonstrate promising 
characteristics as potential inhibitors of S. 
agalactiae phosphopentomutase. Their low 
binding energies, favourable pharmacokinetic 
properties, and specific interactions with the 
target protein suggest they could be effective 
and bioavailable as oral medications. Further 
in vitro and in vivo studies are warranted to 
validate these computational predictions and 
explore their potential as novel antibacterial 
agents.

Conclusions
This study demonstrates the efficacy of 
bioinformatic tools in sustainable drug 
discovery, specifically in identifying potential 
inhibitors of S. agalactiae phosphopentomutase. 
Three MNPs, namely CMNPD30307, 
CMNPD30309, and CMNPD30310 emerged 
as promising candidates, exhibiting favorable 
characteristics including compliance with 
Lipinski’s rule, low binding energy, high 
binding affinity, high GI absorption, and high 
bioavailability scores. These compounds show 
potential for blocking D-ribose-5-phosphate 
synthesis; thus, inhibiting the nucleic acid 
biosynthesis process of S. agalactiae. While 
in vitro and in vivo testing remains necessary 
for validation, these findings highlight the 
potential of MNPs as novel antibiotics against S. 
agalactiae infections, aligning with sustainable 
approaches to science and management. 
Future research should focus on experimental 
validation of these compounds and implement 

sustainable bioprospecting approaches such as 
ethical sourcing, biodiversity conservation, and 
green technologies. This approach advances the 
antibacterial drug discovery process, ensures the 
long-term health and sustainability of aquatic 
ecosystems, and embodying the principles of 
sustainable science and management in marine 
bioresource utilisation.
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