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Abstract. Antimicrobial resistance is one of the growing global concerns that has resulted in the
need for new and effective antimicrobials. A medicinal plant, Ocimum tenuiflorum is used to predict
the potential antimicrobial peptides (AMPs) via computational (in silico) approach. The protein
sequences of Ocimum tenuiflorum were searched using various bioinformatics tools to identify the
peptide regions that are likely to have potential to become an antimicrobial peptide. The predicted
peptide was also evaluated for physicochemical properties, structure and molecular docking to test
the interaction of the peptide with the targeted bacteria i.e Streptococcus pneumonia. This study
demonstrates that in silico approach is feasible for the low cost, high throughput screening of
peptides before in vitro experimentation. The results indicate that the peptide from Ocimum
tenuiflorum can be considered as a source of natural AMPs. It is better to check the antimicrobial
activity of the peptides experimentally to check its effectiveness and application against multi-drug
resistant pathogen.
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1. Introduction

Antimicrobial resistance (AMR) is a global health challenge and severely reducing the
efficacy of conventional antibiotics. Bacterial pathogens have evolved a variety of
resistance mechanisms, making many treatment strategies ineffective. This issue has been
accelerated by the inappropriate use, over-prescription and misuse of antibiotics in both
human and veterinary medicine. According to the World Health Organization (WHO),
there has been a rise in resistance to antibiotics, with many infections now resistant to
first-line drugs As a result, multidrug-resistant (MDR) and extensively drug-resistant
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(XDR) bacterial strains are on the rise, representing a significant public health challenge
(Sinha & Upadhyay, 2025). To address this global challenge, there is a pressing need for
alternative and renewable sources of antimicrobial agents. Natural products have
historically been an important source of bioactive compounds with a wide range of
pharmacological activities. These compounds are generally less toxic, more biocompatible
and less prone to resistance than synthetic antibiotics. In particular, plant-derived
antimicrobials have attracted considerable interest because of their structural diversity and
potency against resistant pathogens (Angelini, 2024; Shin et al., 2018). Secondary plant
metabolites such as flavonoids, alkaloids and terpenoids, have been widely used for
centuries to treat infections. These molecules are naturally produced by plants as a part of
their defence mechanism and have a role in fighting microbial pathogens, making them
potential drug leads (Helmy et al., 2023; Yang et al., 2018). Apart from these small
chemicals, plant-derived antimicrobial peptides (AMPs) have also been identified as
promising antibiotic substitutes. AMPs usually kill microbes by disrupting their
membrane or interfering with their internal processes, resulting in cell death. Critically,
their mode of action lessens the risk of developing resistance and shows low toxicity to
the host (Mousa et al., 2025; Talapko et al., 2022).

The plant family Lamiaceae is one of the most significant groups of medicinal plants,
comprising over 7,000 species across 236 genera. Members of this family are widely
recognized for their extensive therapeutic applications and rich phytochemical profiles.
The genus within the family Lamiaceae e.g. Mentha, Ocimum, Origanum, Rosmarinus
and Thymus yield a range of secondary compounds such as alkaloids (including
flavonoids, tannins, and quinones) and terpenes that impart their therapeutic properties.
Recent studies have highlighted their antimicrobial potential, making them a promising
source for novel drug candidates (Singh et al., 2025; Uikey, 2024). Among these, Ocimum
tenuiflorum (holy basil or Tulsi) has been extensively used in traditional medicine due to
its antimicrobial, anti-inflammatory, and immunomodulatory properties. Despite its well-
documented phytochemical profile, the peptide-based antimicrobial potential of this plant
remains relatively unexplored, particularly through computational approaches. Therefore,
the present study focuses on the in silico screening and design of a protein-derived peptide
from Ocimum tenuiflorum, followed by its structural and functional characterization using
advanced bioinformatics tools. Furthermore, molecular docking analysis was performed to
evaluate the interaction between the designed peptide and a selected bacterial target
protein. This integrated computational approach provides a cost-effective strategy for
identifying novel peptide candidates with potential therapeutic applications against
resistant pathogens.
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2. Materials and Methods

2.1 Sequence Retrieval and Antimicrobial Activity Prediction Tools

The amino acid sequence of the chloroplast ribosomal protein L23 (Accession:
YP_009673976) was retrieved from NCBI (https://www.ncbi.nlm.nih.gov). The sequence was
downloaded in FASTA format and used as the source for designing antimicrobial peptide
candidates. Overlapping truncated fragments (10-30 amino acids) were generated using a
sliding-window approach.

2.2 Antimicrobial Activity Prediction

Antimicrobial Activity was predicted and evaluated using in-silico prediction tools, including
APD3  (https://aps.unmc.edu/), CAMPR4 (https://camp.bicnirrh.res.in/) and DBAASP
(https://dbaasp.org/).

2.3 Tools used for Characterization

Physicochemical properties were characterized using the PepCalc online tool to assess its
net charge, molecular mass, isoelectric point, stability, solubility, and overall suitability as
an antimicrobial candidate. The cytotoxicity of the designed peptide was evaluated using
the ToxinPred server (reference). The hemolytic potential of the peptide was analyzed
using DBAASP (Al-Khdhairawi et al., 2023) and HemoPI 2.0 (Rathore et al., 2025). HLP
server (https://webs.iiitd.edu.in/raghava/hlp/) was used to assess the half-life stability of
the peptide. Structure prediction tools such as PEP-FOLD3 were used.

2.4 Molecular docking

Molecular docking was performed using HADDOCK 2.4 (High Ambiguity Driven
Protein—Protein Docking) to evaluate the binding affinity, interaction profile of the
designed novel peptide against the target protein of Streptococcus pneumoniae and
compare its efficiency with LL37 (positive control) and scramble sequence (nhegative
control). penicillin-binding protein 2x (PDB ID: 1QMF) of Streptococcus pneumoniae
was selected for the study.
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3. Results and discussion

3.1 Source Selection and Antimicrobial Activity Prediction

The amino acid sequence of the chloroplast ribosomal protein L23 (Accession:
YP_009673976) of Ocimum tenuiflorum comprised of 93 amino acid residues (Fig 1). A
small ribosomal protein with 93 amino acid residues, suggests that it is involved in crucial
structural and functional roles within the ribosome, such as in the assembly and function
of the ribosome during protein synthesis. The small size of L23 is in agreement with other
known chloroplast ribosomal proteins, which often have conserved structures that interact
with the rRNA and nascent proteins (Kramer et al., 2002; Zoschke & Bock, 2018).
Functionally, small proteins like L23 are ideal candidates for peptide development, as they
often contain short conserved sequences which may be bioactive. These can be readily
searched and refined for antimicrobial activity in silico. Besides, the small size of the
protein also allows for effective in silico analysis, such as sequence prediction, protein
structure modelling and peptide design. In addition, antimicrobial peptide like sequences
have been identified in ribosomal proteins in the past, suggesting they can be used as
starting points for new peptide design (Hurtado-Rios et al., 2022; Pulido et al.,
2018).Therefore, the discovery of a 93-amino-acid-long L23 protein offers an ideal and
logical template for the development of small bioactive peptides in this study.

ribosomal protein L23 (chloroplast) [Ocimum tenuiflorum]

NCBI Reference Sequence: YP 009673976.1
GenPept  Identical Proteins ~ Graphics

>YP_P@9673976.1 ribosomal protein L23 (chloroplast) [Ocimum tenuiflorum]
MDGIKYAVFTDKSIRLLGKNQYTSNVESGSTRTELKHWVELFFGVKVIAMNSHRLPGKGRRMGPIMGHTM
HYRRMIITLQPGYSIPPLRKKRT

Fig 1: Ribosomal protein L23 sequence from Ocimum tenuiflorum (NCBI accession

YP_009673976.1)

3.2 Antimicrobial Activity Prediction

Out of all the truncated fragments analysed for antimicrobial activity (data not shown), 16-
amino-acid peptide fragment (GMPKVSIRLAFNVHGK) derived from the chloroplast
ribosomal protein L23 of Ocimum tenuiflorum exhibited the highest antimicrobial probability.
This peptide was selected as a result of the power of computational truncation approaches in
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pinpointing bioactive regions within large proteins. These techniques are increasingly being
used to discover cryptic antimicrobial peptides hidden within functional proteins, which may
not be apparent during traditional experimental screening (Agulero-Chapin et al., 2022;
Aronica et al., 2021; Zasloff, 2002). Based on these findings, this peptide was selected for
further study. The antimicrobial peptide designer (APD3) database classified the peptide as a
cationic antimicrobial peptide, exhibiting a high positive charge (+3) and amphipathic
characteristics (Fig 2a). Similarly, collection of Anti-Microbial Peptides (CAMPR4)
prediction using the SVM classifier indicated a probability score above the AMP threshold i.e.
0.87, confirming strong antimicrobial potential (Fig 2b). The constructed peptide
GMPKVSIRLAFNVHGK is a fundamental point to the computational screening platform
where antimicrobial motifs can be predicted resulting in potential new peptide-based
interventions against Streptococcus pneumoniae related infections. The therapeutic potential
of plant-derived molecules is supported by the report that the leaf extracts of Ocimum
tenuiflorum have the ability to inhibit the growth of S pneumoniae (Haidari et al., 2023). The
APD3 categorisation of the selected peptide as a cationic antimicrobial peptide also suggests
its potential activity. The overall positive charge (+3) is a key characteristic of many
antimicrobial peptides, as it allows electrostatic interactions with negatively charged bacterial
surfaces. Moreover, the amphipathic structure of the peptide in which the hydrophobic and
hydrophilic residues are spatially separated facilitates membrane insertion and disruption, a
common mechanism of action of many antimicrobial peptides (Lee et al., 2015; Poojitha et al.,
2023). Consistently with this, a high probability (0.87) was found in the prediction from the
CAMPRA4 using the support vector machine (SVM) classification model, which is above the
AMP threshold. This consistency between distinct computational tools increases the trust in
the prediction and prevents false positives. It is considered a good practice in peptide
screening to use multiple prediction tools, so that the chances of identifying the potential
peptides of interest are maximised (Gawde et al., 2023). Importantly, the physicochemical
characteristics such as size, charge and amphipathicity - of the new peptide are similar to those
of other known broad-spectrum, low resistance-inducing, antimicrobial peptides. This
suggests the new peptide may induce bacterial cell death by targeting the membrane, causing
rapid death. This is especially important for pathogens like Streptococcus pneumoniae, which
are known to be difficult to treat due to antibiotic resistance. Moreover, the antibacterial
activity of Ocimum tenuiflorum is validated by experimental reports showing that the leaves of
the plant can suppress Streptococcus pneumoniae (Haidari et al., 2023; Srichok et al., 2022).
This serves as a biological confirmation of the computational results and the importance of
plant-derived molecules in the discovery of new antimicrobials. To summarise, the discovery
of the peptide GMPKVSIRLAFNVHGK is an important step towards computational peptide
drug discovery. Its potential antimicrobial activity, as predicted by several in silico models
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and its favourable physicochemical properties underline its suitability for further molecular
structure design and docking, followed by experimentation against Streptococcus pneumoniae
infections.
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Fig. 2. Analysis of the designed peptide using two AMP prediction tools. (a) APD3 output showing
the peptide’s physicochemical characteristics. (b) CAMPR4 RF classifier result predicting the
peptide as antimicrobial.

3.3 Physicochemical Characterization

The 16 amino acids peptide fragment consisted of approximately 1754.11 g/mol and an
isoelectric point (pl) of 11.58, indicating a strongly cationic nature at physiological pH (Fig
3a-b). The peptide displayed a moderate hydrophobicity ratio (44%), suggesting potential
amphipathic behaviour, which is essential for membrane insertion and disruption. The selected
peptide has good water solubility and cationic charge (+3), making it suitable for biological
interaction in aqueous environments along with former mentioned features indicating the
strong interaction with negatively charged bacterial cell membrane. The peptide contains a
high proportion of positively charged residues (lys), which contribute to electrostatic attraction
toward negatively charged bacterial membranes, a key feature of antimicrobial peptides.
Pfalzgraff et al. (2018) and Hsu et al. (2024) emphasized that small, amphipathic peptides
with high positive charge are promising therapeutic candidates due to their biocompatibility
and membrane-targeting selectivity (Hsu et al., 2024; Pfalzgraff et al., 2018).
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Fig. 3. Pepcalc and peptide 2.0 tool shows a) amphiphilic nature of peptide b) hydrophobic ratio of

peptide

3.4 Cytotoxicity Prediction and Haemolytic Prediction

The

prediction result by ToxinPred indicated that the peptide is non-toxic toward
mammalian cells, suggesting its safe biological profile and biocompatible nature
for further therapeutic or biomedical applications (Fig 4). The non-toxic
prediction supports the potential of peptide. Besides, DBAASP predicts value of
0.83 further suggesting that the peptide is non-hemolytic and is safe for
mammalian cells (Fig 5). The greater the size of peptide, higher is its correlation
with the hemolysis. Hemolysis assays are thus a fast and accurate initial
screening method for toxicity of peptide especially in case of membrane-active
antimicrobials (Greco et al., 2020; Robles-Loaiza et al., 2022). Differences in the
membrane of the erythrocytes such as difference in lipid/protein ratios,

transmembrane proteins, aquaporins and Na'/K*/ATPase content can be a cause
of difference in osmotic fragility and toxicity (Farag & Alagawany, 2018).

136|Page



RIMT International Vol. 1, Issue 2, July 2026
Journal of Multidisciplinary Research e-1SSN: 3139-4043

Therefore, it is expected that peptides with a low hemolytic activity in these
assays have good biocompatibility and low potential of disrupting mammalian
membranes (Olsen et al., 2010; Wan et al., 2022).Therefore, the peptide can be
considered biocompatible, an important property for its possible therapeutic and
antimicrobial applications. This feature is essential for developing peptide-based
therapeutics with minimal adverse effects on host cells.

xinPred

Design Peptide Batch Submission Protein Scanning Motif Scan Motif List Qmscal

Generation of Peptide Analogs and Prediction of their Toxicity

Original Peptide
Peptide Sequence Mutation Position ¢ | SVM score ¢ | Prediction ¢ | Hydrophobicity ¢ | Hydropathicity ¢ | Hydrophilicity ¢ |Charge ¢ Mol wt ¢

No Mutation 0.97 Non-Toxin 010 0.06 012 350 1754.37
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Fig. 4. Result shows the non-toxic nature of the peptide as predicted by ToxinPred

Prediction of Hemoelytic activity of peptides based on ML approaches and data on AMP sequences ~

The tool is based on strain-specific AMP prediction algorithm ds bed in Briefings in Bioinformatics, 23, bbac233; https:/doi.org/10.1093/bib/bbac233, where
Human erythrocytes were considered as targets for AMPs. Definitions of Active and Non-Active peptides in the training set: peptides (with hemolytic activity) are
defined as Active if they induce hemaolysis = 40% with concel tion = 40 pg/ml and Non-Active (without hemolytic activity) if they are marked as Non-Active for
hemolysis in DBAASP. The length of the peptide should be amino acids.

Paste sequence(s) in FASTA format (the peptide sequence can contain the “+' sign to the end in case of C-terminal amidation):

Peptide 1
FGVKVIAMNSHRLPGK|

=} Strain Type Class Predictive value

Peptide Human erythrocytes Not Active 083

Fig. 5. Selected peptide sequence is not active against human erythrocytes with predictive value
0.85

3.5 Half-Life stability

Half-life stability of peptide sequence GMPKVSIRLAFNVHGK was
shown as 0.14 seconds. The hydrophobicity (4.050 Kj/mol) of peptide
sequence suggests the strong non-polar interactions with net charge 3,
which may affect its solubility in biological environments (Fig 6). The
peptide has higher molecular weight (1754.37 g/mol) with lower
isolelectric point (6.7) represents it's different behaviour at different pH
levels. The peptide is more favorable for dissolution in water due to lower
free energy of solution
-0.833 Kcal/mole). The short half-life (predicted to be 0.14 seconds)
indicate the natural susceptibility of unmodified antimicrobial peptides to
fast proteolytic degradation, especially at simulated enzymatic conditions.
This could reduce the potential of oral delivery, but this kind of rapid
turnover is typical of native AMPs and is not a reason that they cannot be
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used in topical or localized treatment where the rapid antimicrobial
response is adequate (Shao et al., 2019). Moreover, the rational amino acid
substitutions or cyclizations may be done to increase stability, and,
therefore, the currently predicted results can be evaluated as a screening
phase before optimising the peptide and testing it in the laboratory (Pei et
al., 2025).

HLP: A webserver for predicting half-life of peptides in intestine like environment
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Fig. 6. Result showing half life of 16 mer peptide

3.6 Structure Prediction and Visualization

The primary structure of selected peptide of 16 amino acids GMPKVSIRLAFNVHGK
showed a linear chain of amino acids (Fig 7a). The Secondary structure of peptide showed
the selected peptide has extended strands and coiled structure with blue N terimal and red
for C terminal (Fig 7b). The tertiary structure of peptide showed coiled structure the
compact conformation without any beta sheets and alpha-helices, its structural stability
and potential biological activity (Fig 7c¢). The structural characterisation of the chosen 16-
amino acid peptide (GMPKVSIRLAFNVHGK) gives important insights into its
conformational behaviour and potential functional implications. The primary structure is
the sequence of amino acids related together in a linear chain. This enables the folding and
structure. Secondary structure analysis also suggested that the peptide is predominantly
present as extended strands with random coil regions in between, suggesting a flexible and
less ordered conformation rather than a rigid secondary structure. Such flexibility is often
associated with peptides that show dynamic interaction with biological targets. The
tertiary structure showed that the peptide adopts a compact conformation with coiled
regions dominating; no obvious a-helices or B-sheets were observed. The absence of well-
defined secondary structural elements suggests that the peptide may have characteristics
of intrinsically disordered peptides (Wang, 2015). Such structural plasticity is of particular
importance for membrane-active peptides enabling them to interact with diverse targets
and environments. The structural features of the selected peptide, its coil-rich secondary
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and tertiary organization with no rigid folding, support its potential functional significance
in general. These properties may provide improved adaptation in interaction and
biological activity, indicating its potential use as a bioactive peptide.

£ Peptide Structure

PepDraw: pH-Dependent Structure (Aromatic Circles) - pH 7.0
Seq A MPK (

s IO AL de(k SA S,

VTR 1 Yo

Fig. 7(a). Linear chain of amino acid residues of selected peptide draw by using PepDraw.

GORA4 result for : UNK 325140

Abstract (/NPSA/npsa_references.html#gord) GOR secondary structure prediction method version IV, J, Garnler, J.-F. Gibrat, B. Robson, Methods in Enzymology,R.F. Doolittle Ed., vol
266,540-553,(1996)

View GOR4 in: [AnTheProt (PC) (http: philibepfr/cgi-bin/npsa_ i ? p/1e84f9eab9 95, gord.mpsa.| & prot), Download..
pbil.ibep.fr)] [HELP (http://npsa-pbil.ibcp fr/cgi-bin/npsa_automat.pl ?pags HLP/npsahlp_locsofthtml)]
10
GMPKVSIRLAFNVHGK
cccccceeeeeceeec
Sequence length : 16
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Fig. 7(b). Secondary structure of amino acid residues of selected peptide draw by using PepDraw.
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Fig. 7(c). The tertiary structure is represented in a cartoon style with a rainbow gradient,
representing simple coiled structure of peptide from red (C-terminal) to blue colour (N-terminal).

3.7 Structure of Target Protein

The target protein Penicillin binding protein (PBP2x) (PDB ID: 1QMF) from
Streptococcus pneumoniae was selected for the study. Penicillin-Binding Protein, PBP2x
is the first protein to undergo mutations when the bacteria is exposed to $\beta$-lactam
antibiotics (like penicillin or cephalosporins). The Ramachandran plot analysis revealed

141 |Page



RIMT International Vol. 1, Issue 2, July 2026
Journal of Multidisciplinary Research e-1SSN: 3139-4043

that 95.4% of the residues were located in the most favoured regions, while 4.17 % fell
within the additionally allowed regions. This distribution is indicative of good
stereochemical quality and structural integrity of the protein model. Only 0.36% of
residues occupied generously allowed regions, and importantly, no residues were
observed in the disallowed regions, indicating a well-refined and geometrically acceptable
model. The dihedral angle parameters (phi—psi, chil-chi4) and main-chain covalent
geometry (bond lengths and bond angles) demonstrated favourable stereochemical
characteristics (Fig 8a-c). Favoured regions with high occupancy are indicative of
energetically stable backbone conformations and are a hallmark of well resolved protein
structures (Ramachandran et al., 1963). Furthermore, the dihedral angles (¢—y and y1—x4)
and main-chain covalent geometry (bond lengths and bond angles) displayed values
within the acceptable ranges, confirming the absence of steric hindrances or unusual
conformations. Such favourable stereochemical parameters are essential for the validation
of protein structures prior to molecular docking or simulation studies, as they ensure
realistic molecular interactions and binding predictions (Naqvi et al., 2018).The structural
analysis of the target protein Penicillin-Binding Protein 2x (PBP2x) (PDB ID: 1QMF)
from Streptococcus pneumoniae confirms the reliability and suitability of the model for
further downstream studies. PBP2x is a major transpeptidase in bacterial cell wall
biosynthesis and is well known to be one of the major targets of mutation under selective
pressure of B-lactam antibiotics. These mutations are strongly associated with the
development of antibiotic resistance, particularly against penicillins and cephalosporins
(Dabhi et al., 2024). Overall, the high-quality structural validation of PBP2x indicates that
the model is geometrically sound and appropriate for further computational studies. The
validated structure, due to its central role in [-lactam resistance, provides a reliable
framework for studying ligand binding, peptide interaction and potential inhibitor design.

Frequency

Standard 3D Ramachandran plot
Here, bar represents frequency of torsion angles

8a
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Results

Ram Plot Analysis

JoblD RamPlote9edccfdb7abb 2026-04-26 13:59:52 202372
Total Residue 551

Ramachandran plot (Standard) statistics
Favoured: 526 (95.4639%)

Allowed: 23 (4.174%%)

Disallowed: 2 (0.363%)

Disallowed Residues

SMN. PDBE ID Chain Residue Residue Mo PHI PSI
1. RECEPTOR A ALA 554 -62.83 -156.46

2. RECEPTOR A GLU 556 -55.82 -155.42

8b

Ramachandran plot (six categories) statistics
Favoured: =725 M= 281 24)

Allowed: . 5]

Disallowe: =« puo.5o0326)

Disallowed Residues

SN, PDEB I Chain Residue Residue No PHI PSI
1. RECEPTOR A AlLA 554 -62.83 -156.46

2. RECEPTOR A GLU 556 -55.82 -155.42
Ramachandran plot (Seven categories) statistics
Favoured: 528 (95.281%4&)

Allowed: 20 (A4.35626)

Disallowed: 3 (0O.36326)

Disallowed Residues

S, PDB 1D Chain Residue Residue No PHI PSI
1. RECEPTOR A ALA 554 -62.83 -156.46

2. RECEPTOR A ASP 555 7216 138.58

3. RECEPTOR A GLU 556 -55.82 -155.42

8c
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Fig. 8. (a)—(c). (a) Ramachandran plot of the modeled peptide structure prepared using
RAMPLOT, indicating the distribution of residues within favoured, allowed and disallowed
regions (b) Statistics summarizing the locations of the residues with 95.28% of the residues in
the most favoured regions and none in the disallowed region (c) Statistics analysis of the model
representing the stereochemical parameters.

3.8 Molecular Docking of novel peptide against Staphylococcus aureus

The docking results indicate that the novel peptide (Cluster 8) demonstrates superior
binding energetics compared to both the controls (to what??), achieving the most
favorable HADDOCK score of -92.0 +/- 8.1, which is significantly lower than the Positive
Control’s -68.8 +/- 2.5 and the negative Control’s -87.0 +/- 1.3. While the positive control
(LL37) exhibits the strongest statistical reliability with a Z-Score of -2.7 and the largest
buried surface Area (1945.9 +/- 117.9), the Novel Peptide maintains a highly competitive
Z-Score of -2.2 and a substantial interface area of 1677.9 +/- 70.7 (fig 9a-c).

Energetically, the binding of the positive control is most heavily driven by electrostatic
energy (-219.0 +/- 50.5), whereas the novel peptide shows a more balanced profile with
strong electrostatics (-162.5 +/- 14.9) and comparable Van der Waals energy (-51.0 +/-
5.6). Notably, the novel peptide appears more structurally compatible with the binding
site, as evidenced by its significantly lower restraints violation energy (96.0 +/- 79.6)
compared to the high violation energy of the positive Control (393.7 +/- 59.4) and the
Negative Control (163.6 +/- 24.1) (Table 1). Overall, the Novel Peptide shows high-
affinity binding that is more energetically favorable than LL37, while maintaining much
better structural integrity within the docking constraints. Overall, The experimental
molecular docking analysis revealed that the novel designed peptide is stable in terms of
binding and structurally compatible with the PBP2x target protein.

The relative energy analysis of peptide-protein interactions gives important insights into
the binding behaviour and stability of the designed peptide against the target Penicillin
Binding Protein 2x (PBP2x). The positive control peptide, LL-37, exhibited binding
mainly driven by strong electrostatic interactions (—219.0 + 50.5), indicating that charge—
charge interactions are the dominant factor in the stabilisation of its complex with the
protein. Although electrostatic dominance may enhance initial binding, it can also indicate
decreased flexibility and a reliance on ionic interactions, which may sometimes impede
structural adaptability in the binding pocket. In contrast, the novel peptide showed a more
balanced energetic profile, dominated by significant electrostatic contributions (—=162.5 +
14.9) with similar Van Der Waals interactions (—51.0 + 5.6). This balance indicates that,
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in addition to long-range electrostatic forces, short-range hydrophobic and dispersion
interactions contribute significantly to binding stabilisation. Such an energy distribution is
often associated with more stable and biologically relevant complexes, since it reflects
optimal complementarity between the ligand and the binding site (Du et al., 2016). One of
the main differentiating factors was the restraints violation energy, with the novel peptide
showing much lower values (96.0 £ 79.6) than the positive control (393.7 + 59.4) and the
negative control (163.6 + 24.1). Lower violation energy indicates fewer steric clashes and
better conformity to the geometric constraints of the binding pocket, indicating better
structural compatibility. On the other hand, the high violation energy of the positive
control signifies probable strain in the complex, which can affect the long-term stability
and binding efficiency. Overall, the results suggest that the novel peptide can bind with
high affinity and maintain its structural integrity in the docking environment. The better
balance of the interaction energies and the lower conformational strain indicates a more
favourable and realistic binding mode compared to LL-37. This agrees with previous
studies showing that effective peptide inhibitors are usually based on a synergistic
contribution of electrostatic and van der Waals interactions and minimal structural
distortion upon binding (Du et al., 2016). In summary, the molecular docking results are
in favour of the potential of the designed peptide as a stable and structurally compatible
ligand for PBP2x. The favourable energy binding profile and lesser geometric violations
emphasise its potential as a candidate for further validation including molecular dynamics
simulations and experimental assays.
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Fig. 9(a). Molecular docking of positive control i.e LL-37 against PBP2x
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Fig. 9(c). Molecular docking of negative control against PBP2x

Table 1. Docking Parameters of LL-37, Novel Peptide, and Scrambled Control against PBP2a

LL-37 (Positive Scrambled (Negative
Parameter Control) Novel Peptide Control)
HADDOCK
Score -68.8 +/- 2.5 -92.0 +/-8.1 -87.0 +/- 1.3
Z-Score -2.7 -2.2 -2.0
Electrostatic
Energy -219.0 +/- 50.5 -162.5 +/- 14.9 -143.4 +/- 14.8
Van der
Waals
Energy -47.0 +/- 6.0 -51.0 +/-5.6 -58.2 +/- 3.2
Buried
Surface
Area 19459 +/- 117.9 1677.9 +/- 70.7 1641.7 +/-42.1
Restraints
Violation  393.7 +/-59.4 96.0 +/- 79.6 163.6+/- 24.1

4. Conclusion and Future Directions

In the present research, a peptide fragment of 16 amino acids (GMPKVSIRLAFNVHGK)
was designed based on the chloroplast ribosomal protein L23 of Ocimum tenuiflorum and
thoroughly analyzed through combined bioinformatics techniques. Extensive
physicochemical and structural examination revealed that the peptide has antimicrobial
activity compatibility. Molecular docking of Penicillin-Binding protein 2a (PBP2x) of
Streptococcus pneumoniae showed high binding affinity and fixed patterns of interaction
confirming that the modeled peptide possesses reliable geometric integrity and is
structurally suitable for downstream molecular docking and interaction studies. PBP2x is
the first protein to undergo mutations when the bacteria is exposed to $\beta$-lactam
antibiotics (like penicillin or cephalosporins). Together, the insilico results are positive
indicators that the designed peptide may be used as a second-generation antimicrobial
agent against B-lactam resistance pathways. Future research must find the minimum
inhibitory concentration (MIC) of methicillin-susceptible Streptococcus pneumoniae in
vitro, followed by in vivo research. Experiments must be conducted to identify its
antibacterial activity, mechanism of action, and safety profile. In general, this research can
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offer a solid computerized basis for plant-derived antimicrobial peptides establishment as
a novel treatment alternative to antibiotic resistance.
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