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Abstract

Background: The increasing prevalence of multidrug-resistant bacterial pathogens has created an urgent need for
new antimicrobial strategies with improved efficacy and safety profiles. Antimicrobial peptides (AMPs) are
promising therapeutic candidates due to their membrane-targeting mechanisms and broad antimicrobial potential.
This study aimed to computationally design and screen shortened analogs of Dendrocin-ZM1 to identify potential
antimicrobial peptide candidates against Staphylococcus aureus.

Materials and Methods: Dendrocin-ZM1, a 33-amino-acid o-helical antimicrobial peptide, was selected as the
parental template for rational peptide redesign. A series of shortened and sequence-engineered analogs was
generated by retaining selected cationic and hydrophobic residues associated with antimicrobial peptide activity.
The designed peptides were evaluated based on physicochemical properties, including peptide length, net charge,
hydrophobicity, and predicted a-helical structural characteristics. Antimicrobial potential was assessed using the
CAMPR4 platform with Support Vector Machine, Random Forest, and Artificial Neural Network classifiers.
Additional screening was performed using the DBAASP prediction platform, focusing on predicted activity
against S. aureus. Potential toxicity and hemolytic effects were evaluated using ToxinPred and HemoPIY,
respectively, and selected peptides were subjected to structural modeling to assess predicted a-helical
conformations.

Results: The designed peptide analogs exhibited favorable predicted physicochemical characteristics, including reduced
length, retained cationic character, and modified hydrophobicity. CAMPR4 analysis indicated high antimicrobial
prediction scores across multiple machine learning classifiers. DBAASP screening identified PS5, P6, and P7 as
computationally predicted active candidates against S. aureus. Structural modeling suggested predominantly a-helical
conformations among these peptides, consistent with structural features commonly observed in membrane-active
AMPs. Toxicity prediction indicated low toxicity, while hemolysis analysis suggested favorable hemocompatibility
profiles. Among the evaluated candidates, P7 was prioritized based on its integrated computational profile, combining
predicted anti-S. aureus activity with favorable toxicity, hemolysis, and structural predictions.

Conclusion: This study presents a computational workflow that integrates rational peptide shortening and
sequence engineering with machine learning-assisted screening to prioritize potential antimicrobial peptide
candidates derived from Dendrocin-ZM1. P7 was identified as a promising computationally prioritized
candidate; however, experimental validation, including antimicrobial activity and safety evaluation, is required
to confirm its therapeutic potential.

Keywords: Antimicrobial peptide, Dendrocin-ZM1, rational design, machine learning, Staphylococcus aureus,
Computational screening, Toxicity prediction, Hemolysis, a-helical peptide.
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Introduction

The rapid global emergence of antimicrobial
resistance (AMR) poses a major public health
challenge by reducing the effectiveness of existing
antibiotics and complicating the treatment of bacterial
infections. The World Health Organization has
identified AMR as one of the major global health
threats, emphasizing the urgent need for alternative
antimicrobial strategies. Among clinically important
resistant  pathogens,  Staphylococcus
particularly methicillin-resistant S. aureus (MRSA),
remains a significant concern due to its ability to

aureus,

develop resistance mechanisms and cause persistent
community- and hospital-acquired infections' 2.

Antimicrobial peptides (AMPs) have attracted
considerable attention as potential alternatives to
conventional antibiotics due to their diverse
antimicrobial activities and unique mechanisms of
action. These naturally occurring molecules are
components of innate immunity and are found in
various organisms, including microorganisms, plants,
insects, and mammals 3. Most AMPs are short,
cationic, and amphipathic peptides enriched in
hydrophobic and positively charged residues,
characteristics that contribute to their interaction with
microbial membranes. However, the antimicrobial
activity and selectivity of AMPs are strongly
influenced by their physicochemical properties,
including peptide length, charge distribution,
hydrophobicity, and structural organization* >.

Among different AMP structural classes, a-helical
peptides are particularly important because their
amphipathic organization enables the spatial
separation of hydrophobic and cationic residues. This
feature is commonly associated with selective
interaction with negatively charged bacterial
membranes. Nevertheless, excessive hydrophobicity
or positive charge may increase nonspecific
interactions with mammalian membranes and
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contribute to cytotoxicity or hemolytic effects.
Therefore, rational optimization of these parameters is
essential for designing AMP candidates with improved
predicted activity and safety profiles 7.

Despite their therapeutic potential, the clinical
translation of natural AMPs remains challenging due to
several limitations, including susceptibility to
degradation, production costs, sequence complexity,
and potential toxicity. Peptide truncation has emerged
as an effective strategy to overcome some of these
limitations by generating shorter analogs that retain
essential functional motifs while improving synthesis
feasibility and potentially reducing undesirable effects.
Identifying the optimal balance between sequence
length, antimicrobial activity, and safety remains a
major challenge in AMP engineering *'°.

Recent developments in computational biology and
machine learning have provided valuable tools for
accelerating AMP discovery and optimization.
Databases such as CAMPR4 and DBAASP contain
experimentally characterized antimicrobial peptide
sequences and support the development of predictive
models for sequence-based screening'!' '2. Machine
learning approaches, including Support Vector
Machines (SVM), Random Forests (RF), and Artificial
Neural Networks (ANN), have been applied to classify
peptide sequences by antimicrobial potential using
physicochemical and sequence-derived features '3.
These computational strategies can reduce the number
of candidates requiring experimental evaluation and
facilitate the identification of promising peptide
designs.

a-helical peptides remain particularly attractive in AMP
design due to their predictable folding behavior and
well-established
Studies have shown that many natural and synthetic a-
helical peptides adopt membrane-active conformations

structure—function  relationships.

only upon interaction with lipid environments,
suggesting that structural plasticity is a key determinant
of antimicrobial activity'!* In membrane-like

environments, these peptides often undergo coil-to-
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helix transitions, forming stable amphipathic helices
that facilitate membrane disruption'.
Dendrocin-ZM1 is a 33-amino-acid a-helical
antimicrobial peptide originally isolated from Zataria
multiflora and has previously demonstrated
antibacterial activity against S. aureus '°. However, its
relatively long sequence may pose challenges for
peptide synthesis, stability, and optimization for
therapeutic applications. Although Dendrocin-ZM1
represents a promising AMP template, systematic
investigation of shortened derivatives with optimized
physicochemical characteristics remains limited.

In this study, we developed a computational
framework that combines rational sequence truncation
and machine-learning-assisted screening to identify
potential short a-helical AMP candidates derived from
Dendrocin-ZM1. The
physicochemical

workflow integrates
antimicrobial
prediction using multiple machine learning classifiers,
toxicity assessment, hemolysis prediction, and
structural modeling. Rather than replacing
experimental evaluation, this approach aims to

prioritize peptide candidates for future validation and

characterization,

provide insights into the computational optimization
of Dendrocin-ZM1-derived antimicrobial peptides.

Methods

Peptide Template Selection: The antimicrobial
peptide Dendrocin-ZM1, a 33-amino-acid a-helical
peptide originally isolated from Zataria multiflora,
was selected as the parental template for
computational redesign. The amino acid sequence
(TTLRLNTLAYKVAWLVNVKAFWAAGRALKK
VGR) was obtained from a previously published
experimental study 6. Initial sequence analysis was
performed to evaluate peptide length, charge
distribution, and hydrophobic residue composition to
identify structural features potentially associated with
antimicrobial activity.

Rational Design and Sequence Engineering: A
rational truncation strategy was applied to generate
shortened Dendrocin-ZM1-derived peptide analogs.
The design objective was to retain sequence
characteristics commonly associated with a-helical
antimicrobial peptides while reducing peptide length.
Candidate sequences were designed within a length
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range of 15-25 amino acids based on previously
reported characteristics of short cationic AMPs.

The initial design criteria included a peptide length of
15-25 amino acids, a net positive charge greater than
+5, and a hydrophobic residue content above 60%.
These criteria were selected based on previously
described  physicochemical features frequently
observed in membrane-active a-helical AMPs 3.
However, these parameters were considered screening
criteria rather than definitive predictors of antimicrobial
activity.

Hydrophobic residues, including leucine (Leu), valine
(Val), alanine (Ala), phenylalanine (Phe), and tyrosine
(Tyr), were preferentially retained to maintain
hydrophobic character, whereas positively charged
residues, mainly lysine (Lys) and arginine (Arg), were
preserved to maintain cationic properties commonly
associated with AMP activity.

Physicochemical Characterization: The
physicochemical properties of designed peptide
variants were calculated using the ExXPASy ProtParam
server (https://web.expasy.org/protparam/, accessed in
2025) 7. Parameters including molecular weight,

theoretical isoelectric point (pl), predicted net charge at
physiological pH, grand average of hydropathicity
(GRAVY), and amino acid composition were obtained.
Peptide sequences that did not satisfy the predefined
computational screening criteria were excluded from
subsequent analyses.

Machine Learning-Based Antimicrobial Prediction:
The antimicrobial potential of designed peptides was
evaluated using the CAMPR4 prediction platform
(https://camp.bicnirrh.res.in/) 8. Three machine
learning-based classifiers available within the platform,
including Random Forest (RF), Support Vector
Machine (SVM), and Artificial Neural Network
(ANN), were applied to estimate the probability of

antimicrobial activity.

Each classifier generated a prediction score
representing the likelihood of antimicrobial activity.
Peptides showing consistent prediction results across
multiple classifiers were prioritized for further
computational evaluation. Agreement among different
classifiers was considered an additional criterion to
reduce potential false-positive predictions, consistent
with previous computational AMP screening studies '°.
Secondary Validation Using DBAASP Prediction
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Tool: Selected peptide candidates were further
evaluated using the DBAASP linear antimicrobial
peptide prediction tool
(https://dbaasp.org/tools?page=linear-amp-

prediction) 2°. This platform estimates antimicrobial
potential based on sequence characteristics and
experimentally characterized AMP datasets.
Predicted antimicrobial activity against different
bacterial species was assessed, with particular
emphasis on S. aureus due to its clinical importance.
Where available, predicted MIC values were recorded
to provide quantitative support for candidate
prioritization.

Toxicity and Hemolysis Prediction: Potential
toxicity of selected peptide candidates was evaluated
using ToxinPred

(https://webs.iiitd.edu.in/raghava/toxinpred/) 2!, a

machine learning-based prediction tool for identifying
potentially toxic peptide sequences. Hemolytic
potential was assessed using HemoPI
(https://crdd.osdd.net/raghava/hemopi/) 22, which
predicts hemolytic activity based on sequence-derived
characteristics and provides SVM prediction scores
and estimated HC50 values.

Structural Modeling of Designed Peptides: The
predicted three-dimensional structures of selected
peptide candidates were generated using the PEP-
FOLD3 server (https://bioserv.rpbs.univ-paris-
diderot.fr/services/PEP-FOLD3/). Structural models
were analyzed to evaluate the predicted presence of -

helical conformations and overall structural
characteristics associated with a-helical AMP
candidates.

Selection Criteria for Final Candidates: Final
candidate prioritization was performed using an
integrated computational scoring strategy. The
selection criteria included physicochemical properties
(peptide length, net charge, and hydrophobicity),
consistent antimicrobial predictions across machine-
DBAASP-based
predictions, predicted low toxicity and low hemolytic

learning  models, favorable
potential, and preservation of a-helical structural
characteristics.

Overall Computational Workflow: The
computational workflow consisted of four major
stages: (1) selection of Dendrocin-ZM1 as the parental

peptide template, (2) rational sequence truncation and
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physicochemical optimization, (3) machine learning-
based antimicrobial prediction and secondary
computational screening, and (4) prioritization of
promising peptide candidates based on integrated
computational criteria.

The overall workflow for peptide design, computational
screening, and candidate selection is summarized in
Figure 1.

RATIONAL DESIGN AND MACHINE LEARNING-GUIDED SCREENING
OF DENDROCIN-ZM1-DERIVED ANTIMICROBIAL PEPTIDES

© Parent PEPTIOE © seouence PHYSICOCHEMIC (4] a-HELICAL
DENDROCIN-ZM1 (33+15-252a) OPTIMIZATION CONSTRAINT
20 amino scids Optinizekey propertes e
® o (catonc) proppotic
- OCP®o G Netpostive charge Y0
O PP I LA ]
JUNS = o = =»
W POy @ o (-] L]
- il (] ]
TTLRUNTLAYKVAWLY OO0 717, Belance charge and ¥
NYKAFWAAGRALKKVGR SPe et 1S iperophabicty 0¢ 0®
bl i Generate a beary of R T
Zataria muttifiora (15-2¢ ‘structure for functional activity
© wacrme earninc-saseo () seconoary vaoanion  (§)) HERARCHICAL SELECTION (5] ouTPUT
SCREENING (CAMPR4) (DBAASP) PIPELINE HIGH-POTENTIAL AMPs

D i S T R — 5
a0t MIC vabes » P >
T P
Y || Lany — {599 ,f.éyr/
66 L. KA B e - » - —— ) ¥
2 ] U Sgho) St gt 1525 )
ool iRl 3 +/ Cationic & hydrophati balance
F) \7;,:’7 Nn‘::k — wﬂm / Amphipathic o-helix
i Predict MIC (pg/mL) against ' High antemucrobial probablity
mulvple bacteral suaing V/ Low predicted MC
Peptde: focs o =  Ready for downstream
scores across sl models sre retaned i e et aod g
An integrated in silico pipeline combining rational design, Q
KEY physicochemical optimization, and machine learning-based 83 m Target: Bacterial
OuTcoMe screening to identify potent Dendrocin-ZM1-derived 0850 membrane disruption
antimicrobial peptide candidates. > -

Figure 1. Schematic representation of the computational
workflow for the rational design and machine learning-guided
screening of Dendrocin-ZM1-derived antimicrobial peptide
candidates.

Results

Design and Initial Screening of Dendrocin-ZM1-
Derived Peptides: The antimicrobial peptide
Dendrocin-ZM1 (33 amino acids; sequence:
TTLRLNTLAYKVAWLVNVKAFWAAGRALKKV
GR was selected as the parental template for rational
peptide redesign. The native peptide exhibited a net
positive charge of +7 and a hydrophobicity value of
approximately 55%, indicating physicochemical
characteristics commonly associated with a-helical
antimicrobial peptides.

To generate shorter derivatives, a library of nine
truncated analogs (P1-P9) was designed with peptide
lengths ranging from 19 to 21 amino acids. The
redesign strategy aimed to retain positively charged
residues, including lysine and arginine, while
maintaining an appropriate balance of hydrophobic
residues to preserve physicochemical characteristics
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frequently observed in antimicrobial peptides.

Table 1. Physicochemical properties of peptides P1-P9.

Ebadi Moghvan et al.

and Artificial Neural Network (ANN) (Table 2).

Peptide Code Sequence Length  Net Charge  Hydrophobicity (%)
Table 2. Antimicrobial activity of selected peptides using CAMPR4 and DBAASP.
Peptide CAMPR4 DBAASP
Code e 10 SVM RF ANN Anti-S.aureus
o . o 0.931 AMP 0.991 AMP 0.998 Not active
0.927 AMP 0.993 AMP 0.998 Not active
LS C y 9 0.919 AMP 0.994  AMP 0.997 Not active
o/ gV ') * 0952  AMP 0992 AMP  0.998 Not active
r ﬁ ﬁ 0914 AMP 0974  AMP 0.999 Active
0.935 AMP 0979  AMP 0.998 Active
Figure 2. Three-dimensional structures of the designed 0.889 AMP 0.989 AMP 0.998 Active

antimicrobial peptides PS5, P6, and P7.

Physicochemical Filtering and Initial Selection: The
physicochemical properties of all designed peptides are
summarized in Table 1. Initial screening was performed
according to predefined criteria, including peptide length,
net charge, and hydrophobicity.

Peptides with reduced positive charge or unfavorable
hydrophobicity profiles were excluded from further
computational evaluation. Based on these criteria,
peptides P1-P7 were selected as primary candidates for
subsequent  antimicrobial prediction and safety
assessment.

Machine Learning-Based Antimicrobial Prediction:
All selected peptides were evaluated using the CAMPR4
prediction platform. The results indicated that all
candidates were classified as antimicrobial peptides across
the three applied machine learning classifiers, including
Support Vector Machine (SVM), Random Forest (RF),

Table 3. Prediction results of toxicity and hemolytic activity
of the selected peptides P5, P6, and P7.

Toxinpred
Peptide HempPI2
Code  prediction '™ (HC50(uM))
Score
P5 Non-Toxin -1.23 102.265
P6 Non-Toxin -1.13 108.591
P7 Non-Toxin -1.32 115.23
NBM
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Further evaluation using the DBAASP prediction platform
demonstrated differences in predicted activity against S.
aureus. Among the evaluated sequences, peptides P5, P6,
and P7 showed predicted antimicrobial activity against S.
aureus, whereas the remaining peptides were classified as
inactive.

These findings indicate that although CAMPR4 provided
consistent AMP classification across candidates, secondary
filtering using DBAASP contributed to the prioritization of
peptides with higher predicted pathogen-specific activity.
Structural Modeling and Conformational Analysis:
The predicted three-dimensional structures of selected
peptides (PS5, P6, and P7) were generated using the
PEP-FOLD3 server. As shown in Figure 2, all selected
peptides predominantly adopted predicted o-helical
conformations, consistent with structural features
commonly observed in a-helical antimicrobial peptides.
PS5, P6, and P7 demonstrated similar predicted helical
organizations, although minor differences in terminal
flexibility were observed among the generated models.
These structural predictions supported the selection of
these peptides for further computational safety
evaluation

Toxicity and Hemolysis Activity Prediction: All
selected peptides were predicted to be non-toxic using
ToxinPred, with negative SVM scores supporting this
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classification (Table 3). Among them, P7 exhibited
the lowest SVM score (—1.32), suggesting the lowest
predicted toxicity. Hemolytic potential was evaluated
using HemoPI, where all peptides showed relatively
high HC50 values (102.265-115.23 uM), indicating
low hemolytic activity. P7 demonstrated the highest
HC50 value (115.23 uM), suggesting the most
favorable hemolytic safety profile.

Final Candidate Selection: Based on integrated
computational  evaluation, including predicted
antimicrobial activity, physicochemical properties,
structural characteristics, toxicity prediction, and
hemolysis assessment, P7 was prioritized as the
leading candidate among the designed peptides.
However, experimental validation is required to

confirm its antimicrobial efficacy and safety profile.

Discussion

The increasing prevalence of antimicrobial resistance
(AMR) has intensified the need for alternative
antimicrobial  strategies  beyond
antibiotics. In this context, antimicrobial peptides
(AMPs) have attracted considerable attention due to
their diverse mechanisms of action and potential to
the selective pressure associated with
conventional antibiotics. Unlike many traditional
antibiotics that target specific cellular pathways,

conventional

reduce

AMPs commonly interact with bacterial surfaces
through physicochemical properties including charge
distribution,  hydrophobicity, and amphipathic
structure 3. In the present study, a rational design and
machine learning-assisted screening strategy was
applied to generate and prioritize shortened
derivatives of the a-helical antimicrobial peptide
Dendrocin-ZM1.

A major finding of this study was that systematic
truncation of the parent peptide yielded shorter
derivatives with favorable predicted antimicrobial
properties while retaining key physicochemical
features associated with AMP activity. This
observation agrees with previous studies showing that
many antimicrobial peptides are relatively short
the
cationicity,

sequences in which activity depends

appropriate

on
balance between
hydrophobicity, and structural organization rather
than peptide length alone 323, Peptide shortening may

also improve synthetic feasibility and facilitate
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optimization of peptide-based candidates by reducing
sequence complexity and production requirements®*.
The physicochemical analysis demonstrated that the
designed peptides maintained a balanced distribution of
positively charged and hydrophobic residues. Cationic
amino acids, particularly lysine and arginine, are
frequently associated with electrostatic attraction
toward negatively charged bacterial surfaces, whereas
hydrophobic residues contribute to interactions with
lipid environments'®. However, excessive
hydrophobicity may increase nonspecific interactions
with mammalian membranes and potentially contribute
to cytotoxicity or hemolytic effects ¢. Therefore, the
screening strategy applied in this study emphasized a
balanced physicochemical profile rather than
maximizing individual parameters.

Machine learning-based screening using CAMPR4
classified all designed peptides as antimicrobial
candidates across multiple prediction models.
However, subsequent evaluation using DBAASP
provided additional discrimination among candidates
by identifying peptides with predicted activity
specifically against S. aureus. Differences between
general AMP prediction models and organism-specific
prediction tools may arise from variations in training
datasets and predictive features, highlighting the
importance of integrating multiple computational
approaches for peptide prioritization® °. In this study,
only P5, P6, and P7 demonstrated predicted anti-S.
aureus activity, suggesting that relatively small
sequence modifications can influence computationally
predicted antimicrobial properties.

Structural modeling using PEP-FOLD3 indicated that
the selected peptides predominantly adopted predicted
a-helical conformations. This finding is consistent with
the structural characteristics commonly observed in
many a-helical AMPs, where amphipathic organization
is considered an important feature associated with
antimicrobial function!?. Although these predicted
support the

characteristics after truncation, experimental structural

structures retention of o-helical
characterization and membrane interaction studies will
be necessary to confirm their functional relevance.

Among the evaluated candidates, P7 demonstrated the
most favorable overall computational profile based on
predicted antimicrobial activity, toxicity, hemolysis,

and structural characteristics. The favorable profile of
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P7 may be related to its optimized balance of charged
and hydrophobic residues, which represents a
commonly observed design principle in selective
AMP engineering 2. However, these findings
represent computational prioritization rather than
experimental confirmation, and the biological activity
of P7 requires validation through antimicrobial assays
and safety evaluation.

The toxicity and hemolysis prediction results
further supported the computational prioritization
of the designed peptides. All evaluated candidates
were predicted as non-toxic by ToxinPred and
showed relatively favorable HemoPI-based
profiles. P7 exhibited the highest predicted HC50
value among the selected peptides, indicating a
favorable predicted hemocompatibility profile.
Nevertheless, = computational  toxicity  and
hemolysis predictions should be interpreted as
preliminary indicators that require confirmation
with experimental assays?°.

Compared with previously characterized
antimicrobial peptides, the Dendrocin-ZM1-derived
candidates developed in this study feature shorter
peptide architectures while retaining physicochemical
features commonly associated with antimicrobial
activity, such as positive charge and amphipathic
organization® % 27, However, experimental studies are
required to determine whether these computationally
optimized characteristics translate into improved
antimicrobial performance or safety profiles.

Overall, this study demonstrates the utility of
integrating rational peptide truncation with machine-
learning-assisted screening to prioritize potential
AMP candidates. Similar computational frameworks
have increasingly helped reduce the experimental
screening burden and accelerate early-stage peptide
discovery 2. However, computational predictions are
influenced by model training datasets and algorithmic
assumptions; therefore, experimental validation
remains essential.

Several limitations should be acknowledged. First, all
analyses were performed computationally, and
antimicrobial activity, cytotoxicity, and hemolytic
effects require experimental confirmation. Second,
molecular docking, molecular dynamics simulations,
and membrane interaction studies were not performed
and should be considered in future investigations to
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provide additional mechanistic insights. Future studies
combining computational refinement with
experimental validation will be necessary to evaluate
the therapeutic potential of Dendrocin-ZM1-derived
peptide candidates.

Conclusion

In conclusion, this computational study demonstrated
that rational truncation and sequence optimization of
Dendrocin-ZM1 can generate shorter peptide analogs
with favorable physicochemical characteristics and
predicted antimicrobial potential. By integrating
physicochemical screening, machine learning-based
antimicrobial prediction, DBAASP-based evaluation
against  S. structural modeling, and
computational safety assessment, peptide P7 was
prioritized as the most promising candidate among the
designed sequences.

P7 exhibited a favorable computational profile,
including balanced cationic and hydrophobic

aureus,

properties, a predicted a-helical conformation, and
predicted anti-S. aureus activity, low predicted toxicity,
and favorable hemolysis prediction. However, these
findings are based exclusively on in silico analyses, and
experimental validation is required to confirm
antimicrobial efficacy, cytotoxicity, and
hemocompatibility.

Overall, this study highlights the potential of integrating
rational peptide engineering with machine learning-
assisted screening as an efficient approach for
prioritizing antimicrobial peptide candidates. Further
investigations, including experimental assays and
advanced computational analyses such as molecular
docking and membrane interaction studies, are
necessary to evaluate the therapeutic potential of the
identified candidates.
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