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The emergence of multidrug-resistant (MDR) pathogens has intensified the need for novel antimicrobial

agents. This study focuses on the design, synthesis, and evaluation of hybrid peptides (6a–6e)

incorporating unnatural amino acids featuring enhanced hydrophobic side chains. These peptides,

particularly 6e, demonstrated potent antimicrobial efficacy. Molecular docking identified the robust

binding affinities of peptides 6e and 6b towards the transglycosylase domain of Escherichia coli PBP1b,

indicating their potential as enzyme inhibitors. Molecular dynamics (MD) simulations confirmed the

stability of peptide-protein complexes over a 100 ns timespan, supporting the structural integrity of

peptide 6e. Experimental data further validated computational predictions, with peptide 6e exhibiting

minimum inhibitory concentrations (MICs) as low as 2 mg mL−1 against E. coli and 0.2 mg mL−1 against

Bacillus subtilis. Additionally, 6e demonstrated broad-spectrum antifungal efficacy, showing competitive

activity against Candida albicans and Aspergillus niger. These results establish unnatural amino acid-

based peptides as promising candidates in addressing MDR infections, warranting further studies for

clinical application.
Introduction

The rapid emergence and proliferation of antibiotic-resistant
bacteria has created a pressing need for new antimicrobial
agents.1 Traditional antibiotics are losing their effectiveness
against a range of pathogenic bacteria, leading to a global
health crisis that threatens to undermine many of the advances
made in modern medicine.2 This challenge has spurred the
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rsidad Anáhuac Querétaro, Circuito

Marqués 76246, Querétaro, Mexico

amps III. Instituto de Ecoloǵıa, Carretera
racruz, Mexico

R. C. Patel Institute of Pharmaceutical

ule-425405, Maharashtra, India

, Universidad Veracruzana, Blvd. Av. Ruiz

el R'ıo 94294, Mexico

edical Science, King Faisal University, Al-

Core 3, IIT Guwahati, Amingaon-781039,

nnar, Pune-410502, Maharashtra, India.

099
scientic community to explore novel approaches to combat
bacterial infections, including the development of new classes
of antimicrobial compounds.3 Among these, peptides incorpo-
rating unnatural amino acids (AAs) have garnered signicant
attention due to their unique properties and potential to over-
come some of the limitations associated with traditional
antibiotics.4

Peptides play crucial roles in various biological processes. In
the context of antimicrobial therapy, peptides can disrupt
bacterial cell membranes, inhibit essential bacterial enzymes,
or interfere with vital cellular processes.5 The versatility of
peptides, combined with their ability to be synthetically modi-
ed, makes them attractive candidates for developing new
antimicrobial agents.6 Unnatural amino acids, which are AAs
that do not naturally occur in proteins, offer additional advan-
tages in this regard. These AAs can be designed to enhance the
stability, specicity, and activity of peptides, potentially leading
to more effective antimicrobial agents.7

One of the key strategies in designing effective antimicrobial
peptides (AMP's) is the incorporation of enhanced hydrophobic
side chains.8 Hydrophobic interactions play a signicant role in
the binding of peptides to bacterial membranes and proteins.
By enhancing the hydrophobic character of the peptides, it is
© 2026 The Author(s). Published by the Royal Society of Chemistry
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possible to improve their ability to interact with and disrupt
bacterial cell membranes, leading to increased antimicrobial
activity. Furthermore, the inclusion of unnatural AAs and
hydrophobic side chains can enhance the stability of the
peptides, making them less susceptible to degradation by
proteolytic enzymes.9 The hydrophobic side chains were thus
designed to serve a dual purpose: to facilitate membrane per-
meabilization and to enhance binding affinity with specic
bacterial enzyme targets like PBP1b.

The design and synthesis of hybrid peptides incorporating
unnatural AAs with enhanced hydrophobic side chains repre-
sent a promising approach to developing new antimicrobial
agents. This strategy leverages the unique properties of unnat-
ural AAs to enhance the therapeutic potential of peptides. For
instance, peptides containing unnatural AAs have been shown
to exhibit increased resistance to enzymatic degradation,
improved membrane permeability, and enhanced binding
affinity for bacterial targets.9,10 These attributes make them
highly promising candidates for the development of new anti-
microbial therapies. Recently, US-FDA approved Rezafungin,
a semi-synthetic cyclic peptide drug molecule used to treat
candidemia and invasive candidiasis in adults. It is a long-
acting echinocandin antifungal containing unnatural amino
acid, 3-hydroxy-4methylproline, which helps to improve its
stability against enzymatic degradation and
pharmacokinetics.10

The integration of unnatural AAs into peptide design can
signicantly alter the physicochemical properties of the
peptides, thereby inuencing their biological activity. Unnat-
ural AAs can introduce steric hindrance, alter electronic prop-
erties, and enhance hydrophobic interactions, all of which can
contribute to increased binding affinity and specicity for
bacterial targets. Crucially, these modications can also
enhance the peptide's resistance to proteolytic degradation,
which is a key strategy for reducing the potential for an
immunogenic response. The anti-drug antibodies (ADAs) can be
caused by an immune response, which in turn reduces the
effectiveness of the drug or can cause allergic responses.
Therefore, it is crucial to design peptides in a such way that this
potential threat of immunogenicity could be lowered. Peptides
consisting of L-AAs can easily be recognised by the T- and B-cells
of the immune system causing immunogenicity. The integra-
tion of unnatural AAs into peptide design can change the
structure and chemical properties of the peptide, which
disrupts its immune recognition. Moreover, the integration of
unnatural AAs into peptides is known to disrupt their binding to
Major Histocompatibility Complex (MHC) molecules and
inhibiting T-cell activation, which in turn signicantly reduces
immunogenicity. Thus, the integration of unnatural AAs into
peptide design allows for the rational design of peptides with
optimized properties for antimicrobial activity.9–11

Recent advances in solid-phase peptide synthesis (SPPS)
have facilitated the incorporation of unnatural AAs into peptide
sequences.12 SPPS is a robust and versatile technique that
enables the efficient and precise assembly of peptide chains.
The use of SPPS allows for the systematic introduction of
unnatural AAs into specic positions within the peptide
© 2026 The Author(s). Published by the Royal Society of Chemistry
sequence, thereby enabling the ne-tuning of peptide proper-
ties. This method has been instrumental in the development of
peptides with enhanced stability, activity, and selectivity.

In the quest to develop new antimicrobial agents, targeting
key bacterial enzymes involved in essential cellular processes is
a promising strategy. One such target is the transglycosylase
domain of Penicillin-binding protein 1B (PBP1b) from Escher-
ichia coli. PBP1b is a crucial enzyme involved in the biosynthesis
of peptidoglycan, an essential component of the bacterial cell
wall.13 Inhibiting this enzyme can compromise the integrity of
the bacterial cell wall, leading to cell death. Therefore, PBP1b
represents an attractive target for the development of new
antimicrobial agents.

Molecular docking studies and molecular dynamics (MD)
simulations are essential computational tools in the drug
discovery process, providing critical insights into the interac-
tion patterns and stability of peptide–protein complexes.14

Docking studies enable the prediction of binding affinity and
interaction proles of small molecules with target proteins,
which helps in screening and optimizing peptide candidates
before synthesis and experimental evaluation. By simulating
interactions between peptides and bacterial targets, molecular
docking can guide the design of novel antimicrobial agents.15

Complementing this, MD simulations offer dynamic insights
into the stability and behavior of peptide–protein complexes
over time. This approach assesses structural stability, confor-
mational changes, and interaction patterns, providing
a comprehensive understanding of molecular interactions.16

Together, these methods reveal crucial information about the
exibility, stability, and potential efficacy of peptide–protein
interactions, thus informing the design and optimization of
new antimicrobial peptides.

In this study, we aimed to design, synthesize, and evaluate
the antimicrobial potential of hybrid peptides incorporating
unnatural AAs with enhanced hydrophobic side chains. The
design strategy involved incorporating hydrophobic side chains
into the peptide backbone to improve interactions with bacte-
rial membranes and enzymes. We focused on exploring the
interactions of these peptides with the transglycosylase domain
of PBP1b from E. coli, using molecular docking and MD simu-
lations to gain insights into their binding affinity and stability.
Peptide synthesis was conducted via SPPS, allowing precise
incorporation of unnatural AAs into the sequences. By
leveraging the unique properties of unnatural AAs and
employing advanced computational techniques, this study
seeks to contribute to the development of novel peptides as
promising candidates in the ght against multi-drug-resistant
bacterial and fungal pathogens.

Results and discussion
Synthesis of peptides

The synthesis of hybrid peptides incorporating unnatural AAs
with enhanced hydrophobic side chains was conducted using
standard SSPS techniques as shown in Scheme 1. The process
began with the attachment of rst AA, Alanine, to the 2-
chlorotrityl chloride (2-CTC) resin giving Fmoc-Ala-CT resin 1.
RSC Adv., 2026, 16, 11090–11099 | 11091
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Scheme 1 Solid phase peptide synthesis of novel peptides 6a–e derived from unnatural AAs with enhanced hydrophobic side chains.
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The CTC resin is a common choice for SPPS due to its efficiency
in anchoring the initial AA. The resin was thoroughly washed
and swelled in dichloromethane (DCM) before the coupling of
Fmoc-Ala-OH, facilitated by diisopropylethylamine (DIPEA).
The successful attachment of the alanine to the resin was
conrmed through UV spectrophotometry, ensuring optimal
loading for subsequent peptide synthesis. The loading capacity
of the resin was determined to be 0.64 mmol g−1.17

The next phase involved the iterative coupling and depro-
tection cycles characteristic of SPPS. Each cycle started with the
deprotection of the Fmoc group using a 20% solution of
piperidine in dimethylformamide (DMF). The Fmoc protective
group was removed from compound 1 yielding H-Ala-CTC resin
2, revealing the free amino (–NH2) group at its N-terminus. The
successful removal of the Fmoc group was conrmed by
11092 | RSC Adv., 2026, 16, 11090–11099
a positive Kaiser test, indicated by the transformation of the test
solution and resin to a dark blue color. Aer the initial depro-
tection, Fmoc-Ile-OH was coupled to compound 2 under
conditions facilitated by HBTU/HOBt, leading to the formation
of Fmoc-Ile-Ala-CTC resin 3. The completion of this coupling
reaction was veried through the Kaiser test, with a colorless
test solution and resin beads indicating completion of the
reaction. Further removal of the Fmoc group from compound 3
resulted in the formation of H- Fmoc-Ile-Ala-CTC resin 4. This
crucial step exposed the amino group for the subsequent
coupling reaction. Each AA was coupled under these conditions,
with the progress conrmed by the Kaiser test. This methodical
approach allowed the sequential addition of amino acids (L/D-
isomers), including unnatural ones, like, D-Nal (3-(2-Naphthyl)-
D-alanine), Thi (2-Thienyl-L-alanine), Oic ((2R,3 aR,7 aR)-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Docking scores and interaction energies of synthesized
peptides and ampicillin

Ligand
Docking score
(kcal mol−1)

Glide energy
(kcal mol−1)

Peptide 6a −6.894 −70.207
Peptide 6b −6.923 −79.278
Peptide 6c −6.892 −68.432
Peptide 6d −6.889 −66.537
Peptide 6e −6.944 −81.256
Ampicillin −5.079 −33.398
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octahydro-1H-indole-2-carboxylic acid), Hyp (4-trans-Hydroxy-L-
proline), and D-Tic ((R)-1,2,3,4-tetrahydroisoquinoline-3-
carboxylic acid), and Lys with hydrophobic side-chain
designed to enhance hydrophobic interactions affording the
desired peptide 5.

The cleavage of the synthesized peptide from the resin and
the removal of side-chain protecting groups (SPGs) were ach-
ieved using a cleavage cocktail of triisopropylsilane (TIS), water,
and triuoroacetic acid (TFA) in an 80 : 10 : 10 ratio, affording
the desired peptide 6a. This mixture efficiently cleaved the
peptide from the resin while simultaneously removing side-
chain protections. The resulting peptide was precipitated
using chilled diisopropyl ether (DIPE), which facilitated their
purication. The precipitated peptide was collected by ltra-
tion, washed, and dried under vacuum, yielding the nal
product in a powder form. Similarly, all desired peptides 6b–e
were synthesized.

The synthesized peptides were puried using preparative
HPLC giving purity of 97–99% for all the peptides. All the details
of the purication are provided in the supplementary infor-
mation (SI) le. Moreover, the characterization of the synthe-
sized peptides was performed to conrm their structure and
purity. NMR spectroscopy, using both 1H and 13C NMR,
provided detailed insights into the chemical structure of the
peptides (Fig. S5–S14). Mass spectrometry (MS) further
conrmed the molecular weights, ensuring the successful
synthesis of the desired sequences (Fig. S15–S19). The purity
check was carried out using analytical HPLC. HPLC spectra of
all the compounds are provided in the SI le (Fig. S20–S25).

The peptide sequences synthesized in this study incorpo-
rated specic unnatural AAs to enhance their hydrophobic
interactions and stability. For instance, peptides such as 6a and
6b were designed with hydrophobic AAs like leucine and valine
to improve their interaction with bacterial membranes. Other
peptides, like 6c, 6d and 6e, featured strategic modications
aimed at increasing binding affinity and stability. The incor-
poration of these unnatural AAs was intended to create peptides
with superior antimicrobial properties, capable of overcoming
the limitations of traditional antibiotics.
Fig. 1 Interaction of compound 6e with transglycosylase domain of
PBP1b of E coli.
Molecular docking

The molecular docking study was conducted to examine the
binding interactions between the synthesized peptides 6a–e and
the transglycosylase domain of E. coli PBP1b (PDB: 3VMA), a key
enzyme in peptidoglycan biosynthesis. The crystal structure of
E. coli Penicillin-Binding Protein 1b (PBP1b) was retrieved from
the Protein Data Bank (PDB ID: 3VMA) and used for molecular
docking andmolecular dynamics simulation studies. Inhibiting
this enzyme compromises bacterial cell wall integrity, making it
a valuable target for antibacterial drug development.18

The docking results indicate that the synthesized peptides
possess signicant binding affinities towards the trans-
glycosylase domain, with peptide 6e exhibiting the highest
docking score of −6.944 kcal mol−1, followed closely by 6b with
a score of −6.923 kcal mol−1 6a, 6c, and 6d demonstrated
similar docking scores of −6.894, −6.892, and
© 2026 The Author(s). Published by the Royal Society of Chemistry
−6.889 kcal mol−1, respectively, all suggesting robust interac-
tions with the enzyme's active site. These scores are markedly
more negative than that of ampicillin (−5.079 kcal mol−1),
indicating a lower binding affinity of the conventional antibiotic
for this target. In comparison, moenomycin, a known inhibitor
of the transglycosylase domain, showed the highest binding
affinity with a docking score of −8.790 kcal mol−1, setting
a benchmark for potential inhibition efficacy (Table 1).

Detailed interaction analysis revealed that 6b forms multiple
stabilizing interactions within the transglycosylase active site,
including six hydrogen bonds with residues Asn 275, Arg 325,
Glu 323, Asp 321, and Arg 91, along with salt bridge interactions
involving Glu 323 and Arg 94, and a p-cation interaction with
Tyr 315 (Fig. S1). 6e, which also showed a strong docking score,
establishes ve hydrogen bonds with residues Lys 274, Asn 275,
Leu 278, and Arg 286, reinforcing its binding affinity (Fig. 1). For
reference, moenomycin, the co-crystallized ligand, forms six
hydrogen bonds with residues Glu 233, Gln 271, Lys 274, Asn
275, Ala 357, and Glu 323 (Fig. S2), underscoring its high affinity
and inhibitory potential.
Molecular dynamics (MD) simulation

MD simulations were performed to assess the dynamic stability
and behavior of the 6e peptide within the binding site of the
RSC Adv., 2026, 16, 11090–11099 | 11093
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Fig. 2 Root mean square deviation (RMSD) of peptide 6e with transglycosylase for the 100 ns molecular dynamics simulation.
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transglycosylase domain of E. coli PBP1b over a 100 ns period.
While docking provides a static snapshot of binding affinity,
MD simulations allow for the evaluation of structural stability
and exibility in a dynamic environment, offering deeper
insights into the peptide–protein interactions.19

Root-Mean-Square Deviation (RMSD) was analyzed as a primary
metric of complex stability.20 For the protein, RMSD values initially
rose from 1.8 Å to a peak of 5.54 Å within the rst 18 ns, aer
which stabilization occurred between 4.61 Å and 5.81 Å until 68 ns.
A notable uctuation at 68.3 ns reached 5.74 Å, followed by a stable
range between 4.68 Å and 5.63 Å for the remainder of the simu-
lation. The ligand's RMSD, observed on the right Y-axis, revealed
substantial uctuations. From 0 to 10 ns, the RMSD increased to
8.34 Å, with further peaks and troughs, reaching a signicant peak
of 13.13 Å at 70 ns. In the nal phase of the simulation (87–100 ns),
the ligand RMSD stabilized between 10.5 Å and 13.5 Å, ultimately
settling at 10.5 Å (Fig. 2).

Root-Mean-Square Fluctuation (RMSF) analysis was per-
formed to evaluate the exibility of specic protein residues
during the simulation.21 High RMSF values corresponded to
Fig. 3 Root mean square fluctuation (RMSF) of transglycosylase in com

11094 | RSC Adv., 2026, 16, 11090–11099
exible regions, while low RMSF values indicated rigid
segments. Throughout the simulation, the 6e peptide interacted
with 52 AAs within the binding site, with notable interactions
involving residues such as Arg94 (2.07 Å), Leu278 (2.75 Å),
Ser279 (2.84 Å), Ser280 (3.41 Å), and Arg286 (3.07 Å), among
others (Fig. 3). Regions with elevated RMSF values highlighted
areas of increased exibility, which may contribute to binding
stability and adaptability within the active site.

A detailed analysis of 6e protein–ligand interactions
throughout the simulation revealed four primary categories of
contacts: hydrogen bonds, hydrophobic interactions, ionic
interactions, and water-mediated hydrogen bonds. This cate-
gorization provided insights into the stability and persistence of
interactions that contribute to the binding efficacy of 6e. For
quantitative assessment, interaction frequencies were visual-
ized using normalized stacked bar charts over the simulation
trajectory, where a value of 0.6 indicated that a specic inter-
action was present for 60% of the simulation time. This visu-
alization highlighted the temporal stability of key interactions,
shedding light on the dynamics of protein-ligand binding.
plex with peptide 6e.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The 6e peptide demonstrated consistent hydrogen bonding
with critical residues such as Glu281, Arg282, Glu323, and
Arg364, underscoring their roles in stabilizing the complex.
Signicant hydrophobic interactions, particularly with residue
Tyr315, contributed to 6e's binding affinity. Ionic interactions
involving residues Arg281 and Glu323 further reinforced the
stability of the complex. Additionally, water-mediated hydrogen
bonds with residues Glu211, Asn275, Arg281, Gln318, Glu323,
and Ser358 illustrated the intricate network of interactions
essential to the functionality of the 6e–protein complex.

The MD simulation results provide detailed information
about dynamic stability and exibility of the 6e peptide within
the binding site, reinforcing the initial docking results and
supporting its potential as a stable inhibitor of the trans-
glycosylase domain in E. coli.

MD simulation of compound 6e was further compared with
the ampicillin–transglycosylase PBP1b (3VMA) complex. The
RMSD analysis of the ampicillin–transglycosylase PBP1b
(3VMA) complex was conducted to assess the dynamic stability
and conformational behavior over a 100 ns molecular dynamics
simulation. The Ca RMSD of the protein exhibited an initial rise
during the rst 10 ns, followed by mild uctuations and even-
tual stabilization around 4.7–5.2 Å aer 40 ns, indicating that
the protein retained its overall structural integrity throughout
the simulation. The ligand RMSD displayed an early increase
within the rst 20 ns, suggesting the adjustment of ampicillin
within the binding pocket, and subsequently major uctuation
observed between 2.5–4.8 Å from 30 ns to 75 ns, and from 76 ns
onward ampicillin RMSD stabilized in the transglycosylase
enzyme (Fig. 4).

The Root Mean Square Fluctuation analysis of the trans-
glycosylase PBP1b (3VMA) protein complexed with ampicillin
over a 100 ns molecular dynamics simulation provided detailed
Fig. 4 Root mean square deviation (RMSD) of ampicillin with transglyco

© 2026 The Author(s). Published by the Royal Society of Chemistry
insights into the residue-wise exibility and stability of the
complex. The RMSF values for the active site domain fell within
a moderate range, with distinct peaks around residue indices
100, 200, 300, and 400, highlighting exible regions that
contribute to the protein's dynamic behavior. Ampicillin inter-
acted with 39 key residues of the Trans glycosylase PBP1b
protein, including Tyr83 (3.74 Å), Val85 (3.06 Å), Tyr86 (3.18 Å),
Asp234 (3.23 Å), Arg234 (5.17 Å), Arg256 (1.92 Å), Gln270 (1.63
Å), Lys274 (1.53 Å), Leu278 (2.65 Å), Ser279 (5.13 Å), Ser280 (5.13
Å), Glu281 (5.07 Å), Arg282 (4.40 Å), Ser283 (3.89 Å), Tyr284 (4.43
Å), Trp285 (3.98 Å), Arg286 (2.89 Å), Lys287 (3.44 Å), Leu309
(1.77 Å), Glu313 (1.21 Å), Glu323 (1.57 Å), Met353 (1.39 Å),
Val354 (1.33 Å), Lys355 (1.58 Å), Gly356 (1.73 Å), Trp532 (1.58 Å),
Ile533 (1.58 Å), Ala534 (1.76 Å), Asp535 (1.17 Å), Ala536 (1.94 Å),
Pro537 (2.06 Å), Arg555 (1.95 Å), Glu559 (2.32 Å), Gly561 (2.10 Å),
Arg569 (1.03 Å), Val578 (1.32 Å), Gly767 (2.08 Å), Tyr770 (2.24 Å),
and Gly779 (2.25 Å) (Fig. 5).

The protein–ligand contact analysis of the transglycosylase
PBP1b protein complexed with ampicillin revealed hydrogen
bonds and water-mediated interactions played a dominant role,
with residues Lys247, Ser270, Arg286 (35%), and Arg502. Overall
comparison showed that compound 6e is more stable as
compared to the ampicillin.
Biological evaluation

The synthesized peptides exhibited signicant antimicrobial
activity against a broad spectrum of bacterial and fungal path-
ogens. Initial molecular docking studies suggested strong
binding affinities of these peptides to the transglycosylase
domain of E. coli PBP1b, a key bacterial enzyme. Notably, 6e
demonstrated the highest binding affinity with a docking score
of −6.944 kcal mol−1, outperforming the reference antibiotic
ampicillin (−5.079 kcal mol−1). This high affinity is attributed
sylase for the 100 ns molecular dynamics simulation.
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Fig. 5 Root mean square fluctuation (RMSF) of transglycosylase in complex with ampicillin.
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to multiple hydrogen bonds formed with active site residues
Lys274, Asn275, Leu278, and Arg286, highlighting its potential
to inhibit enzyme activity effectively.

Biological assays validated these computational insights,
showing that 6e had potent antibacterial effects with
a minimum inhibitory concentration (MIC) of 2 mg mL−1

against E. coli, a twofold improvement over ampicillin (MIC of 4
mg mL; Table 2 and Fig. 6). Additionally, 6e demonstrated
excellent activity against Bacillus subtilis with an MIC of 0.2
mg mL−1, surpassing ampicillin, which had an MIC of 0.5 mg
mL−1. The peptide also exhibited strong activity against Bacillus
megaterium and Streptococcus pyogenes, with MIC values of 0.3
mg mL−1 each, which are favorable compared to ampicillin's
MICs of 0.5 mg mL−1 and 0.2 mg mL−1, respectively.

Other synthesized peptides, such as 6b and 6c, also di-
splayed notable antibacterial activities. For example, peptide 6b
exhibited an MIC of 3 mg mL−1 against E. coli and 0.3 mg mL−1

against B. subtilis, while peptide 6c showed MIC values of 4
mg mL−1 and 0.3 mg mL−1 against E. coli and B. subtilis,
respectively. Both peptides demonstrated comparable activity
Table 2 MIC values (in mg mL−1) for five peptides 6a–e and two standard
testing)

Compounds E. colia B. subtilisa B. megateriuma S. pyog

6a 5 0.4 0.7 0.7
6b 3 0.3 0.5 0.6
6c 4 0.3 0.6 0.6
6d 6 0.5 1 0.6
6e 2 0.2 0.3 0.3
Ampicillin 4 0.5 1 0.2
Fluconazole — — — —

a Antibacterial activity. b Antifungal activity.

11096 | RSC Adv., 2026, 16, 11090–11099
against B. megaterium and S. pyogenes, with MIC values ranging
from 0.5 to 0.8 mg mL−1, underscoring their efficacy against
a range of Gram-positive and Gram-negative bacteria.

In addition to antibacterial activity, the peptides were tested
for antifungal efficacy. Peptide 6e emerged as the most potent
antifungal agent, with MIC values of 7.5 mg mL−1 against
Aspergillus niger, 8 mg mL−1 against Aspergillus oryzae, and 8 mg
mL−1 against Rhizopus spp., performing on par with or better
than the standard antifungal agent uconazole, which exhibi-
ted MIC values of 8, 9.5, and 9.5 mg mL−1, respectively.
Furthermore, peptide 6e showed strong activity against Candida
albicans with an MIC of 2 mg mL−1, matching the efficacy of
uconazole.

Notably, demonstrated the highest binding affinity with
a docking score of −6.944 kcal mol−1, outperforming the
reference antibiotic ampicillin (−5.079 kcal mol−1). This high-
est affinity is attributed to a robust and stable interaction
network established within the transglycosylase active site.
Specically, forms ve critical hydrogen bonds with residues
Lys274, Asn275, Leu278, and Arg286, a network reinforced by
compounds (ampicillin for antibacterial and fluconazole for antifungal

enesa A. nigerb A. oryzaeb Rhizopus spp.b C. albicansb

9 9 10 3
8 8.5 9.5 2.5
8.5 8.5 10 3
10 10.5 11 3.5
7.5 8 8 2
— — — —
8 9.5 9.5 2

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 In vitro antimicrobial activity measured by MIC (mg mL−1) of peptides 6a–e against bacterial and fungal strains. (A) Antibacterial activity
against bacterial strains (E. coli, B. subtilis, B. megaterium, S. pyogenes), ampicillin as a standard. (B) Antifungal activity against fungal strains (A.
niger, A. oryzae, Rhizopus spp., C. albicans), fluconazole as a standard.
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signicant hydrophobic interactions with Tyr315 and ionic
interactions involving Glu281 and Arg364, as conrmed by
molecular dynamics simulations. This specic and stable
binding pattern, particularly involving key residues that facili-
tate enzyme inhibition, is the structural foundation for 6e's
superior potency. Biological assays validated these computa-
tional insights, showing that 6e had potent antibacterial effects
with a MIC of 2 mg mL−1 against E. coli, a twofold improvement
over ampicillin (4 mg mL−1).

While the potent antibacterial activity is linked to the inhi-
bition of the E. coli PBP1b enzyme, the observed broad-
spectrum antifungal activity, particularly against strains like
A. niger and C. albicans suggests a different mode of action.
Fungal pathogens lack the PBP1b enzyme; therefore, the
computational studies targeting this protein are not directly
applicable to their mechanism of inhibition. The antifungal
efficacy is likely attributed to a membrane-disrupting mecha-
nism, which is a common characteristic of antimicrobial
peptides (AMPs). The strategic incorporation of enhanced
hydrophobic side chains (such as in the Lys (Glu−Pal) residue)
in our hybrid peptides is designed to facilitate strong hydro-
phobic interactions with the fungal cell membrane lipids,
leading to destabilization and subsequent cell death. This dual
mechanism (enzyme inhibition for bacteria and membrane
disruption for fungi) underscores the versatility and promising
broad-spectrum prole of the synthesized peptides.

Other peptides demonstrated moderate to good antifungal
activity. For instance, peptide 6b showed MIC values of 8
mg mL−1 against A. niger, 8.5 mg mL−1 against A. oryzae, and 9.5
mg mL−1 against Rhizopus spp., while maintaining an MIC of 2.5
mg mL−1 against C. albicans. Peptide 6a displayed similar anti-
fungal activity, with MIC values of 9 mg mL−1 against A. niger
and A. oryzae, and 10 mg mL−1 against Rhizopus spp., alongside
an MIC of 3 mg mL−1 against C. albicans. These results indicate
that the synthesized peptides, especially 6e, exhibit broad-
spectrum antimicrobial properties with potent activities
© 2026 The Author(s). Published by the Royal Society of Chemistry
against both bacterial and fungal pathogens, positioning them
as promising candidates for further development as antimi-
crobial agents (Table 2).

The integration of molecular docking, MD simulations, and
biological activity assessments provided a comprehensive eval-
uation of the synthesized peptides' potential as antimicrobial
agents. The molecular docking studies identied strong
binding affinities, particularly for peptides 6e and 6b, towards
the transglycosylase domain of E. coli PBP1b, suggesting their
promise as effective enzyme inhibitors. These predictions were
further substantiated by MD simulations, which demonstrated
the stability and adaptability of these peptide–enzyme interac-
tions over time, reinforcing their potential inhibitory capacity.
Biological assays aligned closely with the computational
predictions, revealing potent antimicrobial activity of the
peptides against a spectrum of bacterial and fungal pathogens,
oen surpassing conventional antibiotics in effectiveness.
These congruent results underscore the reliability of combining
computational and experimental approaches in guiding the
rational design of novel antimicrobial agents.
Conclusions

This research presents compelling evidence of the antimicro-
bial potential of peptides synthesized from unnatural amino
acids with hydrophobic enhancements. Both computational
and biological assessments underline the efficacy of these
peptides, especially compound 6e, as potent agents against
a range of bacterial and fungal pathogens. Molecular docking
and MD simulations reveal strong binding and structural
stability, highlighting their mechanism of action and durability
as inhibitors. The pronounced antibacterial and antifungal
activities, observed in vitro, support the strategic integration of
unnatural amino acids to improve peptide functionality. Given
these promising results, these peptides offer a viable pathway
toward developing new therapeutics targeting MDR pathogens.
RSC Adv., 2026, 16, 11090–11099 | 11097
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Further optimization and clinical trials will be essential to
translate these ndings into practical applications.
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