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Antimicrobial resistance (AMR) represents a critical challenge worldwide, necessitating the pursuit of novel
approaches to counteract bacterial and fungal pathogens. In this context, we explored the potential of
cationic amino acid-enriched short peptides, synthesized via solid-phase methods, as innovative
antimicrobial candidates. Our comprehensive evaluation assessed the antibacterial and antifungal
efficacy of these peptides against a panel of significant pathogens, including Escherichia coli,
Pseudomonas aeruginosa, Staphylococcus aureus, Streptococcus pyogenes, Candida albicans, and
Aspergillus niger. Utilizing molecular docking techniques, we delved into the molecular interactions
underpinning the peptides’ action against these microorganisms. The results revealed a spectrum of
inhibitory activities, with certain peptide sequences displaying pronounced effectiveness across various
pathogens. These findings underscore the peptides’ potential as promising antimicrobial agents, with
molecular docking offering valuable insights into their mechanisms of action. This study enriches
antimicrobial peptide (AMP) research by identifying promising candidates for further refinement and
development toward therapeutic application, highlighting their significance in addressing the urgent

rsc.li/rsc-advances issue of AMR.

Introduction

The escalating challenge of antimicrobial resistance (AMR) has
become a critical concern for global health, necessitating
innovative and multifaceted strategies to combat bacterial and
fungal infections." As traditional antibiotics increasingly fall
short against multidrug-resistant pathogens, the scientific
community is urgently seeking innovative approaches to
address this crisis.> In this context, the development of short
peptides, particularly those enriched with cationic amino acids,
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has emerged as a promising avenue for novel antimicrobial
agents.®> Antimicrobial Peptides (AMPs) represent an essential
class of molecules within the innate immune defences of
various organisms, including humans, plants, and insects.*
Characterized by their broad-spectrum activity against bacteria,
fungi, viruses, and certain parasites, AMPs offer a versatile
approach to combating infections. Their effectiveness is
primarily attributed to their ability to disrupt microbial
membranes, leading to cell lysis and pathogen death.?

Among AMPs, short cationic amino acid-enriched peptides
have drawn significant attention due to their potent antimi-
crobial properties and lower risk of resistance development.®
The foundation of their potency is firmly anchored in their
cationic residues that bestow a positive charge upon these
peptides.® This pivotal characteristic instigates a symphony of
electrostatic interactions with microbial cell membranes
adorned with negative charges, thereby triggering a nuanced
molecular dialogue.* As the peptides engage in binding,
a transformative narrative unfolds, underscored by the disrup-
tion of membrane integrity, propelling a cascade of events
culminating in the demise of microorganisms.*** Beyond their
immediate disruptive potential, the positive charge holds the
promise of selectivity, with intriguing indications that certain
short cationic peptides exhibit a predilection for microbial cells
over their mammalian counterparts.” This intricate mode of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of short cationic amino acid-enriched peptide mode of action.

action is visually encapsulated in Fig. 1, where the schematic
representation elucidates the journey of these short cationic AA-
enriched peptides—from their initial electrostatic interaction to
the culmination of the microorganism's downfall. This figure
serves as a beacon, illuminating the mechanistic essence that
underpins the potential of these peptides to revolutionize the
landscape of antimicrobial strategies.

The smaller size and higher solubility of short cationic AA-
enriched peptides compared to monoclonal antibodies
provide better pharmacokinetics, higher cellular uptake in the
target tissue, and rapid clearance from the non-target tissues.?
Such peptides that are effectively taken up by cells are called
Cell Penetrating Peptides (CPPs).® Such short cationic AA-
enriched peptides are a group of small peptides consisting of
2-30 AAs that can pass the lipid bilayer of cells without dis-
turbing their structural and functional integrity and carry
bioactive molecules, like nucleic acids,' proteins," bioimaging
agents'? or nanoparticles*® across the cell membrane. Thus, they
are also known as protein transduction domains (PTDs). They
are primarily small cationic peptides, histidine (His),"* arginine

© 2024 The Author(s). Published by the Royal Society of Chemistry

(Arg)* or lysine (Lys)™ rich peptides. The His-rich CPPs are
particularly utilized for the transduction of small interfering
RNA (siRNA) or DNA derivatives inside cells.”” In contrast, Arg-
rich CPPs have the capability of efficient internalization and
deliver biologically active cargoes.®

In recent years, the exploration of short peptides has grown
due to their inherent advantages over traditional antibiotics.*
Their adaptability for synthesis and modification, facilitated by
established techniques like solid-phase peptide synthesis
(SPPS),* positions them as a platform for innovative antimi-
crobial design. Against this backdrop, the current study
embarks on an expedition into the design, synthesis, and
comprehensive evaluation of cationic AA-enriched short
peptides. Rigorous and careful assessments encompass anti-
bacterial and antifungal activities, encompassing a spectrum of
clinically relevant strains. This is synergistically complemented
by molecular docking analyses, which penetrate the subtleties
of peptide-microbe interactions and furnish insights to guide
rational design strategies. Recent studies employing molecular
docking and simulation have shed light on the structural

RSC Adv, 2024, 14,17710-17723 | 1771
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determinants of peptide efficacy and offered guidelines for the
rational design of new antimicrobial candidates.***

Remarkably, the strength of such cationic AA-enriched short
peptides can be further bolstered by their cystine-containing
composition—a structural feature that imparts robust stability
and endows them with the resilience to thwart enzymatic
degradation.” Moreover, Cys residue can provide a site for the
conjugation of the peptide to another molecule via the -SH
group. Additionally, N-terminal Cys improves the helical
propensity of the molecule along with its cell penetration
power, which in turn aids to improve its biological activity.
Furthermore, hydrophobic AAs consisting non-polar side
chains, like Leu, Val, Ala, Ile, Gly, Pro, etc. can increase the
hydrophobicity and helical content of peptides, which in turn
can increase their biological activity.”® It has been very well
explored that the higher overall hydrophobicity of peptides
could favour their penetration into the lipid bilayer of the cell
membrane.** Considering this, we have designed 7a-e which
consists hydrophobic AAs with non-polar side chains, viz., Gly
(7a), Ala (7b), Val (7c), Leu (7d), and Pro (7e). The hydropho-
bicity of each derivative will be calculated and it is anticipated
that higher the hydrophobicity higher is the biological activity
of the peptide derivative. Additionally, AAs with polar and
hydrophobic side chains, like Ser, Thr, Tyr, Asn, and Gln enable
peptide derivatives to have an amphipathic character which is
a really important feature for peptide therapeutics to exhibit
significant biological activities.”® Thus, in this study, we have
designed one derivative, 7f, consisting Tyr which has a polar
side chain with the anticipation of showing good biological
activity.

In this study, we investigate the potential of such cationic AA-
enriched short peptides as potent antimicrobial agents. Solid-
phase peptide synthesis (SPPS) technology further supports
the development of these peptides by enabling precise control
over their composition and structure. This study builds upon
the foundation of molecular docking insights and SPPS
advancements to design, synthesize, and evaluate a new series
of cationic amino acid-enriched short peptides. Through
a comprehensive set of antibacterial and antifungal assays,
coupled with detailed molecular docking simulations, we
explore the interactions between these peptides and various
pathogens, including Escherichia coli, Pseudomonas aeruginosa,
Staphylococcus aureus, Streptococcus pyogenes, Candida albicans,
and Aspergillus niger.

Material and methods

The 2-chlorotrityl chloride (2-CTC) resin was employed for the
synthesis of a series of Cys rich cationic AA-enriched short
peptides. Highly efficient loading estimation is obtained from
using such resin. This resin is mainly used for the synthesis of
short-chain peptides.”® It was purchased from Merck. Fmoc(9-
fluorenylmethoxycarbonyl)-protected r-amino acids were
utilized and acquired from Sichuan, China. HBTU (2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium) and triisopro-
pylsilane (TIS) were acquired from chemical.
HOBt-H,0 (N-hydroxybenztriazole

survival
monohydrate),
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diisopropylethylamine (DIPEA) and trifluoroacetic acid (TFA)
acquired from spectrochem. Phenol acquired from SD fine
chemicals. A fully automated CSBio peptide synthesizer
(CS136X) was utilized for the synthesis of derivatives.*

An open capillary method was utilized to determine the
melting points which were uncorrected. The Kaiser test was
used for monitoring the deprotection and coupling reactions. A
mixture of ethyl acetate and n-hexanes was used for the purifi-
cation of the derivatives. Shimadzu liquid chromatography
mass spectrometry (LC-MS) (at 70 €V) mass spectrometer (ESI)
was used to determine the mass spectra. Bruker Avance 400
MHz NMR (nuclear magnetic resonance) spectrometer was used
to determine the 'H and C NMR spectra using DMSO-d,
(deuterated dimethyl sulfoxide) solvent.*

Experimental section

Synthetic route for the formation of intermediate Fmoc-
Cys(Trt)-CT resin 1

The 2-CTC resin was introduced to the peptide synthesizer with
a substitution of 1.0 mmol g~ . The resin was initially rinsed
with dichloromethane (DCM; 10 volumes) and then drained.
After that, DCM (10 volumes) was added, and the reaction mass
was stirred for 60 minutes for swelling before being drained.
Following this, Fmoc-Cys(Trt)-OH (3.0 equiv.) was dissolved in
DCM (8 volumes) and transferred into the reaction vessel.
DIPEA (6 equiv.) was subsequently added to the reaction vessel
and stirred at 28 °C for 2 hours. The peptidyl resin was filtered
after the 2 hours mark and washed twice with DCM and once
with dimethylformamide (DMF).”” A solution containing DIPEA,
methanol (MeOH), and DCM (1:2:7) was used to cap the
unreacted functional groups of the resin. The loading
percentage was monitored using an ultraviolet (UV)
spectrophotometer.*

Synthetic route for the formation of intermediates 6a—f

The Standard Fmoc protocol was employed to produce the
desired intermediates 6a-f through the Solid Phase Peptide
Synthesis (SPPS) method. In the SPPS reaction vessel, the Fmoc-
Cys(Trt)-CT resin was swollen in 20 volumes of DMF for thirty
minutes. The CSBio peptide synthesizer facilitated the synthesis
of the intended intermediates. Post-swelling, the following
steps were repeated for the synthesis of the intermediates: (a)
deprotection of the Fmoc group was carried out using 20%
piperidine/DMF (v/v) (10 v). The resin was washed twice (5
minutes and 10 minutes each). The Kaiser test was used to
ensure complete deprotection, indicated by the appearance of
a blue colour test solution and resin beads. Subsequently, the
reaction mass (peptidyl resin) was filtered and washed thrice
with DMF, once with iso-propyl alcohol (IPA), and thrice again
with DMF. (b) For all the coupling reactions, Fmoc AA (3.0
equiv., 3 mmol concerning initial resin loading), HBTU (3.0
equiv., 3 mmol), HOBt-H,O (3.0 equiv., 3 mmol), and DIPEA
(6.0 equiv., 6 mmol) in 8 volumes of DMF were utilized. All the
coupling reactions required one hour of stirring. The Kaiser test
was used to confirm the completion of the reaction, indicated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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by a colourless test solution and resin beads. The reaction mass
(peptidyl resin) was then filtered and washed five times with
DMF to yield fmoc-protected intermediates.”® Additionally,
fmoc group deprotection was carried out using 20% piperidine/
DMF (v/v) (10 v) to obtain the desired intermediates 6a-i. The
Kaiser test was used to confirm the deprotection of the Fmoc
group, where blue colour resin beads and test solution were
observed, confirming the completion of the step. Following this,
the reaction mass (peptidyl resin) was filtered and washed five
times with DMF to produce 6a-i.**

Synthetic route for the synthesis of desired cationic AA-
enriched short peptides 7a-f

A cleavage cocktail consisting of a mixture of TIS:H,O: TFA
(10:10:80) (10 mL g ') was utilized for the cleavage of the
sidechain and CTC resin.* The protected peptidyl resin was
stirred in the cleavage cocktail for 3 hours at 27 4 2 °C. After 3 h,
the reaction mass was filtered, and the filtrate obtained was
precipitated using chilled diisopropyl ether (DIPE) (50 v).
Subsequently, the reaction mass was stirred at 0-5 °C for 2
hours, filtered, and washed thrice with chilled DIPE (10 v).
Finally, the wet cake was dried at 30 °C under vacuum to yield
the desired products.”

Results and discussion
Chemistry

In response to the escalating challenge of antimicrobial resis-
tance, our study embarked on the synthesis of a novel series of
cationic short peptides, enriched with cysteine and denoted as
compounds 7a-f. Utilizing solid-phase peptide synthesis (SPPS)
with the HBTU/HOBt coupling protocol, we successfully
synthesized these peptides in a stable, powdered form
(Scheme 1).

The synthesis commenced with the synthesis of Fmoc-
Cys(Trt)-2-CT resin 1. This was achieved by attaching Fmoc-
Cys(Trt)-OH to the 2-CTC resin, utilizing DIPEA and DCM as
the solvent. Following this, the Fmoc protective group was
removed from compound 1 using a 20% solution of piperidine
in DMF. This deprotection step yielded the H-Cys(Trt)-2-CT
resin 2, revealing the free amino (-NH,) group at its N-
terminus. The successful removal of the Fmoc group was
confirmed by a positive Kaiser test, indicated by the trans-
formation of the test solution and resin to a dark blue color.
After the initial deprotection, Fmoc-Arg(Pbf)-OH was coupled to
compound 2 under conditions facilitated by HBTU/HOB,
leading to the formation of Fmoc-Arg(Pbf)-Cys(Trt)-2-CT resin
3. The completion of this coupling reaction was verified 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-
Arg(Pbf)-Cys(Trt)-2-CT resin 4.

Continuing the synthesis, in situ coupling of the compound 4
with the next set of amino acids (AAs)—namely histidine,
proline, and an additional cysteine—was conducted under the
established HBTU/HOBt conditions, followed by the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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deprotection of the Fmoc group. This iterative process yielded
the H-Cys(Trt)-Pro-His(Trt)-Arg(Pbf)-Cys(Trt)-2-CT resin inter-
mediates 5. Subsequently, six different protected amino acids
(Fmoc-R(SPG)-OH) were incorporated using the same HBTU/
HOBt conditions, with subsequent deprotection of the Fmoc
group. This sequence of actions produced the H-R(SPG)-
Cys(Trt)-Pro-His(Trt)-Arg(Pbf)-Cys(Trt)-2-CT resin intermedi-
ates 6a-f.

The culmination of the synthesis was marked by global
cleavage, performed over three hours at room temperature with
a cleavage cocktail of TIS : H,O: TFA in a 10: 10 : 80 ratio. This
step precipitated the desired short peptides through DIPE,
effectively separating them from the CTC resin and side-product
groups (SPGs). This step is also known as “acidolysis.” Purifi-
cation using ethyl acetate and n-hexane refined the crude
product, resulting in the isolation of compounds 7a-f with
yields ranging from 78% to 89%.

Each peptide, depicted in Scheme 1, underwent thorough
characterization via 'H, "*C NMR (ESIt), and mass spectral
analysis, affirming the integrity of their structures. The series
encompassed peptides with varied AA substitutions—Gly in 7a,
Ala in 7b, Val in 7¢, Leu in 7d, Pro in 7e, and Tyr in 7f—to
explore and compare their antimicrobial activities. The inclu-
sion of different Fmoc-protected AAs and SPGs at strategic
synthesis points introduced a diversity of structural features
crucial for a comprehensive biological evaluation.

Docking study

Candida albicans, commonly known as C. albicans, exists as
a commensal organism, coexisting harmoniously as part of the
natural human microflora in approximately 50% of the pop-
ulation.** While yeast is generally benign in individuals with
robust health, it has the potential to transform into a pathogen,
instigating life-threatening infections in those who are immu-
nocompromised or debilitated. The proteolytic activity stands
out as a crucial virulence factor associated with C. albicans. This
proteolytic activity is linked to the secreted aspartic proteinases
(Saps) of C. albicans, comprising a minimum of 10 distinct
members. Sap1-8 are released into the extracellular space,
while Sap 9-10 manifest as glycosylphosphatidylinositol (GPI)-
anchored membrane-bound proteins. Several studies have
substantiated the significance of Sap5 in contributing to viru-
lence during both local and systemic infections caused by C.
albicans.**

Docking protocol was cross-validated by redocking a ligand
back into its binding site in the protein structure to compare the
predicted binding pose with the experimentally observed pose.
Both, co-crystalized ligand and docked ligand were having
RMSD value of 1.82 A. The docking study of the cationic amino
acid-enriched short peptides towards the aspartic proteinase
(Sap 5) from C. albicans revealed that short peptides formed
multiple interactions with the Sap 5 enzyme (Fig. 2 and 3).
Peptide 7e showed the highest docking score of the
—10.198 kecal mol™* towards the Sap 5 enzyme. It formed 09
hydrogen bond interactions with the 07 amino acids of Sap 5
enzyme, namely Asp 218, Thr 221, Thr 222, Arg 299, Glu 300, Gly

RSC Adv, 2024, 14,17710-17723 | 17713
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Scheme 1 Solid-phased peptide synthesis of cationic amino acid-enriched short peptides 7a—f.

85, and Asp 86. Compound 7d, which was found to be a potent
compound of the series against the in vitro assay against the C.
albicans, was having a docking score of —8.52 kecal mol™* and
showed interaction with the 07 amino acids via the hydrogen
bonding as shown in Table 1. This interaction includes the
following amino acid residues: Glu 132, Asp 303, Lys 83, Gly 85,
Asp 86, Gly 220, and Lys 192 (Fig. 2).*?

MD simulation result

Molecular dynamic simulation (MDS) is a powerful tool for
studying ligand binding, protein folding, and conformational

17714 | RSC Adv, 2024, 14, 17710-17723

changes.*® It can reveal the positions of all the atoms at
femtosecond temporal resolution and provide accurate esti-
mates of ligand binding affinities. The MD simulation was
performed for 200 ns to gain insights into the conformational
changes that occur in the Sap 5 enzyme when compound 7d
binds into the pocket of the enzyme. A single file of compound
7d in complex with Sap 5 enzyme was saved in the pdb file
format and later subjected to the 200 ns time of simulation.
To conduct an MDS, a system was constructed using the SPC
solvent model. The SPC model is a widely used explicit solvent
model that employs a combination of interactions, such as van

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Docking interaction of compound 7d (A) and 7e (B) with the aspartic proteinase (Sap 5) from C. albicans.
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Fig. 3 RMSD of the compound 7d and Sap 5 enzyme in bound form.

der Waals and electrostatic forces, to represent the behavior of
solvent molecule.* The system was set up with an orthorhombic
boundary condition and a box size of 5 x 5 x 5 A. This
boundary condition is a type of periodic boundary condition
that closely resembles a cubic cell in use. To achieve system
neutralization, counter ions (13 Na‘ and 18 Cl™) were intro-
duced. This process is essential to balance the system's overall
charge, particularly in the presence of a charged biomolecular
system, ensuring that the electrostatic energy is accurately
calculated during the simulation.*® The system was then
prepared for the 200 ns production phase of the MDS through
a series of minimization and equilibration steps under NPT
conditions. After the minimization process, a 200 ns MDS was
performed to investigate the conformational stability and
changes of the complex involving Sap 5 and compound 7d.

To evaluate the stability of the system during the MDS,
parameters such as the “root mean square deviation (RMSD)”
and “root mean square fluctuation (RMSF)” were calculated for

© 2024 The Author(s). Published by the Royal Society of Chemistry

both the Sap 5 enzyme and compound 7d.***” The RMSD
measures the deviation of the protein structure from its initial
conformation, while the RMSF measures the fluctuation of each
atom in the protein over time.*>** These parameters are
commonly used to assess the stability of the system during the
simulation and to identify regions of the protein that undergo

Table 1 Docking score of the cationic amino acid-enriched short
peptides towards the aspartic proteinase (Sap 5) from C. albicans

Docking score

Title (keal mol ™) Glide emodel Glide energy
7e —10.198 —122.438 —79.703

7d —8.52 —119.225 —82.513

7a —8.344 —112.734 —85.848

7b —8.197 —120.133 —78.636

7c —8.045 —104.461 —69.745

7f —6.771 —94.334 —72.8

RSC Adv, 2024, 14,17710-17723 | 17715
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significant conformational changes upon ligand binding.****
Lower RMSD values indicate a more stable system.**** In the
case of the compound 7d-Sap 5 complex, the ligand's RMSD
initially exhibited fluctuations ranging from 4.5 A to 6.0 A (net
RMSD 1.5 A) during the first 5 ns, primarily due to equilibration
(Fig. 3). The fluctuations in ligand RMSD observed around the
25 ns were likely due to the flexibility of the peptide (Fig. 3).
From 50 ns to 200 ns, the RMSD of the compound 7d-Sap 5
complex remained relatively constant, fluctuating between 8.5 A
and 10.5 A (net RMSD 2.0 A) (Fig. 3).

RMSF, or root mean square fluctuation, serves as an indi-
cator of protein structure flexibility, which is crucial for
assessing system stability during MDS.**** It measures the
fluctuations in backbone and ligand atoms throughout the 200
ns MDS of the compound 7d-Sap 5 complex. This analysis
provides insights into the dynamic behavior of the complex,
allowing for the assessment of its stability and the identification
of conformational changes over the course of the simula-
tion.”*** The analysis in Fig. 4 indicates that there were no
significant fluctuations in the amino acid residues upon the
binding of compound 7d to the active site of Sap 5. This
suggests that the binding of compound 7d did not induce
substantial conformational changes in the protein structure,
and the complex remained relatively stable throughout the
simulation. The RMSF values for the protein's backbone resi-
dues within the catalytic domain ranged from 0.5 A to 1.8 A
(Fig. 4). Slightly higher fluctuations were observed around the
50 residue index and 80-90 residue index, where the RMSF
reached 3 A. Compound 7d interacted with 42 amino acids of
the Sap 5, including Ala-11, Thr-13, Val-29, Asp-32, Gly-34, Ser-
35, Lys-50, Trp-51, Asp-81, Lys-83, Tyr-84, Gly-85, Asp-86, Gly-
87, Ser-88, Tyr-89, Thr-117, Ala-119, Arg-120, Lys-121, Ile-12,
Ser-130, Gly-131, Glu-132, Lys-192, Lys-193, Leu-216, Asp-218,
Ser-219, Gly-220, Thr-221, Thr-222, Tyr-225, Asn-249, Lys-257,
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Thr-258, Ile-298, Ser-301, Gly-302, Asp-303, Ile-305 and Glu-
335 (Fig. 4). The RMSF values for all of these interacting resi-
dues were below 1.8 A, except for Lys-50, Trp-51, Asp-81, Lys-83,
Tyr-84, Gly-85, Asp-86, Gly-87, Ser-88, and Tyr-89, which
exhibited an RMSF from 2.8-3.2 A, as indicated by the green
vertical bars as shown in Fig. 4.

We conducted a detailed analysis of the interaction between
compound 7d and Sap 5 throughout the 200 ns simulation
(Fig. 5). This analysis aimed to provide insights into the
dynamic behaviour of the complex and the specific regions that
contribute most to its flexibility during the simulation. The Sap
5 enzyme exhibited multiple interactions with compound 7d,
with the most significant interaction observed between the Gly-
85, Ser-88, and Lys-50 residues and the peptide backbone of
compound 7d. The imidazole ring of compound 7d formed
a hydrogen bond interaction with the Asp-218 residue of Sap-5
(Fig. 5). We have also measured the radius of gyration of the
compound 7d during 200 ns time of simulation. Radius of
gyration indicates the overall fluctuation of ligand and on an
average, it was found to be 0.8 A (5.6 to 6.4 A) (Fig. 5).

Docking and MD simulation procedure

The Glide SP docking molecular docking tool of Schrodinger
Inc., USA was employed for molecular docking study. Protein
preparation was conducted using the ‘protein preparation
wizard’ within Maestro 8.0 to optimize the protein structure of
Sap 5 enzyme (2QZX) using the OPLS 2005 force field. The grid
was meticulously prepared by centering the ligand within the
crystal structure using default box dimensions. The ligands
were built using the “build panel of LigPrep 2.2” module, which
generates the low energy conformer employing the OPLS 2005
force field. The low-energy conformers were meticulously
docked into the generated grid using the standard precision
(SP) method.*

4.5 4

4.0

RMSF (

2.04

1.5 1

1.0 A

0.5 A

0 50 100 150

200 250 300

Residue Index

Fig. 4 RMSF of Sap 5 enzyme during 200 ns time of simulation.
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Fig. 5 (A) Interaction profile of the compound 7d with Sap 5 enzyme during 200 ns time of simulation; (B) radius of gyration of compound 7d

during 200 ns time of simulation.

To conduct MDS, a solitary file containing the compound 7d
in complex with the Sap5 enzyme was saved in the pdb file
format. Subsequently, it underwent a 200 ns simulation period
using the SPC solvent model. The system was set up with an
orthorhombic boundary condition and a box size of 5 x 5 x 5 A.
The system was neutralized by 13 Na" and 18 CI~ counter ions.
The system was then prepared for the 200 ns production phase
of the MDS through a series of minimization and equilibration
steps under NPT conditions. After the minimization process,

© 2024 The Author(s). Published by the Royal Society of Chemistry

a 200 ns MDS was performed to investigate the conformational
stability and changes of the ligand-receptor complex.**”

Determination of peptide hydrophobicity

The hydrophobicity values of designed cationic AA enriched
short peptide 7a—f were theoretically calculated using the rele-
vant equations. The Eisenberg method*® was used to calculate
the mean hydrophobicity value for each cationic AA enriched
short peptide by employing the following eqn (1):
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(H) = <2H> / N W

where <H> is the mean hydrophobicity of the peptide sequence,
H; is the hydrophobicity of the ith AA in the peptide sequence
and N is the number of AA residues. The values of hydropho-
bicity for each AA were based on the hydrophobicity scale by
Faucheére and Pliska which uses the octanol-water partition
coefficients.*

As mentioned earlier in the article, higher overall hydro-
phobicity of peptides could favour their penetration into the
lipid bilayer of the cell membrane and thus increase their bio-
logical activity. As shown in Table 2, theoretically, compound 7d
showed the highest mean hydrophobicity value of 0.77 among
all synthesized cationic AA enriched short peptides 7a-f and is
expected to show the highest biological activity. Whereas,
theoretically, peptide derivative 7a showed the least mean
hydrophobicity value of 0.49 (Fig. 6) and is expected to show the
least biological activity among all the peptide derivatives. It is
well known fact that higher the <H> value, greater is the
hydrophobicity of the peptide sequence.

Biological evaluation

The microorganisms, including Escherichia coli MTCC 443,
Pseudomonas aeruginosa MTCC 1688, Streptococcus pyogenes
MTCC 442, Staphylococcus aureus MTCC 96, Aspergillus niger
MTCC 282, and Candida albicans MTCC 227, were obtained
from King Abdullah University Hospital (KAUH), Irbid, Jordan.
They were stored at —70 °C in trypticase-soy broth with 20%
glycerol from BBL Microbiology Systems (Cockeysville, Md,
USA) until required for batch susceptibility testing. To ensure
purity and viability, the organisms were thawed and sub-
cultured three times. The in vitro antimicrobial activities of the
synthesized compounds 7a-f were studied using the conven-
tional Mueller Hinton Broth-microdilution method.** This
method is used for quantitative antimicrobial susceptibility
testing and to determine the minimum inhibitory concentra-
tion (MIC) of antimicrobial agents. The test involved screening
microorganisms for visible growth in broth, consisting of
different dilutions of the antimicrobial agents. The MIC value
indicates the lowest concentration of an antimicrobial agent
that inhibits visible growth within a specified time frame. The
microbroth dilution method offers several advantages over the
macrobroth dilution method, including miniaturization and
automation through the use of disposable small plastic
“microdilution” trays. Its practicality and popularity in research
are attributed to advantages such as reproducibility, prepared

Table 2 The mean hydrophobicity of synthesized derivatives 7a—f

Compound 7a 7b 7c 7d 7e 7f

<H>" 0.49 0.54 0.69 0.77 0.61 0.65

“ <H> is the mean hydrophobicity of the peptide sequence.
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Fig. 6 The graphical demonstration of mean hydrophobicity of
peptide derivatives 7a—f.

panels, cost-effective reagents, and space optimization resulting
from its miniaturization.***

The procedure for antibacterial activity assay

The strains employed in the study were recently acquired and
stored under optimal conditions. The compounds underwent
screening for their antibacterial activity in triplicate experi-
ments against the bacteria, employing different concentrations
of 1000, 500, 250, and 200 pg mL~ " substances exhibiting
effective inhibition were subsequently subjected to dilution and
further testing. The antibacterial assay employed the Mueller
Hinton Broth dilution method. A suspension of the respective
bacteria at a concentration of 10 ug mL ™" was inoculated on
suitable media, and growth was monitored following incuba-
tion at 37 °C for one to two days. The test mixture was intended
to contain 10° cells per mL. Ampicillin served as the standard
drug for assessing antibacterial activity in this study.*

The procedure for antifungal activity assay

The strains employed in this study were recently acquired and
appropriately stored. The substances underwent screening for
their anti-fungal properties in triplicate experiments against the
fungi at varying concentrations of 1000, 500, 250, and 200 pg
mL~". The active compounds were further diluted and sub-
jected to additional testing. The antifungal assay utilized the
Muller Hinton Broth dilution method. Fungal growth was
monitored using Sabouraud's dextrose broth at 28 °C under
aerobic conditions for a period of 48 hours. Nystatin served as
the standard for comparative analysis.*’

The antibacterial activities of novel cationic AA enriched
short peptide conjugate 7a—f against all bacterial strains are
shown in Table 3. The cationic peptide conjugate 7d containing
Leu was found to be 4 times more potent against E. coli and
showed an excellent activity with the highest MIC value of 25 pg
mL~' among all the synthesized peptide conjugates as
compared with the standard drug Ampicillin which had a MIC
of 100 pg mL ™" against the same bacterial strain E. coli (Fig. 7).
The compound 7c¢ with Val showed an excellent activity with
MIC value of 40 ug mL™ ", 2.5 times more potency against E. coli
as compared with standard Ampicillin. The cationic peptide

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Antibacterial and antifungal activities of the synthesized
derivatives 7a—f*

MIC (anti-
fungicidal
MIC (anti-bacterial activity) activity) in
in pg mL ! pg mL
Compound E. c P. a S. a S. p. C. a A n
7a 80 90 200 90 60 65
7b 45 50 125 80 55 50
7c 40 50 110 45 35 40
7d 25 40 90 20 20 35
7e 50 70 125 60 50 55
7f 45 50 110 55 40 50
Ampicillin 100 100 250 100 — —
Nystatin — — — — 100 100
“E. c.: Escherichia coli, P. a.: Pseudomonas aeruginosa, S. a.:

Staphylococcus aureus, S. p.: Streptococcus pyogenes, C. a.: Candida
albicans, A. n.: Aspergillus niger.

conjugates 7b, 7e, and 7f also exhibited good activities with MIC
values (in pg mL™") of 45, 50 and 45, respectively, and were
around 2 times more potent than the control drug. Against P.
aeruginosa, 7d exhibited the highest activity among all the
peptide derivatives with MIC value of 40 pg mL™", 2.5 times
more potency as compared with the standard drug Ampicillin
which had a MIC of 100 ug mL ™" against the same. Moreover,
compounds 7b, 7¢ and 7f also exhibited good activity with MIC
values of 50 ug mL ™" and were 2 times more potent than the
control drug. Furthermore, among all the synthesized cationic
AA enriched short peptides, 7d showed the best antibacterial
activity against Staphylococcus aureus with MIC value of 90 pg
mL~" as compared to the standard drug Ampicillin (250 pg
mL ™). The other peptide derivatives, 7b, 7¢, 7e, and 7f, were
almost twice potent as the control drug against Staphylococcus
aureus with MIC values (in pg mL™") of 125, 110, 125, and 110,
respectively. For the activity against Streptococcus pyogenes, the
derivative 7d showed an excellent activity with a MIC value of 20
ng mL™' and was five time more potent as compared with
a standard drug which had a MIC of 100 pg mL *. The

250
200
150

100
50
7a 7b e

7d
7e 7f

Fig. 7 The antibacterial activities of the synthesized peptides 7a—f.
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compound 7c also showed good activity with MIC value of 45 pg
mL™', 2 times more potency as compared with standard
Ampicillin, whereas derivatives 7b, 7e and 7f exhibited
moderate activities (MIC of 80, 60 and 55 pg mL ™", respectively)
as compared to the control drug.

From the antibacterial study data of peptide derivatives 7a—f
against all four bacterial strains, it was seen that the peptide
conjugate 7a showed almost same activities as the standard
drug Ampicillin and was least active among all the synthesized
derivatives, whereas the peptide derivative 7d was the most
potent among them. Cationic AA enriched short peptides con-
taining hydrophobic AAs which has non-polar sidechains,
composed mostly of carbon and hydrogen, like Leu, Val, Ala,
Pro, are known for their excellent cell-penetrating ability and
biological activities.**~** This is well supported by the theoretical
calculations of the mean hydrophobicity of synthesized
peptides 7a-f (Table 2), in which derivative 7d exhibited the
highest mean hydrophobicity value of 0.77 and was expected to
be the most potent among all the synthesized peptides, whereas
the peptide derivative 7a showed the lowest mean hydropho-
bicity value of 0.49 and was expected to show the least potency
against all bacterial strains. Similar to compound 7d,
compounds 7c¢ and 7f showed higher mean hydrophobicity 0.69
and 0.65, respectively, due to the presence of higher number of
hydrocarbons in their side chains and thus, showed better cell
penetrating ability and in turn showed better antibacterial
activity as compared to 7a, 7b and 7e, which has lesser number
of hydrocarbons in their sidechains and thus, their ability to
penetrate cell membrane is weaker, which explains their weaker
activity against bacterial strains.

The antifungal activities of cationic AA enriched short
peptide conjugates 7a—f against all the fungal strains are shown
in Table 3. Against Candida albicans, the peptide conjugate 7d
was the most active with an excellent MIC value of 20 pg mL™"
and was five times more potent as compared to Nystatin which
was active at 100 ug mL " (Fig. 8). Peptide conjugates 7c, 7e, and
7f also exhibited good activities against Candida albicans with
MIC values of 35, 50 and 40 pg mL ™", respectively. Moreover,
peptide derivatives 7a and 7b showed moderate activities with
MIC values of 60 and 55 ug mL ™", respectively, as compared to
the standard drug Nystatin. Against the second fungal strain

B MIC (Anti-bacterial activity) in
png/mL E. c.

= MIC (Anti-bacterial activity) in
pg/mL P. a.

MIC (Anti-bacterial activity) in
pg/mL S. a.

MIC (Anti-bacterial activity) in
pg/mL S. p.

Std
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Fig. 8 The antibacterial activities of the synthesized peptides 7a—f.

Aspergillus niger, the peptide conjugate 7d was the most potent
with MIC value of 35 pg mL ™" and was almost three times more
potent as compared to Nystatin which was active at 100 pg
mL~". Compounds 7b, 7¢ and 7f also displayed good inhibition
against Aspergillus niger with a MIC value of 50, 40 and 50 pg
mL ", respectively, as compared to the control drug. However,
synthesized derivatives 7a and 7e showed moderate activities
with MIC values of 65 and 55 pg mL~" against Aspergillus niger.

From the antifungal study results of peptide derivatives 7a-f
against both fungal strains, it was seen that the peptide
conjugate 7a was least active among all the synthesized deriv-
atives, whereas the peptide derivative 7d was the most potent
among them. For this aspect, the antifungal study results
showed the same trend as the antibacterial study. The anti-
fungal study results support the theoretical prediction draw by
the hydrophobicity data of all cationic AA enriched short
peptide derivatives, where 7d was expected to be the most
potent against both fungal strains among all the synthesized
peptides due the highest mean hydrophobicity value of 0.77,
whereas the peptide derivative 7a showed the least potency
against both fungal strains due to the lowest mean hydropho-
bicity value of 0.49. Similar to compound 7d, compounds 7c¢ and
7f showed higher mean hydrophobicity 0.69 and 0.65, respec-
tively, due to the presence of higher number of hydrocarbons in
their side chains and thus, showed better cell penetrating ability
and in turn showed better antifungal activity as compared to 7a,
7b and 7e, which has lesser number of hydrocarbons in their
sidechains and thus, their ability to penetrate cell membrane is
weaker, which explains their weaker activity against fungal
strains.

Conclusions

In conclusion, our research underscores the significant poten-
tial of cationic amino acid-enriched short peptides in
combating antimicrobial resistance, leveraging solid-phase
peptide synthesis for its adaptability and scalability. Extensive
biological evaluations against key clinical pathogens have
unveiled a spectrum of antimicrobial activity, highlighting
sequences with outstanding inhibitory effectiveness. Analyses
of peptide hydrophobicity have offered crucial insights, clari-
fying the role of hydrophobic amino acids in enhancing
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MIC (Anti-fungicidal activity)
in ug/mL C. a.

B MIC (Anti-fungicidal activity)
inug/mL A. n.

Std

antimicrobial efficacy. Furthermore, molecular docking studies
have provided essential mechanistic understanding, connect-
ing empirical outcomes to theoretical perspectives and under-
scoring the impact of structural attributes on peptide
functionality. As we advance in the antimicrobial research
domain, these peptides emerge as innovative assets with broad
implications for medicinal chemistry and microbiology. In the
face of growing antibiotic resistance challenges, this study
contributes vital insights and opens new pathways for the
development of effective antimicrobial strategies, positioning
cationic amino acid-enriched short peptides as pivotal in
reshaping future infection control and therapeutic approaches,
and igniting renewed hope for more efficacious antimicrobial
interventions.
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