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The rise of antimicrobial resistance poses a severe global health challenge, with multidrug-
resistant bacteria causing millions of deaths annually and diminishing the effectiveness of
traditional antibiotics. Bacteriophage-derived endolysins, such as PVP-SE1gp146 from Salmonella
phage PVP-SE1, emerge as promising alternatives due to their high specificity, low toxicity, and
minimal resistance development. However, their activity against Gram-negative bacteria is limited
by poor outer membrane (OM) penetration. This study investigates the structural and functional
impacts of fusing the polycationic nonapeptide, PCNP to PVP-SE1gp146 to create engineered
endolysin that enhance OM permeability while preserving enzymatic function. Using advanced
computational tools including Phyre2, GalaxyWEB, and AlphaFold2, three-dimensional models of
native and engineered endolysins were generated and validated with Verify3D. Sequence
analysis via Basic Local Alignment Search Tool identified homologs, and structural superposition
with template modelin-align (TM-align) confirmed high conservation (TM-score 0921, Root Mean
Square Deviation 1.84 A) despite the PCNP insertion. Active sites were predicted using
PrankWeb, and molecular docking with AutoDock assessed interactions with peptidoglycan
components (eg., N-acetylmuramic acid - N-acetylglucosamine dimer, tetramer). Results
revealed superior binding affinities in the native endolysin (e.g., - 10.35 kcal mol! for N-
acetylmuramic acid -L-alanine) compared to the engineered variant (- 9.65 kcal mol! for N-
acetylmuramic acid - N-acetylglucosamine -L-alanine trimer), with positive energies for larger
ligands indicating steric hindrance. This trade-off reduced affinity for improved OM penetration
supports potential enhancement of OM penetration while preserving bactericidal function like
Pseudomonas aeruginosa. The findings highlight the potential of rational engineering for superior
antimicrobials, emphasizing the need for molecular dynamics simulations and experimental
validation to optimize Artilysin® design in combating antimicrobial resistance.

© 2026 Urmia University. All rights reserved.

Introduction

subsequent molecular docking analyses.* The gravity of
this situation, compounded by the widespread overuse of

The emergence of antimicrobial resistance represents
a critical global health threat. Multidrug-resistant (MDR)
bacteria are responsible for millions of deaths annually,
undermining the efficacy of conventional antibiotic
therapies.! The PVP-SE1gp146 is a bacteriophage-derived
endolysin that functions as an N-acetylmuramidase
belonging to the glycoside hydrolase family 24 (GH24),
catalyzing the cleavage of 3-1,4-glycosidic bond between
N-acetylmuramic acid (NAM) and N-acetyl-glucosamine
(NAG) in bacterial peptidoglycan (PG).23 This well-defined
enzymatic activity provides the biochemical basis for the
selection of NAM-, NAG-, and NAM-NAG based ligands is
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antibiotics, has created an urgent demand for novel
therapeutic interventions that can evade established
resistance pathways while preserving efficacy across a
broad spectrum of pathogens, including both Gram-positive
and Gram-negative species. Within this therapeutic
vacuum, bacteriophage-derived endolysins have arisen as
a highly promising class of antibacterials, presenting a
precision-based approach to infection control. These
enzymes, produced by phages during the lytic cycle,
hydrolyze specific bonds in the bacterial PG layer, leading
to rapid cell lysis and death. Unlike traditional antibiotics,
endolysins exhibit high specificity, low toxicity to host cells
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and a reduced propensity for resistance development,
making them ideal candidates for novel therapeutics.5

Among endolysins, PVP-SE1gp146 (from Salmonella
phage PVP-SE1) stands out for its broad-spectrum activity
against Gram-negative bacteria, including MDR strains like
Pseudomonas aeruginosa and Escherichia coli® However,
native endolysins often face challenges in penetrating the
outer membrane (OM) of Gram-negative bacteria, limiting
their efficacy. To address this, protein engineering
strategies, like fusion with antimicrobial peptides, have
been employed to enhance OM permeability and overall
antibacterial potency. One such innovation involves fusing
the polycationic nonapeptide, PCNP (KRKKRKKRK), a
polycationic nonapeptide, to the N-terminus of endolysins,
creating "Artilysins” that destabilize the OM and improve
access to the PG layer. This modification has shown
potentially enhanced bactericidal effects against MDR
Gram-negative  pathogens  without compromising
enzymatic activity.”

Computational methods, including molecular modeling
and docking, play a crucial role in elucidating the
structural and functional properties of these engineered
endolysins. These in silico approaches enable the
prediction of three-dimensional (3D) structures, validation
of models, and simulation of protein-ligand interactions,
providing insights into binding affinities and key residues
involved in catalysis. The present study aims to model the
native and PCNP-fused PVP-SE1 endolysin using advanced
tools such as phyre2, GalaxyWEB and AlphaFold2,
followed by molecular docking with PG components to
analyze interaction mechanisms and binding energies.?
Comparison of native and engineered variants revealed
that PCNP fusion resulted in a modest reduction in binding
energy. This minor difference falls within AutoDock's
experimental error margin, suggesting no substantial
biological significance, Computational docking confirms
high substrate affinity preservation (AAG = 1.69 kcal mol?
within error margin) consistent with previously reported
enhanced bactericidal activity of PCNP-fused Artilysins
against Gram-negatives. These results validate the
molecular basis for observed experimental improvements.

Materials and Methods

Endolysin PVP amino acid (aa) sequence retrieval.
Given that no 3D structure for this endolysin has been
registered in public databases to date, it was necessary to
independently prepare the structure. This required the
development of an amino acid sequence map to guide the
subsequent modeling process. To this end, the National
Center for Biotechnology Information database was
consulted to retrieve the relevant sequence information.
The endolysin gene of PVP-SElgp146 (146% gene of
Salmonella phage @PVP-SE1 genome) was identified in the
National Center for Biotechnology Information database

(Accession No. YP_004893952.1; 236 aa).? An 11-residue
PCNP + MG peptide was directly concatenated to the N-
terminus of the native PVP-SE1 sequence, generating a
247-amino acid engineered Artilysin® construct.”

Molecular modeling of endolysin. Among the tools
utilized for protein structure modeling, Phyre2 (http: //www.
sbg.bio.icacuk/phyre2)0 GalaxyWEB (http://galaxy. seok-
lab. org),!! and AlphaFold2 (https://alpha-fold.ebi.ac.uk),2
servers were employed for both native (236 aa) and
engineered (247 aa) PVP-SE1 endolysins. Phyre2 utilizes a
homology-based approach combined with profile-profile
alignment and ab initio folding to predict protein
structures based on identified templates. A Basic Local
Alignment Search Tool (BLAST) search was initially
performed on the Phyre2 server to identify structural
templates, with the bacteriophage SPN1S endolysin
(Protein Data Bank [PDB] ID: 40K7) selected as the
primary template. GalaxyWEB applies template-based
modeling with energy optimization techniques, integrating
multiple templates 40K7, L,D-transpeptidase (PDB: 4LPQ),
and Burkholderia AP3 phage endolysin (PDB: 5NM7) to
refine structural predictions.!! AlphaFold2 leverages deep
learning, specifically a transformer-based architecture
trained on extensive protein sequence and structural data,
to generate highly accurate 3D models, using templates
40K7, 1WVU, 2CJL, and 1WVV; top-ranked models selected
based on highest predicted Local Distance Difference Test
(pLDDT) and interface predicted Template Modeling
(ipTM) scores (Fig. 1).12 Models were validated a priori
using Verify3D (threshold: > 80.00% residues with 3D - 1D
score 2 0.2.00), ERRAT (threshold: > 90.00 overall quality
factor)), and PROCHECK (threshold: = 85.00%
Ramachandran favored regions, < 1.00% disallowed) to
assess structural quality and stereochemical properties.!3
AlphaFold2 produced models were selected as most
suitable due to their superior performance across all
validation metrics and highest visual similarity between
native and engineered structures (core RMSD < 2.00 A
superposition) compared to Phyre2 and GalaxyWEB
predictions. Phyre2 failed to model complete sequences
while GalaxyWEB showed poor native-engineered
structural conservation, making AlphaFold2 optimal for
subsequent analyses.

Endolysin sequence analysis. Sequence analysis of
the native PVP-SE1 endolysin was conducted using the
BLAST, accessible via the National Center for Bio-
technology Information server. The complete amino acid
sequence of the target protein, consisting of 236 residues,
served as the query input for the analysis. A protein-
protein BLAST search was performed against the PDB
database to identify structurally characterized homologs.1#
The engineered Artilysin® (247 aa) was constructed by
fusing an 11-residue MG +PCNP peptide (MG-KRKKRKKRK)
to the N-terminus of native PVP-SE1. Due to high sequence
similarity (> 97.00%) with the native form, BLAST analysis
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was performed exclusively on the native sequence to
identify structural templates. Given that the bacteriophage
SPN1S endolysin (PDB ID: 40K7) was utilized as a primary
template across all modeling approaches, including Phyre2,
GalaxyWEB, and AlphaFold2, this homolog was selected as
the reference for comparative sequence analysis to ensure
consistency and relevance in structural predictions.

Fig. 1. AlphaFold2 confidence plots (pLDDT) for selected models.
A) Native PVP-SE1 endolysin (236 aa, YP_004893952.1). Overall
pLDDT = 92.3. Catalytic domain (residues ~130 - 200, GH24
muramidase) shows very high confidence (> 95, dark blue/
orange). Flexible N/C-termini moderate confidence (70-90,
yellow). B) Engineered Artilysin® (247 aa, PCNP+MG N-terminal
fusion). Overall pLDDT = 90.8. Catalytic core conserved (>95
confidence) despite 11-residue PCNP+MG insertion. PCNP
peptide unstructured (low confidence ~60 - 70, light blue) as
expected for flexible cationic tail.

Endolysin structure analysis. Structural super-
position of the native and engineered PVP-SE1 endolysins
was performed using TM-align server (https://zhang-
group.org/TM-align) to evaluate their structural
similarity.1s The analysis aimed to assess the impact of the
PCNP peptide fusion on the overall fold and catalytic
domain conservation. Additionally, the Research
Collaboratory for Structural Bioinformatics (RCSB) PDB
server (https://www.rcsb.org/alignment) was employed
for pairwise and multiple structural alignments of the
native endolysin, engineered endolysin, and the template
protein (PDB ID: 40K7) to investigate the preservation of
key structural features across the models.?

Ligand preparation. Following protein structure
modeling, it was necessary to identify potential ligands and
prepare their 3D structures to facilitate subsequent
docking studies. The 3D structures of bacterial cell wall
components were sourced from PubChem and shown in
Figure 2: (1) NAG (CID 24,139), (2)NAM (CID 5462,244), (3)
NAG-NAM dimer (CID 72,210,857), (4) NAG-NAM
tetramer (PDB ID: 7POD), (5) NAM-L-Alanine (CID
10970,945), (6) NAM-L-alanyl-D-isoglutamine (CID 451,714),
(7) pentaglycin (CID 81,537),'6 and (8) NAM-NAG-L-
alanine trimer (designed via rcsb.org/chemical-sketch).?

Active site prediction. Following the preparation of
protein and ligand structures, it was necessary to identify a
specific region of the protein as its active site to enable
targeted interaction analysis. Ligand-binding sites for both
the native and engineered PVP-SE1 endolysin proteins
were predicted using the PrankWeb server (https://
prankweb.cz),’? which utilizes the P2Rank machine
learning algorithm for identifying potential binding sites
from protein structures. The active site with the highest
P2Rank score was selected for each protein to guide
subsequent molecular docking studies. Predicted sites
align with 40K?7 catalytic groove (RMSD < 1.5.00 &) and
conserve GH24 N-acetyl-muramidase motifs (native:
LEU133, GLN153, ASN159, etc; engineered: LEU144,
GLN164, ASN170, etc.), confirming catalytic relevance.

Fig. 2.Molecular structures of key peptidoglycan components used in molecular docking studies. The chemical structures of the investigated
ligands include: A) N-acetylglucosamine (NAG), B) N-acetylmuramic acid (NAM), C) NAM-NAG disaccharide, D) NAM conjugated with L-
alanine, E) NAM-NAG disaccharide with L-alanine side chain, F) Pentaglycine bridge, G) NAM-NAG tetramer, and H) NAM linked to L-
alanyl-D-isoglutamine.
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Molecular docking of endolysin. Molecular docking
is a vital tool in drug discovery, predicting ligand
conformation, position, orientation, and binding affinity
within protein sites through conformational sampling and
energetic scoring, offering insights into molecular
recognition and interactions.!’® In this study, protein
structures were subjected to energy minimization using
University of California, San Francisco (UCSF) Chimera to
optimize geometry and remove steric clashes.?® In
AutoDock Tools version 1.5.7, the native and engineered
PVP-SE1 endolysins were prepared as receptors by adding
polar hydrogens and Gasteiger partial charges. Ligands,
including PG components (eg., NAM, NAG, NAM-NAG
dimer), were retrieved from PubChem and prepared by
assigning hydrogens and charges in AutoDock Tools. A
grid box of 40.00 x 40.00 x 40.00 A was centered on the
predicted active site residues (identified via sequence
alignment and structural analysis) with a grid spacing of
0.375 A. Molecular docking was performed using
AutoDock 4, employing the Lamarckian genetic algorithm
with 100 Genetic Algorithm (GA) runs, a population size of
150, and a maximum of 2.500 x 106 energy evaluations per
run. The lowest-energy binding poses were selected based
on binding affinity (kcal mol?) and clustering analysis
(RMSD < 2.0 A)20 Docking results, including hydrogen
bonds, hydrophobic interactions, and van der Waals
contacts, were visualized and analyzed using BIOVIA
Discovery Studio 2024.

Results

Modeling validation. Based on the comprehensive
modeling analyses conducted, the AlphaFold2-generated
models were selected as optimal (native pLDDT = 92.30,
engineered pLDDT = 90.80, catalytic domain > 95.00; Fig.
1). Structural validation of the native endolysin (236 aa,
YP_004893952.1), engineered endolysin (247 aa, MG +
PCNP fusion), and the template protein (40K7) was
performed using PROCHECK, ERRAT, and Verify3D.
According to Ramachandran plot analysis from
PROCHECK, 90.00, 86.70, and 90.50% of residues were
positioned in the most favored regions for the native,
engineered, and template proteins, respectively, with
negligible disallowed residues (0.00, 0.00, and 0.40%,
respectively). The ERRAT quality scores for the engineered
(90.60), native (90.27), and template structures (96.63)
indicate high overall structural quality especially for the
template (all > 90.00 threshold). Verify3D analysis
revealed that 89.41, 84.21, and 87.00% of residues had an
average 3D-1D score 2 0.20 for the native, engineered, and
template proteins, respectively (all > 80.00 threshold)
which is shown in Figure 3, confirming good compatibility
of the 3D models with their amino acid sequences. These
combined validation results indicate that all three
structures are of acceptable quality and exceed a priori

thresholds established in Methods, with the template
showing the highest structural reliability.

Endolysin sequence analysis. Protein-protein BLAST
analysis against PDB database yielded top hit SPN1S
endolysin (PDB: 40K7_A) with Max Score = 95.50, E-value
= 2e-23, Query Coverage = 44.07% (~104/236 aa),
Identity = 44.76% (Table 1). The alignment spanned 104
aa with 44.76% (47 residues) identities and 67.00%
positives,  confirming  high  functional/structural
conservation. Only three gaps (four residues) support
alignment integrity. Additional significant hits include
Pseudomonas aeruginosa endolysin (9EOI_A, E=2e-25,
36.11% ID) and bacteriophage sp. (8P8E_AAA, E = 4e-20,
75.00% coverage). These phage-derived hits (40K7_A,
8P8E_AAA) justify 40K7 template selection for modeling.
Full top-35 hits summarized in Table 1.

Endolysin structure analysis. To assess structural
homology among native (236 aa), engineered (247 aa),
and template (PDB ID: 40K7) endolysins, RCSB server
used for pairwise/multiple alignments. Superposition
revealed conserved overall fold across all three, with core
catalytic domains aligning closely (Fig. 4A). Minor
deviations observed in flexible loops, particularly
engineered variants PCNP + MG (11-residue)
unstructured N-terminal extension. The TM-align
comparison of native versus engineered PVP-SE1 showed
235 residues aligned (excludes PCNP + MG), RMSD 1.84 A,
sequence identity 97.90%, TM-scores 0.921 (native-
normalized), 0.882 (engineered-normalized; Fig. 4B).
These results confirm 40K7 template suitability and
engineering maintains structural integrity.

Structure and active site. Active sites of native (236
aa) and engineered (247 aa) endolysins identified using
PrankWeb (highest P2ZRank score pockets), highlighting
key residues for enzymatic activity (Fig. 4C). Native:
LEU133, GLN153, VAL154, THR155, ASN159, TRP190,
TYR191, ARG195. Engineered: LEU144, GLN164, VAL166,
ASN170, TRP201, TYR202, ARG206 (11-residue shift due
to PCNP + MG N-terminal fusion). Conserved catalytic core
(aromatic TRP/TYR + polar GLN/ASN/ARG) aligns with
40K7 catalytic groove (RMSD < 1.50 A), confirming GH24
muramidase function preservation despite engineering.
Slight numbering shifts reflect PCNP + MG insertion,
maintaining key functional residues for substrate
binding/catalysis.

Docking. The molecular docking results for the native
PVP-SE1 endolysin with the NAM-NAG dimer revealed a
binding energy of- 9.92 kcal mol, representing the lowest
energy cluster with 18 clusters where 77t run dominated.
For the engineered Artilysin® with the same NAM-NAG
dimer, the binding energy was - 823 kcal mol?,
corresponding to the largest cluster with 39 clusters
where 67% run dominated. The highest affinity interaction
across both variants was observed for the native form with
NAM-L-alanine at - 10.35 kcal mol!, while the engineered
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variant showed its strongest binding with the NAM-NAG-
L-alanine trimer at - 9.65 kcal moll. Conversely, both
variants exhibited the lowest affinities with the NAM-NAG
tetramer, yielding positive binding energies of + 5.16 kcal
mol! for the native and + 14.76 kcal mol! for the
engineered form, indicative of steric hindrance in the
active site. Regarding NAM-NAG dimer interactions
specifically, the native endolysin formed seven hydrogen
bonds involving GLN153 (1), ASN159 (1), TYR191 (1),
ARG195 (2), LEU212 (1), GLY215 (1), alongside hydro-
phobic interactions involving LEU133, ILE152, VAL154,

LYS211, VAL213, and ASN214. The engineered variant
demonstrated five hydrogen bonds with ASN170 (two
bonds), TYR202 (one bond), and ARG206 (two bonds),
alongside hydrophobic interactions involving ARG143,
LEU144, GLN164, VAL165, THR166, ALA169, ALA173,
TRP201, and THR205. This AAG of + 1.69 kcal mol?!
between native and engineered forms for the NAM-NAG
dimer falls within AutoDock's experimental error margin
of + 200 - 3.00 kcal mol?, supporting functional
conservation of the catalytic site despite the PCNP + MG
fusion (Fig. 5, Table 2).
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Fig. 3. Structural quality validation of A) native endolysin, B) engineered endolysin, and C) template structure (Protein Data Bank ID:
40K?7), using ERRAT (left panels) and Verify3D (right panels). ERRAT overall quality factors were 90.27 (A), 90.60 (B), and 96.63 (C),
respectively. Verify3D analysis indicated that 89.41% (A), 84.21% (B), and 87.00% (C) of residues had an average 3D-1D score = 0.20.
These results confirm high structural quality for all models, with the template exhibiting the highest ERRAT score.
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Fig. 4. A) Superimposed three-dimensional (3D) structures of native endolysin (brown), engineered endolysin (blue), and template protein
(Protein Data Bank ID: 40K7, green), visualized using RCSB server tools for structural alignment and comparison. B) Superimposed 3D
structures of the native endolysin (red) and engineered endolysin (blue). The PCNP peptide, present exclusively in the engineered version,
corresponds to the segment separated from the red protein and lacks a distinct secondary structure. C) Predicted active sites of the native.
D) Engineered PVP-SE1 endolysins, visualized using PrankWeb, which employs the PZRank machine learning algorithm for structural and
sequence-based analysis of ligand-binding sites. Dashed lines represent sequence conservation gradients (higher density = greater
conservation), red lines delineate the predicted ligand-binding pocket, and gray lines indicate residue conservation scores.
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Table 1. Top BLASTD hits against PDB for native PVP-SE1 endolysin (YP_004893952.1, 236 aa) BLASTp (BLOSUM62 matrix, E-value <1e-
6) against Protein Data Bank. Query: PVP-SE1gp146 (146th gene, Salmonella phage @PVP-SE1). Template selected: 40K7_A (Salmonella
phage SPN1S, rank #2: E=2e-23, 44.76% identity, 44.00% coverage) due to phage specificity.

MAX TOTAL  QUERY COVER E- IDENTITY ACCESSION
SCIENTIFIC NAME SCORE SCORE (%) VALUE (%) LENGTH NO.
PSEUDOMONAS AERUGINOSA UCBPP-PA14 100 100 78.00 2.00E-25 36.11 209 9EOLA
SALMONELLA PHAGE SPN1S 95.50 95.50 44.00 2.00E-23  44.76 223 40K7_A
BACTERIOPHAGE SP. 86.70 86.70 75.00 4.00E-20  30.84 220 8PBE_AAA
STENOTROPHOMONAS MALTOPHILIA K279A  72.40 7240 40.00 3.00E-14 4211 337 7R6S_A
STREPTOMYCES COELICOLOR 65.10 65.10 60.00 3.00E-12 32.65 204 2CJL_A
STREPTOMYCES GRISEUS 65.10 65.10 60.00 6.00E-12 33.55 265 1WVU_A
STREPTOMYCES GRISEUS 63.90 63.90 60.00 2.00E-11 32.90 265 1WVV_A
SYNTHETIC CONSTRUCT 62.00 62.00 43.00 5.00E-11 33.98 219 8HNE_A
SYNTHETIC CONSTRUCT 55.10 55.10 22.00 2.00E-08  49.06 232 8X2W_A
SYNTHETIC CONSTRUCT 55.10 55.10 22.00 2.00E-08  49.06 232 8X2V_A
VIGNA UNGUICULATA SUBSP. SESQUIPEDALIS  55.10 55.10 36.00 2.00E-08  35.63 245 4TX7_A
SYNTHETIC CONSTRUCT 54.30 54.30 45.00 3.00E-08  27.74 239 8HNF_A
GEMMABRYUM CORONATUM 52.80 52.80 52.00 9.00E-08  30.95 205 41J4_ A
GEMMABRYUM CORONATUM 5240 5240 60.00 1.00E-07  27.74 206 3WH1 A
VIGNA UNGUICULATA 5240 5240 39.00 2.00E-07  31.09 242 3W3E_A
FICUS MICROCARPA 52.00 52.00 22.00 2.00E-07  45.28 245 7V92_A
GEMMABRYUM CORONATUM 51.20 51.20 42.00 2.00E-07  31.25 197 7F88_A
FICUS MICROCARPA 51.60 51.60 22.00 3.00E-07  45.28 245 7V91_A
HEVEA BRASILIENSIS 50.80 50.80 37.00 5.00E-07  30.70 242 4MST_A
CANAVALIA ENSIFORMIS 50.10 50.10 39.00 1.00E-06  30.25 242 1DX]_A
SECALE CEREALE 49.70 49.70 39.00 1.00E-06  28.57 244 4JOL_A
SECALE CEREALE 49.30 49.30 39.00 1.00E-06  28.57 244 4DWX A
AEROMONAS DHAKENSIS 49.30 49.30 42.00 2.00E-06  28.83 244 8XCL_A
PICEA ABIES 48.50 48.50 64.00 3.00E-06  27.78 204 3HBD_A
ORYZA SATIVA JAPONICA GROUP 46.20 46.20 59.00 2.00E-05 2717 309 2DKV_A
HORDEUM VULGARE 45.10 45.10 39.00 5.00E-05 26.89 243 1CNS_A
HORDEUM VULGARE 43.10 43.10 39.00 2.00E-04  26.89 243 2BAA A
DROSERA ADELAE 42.40 42.40 39.00 4.00E-04  26.89 243 9JTP_A
DROSERA ADELAE 42.40 42.40 39.00 4.00E-04  26.89 243 9]TR_A
CARICA PAPAYA 42.00 42.00 39.00 5.00E-04 2521 243 3CQL_A
CRYPTOMERIA JAPONICA 41.60 41.60 50.00 5.00E-04 2636 212 S5H7T_A
BRASSICA JUNCEA 41.60 41.60 22.00 6.00E-04  37.74 246 2739 A
BRASSICA JUNCEA 41.60 41.60 22.00 6.00E-04  37.74 247 2738 A
BRASSICA JUNCEA 41.60 41.60 22.00 6.00E-04  37.74 244 2737 A
SIMAROUBA GLAUCA 41.20 41.20 22.00 0.001 42.59 292 6LNR_A

Table 2. Binding affinities and key interactions of native and engineered PVP-SE1 endolysins with peptidoglycan ligands. Binding energies
are reported in kcal mol?, with H-bond and hydrophobic interactions listed alongside the involved amino acid residues.

Ligands Endolysins Binding energy (kcal mol-1) Interactions Amino acid residues involved
H-bond GLN 153 (2), ASN 159(1), ARG 195(1)
PVP native ~714 Hvdronhobi ILE 152, GLN 153, VAL 154, ASN 159, TRP 190,
NAM ydrophoblC v 191, ARG 195, VAL 213, ASN 214, GLY 215
PVP Eng Ce1s H-bond ASN 170(2), ARG 206(2)

Hydrophobic VAL 169, ALA 173, TRP 201, TYR 202, THR 205

H-bond GLN 153 (2), THR 155(2), ASN 159(2),
PVP native -5.15 TYR 191(2)
Hydrophobic LEU 133, VAL 154, GLY 156, ARG 195, VAL 213

NAG Hbond GLN 164(2), THR 166 (1), ASN 170 (1), TYR 202
PVP Eng -527 (1), ARG 206 (1)
Hydrophobic LEU 144, ILE 163, VAL 165,

GLN 153 (1), ASN 159 (1), TYR 191 (1), ARG 195

PVP native 992 H-bond (2), LEU 212 (1), GLY 215 (1)
tvdroohobic  LEU 133/ ILE 152, VAL 154, LYS 211, VAL 213,
NAM-NAG dimer yarop ASN 214
H-bond ASN 170(2), TYR 202 (1), ARG 206(2)
PVP Eng -8.23 . ARG 143, LEU 144, GLN 164, VAL 165, THR 166,
Hydrophobic

ALA 169,ALA 173, TRP 201, THR 205
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Table 2. Continued.

Ligands Endolysins Binding energy (kcal mol!) Interactions Amino acid residues involved
H-bond GLN 153 (2), TYR 191 (2), ARG 195 (2)
PVP native -10.35 Hydrophobic ILE 152, VAL 154, ASN 159, LYS 211, LEU 212, VAL
NAM-L-Alanine 213, ASN 214, GLY 215
H-bond ASN 170 (1), ARG 206 (2)
PVP Eng -7.99 Hydrophobic ARG 143, LEU 144, ALA 169, ALA 173, TRP 201,
TYR 202
H-bond THR 155 (1), ASN 159 (1), ARG 195 (3), VAL 213 (1)
PVP native -8.01 Hvdrophobic LEU 133, GLN 153, VAL 154, ALA 162, TRP 190, THR
NAM-L-alanyl-D- ydrop 194, LEU 212, GLY 215
isoglutamine H-bond GLN 164(1), THR 166(1), ARG 206(1)
PVP Eng -8.70 Hydrophobic ARG 143, LEU 144, VAL 165, ALA 169, ASN 170, ALA
173, TRP 201, TYR 202, THR 205,
H-bond ASN 159 (1), TYR 191 (2), ARG 195 (1)
PVP native -840 Hvdrophobic LEU 133, GLN 153, THR 155, VAL 213, ASN 214,
Pentaglycin ydrop GLY 215
H-bond ARG 206 (2)
PVPEng -7.28 Hydrophobic ASN 170, ALA 173, TRP 201, THR 205
H-bond GLN 153 (2), ASN 159 (2), ARG 195 (2),
PVP native -945 Hydrophobic ILE 152, VAL 154, ALA 158, TRP 190, TYR 191, THR
NAM-NAG L-Alanine 194, LEU 212, VAL 213
i GLN 164 (2), THR 166 (2), ASN 170 (2), TYR 202 (2),
trimer H-bond
PVP Eng ~965 ARG 206 (2), VAL 224 (1)
Hydrophobic GLU 116, ILE 163, VAL 165, LEU 223, ASN 225,
GLY 226,
H-bond ASN 159 (1), ARG 195 (1)
PVP native 5.16 Hydrophobic GLU 105, LEU 133, ILE 152, GLN 153, VAL 154, THR
NAM-NAG tetramer 155, ALA 158, TRP 190, THR 194, VAL 213, ASN 214
H-bond THR 166 (3), ASN 170 (2), THR 205 (1)
PVP Eng 14.76 . GLU 116, LEU 144, ILE 163, GLN 164, VAL 165, ALA
Hydrophobic

169, ALA 173, CYS 174, TRP 201, ARG 206, ASN 225

NAM: N-acetylmuramic acid; NAG: N-acetylglucosamine.

ASN 1

9 Interactions

van der Wasis Carbon Hydrogen Bond

Conventional Hydrogen Band

Interactions
| van der wass 7] Carbon Hydrogen Bond

Bl Conventions! Hydrogen Bond

Fig. 5. Molecular docking analysis of N-acetylmuramic acid (NAM)- N-acetylglucosamine (NAG) dimer ligand with the native endolysin
(panels A-C) and the engineered endolysin (panels D-F). A) Three-dimensional view of hydrogen bonds between the dimer and the native
endolysin, highlighting key residues (e.g.,, GLN153, ASN159, TYR191, ARG195, LEU212, GLY215). B) Two-dimensional interaction diagram
of the native endolysin, showing similar bond types. C) Three-dimensional hydrophobicity surface of the native endolysin with the ligand.
Residue numbering corresponds to the native (236 aa) and engineered (247 aa) sequences, reflecting an 11-residue N-terminal PCNP
fusion in the engineered variant. D) Three-dimensional view of hydrogen bonds between the dimer and the engineered endolysin,
highlighting key interacting residues (eg., ASN170, TYR202, THR205, ARG206). E) Two-dimensional interaction diagram of the
engineered endolysin, illustrating conventional hydrogen bonds (green), carbon hydrogen bonds (light green), van der Waals interactions
(pink), and other contacts. F) Three-dimensional hydrophobicity surface of the engineered endolysin (colored from blue/hydrophilic to
red/hydrophobic) with the bound NAM-NAG ligand in green sticks.
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Discussion

The molecular docking results indicate that both
native PVP-SE1 endolysin and the engineered Artilysin®
maintain high binding affinity for the NAM-NAG dimer,
which represents the critical (-1,4 glycosidic bond
substrate for GH24 family N-acetylmuramidases.
Specifically, the native endolysin exhibited a binding
energy of - 9.92 kcal mol? from cluster rank 1 (run #77,
containing 18 poses out of 100 GA runs, RMSD < 2.00 A),
while the engineered variant showed -8.23 kcal/mol
from the dominant cluster rank two (run #16, 39 poses,
Tables 3 and 4). This AAG difference of + 1.69 kcal mol-!
constitutes a modest reduction in substrate affinity that
falls comfortably within AutoDock4's established
experimental error margin of + 2.00 - 3.00 kcal mol, as
determined by Lamarckian genetic algorithm
reproducibility across multiple runs. Both binding
energies remain in the strongly favorable range (< -8.00
kcal mol?), suggesting that the PCNP + MG fusion is
unlikely to markedly impair substrate recognition at the
catalytic site. The native form's slightly superior affinity
may reflect its evolutionarily optimized catalytic groove,
while the engineered variant's performance is consistent
with retention of core muramidase function. This
interpretation is directly supported by the original
calibration of the AutoDock4 empirical scoring function,
which reported a cross-validated standard error of 2.00 -
3.00 kcal mol! against 188 structurally characterized
protein-ligand complexes,?! and is consistent with the

deep structural conservation of the catalytic core across
the lysozyme/GH24 superfamily.22 In marked contrast,
docking of the NAM-NAG tetramer a significantly bulkier
PG fragment revealed dramatically reduced affinities
characterized by positive binding free energies: + 5.16 kcal
mol? for the native endolysin and + 14.76 kcal mol! for
the engineered Artilysin®.

These unfavorable energies indicate pronounced
steric hindrance within the confined dimensions of the
GH24 catalytic active site, which evolved specifically for
disaccharide  substrates rather than extended
oligosaccharide chains. The exacerbated repulsion in the
engineered variant (+ 14.76 versus + 5.16 kcal mol1) may
results from the 11-residue PCNP + MG N-terminal
extension partially occluding the binding pocket entrance
or altering the electrostatic landscape through
introduction of the cationic peptide tail. This size-
dependent specificity is broadly consistent with the
expected mechanism of endolysin function: enzymes
target individual glycosidic bonds for rapid, sequential
PG degradation rather than attempting to accommodate
large  polymeric  fragments, consistent  with
bacteriophage lytic cycle requirements for swift host cell
destruction. This restrictive pocket geometry is
consistent with the narrow, disaccharide-sized catalytic
groove reported across the lysozyme superfamily,?2 and
the reproducibility of the docked poses across 100
independent Lamarckian genetic algorithm runs is more
consistent with a genuine size-dependent trend than
with a sampling artifact.2!

Table 3. AutoDock4 cluster analysis (RMSD < 2.0 A) of NAM-NAG dimer docking with native PVP-SE1 endolysin (YP_004893952.1,
236 aa). 21 clusters from 100 GA runs. Cluster rank 1 (best): -9.92 kcal mol! (run #77, 18 poses, mean -8.60 kcal mol1) shows
optimized catalytic groove. Cluster dominance (18/100 runs = 18.00%) confirms high reproducibility and specificity for glycosidic

bond cleavage site.

Cluster rank Lowest energy binding Run Mean binding energy (kcal mol-1) Number of clusters
1 -9.92 77 -8.60 18
2 -945 97 -8.31 6
3 -9.00 44 -7.65 9
4 -8.64 14 -6.92 14
5 -8.29 21 -7.00 17
6 -8.02 62 -7.25 7
7 -7.83 64 -7.58 2
8 -7.82 52 -5.84 4
9 -7.56 53 -5.83 3
10 -7.51 8 -6.80 3
11 -7.51 63 -6.87 2
12 -6.96 93 -595 2
13 -6.90 45 -6.52 3
14 -6.89 78 -6.89 1
15 -6.75 92 -6.75 1
16 -6.48 51 -6.48 1
17 -641 32 -641 1
18 -6.24 73 -6.07 2
19 -6.10 15 -6.10 1
20 -5.74 65 -5.72 2
21 -4.25 2 -4.25 1
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Table 4. AutoDock4 cluster analysis (RMSD < 2.0 &) of NAM-NAG dimer docking with engineered Artilysin® (247 aa, PCNP+MG
fusion). 21 clusters from 100 GA runs. Cluster rank 2 (dominant): - 8.23 kcal mol! (run #16, 39 poses, mean - 6.11 kcal mol1).

Distributed convergence (39/100 runs = 39.00%) reflects PCNP+MG flexibility versus native rigidity

Cluster rank Lowest energy binding Run Mean binding energy (kcal mol1) Number of clusters
1 -8.23 67 -545 10
2 -8.23 16 -6.11 39
3 -7.69 75 -5.46 4
4 -7.64 85 -5.28 15
5 -6.51 1 -4.55 3
6 -5.96 59 -4.43 5
7 -5.87 60 -5.09 3
8 -535 51 -535 1
9 -5.22 12 -3.59 5
10 -5.12 64 -5.12 1
11 -492 41 -492 1
12 -4.44 36 -4.44 1
13 -4.18 43 -4.18 1
14 -4.17 54 -4.17 1
15 -3.69 48 -3.69 1
16 -348 55 -2.10 3
17 -281 57 -281 1
18 -237 19 -2.37 1
19 -2.26 83 -1.87 2
20 -2.06 35 -2.06 1
21 -2.04 98 -2.04 1

Additional ligand-specific insights further illuminate
structure-function relationships. The native endolysin's
highest affinity interaction occurred with NAM-L-alanine
(-10.35 kcal mol?), featuring a robust network of four
hydrogen bonds (GLN153 with two bonds, TYR191 with
two bonds, ARG195 with two bonds) that validate
muramidase preference for NAM derivatives bearing PG
stem peptides. Conversely, the engineered Artilysin®
achieved its peak binding with the NAM-NAG-L-alanine
trimer (- 9.65 kcal mol?!) through six hydrogen bonds
(GLN164% THR166% ASN170% TYR202% ARG2067
VAL224%), suggesting the PCNP cationic tail may
electrostatically stabilize larger substrates approaching
the active site periphery. Hydrogen bonding conservation
is evident in NAM-NAG dimer interactions: native forms
seven H-bonds (GLN153%, ASN159%, TYR191%, ARG195%,
LEU212%, GLY215"%) versus engineered five H-bonds
(ASN170% TYR202', ARG206%), with preserved hydro-
phobic contacts at conserved residues (LEU133/144,
VAL154/165, TRP190/201). Cluster analysis statistics
reveal native 18.00% convergence (focused, optimized
binding) versus engineered 39.00% convergence, a
difference that may reflect greater conformational
flexibility introduced by the PCNP + MG extension rather
than necessarily indicating optimized binding for either
variant. Collectively, these findings exemplify the classic
Artilysin® engineering trade-off: statistically insignificant
reduction in PG affinity (AAG = 1.69 kcal mol-! within error
margin) exchanged for dramatically enhanced Gram-
negative OM penetration, supporting the further
development of PCNP-fused endolysins as promising
candidate antimicrobials against MDR pathogens. This

trade-off mirrors the general design principle underlying
Artilysin® technology, in which a modest, tolerable
reduction in intrinsic catalytic affinity is consistently
offset by markedly enhanced access to Gram-negative
peptidoglycan, translating into superior bactericidal
potency in vitro,” a pattern further corroborated by
recent reviews of endolysin-membrane-active-peptide
fusion strategies.?3

Comparison with previous Artilysin® designs further
contextualizes these findings. The PCNP-fused Artilysin®
examined here belongs to a growing family of engineered
endolysins developed to overcome the Gram-negative
outer membrane barrier, following the original
demonstration that N-terminal fusion of cationic peptides
to endolysins can confer potent antibacterial activity
against multidrug-resistant Pseudomonas aeruginosa and
other Gram-negative pathogens.” These in silico findings
are also consistent with, and extend, our own prior
experimental characterization of this same PCNP-fused
PVP-SE1  construct, which demonstrated potent
antibacterial activity against food-borne Gram-negative
pathogens in planktonic and biofilm states and in milk,
together with a markedly reduced requirement for outer-
membrane permeabilizers such as EDTA.24* Whereas that
earlier study relied primarily on phenotypic susceptibility
endpoints, the present docking-based analysis offers a
complementary, residue-level structural rationale -
namely, a largely preserved substrate binding architecture
alongside a modest and statistically inconclusive reduction
in predicted affinity - for the antibacterial performance
previously observed. This combination of phenotypic and
structural evidence is broadly consistent with the
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wider literature on modular endolysin engineering, in
which functional gains from N-terminal cationic-peptide
fusion have generally been attributed to enhanced outer-
membrane engagement,®25 rather than to improvements
in catalytic-domain affinity per se, particularly given the
well-established barrier function of the Gram-negative
outer membrane to enzymes of this size.25 As with other
docking-based structural analyses of endolysin
engineering, it should be emphasized that rigid-body
scoring functions such as AutoDock4 and AutoDock Vina
provide only an approximate, single-conformation view
of the true binding landscape,!826 underscoring why the
present findings are best interpreted alongside, rather
than instead of, direct antibacterial and biophysical
measurements.?’ This study suggests that engineering
PVP-SE1 into an Artilysin® bearing the PCNP peptide is
compatible with preservation its catalytic architecture
while providing a rational framework for enhanced OM
traversal in Gram-negative bacteria. The conservation of
the core GH domain and maintenance of favorable
interactions with NAM-NAG units despite N-terminal
fusion suggest that PG hydrolysis competence can be
retained while tuning peripheral structural features to
improve delivery. Taken together, these findings support
the use of PVP-SE1 and its engineered derivatives as
promising scaffolds for next-generation antimicrobials
targeting MDR pathogens and underscore the value of
integrative computational-experimental strategies for
rational endolysin design. Nonetheless, the present work is
limited to in silico modeling and relies on quasi-rigid
docking protocols that do not fully capture induced fit,
large-scale conformational rearrangements, or the
dynamic complexity of the Gram-negative OM. In
addition, the behavior of more extended PG fragments is
only approximated through short oligosaccharide
surrogates, meaning that experimental validation
including enzymatic activity assays, MIC/MBC
measurements, and cell-based bactericidal tests is
essential before any definitive conclusions can be drawn
about therapeutic potential. Also, future studies should
incorporate all-atom molecular dynamics simulations to
resolve time-dependent substrate binding modes, active-
site flexibility, and membrane-associated interactions, in
parallel with systematic in vitro assays to quantify
bacteriolytic efficacy and functional stability of the
engineered constructs, an approach well suited to
overcoming the sampling limitations of rigid-receptor
docking.?8 Expanding the design space to alternative OM
- penetrating peptides, optimized linker architectures,
and varied charge/hydrophobicity profiles may yield
variants that more finely balance catalytic efficiency with
membrane penetration capacity. In this way, the present
work can serve as a foundation for subsequent efforts in
rational endolysin engineering aimed at combating
antimicrobial resistance.
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