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Abstract

Bacteriophage endolysins are potential alternatives to conventional antibiotics for treating multidrug-resistant gram-negative
bacterial infections. However, their structure—function relationships are poorly understood, hindering their optimization and
application. In this study, we focused on the individual functionality of the C-terminal muramidase domain of Gp127, a modu-
lar endolysin from E. coli O157:H7 bacteriophage PhaxI. This domain is responsible for the enzymatic activity, whereas the
N-terminal domain binds to the bacterial cell wall. Through protein modeling, docking experiments, and molecular dynamics
simulations, we investigated the activity, stability, and interactions of the isolated C-terminal domain with its ligand. We
also assessed its expression, solubility, toxicity, and lytic activity using the experimental data. Our results revealed that the
C-terminal domain exhibits high activity and toxicity when tested individually, and its expression is regulated in different
hosts to prevent self-destruction. Furthermore, we validated the muralytic activity of the purified refolded protein by zymog-
raphy and standardized assays. These findings challenge the need for the N-terminal binding domain to arrange the active
site and adjust the gap between crucial residues for peptidoglycan cleavage. Our study shed light on the three-dimensional
structure and functionality of muramidase endolysins, thereby enriching the existing knowledge pool and laying a foundation
for accurate in silico modeling and the informed design of next-generation enzybiotic treatments.
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Abbreviations 1 Introduction

EAD Enzymatic active domain

CWBD Cell-wall-binding domain Spurred by the prevalence and spread of multidrug-resistant
MDS Molecular dynamic simulation bacteria, there has been a universal call for new classes of

antibiotics over the last decade. Bacteriophages (phages)
and phage-derived lytic enzymes, as natural predators of
bacteria, have been regarded as promising candidates since
their discovery [1]. Endolysins are phage-encoded enzymes
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proteinic nature. Furthermore, Artilysin (artificial endoly-
sin) technology, which involves the fusion of endolysins
with outer membrane permeabilizer peptides, has provided
an efficient method for killing gram-negative bacteria [5,
6]. These potential benefits have led researchers to engineer
and develop endolysin-based enzybiotics against multidrug-
resistant pathogens.

The architecture of endolysins varies according to their
origin. Endolysins from Gram-positive-targeting bacte-
riophages are typically modular, consisting of one or two
enzymatic active domains (EADs) and a cell-wall-binding
domain (CWBD) connected by a short linker [7]. Although
most endolysins encoded by Gram-negative-targeting phage
have a globular structure containing a single EAD [8, 9],
there are some modular structure examples with higher
activity than their globular counterparts in this group [10].
The CWBD recognizes cell-wall characteristics specific to
bacteria, while the EAD is responsible for breaking particu-
lar bonds within the cell-wall peptidoglycan (PG/murein)
structure [7]. The PG consists of alternating residues of
B-(1,4) glycosidic bonded N-acetylglucosamine (GIcNAc)
and N-acetylmuramic acid (MurNAc) in which D-lactoyl
group of the MurNAc residues are substituted by a penta-
peptide stem [11]. The classification of endolysin is done
according to the enzymatic activity type of EADs and con-
sists of three main categories: (i) amidases which hydrolyze
the amide bond between the pentapeptide stems and the
sugar backbone; (ii) endopeptidases which break the bond
between two amino acids; and (iii) glycosidases which target
the p-(1,4) glycosidic bonds in the sugar backbone, included
glucosaminidases, muramidases (lysozymes) and lytic trans-
glycosylases. Glucosaminidases act on the reducing side of
GlcNAc, whereas muramidases and lytic transglycosylases
operate on the reducing side of MurNAc with the difference
that they release a product including 1,6-anhydro ring at
the MurNAc residue in a lytic transglycosylases reactions
[2, 12].

Muramidases, also known as lysozymes, are considered
to be the most widely distributed muralytic enzymes. One of
their characteristics is the amino-acid sequence's incredible
diversity. In most of them, two central residues are involved
in catalysis: glutamic acid (Glu, E), a general-acid catalytic
residue, and aspartic acid (Asp, D), a general-base catalyst
residue, or cysteine (Cys, C). In addition to Glu and Asp/
Cys, a third lateral and catalytically influential residue, thre-
onine (Thr) or serine (Ser), may be involved in the catalytic
reaction [13]. Goose egg-white lysozyme (GEWL) is excep-
tional, with only one catalytic residue — Glu [14]- character-
istic of lytic transglycosylases despite the difference in cleav-
age products. Among endolysins with lysozyme activity, two
classes have been reported so far. Muramidases from the
glycoside hydrolase family 25 (with Glu and Asp residues)
and muramidases targeting Gram-negative bacteria (unusual

catalytic center characterized by only one/two Glu residues
and no Asp) [12]. Two mechanisms have been suggested
based on an inversion [15] or retention [16] of the anomeric
center of the cleaved PG glycoside. Since they only cleave
bacterial PG and do not catalyze the cleavage of substrate
analogs, which are more manageable in studying enzymatic
processes [16], determining the stereochemical products is
complex, and the role of catalytic residues and the precise
mechanism remains open [12].

One of the most common engineering approaches to
modify endolysins, in addition to producing chimeric lytic
enzymes, is the deletion of certain domains [17]. Protein
truncation modifies protein properties and provides insights
into their structures. This approach has been utilized to
alter various aspects of endolysins, including their lytic and
antibacterial activities, dependence on CWBD, specific-
ity, plasma half-life, and thermostability [3, 17]. However,
domain truncation should be carefully performed and tested
for each endolysin. Deleting the CWBD, which is usually
responsible for peptidoglycan binding or improving cleav-
age, may reduce the lytic activity of endolysins [18-20].
The removal of CWBD may disrupt the folding pathway of
the EAD, leading to the formation of misfolded or unfolded
intermediates that are prone to aggregation. Additionally,
the CWBD may exert a stabilizing effect on the EAD, pro-
tecting it from denaturation and aggregation under stress
conditions such as high temperature, low pH, or proteolytic
degradation. The CWBD might also play a structural role
in maintaining the conformation and dynamics of the EAD.
However, this is not always the case, and sometimes the
removal of CWBD can improve the activity or spectrum
of endolysins. This depends on various factors such as the
type of endolysin, catalytic mechanism, experimental condi-
tions, and bacterial species [3, 17]. Examples of truncated
endolysins with improved performance include PlyGBS
[21], LysK [22-24], PlyLCAT [25], PlyBaO4CAT [26], and
CD27L [27]. The mechanisms behind the increased activ-
ity or spectrum of these truncated endolysins are not fully
understood, but they might be related to the smaller size and
positive charge of the catalytic domain, which could help
them penetrate the peptidoglycan layer more easily [3, 17,
25]. Thus, the role of the binding domain in endolysins is
complex, variable, and requires careful analysis and valida-
tion of individual endolysins.

The present study aims to investigate the structural char-
acteristics contributing to the lytic activities of muramidase-
targeting gram-negative bacteria, leading to the production
of highly effective enzybiotics. To achieve this, we utilized
the recombinant E. coli O157: H7 phage modular endoly-
sin (Gp127) as a model, which is encoded by PhaxI phage
previously isolated in our laboratory [28]. We hypothesized
that the EAD of Gp127 even in the absence of CWBD is
sufficient for its catalytic activity, and that its structure and
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function can be modulated by rational design for the pro-
duction of effective enzybiotics. To test our hypothesis, we
performed the examination of in silico tools and compari-
son with in vitro data by (i) protein modeling and structure
validation by circular dichroism (CD) analysis, (ii) docking
experiment and molecular dynamic simulation for pocket
detection and stability verification, and (iii) expression, puri-
fication, and enzyme activity assay of the truncated form.

2 Materials and Methods
2.1 Sequence Mining

Sequence-based analysis of the bacteriophages, isolated and
sequenced previously in our laboratory, was performed to
disclosure of a muramidase-type endolysin. GP127, a hypo-
thetical protein with NCBI Accession No. YP_007002724.1,
encoded by PhaxI phage and specific to E. coli O157: H7
[28], was selected as a query for further sequence homol-
ogy analysis using NCBI BLASTP [29], ExPASy ProtParam
[30], and HHpred, allowing a broad search of databases [31].
To explore and map the active site, orthologous sequences
of the determined catalytic domain, restricted to those cor-
responding to non-redundant protein sequence (nr) and
Viruses (taxid:10,239), were identified and analyzed using
PSI-BLAST (Position-Specific Iterative Basic Local Align-
ment Search Tool) [32] and PFAM (Protein family database)
[33] respectively. Multiple sequence alignment (MSA) of
aligned sequences was carried out using MAFFT v.7 [34]
online server with 'Default’ settings and the annotation of
results was performed by the WebLogo server [35].

2.2 Protein modeling

The protein's three-dimensional structure was predicted by
YASARA suit Version 20.12.24.W.64 [36]. Homology mod-
eling parameters set on slow modeling speed, 3 PSI-BLAST
iterations to template search with a maximum E-value of 0.5,
5 templates total, and up to 5 best alignments per template.
Fifty confirmations were tried per loop, and a maximum
number of 10 were considered in oligomerization states
and termini extensions for missing residues. Extracting a
PSSM, position-specific scoring matrix, from UniRef90 and
matching findings by searching the PDB was done to achieve
templates. To avoid misleading results, the C-terminal puri-
fication tag was excluded from the template search. The
template with the top total score (the product of the scores
of BAST alignment, the WHAT_CHECK [37] quality, and
the target coverage) from the hits found was selected as the
main template. For alignment correction and modeling of
loops, the target sequence profile creation and secondary
structure prediction were made by running PSI-BLAST and
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PSI-Pred algorithms [38], respectively. After building the
three initial homology models, they were sorted by their
overall Z-scores; a number indicates standard deviations in
the quality of the protein model and high-resolution X-ray
structures [36, 37, 39]. Furthermore, a hybrid model with a
combination of the best segments of the three models was
built, hoping to raise accuracy, but discarded due to low
quality. For quality improvement, the final model (Gp127)
was refined and energy minimized by explicit solvent molec-
ular dynamics simulation (MDS) with the YASARA?2 force
field in the YASARA program [40] as well as GalaxyRe-
fine Server [41]. The optimized model were assessed using
PROCHECK [39], ProSA-web [42], and Verify3D [43] to
evaluate the stereochemical quality.

2.3 Molecular Dynamic Simulation

To yield stable structures, the refined model was subjected
to MDS for 150 ns (3 X 50 ns) using the Amber14 force field
[44] in the YASARA program [36] with "md_analyze.mcr"
macro. The pKa of side chains was predicted [45] at physi-
ological pH 7.4, and the allotment of protonation states was
conducted correspondingly. The cube simulation cell con-
taining physiological solution (water and 0.9% NaCl) was
positioned 20 angstroms away from the protein and then
adjusted in size to achieve a solvent density of 0.997 g-L~!
at a temperature of 300 K. Particle mesh Ewald (PME) [46]
and the cutoff radius of 8 A for nonbonded interactions were
utilized for the most accuracy. The periodic boundary for cell
boundaries, constrained hydrogen atoms, four fs timestep,
and constant pressure 1 bar and temperature 300 °K (NPT
ensemble) [47] were considered for the main simulation.
Snapshots were recorded every 100 ps and then analyzed
using "md_analyze.mcr" macro for calculating the total
potential energy of the system, alpha-carbon Root-Mean-
Square Deviations (CA-RMSDs), and per-residue protein
secondary structure as a function of simulation time. The
trajectory was then analyzed in 10 blocks using the "md_
analyzeblock" macro, and after elimination of equilibration
time (20 ns, four first blocks), the energy-minimized struc-
ture was extracted per block. Every structure was analyzed
using PROCHECK [39]. The truncated form, GP127-EAD
(90-263; Muramidase domain), was stabilized as the same
manner. The highest quality of every structure was selected
as the receptor for the docking experiment.

2.4 Docking Experiment

Docking experiment was performed using the YASARA
program [36] to determine the critical residues: (i) Library
designing: Intact peptidoglycan substrate was extracted
from a crystal structure (PDB ID: 2MTZ), and a tetramer
AMU-NAG-AMU-NAG molecule was built from it. After
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hydrogen addition, optimization, and energy minimization,
the structure was subjected to MDS for 300 ns using the
Amberl14 force field at physiological pH 7.4. As mentioned
above, the trajectory was blocked, and the resulting 60 tau-
tomers of the AMU-NAG-AMU-NAG molecule were con-
sidered as a library for the next step. (ii) Virtual screening:
the protein's binding pocket was mapped using the CASTp
web server [48], and then the cube cell was located 5 A
around the predicted residues. The library screening was
done with the built-in "Dock_runscreening" macro for 100
docking runs for each ligand using AutoDock Vina [49],
Flexible residues of the receptor as well as ligands, and clus-
tering of poses according to 5 A heavy atom RMSDs [36].
AMBERO3 force field [50] was initially utilized to assign
point charges and subsequently damped the system to simu-
late the less polar Gasteiger charges, which was employed
to optimize the AutoDock scoring process. The results were
sorted by binding energy according to YASARA report
parameters (more positive energies show stronger ligand
binding) [36]. (iii) Pocket confirming: The most popular
complexes were subjected to MDS for 150 ns (3 x50 ns)
and analysis similar to the primary simulation process. Fur-
thermore, Per-residue contacts with ligand, Ligand confor-
mation RMSD after superposing on the ligand, and Ligand
movement RMSD after superposing on the receptor were
considered for estimating the stability of interactions and
pocket confirming. The hydrogenic and hydrophobic con-
tacts after MDS were represented by LigPlot analysis [51],
predicted using the PDBSum server [52].

2.5 Recombinant Plasmid Construction

The MEGAWHOP method [53] was used for cloning con-
structs of both total protein (Gp127) and its truncated form
(Gp127-EAD) using the pET28a (+) Kan" (Novagen-USA)
expression vector, provides a C-terminal 6-His-tag for affin-
ity chromatography. Firstly, orf84 sequence was amplified
from the PhaxI genome by Pfu DNA polymerase (Thermo
Fischer Scientific) and hybrid primers, F1: CCCCTCTAG
AAATAATTTTGTTTAACTTTAAGAAGGAGATATACC
ATGGCGATTCTAAAACTTGGAAACCGAGG, F2 (for
truncated form): CCCCTCTAGAAATAATTTTGTTTA
ACTTTAAGAAGGAGATATACCATGGAACTGGCCA
GTATGAAAGCTGTGAATCAG and R: GTGGTGGTG
GTGGTGGTGCTCGAGACAGAAACTCTTGTATGC
TGCCG (The underlined characters indicate sequences
complementary to the pET28a plasmid). The products were
then used as a mega-primer for the second round of PCR to
replicate the entire destination plasmid using Phusion DNA
polymerase (New England Biolabs). Finally, constructs were
purified from parenteral plasmid using Dpnl (Takara Bio)
and subsequently verified by sequencing.

2.6 Recombinant Protein Preparation

Gp127 was produced as previously described using E. coli
BI21(DE3) pLysS (Thermo Fischer Scientific) with the same
purification buffers, followed by dialysis against PBS (pH
7.4) for 16 h [10]. The protein that underwent dialysis was
preserved at a temperature of 4°C without any discernible
reduction in its activity, and subsequently employed for the
purpose of conducting a CD analysis. Recombinant expres-
sion of Gp127-EAD was checked in 50 mL lysogeny broth
(LB) using E. coli strains: BI21(DE3) pLysS, BL21(DE3)
(Thermo Fischer Scientific), Rosettagami(DE3) (Novagen),
BL21-Gold(DE3) (Agilent Technologies), and C43(DE3)
(Sigma-Aldrich), to explore the host with the ability to over-
express protein.

Small-scale expression of Gp127-EAD was performed
in 50 mL of LB with 1% glucose using E. coli BL21-
Gold(DE3) for selecting the appropriate solubilization
buffer. The expression was induced at OD600nm of 0.6
using 0.25 mM IPTG, and incubation was continued for 4 h
at 37°C. The cells were centrifuged at 7000 X g for 10 min at
4 °C. The resulting pellet was resuspended in lysis buffer I
(100 mM NaH,PO,, 10 mM Tris—HCI, 1 mM PMSF, pH 8),
disrupted by sonication (20 cycles: 10s pulse and 10s rest on
ice), and clarified at 12,000 x g for 15 min at 4 °C. The pel-
let was subjected to lysis buffer II (lysis buffer I containing
0.1% Triton X-100), and sonication and centrifugation were
performed as described above. After washing and aliquot-
ing into six fractions, the final pellet was screened for six
different solubilization agents added to lysis buffer 1 at pH
8[54, 55]: A. 8 M urea, B. 6 M GuHCl, C. 2 M urea (pH 4),
D. 50 mM NaCl, 5% glycerol, 0.4% Triton (pH 7.9), E.2 M
urea, 6 M f-mercaptoethanol, F. 2 M urea, 6 M n-propanol.
Suspended inclusion bodies were mixed well by vertexing
and incubated for 2 h at room temperature. Both insoluble
(precipitate) and soluble (supernatant) samples were loaded
onto a 12% SDS-PAGE gel and subsequently, the identifica-
tion of protein bands was carried out through staining with
Coomassie Brilliant Blue.

Larger scale production of Gp127-EAD was performed
in 200 mL media, as mentioned above. The final pellet was
resuspended in the selected solubilization buffer (100 mM
NaH,PO,, 10 mM Tris—HCI, 1 mM PMSF, 5 M GuHCI, pH
8) and applied to a HiTrap™ IMAC HP 1 ml column (GE
Healthcare Life Science) charged with 0.1 M NiSO4. The
column was washed with wash buffer (100 mM NaH,PO,,
10mM Tris—HCI, 20mM imidazole, and 10% glycerol)
and then proteins were eluted with elution buffer (100mM
NaH,PO,, 10mM Tris—HCl, 5 M GuHCI, and 300 mM imi-
dazole). Refolding of denatured forms were performed using
the dilution method [54, 56] (final GuHCI concentration: 0.1
M and 0.5M in Phosphate Buffered Saline (PBS). The effects
of different additives were screened to prevent aggregate
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formation and increase the refolding yield, according to a
previously described approach [56]. Flash dilution was car-
ried out in a 96-well plate by quickly adding 10 pL of solu-
bilized protein to 190 uL of different refolding solutions:1.
1.4 M Acetone, 2. 1.4 M DMSO, 3. 1.4 M Ethanol, 4. 1.4
M Urea, 5. 1.4 M Triton-X100, 6. 0.05% (w/v) PEG [57],
7. ImM B-mercaptoethanol, 8. 10% Sucrose + ImM EDTA
[54]1, 9. 10% Glycerol, 10. 10% Sorbitol, 11. 10% Trehalose
[56], 12. 50 mM Glycine. The final protein concentration
was 16 ug/ml using the Bradford assay. The absorbance at
320 nm was measured after 60 min, and the sample with
the lowest turbidity was chosen as the refolding solution.
The purified denatured Gp127-EAD stocks were preserved
at 4°C and refolded immediately before the in vitro assay.

2.7 Muralytic Activity

For the muralytic activity of the enzybiotics, outer mem-
brane (OM) permeabilized E. coli ATCC 8739 bacteria was
prepared as the substrate [58]. Briefly, the mid-exponential
growth phase was centrifuged and incubated in a chloro-
form-saturated 50 mM Tris—HCl buffer pH 7.7 for 45 min.
Next, the permeabilized cells were washed in PBS buffer pH
7.4 and resuspended to an OD600 of 1.5. A zymogram quali-
tative assay was performed using 12% SDS-PAGE, in which
0.2% (wt/vol) OM permeabilized E. coli ATCC 8739 was
incorporated into the separating gel before polymerization.
After electrophoresis, the gel was incubated in PBS (pH 7.4)
with 1% Triton X-100 for 16 h at 37°C to renature the pro-
teins for peptidoglycan hydrolysis. After 0.5 h staining with
0.1% methylene blue in 0.01% KOH and washing, the mura-
lytic activity of the individual protein band was observed
as a clear zone [59]. Lytic activity was quantified using the
ActivityCalculator tool and the standardized method (https://
www.biw.kuleuven.be/logt/ActivityCalculator.htm) [60].
Thirty microliters of the desired enzybiotic was added to
270 pL of OM-permeabilized E. coli ATCC 8739 cells in a
96-well plate. The turbidity reduction assay was performed
using OD655 spectrophotometrically decreasing over time
in a Synergy HTX multimode plate reader.

2.8 Circular Dichroism Spectroscopy

The recording of CD spectra of GP127 was conducted using
the Jasco J-810 Spectropolarimeter. Far-UV measurement
was taken using a quartz cuvette with a path length of 1 mm.
The 0.2 mg/ml protein solution was scanned within the range
of 195 to 250 nm. The protein's CD spectrum was adjusted
by subtracting the spectrum of the blank PBS solution (pH
7.4) to ensure accurate measurements of the protein's spec-
tral properties.
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3 Results
3.1 Highlighting Sequence Features

As regards analysis results of the E. coli phage PhaxI
genome, a 264-aa protein (GP127, an inferred molecular
mass of 28.8 kDa and theoretical pI of 8.99) predicted
to act as a modular endolysin (Fig. 1, A), with an N-ter-
minal CWBD (9-64; PG_binding_1 domain; pfam01471)
and a C-terminal EAD (90-263; Muramidase domain;
pfam11860) [61]. Muramidase (lysozyme) domain founded
in bacteria (mainly Proteobacteria) and phage (Caudovi-
rales morphotype) is responsible for cleavage the §§ -(1,4)
glycosidic bond in the backbone of the peptidoglycan.
Pfam's lytic enzymes that contain a muramidase catalytic
domain exhibit a variety of architectures, ranging from a
solitary muramidase catalytic domain to domains featur-
ing muramidase alongside recognized CWBDs (with three
alpha-helices) at the N- or C-terminus. To identify the
evolutionary conservation pattern, the muramidase domain
of PhaxI endolysin was compared against viruses using
PSI-BLAST and 222 aligned sequences (E value <0.01,
available at the time of the study) were then submitted to
MAFFT server. WebLogo analyses of the catalytic domain
orthologs showed 21 identical amino acids (Fig. 1, C).
Although GP127 has 100% sequence similarity to one of
the muramidase family members, the characterized Salmo-
nella phage 10 endolysin [10], the structure of the protein
was not reported at the time of our study. HHpred search
indicated that there was 46% identity to Burkholderia AP3
phage endolysin, PDB ID: 5SNM7 [62], with an E-value of
7.8e-40 and a probability of 100% (Fig. 1, B). A BLAST
search restricted to the Protein Data Bank (PDB) identi-
fied four proteins (SNM7, 4LPQ, 1LBU, 4FET), and only
one of them, SNM7, covered the muramidase domain of
GP127.

3.2 Three-Dimensional Structures

The lack of an experimentally resolved structure prompted
us to generate a 3D model for GP127 using the YASARA
program, which runs three PSI-BLAST iterations (to adopt
PSSM from UniRef90) and PDB searches (to find a match)
to identify possible templates (Table S1). Three models
were predicted for GP127 based on the PDB structure
SNM7 (chain G), the best template with the highest per-
centage of BLAST E-value, alignment score, and cover-
age. According to the related alignment of the selected
model, 256 of 272 target residues (94.1%) are aligned to
template residues where the sequence identity and simi-
larity are 46.1% and 60.2% respectively ('similar’ means
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Fig. 1 Overview of the GP127 sequence. A. Domain architecture of
the modular GP127 endolysin, the N-terminal CWBD (blue: residues
Arg9 to Ile64); the hinge region (residues Arg65 to Val89); the C-ter-
minal EAD (red: residues Glu90 to Phe263). B. Homology struc-

that the BLOSUMG62 score is > 0). Improving the qual-
ity of the model using a hybrid construction (a combi-
nation of the best parts of the three models) failed, and
the initial structure was considered as the final model.
For quality improvement, the structure was refined and
the energy minimized using GalaxyRefine Server and the
YASARA program. The optimized model was assessed
using Ramachandran analysis, which showed 96.7% of
residues in the most favored regions without any residues
in generously allowed and disallowed regions (Figure S1,
A). The overall G-factors was 0.29. Among the main chain
stereochemical parameters, the overall G-factor and omega
angle standard deviation were better than the ideal values,

Weblogo 3.7.11

ture detection of GP127 sequence by HHpred analysis and HMM-
HMM comparison. C. Logo representation of the EAD orthologous
sequences

whereas the other four properties were within acceptable
ranges (Table 1; Figure S2). Regarding the side-chain ste-
reochemical parameters, the Chi-1 gauche minus standard
deviation was within the suitable regions, and all other
parameters showed better quality than the ideal values
(Table 2; Figure S3). Good and reliable structural qual-
ity was further confirmed with ProSA-web and Verify3D
scores of -6.65 and 98.53, respectively (Figure S1, B-C).

To yield stable structures, refined GP127 and its trun-
cated form (GP127-EAD) were subjected to MDS for 150
ns using the YASARA program. The average values for
the total potential energy of GP127 and GP127-EAD were
-1,036,747 and 912,452 kJ mol ~! with SDR of 0.08% and
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Table 1 The main-chain
stereochemical parameters of
GP127 modeled structure

Stereochemical parameter No. of data pts Parameter value Typical value Band width No. of band

widths from

mean
%-tage residues in A, B, L 241 96.7 88.2 10.0 0.9 Inside
Omega angle SD 271 14 6.0 3.0 -1.5 BETTER
Bad contacts/100 residues 0 0.0 1.0 10.0 -0.1 Inside
Zeta angle SD 247 1.8 3.1 1.6 -0.8 Inside
H-bond energy SD 186 0.6 0.7 0.2 -0.6 Inside
Overall G-factor 272 0.3 -0.2 0.3 1.6 BETTER
The data were obtained by PROCHECK v.3.0. [SD: standard deviation]

Table 2 Th.e side-chain Stereochemical parameter ~ No. of data pts ~ Param- Typical value  Band width ~ No. of band

stereochemical parameters of eter value widths from

GP127 modeled structure mean
Chi-1 gauche minus SD 18 9.7 13.6 6.5 -0.6 Inside
Chi-1 trans SD 49 7.2 153 53 -1.5 BETTER
Chi-1 gauche plus SD 138 59 13.8 4.9 -1.6 BETTER
Chi-1 pooled SD 205 6.8 143 4.8 -1.5 BETTER
Chi-2 trans SD 83 5.8 17.7 5.0 -2.4 BETTER

The data were obtained by PROCHECK v.3.0. [SD: standard deviation]

0.09% respectively (Table S2, A). CA-RMSD indicated
an average value of 0.38 +0.05 nm and 0.27 +0.03 nm for
GP127 and GP 127-EAD structures, respectively (Table S2,
B). The energy and CA-RMSD stabilized over the course of
the simulation period (Figure S4). The last snapshot of each
simulation was saved using the "md_analyze.mcr" macro.
The last GP127 structure revealed a total of fifteen helices:
a1 (G10- G24), a 2 (G34-A48), a 3 (G57-N66), o 4 (E77-
E86), a 5 (E90-S102), o 6 (E118-F130), a 7 (Q132-Q140),
a 8 (D157-L169), a 9 (E171-Y175), o 10 (N189-C193), «
11 (N 197-F 205), o 12 (E 209-K 221), o 13 (D223-N232),
a 14 (N234-N243), and o 15 (Q251-K261) (Fig. 2, A). Far-
UV CD data were acquired for GP127 (Figure S5), further
validating the in silico model. The predicted secondary
structure content of the computational model estimated
using YASARA was found to be 59.2% helix, 4% p-sheet,
8.1% turn, and 28.7% coil, similar to those obtained from
the GP127 CD spectrum analyzed with the BeStSel server
[63] except for some minor discrepancies (56.6% helix, 5.2%
B-sheet, 8.6% turn, and 29.6% coil). The good stereochemi-
cal quality of the last GP127-EAD structure was assessed
by Ramachandran analysis (95.8% of residues in the most
favored regions with an overall G-factor of 0.33) and fur-
ther confirmed with Verify3D and ProSA-web scores of
98.53 and -6.65, respectively (Figure S6), which revealed
a secondary structure similar to the EAD of GP127 except
one extra f-sheet with 61.4% helix, 8.2% p-sheet, 9.2%
turn, and 21.2% coil. The secondary structure composition
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of both GP127 and GP127-EAD residues did not undergo
significant changes during the simulations (Fig. 3, A). The
average percentage of GP127 secondary structure was
57.6% + 0.65 helix, 5.3% +0.12 B-sheet, 9.9% +0.61 turn,
and 26.5% +0.78 coil. GP127-EAD had an average of
57.2% + 0.5 helix, 6.2% +0.98 B-sheet, 11.2% +0.41 turn,
and 23.9% =+ 1.2 coil during simulation. The observed altera-
tions are consistent with the forecasts and marginal confor-
mational transitions were observed at the junctions of alpha
helices and/or beta strands with coils in the N-terminus or
C-terminus.

Further structural analysis was performed to visualize the
conserved and soluble spots on the surface of the predicted
3D structures using the ConSurf [64] and CamSol [65] serv-
ers, respectively. Conservation analysis revealed remarkably
conserved residues that are situated in close proximity to
the main groove of the protein. It is highly plausible that
these residues comprise the PG binding area of the enzyme.
(Fig. 2, B). The CamSol method identified highly soluble
spots in CWBD (Fig. 2, C).

At the end of our in silico study, the crystal structure
(resolution: 2.99 A) of an E. coli 0157: H7 phage endoly-
sin, LysT84 (PDB ID:7RUM), was reported with 98.5%
sequence identity to GP127 and an RMSD of 1.5 [66],
which strongly verified the quality of our proposed 3D
structure using the YASARA program (Fig. 4, A, I). There-
fore, we updated our HHpred analysis with the GP127-EAD
sequence to identify new crystal structures with similar 3D
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Fig.2 Three-dimensional
models of GP127 (I) and
GP127_EAD (Il) after MDS.
A. The predicted chains of
GP127 [N-terminal CWBD
(red), C-terminal EAD (cyan),
hinge region (yellow)] and
GP127_EAD. B. Amino acid
conservation according to the
ConSurf score. C. Amino acid
solubility according to the
CamSol method

11

£
*'i. Poorly soluble
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structures to this muramidase domain (Table 3). Three struc-
tures were identified with a probability of 100%. LysT84 and
AP3gpl5 (our template for GP127 homology modeling) are
modular endolysins, but Pae87 lacks the CWBD present in
the N-terminal. This recently reported crystal structure of
Pseudomonas aeruginosa phage endolysin (PDB ID: 7Q4T,
resolution: 1.27 A) [67] exhibits the typical lysozyme-like
alpha/beta fold and has two putative glutamate catalytic resi-
dues, Glu29 and Glu46. The distance between delta carbons
of the two Glu residues is 16.21 A. The structural alignment
between GP127-EAD and Pae87 using YASARA showed an
RMSD of 1.925 A over 151 aligned residues with 54.97%
sequence identity (Fig. 4, A, 1), and Glu 101 of GP127-
EAD, positioned similarly to Glu29 (Fig. 4, B, I). On the
other hand, Glu 118 approximately positioned to Glu 46 but
18.79 A away from Glu 101. Another recently published
result concerning muramidase AbLys1 (PDB ID:8APP),
belonging to glycoside hydrolase family 24, which con-
tains a small antenna-like N-terminal domain and a larger
C-terminal domain with six a-helices and a p-hairpin, has
indicated the involvement of the conserved catalytic triad
(Glu52, Asp61, and Thr67) using bioinformatic analysis
[68]. Interestingly, although no significant sequence simi-
larity to GP127-EAD was found using BLASTP analysis,
Glu52 and Thr67 showed positional similarity to Glul101
and Ser179 of GP127-EAD, respectively (Fig. 4, B, II). It
is important to note that Glul118 of GP127-EAD is located
further away from Asp61. The distance between the delta
carbon of Glu52 and the gamma carbon of Asp61 is 12.46
A, which is smaller than the corresponding groups observed
in both GP127-EAD and Pae87.

3.3 Substrate Binding Region

To determine the critical binding residues, refine, and esti-
mate the stability of the ligand interactions as a factor for
activity verification of GP127-EAD, a three-step experi-
ment was performed using the YASARA program. Previous
reports indicate that variations exist in the binding affinity
between tautomers and that preferential binding and stabil-
ity of a particular tautomer form over the other results in a
shift in the equilibrium of tautomeric forms [69, 70]. The
binding conformations of 60 tautomers of the AMU-NAG-
AMU-NAG molecule within the predicted active site of
both GP127 and GP127-EAD were screened to select the
correct tautomer. The best complex was selected based on
the binding energy and interaction of the ligand with Glu
101, formerly reported as a critical residue, and then sub-
jected to MDS to investigate the pattern of receptor flexibil-
ity in ligand binding (Fig. 5). The GP127 and GP127-EAD
complexes had average potential energies of -1,008,309
and -1,020,838 kJ mol — 1, respectively, with an SDR of
0.09% (Table S3, A). The average value of CA-RMSD was
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0.23+0.04 nm and 0.22+0.03 nm for GP127 and GP127-
EAD structures, respectively (Table S3, B), indicating low
structural changes in the presence of ligand. The RMSD of
the heavy atoms of the ligand over time was measured after
superposing the receptor onto its reference structure. This
procedure provides insights into the motion of the ligand
in its binding pocket, which is stable for both GP127-EAD
and GP127. In addition, the RMSD of the ligand atoms
over time was measured after superposing on the reference
structure of the ligand. The acquired data summarized the
conformational changes of the ligand, indicating the stable
conformation of the selected tautomer for both GP127 and
GP127-EAD during the simulation. Furthermore, the per-
residue number of contacts (Fig. 6) and the secondary struc-
ture composition (Fig. 3, B) of both structures interacting
with the ligand did not change significantly compared to that
without the ligand during the simulation time. The average
of binding energy was -312.81 and -332.92 for GP127 and
GP127-EAD, respectively. The types of contacts made with
the ligand as a function of simulation time (Fig. 7) indicate
that GP127_EAD established a higher number of interac-
tions with the ligand (Fig. 8; Table 4). The most critical
binding residues were Val100, Glul01, Gln184, Asn189, and
Asn250 which were present in both last structures and their
conservation was verified according to both ConSurf (Fig. 2,
B) and Weblogo analysis (Fig. 1, C), which emphasizes their
importance in the PG interaction.

3.4 InVitro Activity

For in vitro validation of GP127-EAD activity, recombi-
nant protein expression was first examined using E. coli
BI21(DE3) pLysS as it was done with GP127. In contrast
to GP127, which was overexpressed in soluble form (Fig-
ure S7, 1), GP127-EAD was undetectable in SDS-PAGE
analysis (Figure S7, IT) under the different IPTG concentra-
tions, temperatures and media conditions (data not shown).
The growth of E. coli BI21(DE3) pLysS cells transformed
with either the empty vector, GP127, or GP127-EAD was
monitored by measuring the optical density at 600 nm. It
was found that GP127 was toxic to the cells, as indicated by
the lower optical density values; however, cell growth was
not significantly affected by GP127-EAD compared with
the empty vector (Fig. 9, A). Therefore, expression was
tested in four other E. coli strains, and SDS-PAGE analysis
showed that E. coli BL21-Gold (DE3) cells are able to over-
express GP127-EAD, but as inclusion bodies (IBs). GP127
was successfully overexpressed in the E. coli BL21-Gold
(DE3) cells in soluble form, similar to E. coli BI21(DE3)
pLysS. The optical density of the culture containing the
GP127-EAD construct showed an upward trend in contrast
to soluble GP127, indicating no GP127-EAD activity in
the inclusion body form (Fig. 9, B). The increase in optical
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«Fig. 3 Per-residue protein secondary structure of GP127 (I) and
GP127_EAD (II) without (A) or with (B) ligand during MDS. [Helix
(blue), sheet (red), turn (green), coil (cyan), helix 3 10 (yellow) and
helix Pi (orange)]. The plots were generated by YASARA

density may indicate cell proliferation and production of
inactive proteins after IPTG induction. However, it is impor-
tant to consider another possible cause for this observation,
which could be light scattering from inclusions rather than
increased growth. Various potential solutions were explored
to address the inclusion body formation of GP12-EAD dur-
ing the expression process. These included incubation at
low temperature, induction with lower IPTG concentrations,
supplementation of growth media with ethanol, glycerol, or
glucose, and alteration of temperature to induce heat shock
protein expression. However, none of these approaches
resulted in the conversion of GP12-EAD IBs into a soluble
form (data not shown). To determine the optimal buffer for
solubilization of IBs, various conditions were investigated.
The results showed that lysis buffer B, consisting of 5 and 6
M guanidine hydrochloride (GuHCI) at a pH of 8, yielded
the highest amount of solubilized protein (Figure S8). The
purified protein was highly pure as demonstrated by SDS-
PAGE (Figure S9. I). Due to the precipitates that occurred
during refolding on the column, the flash dilution method
was used to facilitate the refolding process of the purified
protein. Different additives were screened to prevent aggre-
gate formation and increase refolding yield (Fig. 10). The
lowest turbidity was observed in the presence of 1.4 M urea.
The predicted activity of GP127-EAD was checked in vitro,
using OM-permeabilized E. coli ATCC 8739 as a substrate.
A qualitative zymogram assay confirmed the activity of
GP127-EAD in the absence of CWBD (Figure S9. II). The
muralytic activity of GP127-EAD was quantified under sub-
strate saturating conditions using the Activity Calculator in
PBS containing the selective additive. It was determined to
be 6143 U/nM, as calculated from the slope of the linear
regression of the corresponding dose-dependent saturation
curve.

4 Discussion

The antimicrobial potential of modular gram-negative phage
endolysins remains largely unexplored, in part due to limited
structural and biochemical characterization. The classifica-
tion of enzymes based only on amino acid sequence simi-
larity leads to false classifications [62]. The complexity of
determining the stereochemical products and understanding
the role of catalytic residues in enzymes that exclusively
cleave bacterial PG is well recognized. The study of their
precise mechanism is particularly challenging because of
their inability to catalyze the cleavage of substrate analogs
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that are easily manageable. In addition, the presence of flex-
ible linkers in modular proteins leads to the hardening of
crystallography process, resulting in low-resolution struc-
tures in the existing limited structures [66]. The prediction of
the 3D model and revision of critical residues using docking
and molecular dynamic simulation studies can provide infor-
mation on the structural characteristics and details of the
mechanism of action as a crucial step towards unexplored
potential and further engineering.

This study investigated the structural characteristics of
the individual muramidase domain using E. coli O157:H7
endolysin as a model for the examination of in silico tools
and comparison with in vitro data on the stability and activ-
ity of the recombinant enzybiotic. This can simplify the
identification of the catalytic residue, putative mechanism,
and subsequent engineering approaches of the muramidase
family. The CD spectrum analysis, as well as the structural
homology and low RMSD between our proposed model and
two recently resolved crystal structures [66, 67], indicate
the reliability of homology-based 3D structure prediction
by YASARA when the percentage of template identity is not
very high (46% in our case). A good complementary tool for
this program was the GalaxyRefine Server, which was able
to completely refine the errors in the structure and improve
the stereochemical parameters.

To assess the stability in silico, MDS was firstly per-
formed for GP127. The MDS results demonstrated the stable
structure of GP127, as indicated by the RMSD and Rg meas-
urements. The secondary structure composition of GP127
residues remained almost consistent throughout the simula-
tions and matched the data obtained from the far-UV CD
experiments, further validating the in silico analysis. Subse-
quently, the per-residue secondary structures of GP127 and
GP127-EAD were compared using MDS data. The results
suggest that the removal of CWBD does not significantly
affect the secondary structure of the EAD, as the truncated
form (GP127-EAD) exhibits a secondary structure compo-
sition similar to that of the EAD in GP127. Moreover, the
per-residue number of contacts of GP127 and GP127-EAD
was analyzed using MDS, and the results suggest that the
stability and folding of the EAD are not compromised by
the removal of CWBD. In the next step, CamSol analysis
was employed to predict the protein solubility of GP127 and
GP127-EAD. The results suggest that CWBD truncation
may lead to an increase in the aggregation form of EAD, as
CWBD contains highly soluble spots. These in silico predic-
tions were substantiated by in vitro data, which highlighted
the reduced solubility and increased aggregation tendency of
the EAD. We attributed the high risk of aggregation of EAD
to two possible reasons: the deletion of CWBD, which may
act as a solubility-enhancing tag for EAD, and/or the inclu-
sion body refolding process that may produce misfolded
or unfolded intermediates that are prone to aggregation. A
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Fig.4 Structural alignment A
of the predicted structures. A.
Superimposition of the GP127
on: I. LysT84 (green), and II.
Pae87 (purple). [N-terminal
CWBD (red), C-terminal EAD
(cyan), hinge region (yellow)].
B. Comparison of the putative
catalytic center of the GP127-
EAD with: I. Pae87 (purple)
and II. AbLys1(orange); puta-
tive catalytic residues are shown
as the sticks

variety of solubilization agents were employed to preserve
the secondary and tertiary structures, reducing aggregation
during the refolding process and enhancing the recovery of
functional GP127-EAD from IBs. However, only the buffer
containing 6 M GuHCI could solubilize the IBs, which is
a stronger denaturant usually associated with the complete

I . - L, Asp6l

........ Seri 9
Tt Thr67

veene GlU101

== Glu52

denaturation of proteins. Certain IBs can be rendered solu-
ble at low concentrations of denaturants, thereby preserv-
ing their partial structure and facilitating efficient refolding.
Therefore, it is important to determine the lowest possible
denaturant concentration for solubilization. Among the dif-
ferent GuHCI concentrations, only 5 and 6 M solubilized the
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Table 3 The last HHpred analysis for identification of 3D homologues of GP127-EAD structure

Name (PDB ID)  Probability (%) E-value Score Aligned Identities (%) Similarities Targetlength Domain architecture
cols
LysT84 (TRUM) 100 1.2e-33 2217 173 98 1.478 285 PG-binding-1/Muramidase
AP3gpl5 (5SNM7) 100 3e-33 216.14 173 46 0.795 266 PG-binding-1/Muramidase
Pae87 (7Q4T) 100 1.1e-32  208.46 167 51 0.878 206 Muramidase
SItB3 (5ANZ) 80.59 1.7 3695 102 13 0.08 420 Transglycosylase SLT/ PG-binding-1
The top four structures are represented
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Fig.6 Per-residue number 1
of contacts of GP127 (I) and A
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Fig.7 Per-residue contacts of 1

GP127 (I) and GP127_EAD 280

(II) with ligand during MDS. w0f -
[hydrogen bonds (red), hydro- 240 | A s e s
phobic contacts (green), ionic 220

interactions (blue), mixed
contacts (plot legend)]. Plots
were generated using YASARA
software
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protein, highlighting the limited solubility of GP127-EAD.
In the next step, the gradual removal of the denaturant during
on-column refolding was failed because of on-column pre-
cipitation, which strongly suggests a propensity for protein
aggregation. Many proteins form conformational intermedi-
ates at moderately denaturing concentrations, which results
in irreversible precipitation. In this case, rapid reduction of
the denaturant with dilution can decrease the loss caused by
aggregate formation, particularly through the incorporation
of suitable additives into the refolding buffer [71]. Dilution
was performed at 25 °C, and the samples were allowed to
stand for 1 h to complete the refolding procedure. The tem-
perature used was low enough to avoid damaging the protein
and high enough to help the thermal motion of the molecule
reach its native shape by melting any transient misfolded
conformations. Chaotropic agents are employed in protein
refolding solutions to dissolve the aggregates formed by
partially folded intermediates. The inclusion of a minimal
concentration of a chaotrope, like 1 M urea or 0.5 M GuHCl,
can effectively accomplish this objective without destabi-
lizing the stable native structures [56]. Since aggregation
formation was detected in the dilution of about 50-fold, a
concentration of 0.5 M GuHCI was chosen as a final dena-
turant concentration (tenfold dilution) that is presumably
enough to cause ‘‘salting in’’ and to enhance the solubility
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of the native protein. The effectivity of different additives
aimed at reducing aggregation and stabilizing the native fold
was screened. The addition of 1.4 M urea prevented protein
aggregation, leading to improved refolding yields. This may
be due to the similarity of the molecular structure of urea
to that of GuHCI. A better effect of urea compared with
stabilizers was previously observed in the refolding of dena-
tured lysozyme with GuHCI [57]. The final buffer with the
selective additive was considered for the refolding process
before activity assay.

The in silico activity of Gpl127-EAD was confirmed
based on the design of the tautomer library, virtual screening
around the mapped binding region, and confirmation of the
pocket based on ligand stability during MDS. It was shown
that the proposed ligand conformation did not undergo any
significant jump during MDS, contrary to what was previ-
ously observed for the MDS of an endolysin interacting with
a carbohydrate analog [70]. This stability in the substrate-
binding region and a higher number of interactions with the
ligand could be a sign of GP127-EAD being as active as
GP127. The similarity of GP127-EAD secondary structure
profile with Pae87, which does not have CWBD, further
validated the probability of GP127-EAD activity without
CWBD. The in vitro data supported these modeling results,
and GP127-EAD exhibited individual activity.
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Despite varying IPTG concentrations, temperatures,
and media conditions, none of the five E. coli strains tested
could overexpress GP127-EAD in a soluble form, even when
employing E. coli BI21(DE3) pLysS, selected for its ability
to soluble overexpress T7 lysozyme, the complete endolysin
GP127, and Salmonella Duf3380 endolysin [10], as well as
E. coli C43(DE3), which is resilient to toxic protein expres-
sion. This could suggest a potential blockage in protein
expression due to a defense mechanism against highly toxic
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proteins. Only E. coli BL21-Gold(DE3) cells were able to
overexpress GP127-EAD; however, the resulting protein
aggregated into IBs without displaying any activity. This
was confirmed through SDS-PAGE analysis of both solu-
ble and insoluble fractions, and monitoring the growth of
the cells, respectively. Several factors, such as expression
level, solubility, folding, and stability, can contribute to a
protein adopting this form. Nevertheless, toxicity often plays
a crucial role in IB formation, as some toxic proteins are
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Table 4 Hydrogen bond characteristics of GP127 (I) and GP127_EAD (II) interacting with ligand after MDS

Receptor Residue atom Residue name Residue Action  Ligand atom Ligand name Ligand number Distance (A°) Bond
number energy
(KJ/mol)
GP127 o VAL 100 acceptor N2 NAG 4 1.87 22.88
OEl GLU 101 acceptor 06 AMU 3 1.60 21.88
(0] SER 102 acceptor 04 NAG 4 1.69 23.45
(6] GLN 184 acceptor Ol AMU 1 1.62 25.00
ND2 ASN 189 donor o7 AMU 1 1.94 19.93
ND2 ASN 243 donor 04 NAG 2 1.75 25.00
ND2 ASN 250 donor 03 NAG 2 1.84 25.00
GP127-EAD O VAL 100 acceptor Ol AMU 1 1.74 25.00
OE2 GLU 101 acceptor 06 AMU 3 1.54 23.85
(0] SER 102 acceptor 06 AMU 1 2.23 10.73
NH1 ARG 103 donor 06 AMU 3 1.77 24.43
o GLN 184 acceptor N2 NAG 4 2.19 14.58
N MET 186 donor 03 NAG 4 2.13 23.48
OD1 ASN 189 acceptor O3 NAG 4 1.74 18.75
OD1 ASN 189 acceptor 04 NAG 4 1.68 23.45
ND2 ASN 250 donor 012 AMU 1 1.86 25.00
Bonds better than 6.25 kJ/mol are reported according to the YASARA analysis
Fig.9 Analysis of protein toxic- A
ity in expression hosts. A. E. 30
coli BL21(DE3) pLysS. B. E. T _o L. coli BI2I(DE3) pLysS
coli BL21-Gold(DE3). Cultures E 254 pET28a
. . s
were induced with 0.25 mM 8 . E. coli BI21(DE3) pLysS
IPTG at an OD600nm of 0.6 o 2.0 pET28a_GP127
éw 1.5 . E. coli BI21(DE3) pLysS
2 pET28a_GP127_EAD
=S 1.0
=
2 0.5+
=
© 0.0 T T T 1
0 100 200 300 400
B Time (minute)
. 3.04 .
£ o E. coli BL21-Gold(DE3)
g 2.5 pET28a
g . E. coli BL21-Gold(DE3)
o 207 pET28a_GP127
2z 154 . E coli BL21-Gold(DE3)
2 pET28a_GP127_EAD
= 1.0
g
2 054
=
© 0.0 T T T 1
0 100 200 300 400
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Fig. 10 Effect of additives on
the prevent aggregate forma- N13
tion of GP127-EAD. [N1. No N12
additive, N2. 1.4 M Acetone, N11
N3.1.4 M DMSO, N4. 1.4

M Ethanol, N5. 1.4 M Urea,
N6. 10 mM Triton-X100, N7.
0.05% (w/v) PEG, N8. ImM
B-mercaptoethanol, N9. 10%
Sucrose + ImM EDTA, N10.
10% Glycerol, N11. 10% Sorbi-

Refolding buffer
g

tol, N12. 10% Trehalose, N13. N4
50 mM Glycine]

o
o
o
G

better expressed in this state due to their biological inertness
[72]. Furthermore, various methods failed to solubilize IBs
during the expression process. These findings suggest that
GP127_EAD might possess high toxicity towards E. coli
cells, potentially leading to the inhibition or misfolding of
its expression under different conditions as a means to pro-
tect the cells' viability. The muralytic activity of the purified
refolded protein was confirmed by qualitative zymography
and quantitative standardized methods. However, it is impor-
tant to note that the yield of inclusion body refolding directly
affected the amount of activity and risk of aggregation [57].
Moreover, the differences in expression conditions for the
full enzyme versus its truncated variant cast doubt on the
validity of any comparative analysis regarding their activity
and stability.

Muramidases have a diverse amino acid sequence and
typically use a general-acid catalytic residue, Glu, as well as
a general-base catalyst residue, Asp, or Cys, while addition-
ally, Thr or Ser are sometimes involved in the third lateral.
Goose egg-white lysozyme is unusual because it uses only
Glu [14]. A few muramidases targeting gram-negative bacte-
ria have been characterized, including Gp110 [10], AP3gp15
(PDB ID:5 NM7) [62], LysT84 (PDB ID:7RUM) [66], and
Pae87 (PDB ID:7q4t) [67]. LysT84 and Pae87 have recently
been released after our in silico studies. Rodriguez-Rubio
et al. (2016) [10] have showed that based on sequence con-
servation, Glul01 of Gp110 is a catalytic residue. Maciejew-
ska et al. (2017) [62] reported that a Glul01Ala mutation
in AP3gp15 causes catalytic deactivation. The second puta-
tive catalytic residue, Asp154, is located 19.5 A away from
Glul01, which is too far for an inversion mechanism to occur
since it requires a distance of 9 A. This suggests that the
PF11860 domain family, without any catalytic aspartate resi-
dues, has low homology to known lysozymes and, similar to
lytic transglycosylases, has only one catalytic residue, Glu.

=
o

o
s

0.15 0.2 0.25 03 0.35 0.4 0.45 0.5
Absorbance at 320 nm

H0.1 MGuHCI ®0.5M GuHCI

Recently, Love et al. (2022) [66] proposed a new mechanism
for this subfamily that involves two key Glu residues, Glu
101 and Glu 118, located on the opposite side of the active
site cavity, and Ser as a third lateral residue. A combination
of structural analysis, mutagenesis, and molecular dynamics
simulations confirmed the necessity of three critical residues
for catalysis. In inverting p-glycosidases, the average dis-
tance of 2 oxygen atoms of the inter-carboxylic is recorded
to be 8.5+2.0 A°, whereas in those that use the retaining
mechanism, it is shorter at 6.4+0.6 A or 4.8 +0.3 A [73].
Although the distance between Glul0O1 and Glull8 in
LysT84 and AP3gp15is 15.1 and 13.6 A in the crystal struc-
tures, Love et al. indicated the closer position in LysT84 dur-
ing MDS is around 9-10 A°. However, the average distance
was 15.1 A° and the shorter reported distance was related to
the first 40 ns when the system had not yet reached equilib-
rium. Their hypothesis was that upon substrate binding, a
significant conformational shift is required to increase flex-
ibility and position them closer to PG cleavage. Our results
indicate that the distance between the carbon delta of Glu
101 and Glu 118 of both GP127 and GP127-EAD interacting
with the ligand was still too large to carry out the proposed
mechanism (Table S4). This can be further confirmed based
on structural alignment analysis of GP127-EAD, Pae87 [67],
and AbLys1 [68] revealing the spatial arrangement of sub-
strate binding region and potential similarities of GP127-
EAD to other related enzymes within the glycoside hydro-
lase family. Glu 101 of GP127-EAD, formerly reported as
a critical residue [62], was positioned similarly to Glu29
of Pae87 and Glu52 of AbLys1, while Ser179 of GP127-
EAD, the third recently proposed critical residue [66], was
located similarly to Thr67 of AbLys1 indicating the impor-
tant roles of Glu101 and Ser179 in the catalytic process. The
smaller distance between Glu29 and Glu46 in Pae87, and
Glu52 and Asp61 in AbLys1 compared to their counterparts
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in GP127-EAD (Glu 101 and Glu 118) can suggest differ-
ences in substrate specificity and catalytic efficiency among
these enzymes. However, it may also confirm that Glul118
is too far away to catalyze the substrate through the pro-
posed mechanism. On the other hand, although the proposed
mechanism suggested that CWBD properly organizes the
active site and the distance between the critical residues for
PG cleavage, our in silico and in vitro data have shown that
EAD with the positive charge has high toxicity and can be
active individually. Further investigations are required to
confirm the essential features of the catalytic processes of
these muramidase families for the development of effective
enzymes.

The difference in murein composition between gram-
positive and gram-negative bacteria influences their
susceptibility to phage-derived lytic enzymes. Most
endolysins derived from phages specific to gram-negative
bacteria are unable to lyse intact gram-negative cells with-
out the use of outer membrane permeabilizers, or binding
to specific cationic peptides [6, 62, 74, 75]. Furthermore,
these enzymes exhibit a broad spectrum of activity against
gram-negative strains but lack peptidoglycan-degrading
activity against gram-positive bacteria [62, 74, 76-79].
As previously reported, enzymes with this muramidase
domain demonstrate potent lytic activity against gram-
negative Burkholderia, Escherichia coli, Pseudomonas,
Salmonella, and Klebsiella strains [10, 62, 66] but fail to
break down the cell wall of gram-positive Staphylococcus
strain [62]. The thick peptidoglycan layer of gram-positive
bacteria exhibits significant variations in peptide compo-
sition, crosslinks, and glycan chain modifications, while
gram-negative bacteria have more conserved peptidogly-
can with 1-3 layers of the Aly chemotype. However, in
our initial antibacterial test, we used E. coli O157:H7 as
a representative gram-negative bacterium and S. aureus
(ATCC 10917) as a representative gram-positive bacte-
rium with and without EDTA to determine the appropriate
substrate (Figure S10). As anticipated, the antibacterial
activity of Gp127 alone was negligible against both strains
(a log reduction of 0.11+0.05 and 0.076 +0.03 for E. coli
and S. cereus, respectively). However, the addition of 0.5
mM EDTA resulted in a reduction of 2.54 +0.14 log units
in viable E. coli cells, indicating nearly complete elimina-
tion. In the case of S. cereus, a log reduction of 0.2 +0.11
was observed. Considering the high toxicity of the EAD as
well as the necessity of CWBD at an optimal distance to
maintain stability, we suggested that the synthetic recom-
bination of endolysin domains from different sources,
along with the addition or swapping of CWBD [3], can be
a suitable approach resulting in potent chimeric enzymes
with enhanced stability and efficacy against both gram-
negative and gram-positive strains. For this engineer-
ing approach, the selected CWBDs should exhibit high

@ Springer

solubility, as indicated in Fig. 2 C, and be connected to the
EAD via a flexible linker. This design ensures an optimal
distance between the domains to minimize aggregation and
promote effective interaction between EAD and CWBD.
In summary, our study contributes to the essential struc-
tural and biochemical understanding of modular gram-
negative phage endolysins, which are promising candidates
for antimicrobial therapy and enzybiotic development. We
explored the individual functionality of EAD from PhaxI
endolysin and assessed the predictability of enzyme char-
acteristics using in silico methods within the muramidase
family. The role of CWBD in endolysins is complex and
variable, necessitating careful analysis and validation. Our
findings challenge the current view that CWBD is essential
for active site organization and efficient peptidoglycan cleav-
age, as we demonstrated that its removal does not signifi-
cantly impact the structure or dynamics and EAD maintains
its individual activity. We also found a possible discrepancy
between the proposed catalytic mechanism and the actual
spatial arrangement of the key residues, suggesting the need
for further research to clarify the catalytic mechanisms and
role of the other critical residues through mutagenesis exper-
iments. Additionally, we recognized that CWBD might act
as a solubility-enhancing tag for the protein, and its removal
could expose the hydrophobic regions, leading to the pro-
tein aggregation. To overcome recombinant expression
challenges in E. coli, which can also lead to misfolded or
unfolded intermediates prone to aggregation, we primarily
recommend assessing the activity and stability of chemically
synthesized EAD. Furthermore, repositioning the cleavage
site may improve solubility, although careful consideration
must be given to the potential effects of the surrounding
sequence and structure on folding, function, and stability. A
comprehensive exploration of these variations, particularly
the influence of specific amino acids on the overall protein
structure, is crucial for gaining a thorough understanding of
the muramidase domain. Moreover, we propose the use of
EAD as a potential building block to create chimeric enzy-
biotics by integrating diverse binding domains with the
incorporation of a flexible linker to ensure adequate spac-
ing between the EAD and the different CWBD, which prob-
ably acts as a protective cap, preventing EAD aggregation.
This approach has the potential to significantly enhance the
efficacy and longevity of therapeutic agents. Our research
not only enriches the existing knowledge base but also lays
the foundation for more accurate predictions and strategic
designs of potent enzybiotic-based treatments in the future.
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