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Abstract: The presented in silico and phylogenetic analysis of putative endolysins poten-
tially produced by phages infecting uropathogenic Escherichia coli (UPEC) demonstrates
their remarkable diversity. These proteins exhibit significant variations in sequence length,
molecular weight, isoelectric point, and stability, as well as diverse functional domains
determining their enzymatic activity, including lysin, lysozyme, hydrolase, amidase, and
peptidase functions. Due to their predicted lytic properties, endolysins hold great promise
in combating UPEC bacteria, including those within biofilms, which are often highly resis-
tant to conventional treatments. Despite their potential, several challenges hinder the full
utilization of endolysins. These include the relatively small number of identified proteins,
challenges in the annotation process, and the scarcity of studies evaluating their efficacy
in vitro and in vivo against Gram-negative bacteria. In this work, we emphasize these
challenges while also underlining the potential of endolysins as an effective tool against
UPEC infections. Their effectiveness could be significantly enhanced when combined
with agents that disrupt the outer membrane of these bacteria, making them a promising
alternative or complement to existing antimicrobial strategies. Further research is necessary
to fully explore their therapeutic potential.

Keywords: bacteriophages; phage endolysins; uropathogenic Escherichia coli (UPEC);
urinary tract infections (UTIs); phage therapy

1. Introduction

Phage endolysins are the best-studied peptidoglycan-degrading enzymes [1,2]. These
molecules are produced by bacteriophages during viral multiplication within the host. They
belong to the lytic system that is responsible for the digestion of the bacterial cell wall from
inside of the bacterium, thereby inducing fast osmotic lysis of host cells and the release
of phage progeny into the environment [3-5]. When developed as a drug, endolysins
must be stable, soluble, and able to degrade peptidoglycan from outside [5]. Taking into
account the enzymatic activity and mechanism of the disruption of peptidoglycan, phage-
derived endolysins can be subdivided into five different groups: (I) glucosaminidases
(N-acetyl-B-D-glucosamidases), (II) lysozymes or muramidases (N-acetylmuramidases),
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(II) lytic transglycosylases, (IV) endopeptidases (L-alanoyl-D-glutamate endopeptidases),
and (V) amidases (N-acetylmuramoyl-L-alanine amidases) [6]. The action of endolysins
is frequently supported by other accessory proteins such as holins and pinholins. These
proteins form pores in the cytoplasmic membranes and enable endolysins to enter and
degrade the peptidoglycan layer [7,8].

Proteins functioning as endolysins during the phage life cycle have a globular or
modular structure [9,10]. Moreover, their architecture differs between enzymes specific
for Gram-positive and Gram-negative bacteria which is related to the different structures
of the cell walls of these microorganisms [11]. The bacteriophage-derived endolysins of
Gram-positive hosts have a molecular mass between 25 and 40 kDa and are composed
of an N-terminal enzymatic activity domain (EAD) and a C-terminal cell wall-binding
domain (CBD). However, some of these enzymes may also have more than one EAD and
CBD domains in different orders. The EAD and CBD domains are connected by a short,
flexible linker region [9,10,12,13]. The N-terminal EAD contributes to the simple enzymatic
cleavage of different bonds in peptidoglycan structure, while C-terminal CBD can recognize
and bind to specific ligand molecules on the cell wall [11,14,15]. Importantly, the modular
structure of these Gram-positive phage-derived products allows protein engineering to
improve the production process, enhance the activity against bacteria, widen the lytic
spectrum of action of enzymes, and modify physicochemical properties of endolysins, such
as stability and solubility [16-18]. In contrast, Gram-negative endolysins are mostly small,
single-domain globular proteins with molecular mass between 15 and 20 kDa. Most of
them contain only a single EAD domain, without a CBD [8,14]. Similarly to endolysins
active against Gram-positive bacteria, some Gram-negative endolysins were found to have
a modular structure. Examples include endolysins encoded by Pseudomonas, Salmonella,
and Burkholderia bacteriophages [8,14]. Unfortunately, the presence of the outer membrane
at the cell wall of Gram-negative pathogens makes the exogenous application of endolysins
less attractive and effective compared to their counterparts produced by phages infecting
Gram-positive bacteria. However, due to the huge problem of antibiotic resistance among
Gram-negative bacteria, recently, the increasing attention of researchers has been devoted
to developing new strategies for overcoming the obstacle of the outer membrane by Gram-
negative targeted endolysins [14,19-21].

Antimicrobial resistance is a huge problem among UPEC that are responsible for
urinary tract infections (UTIs). It is estimated that UPEC bacteria are responsible for
approximately 50-65% of complicated cases and 75-85% of uncomplicated infections [22].
Although antibiotics are effective in treating uncomplicated UTlIs, such a therapy becomes
problematic for complicated infections, especially those caused by resistant bacterial strains.
UPEC bacteria are hazardous due to their adhesive abilities, which enable the colonization
of the urinary tract, as well as the formation of biofilm.

Biofilm formation is a crucial stage in the pathogenesis of UTIs, allowing UPEC
bacteria to expand within the urinary tract effectively. Biofilm development is facilitated
by the production of specific adhesins by UPEC, such as type 1 and P fimbriae, which
recognize receptors on the surface of the host’s epithelial cells. This enables the bacteria to
adhere to the epithelial cell layer, such as that of the bladder, and initiate the production
of an extracellular matrix (EPS), which effectively protects the bacteria from the action
of antibiotics and the host’s immune cells. Moreover, the biofilm contains persister cells,
whose presence enables the immediate restoration/regrowth of the bacterial population
after antibiotic treatment [23,24]. For this reason, biofilm removal is extremely challenging,
and infection relapses are frequent. Biofilm can also be formed on abiotic surfaces, such
as urinary catheters, making the treatment of UTIs in catheterized patients especially
challenging. In the hospital environment, biofilm serves as a source of chronic infections,
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and the spread of resistant strains, due to the intensive transfer of genes between cells,
which promotes the selection and dissemination of antibiotic resistance [25].

Bacteriophages and the endolysins they produce may help address the problem of
biofilm removal due to their ability to go through the EPS structure and increase the
exposure of bacterial cells to the action of the phages and their enzymes, as well as to
applied antibiotics [11,26]. Phage therapy targeting biofilms, incorporating both phages
and phage-derived enzymes, should address several challenges. The most significant are
the following: insufficient number of characterized bacteriophages and phage proteins, the
development of bacterial resistance to phages, and safety concerns. Importantly, there are
no studies clearly indicating that phage lytic enzymes, including endolysins, induce the
development of resistance similar to the one observed in the case of antibiotics or even
phages. Therefore, great hopes are placed in them, among others, for combating UPEC.
For this reason, in this review, we decided to summarize our knowledge about putative
endolysins identified in the genomes of bacteriophages infecting UPEC bacteria to show
their great application potential and indicate the main research problems. Importantly, we
focus on both endolysins produced by phages specific only to UPEC, but also those derived
from phages that, apart from UPEC, infect other types of E. coli bacteria. To our surprise,
we could not find reports concerning in vitro and in vivo applications of these endolysins;
thus, we focused mainly on the in silico characteristics of their sequences found in the
GenBank database. We gathered 39 proteins annotated by authors as endolysins or proteins
having endolysin domains and performed their detailed in silico analysis and phylogenetic
searches. In addition, we summarized the literature reports on the use of endolysins
derived from phages other than anti-UPEC to combat uropathogens, concentrating on the
endolysin action against bacterial biofilms.

2. In Silico Analysis of Anti-UPEC Phage Proteins Annotated
as Endolysins

This analysis considered 75 lytic anti-UPEC bacteriophages with DNA sequences
found in the GenBank database on 15.12.2024. Table 1 summarizes the most important
information and properties of the putative endolysins (39 in total) annotated by different
authors in the genomes of tested bacteriophages [27—41]. In cases where the phage genomic
sequence was available, but no annotations were made, we performed the annotation
ourselves using the Pharokka version 1.6.1 [42]. All putative endolysins annotated by us
were labeled as “self”, with the appropriate number indicating the open reading frame
number assigned during the annotation process. For all proteins, annotated both by us and
other scientists, we gathered data, such as the name of the protein, position of the gene in
the virus genome, gene length, protein accession number, protein length, molecular weight,
isoelectric point (pl), melting point (Tm), instability index, aliphatic index, grand average
of hydropathy score (Gravy), name of the predicted domain, and its position in the protein
sequence (Table 1).
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Table 1. Characteristics of endolysins annotated in genomes of anti-UPEC bacteriophages.

Position of the Protein Molecular Position of the

Phage name Protein Pl Gene Length : Protein H Instability Isoelectric Aliphatic Melting : - e s
Gene in Virus Accession Weight N Gravy h Name of the Predicted Domain Domain in Protein
[References] Name Genome (nt) Number Length (aa) (kDa) Index Point (pI) Index Point (Tm) Sequence
lyz_endolysin_autolysin
(cd00737)
Phage lysozyme 7-148
vB_EcoM_LNA1 . N (PF00959) 13-143
7 endolysin 77244-77708 464 self ZKRH133 154 17.21 33.482 9.36 0381 81.104 47.0°C Lysoryme-like s
(SSF53955) 1-150
Endolysin
(MF_04110)
lyz_endolysin_autolysin
o (cd?0737) 9146
5908 endolysin 39903-40391 488 QVR48622.1 162 17.11 20,515 9.86 —0.125 87.531 51.0°C age ysozyme 15-138
[28] (PF00959) 3149
Lysozyme-like
(SSF53955)
lyz_endolysin_autolysin
(cd00737)
9-146
vB_EcoS UTECI0 endolysin 1847-2332 485 WWY66481.1 161 17.03 20046 9.81 —012 88.696 50.0°C th"(’f’ngyOZ“;g))’me 15-138
Lysozyme-like 5149
(SSF53955)
lyz_endolysin_autolysin
(cd00737)
. 9-146
VB_EcoS-phiEc3 endolysin 4153342021 188 YP_010749568.1 162 17.05 19.526 9.81 ~0.101 85.148 51.0°C Phage lysozyme 15-138
1301 (PF00959) 3149
Lysozyme-like
(SSF53955)
lyz_endolysin_autolysin
(cd00737)
9-146
N[T?E? endolysin 11540-12028 488 YP_010749155.1 162 17.14 21851 9.86 —0.137 87.531 50.0°C P ha(%eFéy(Ji)%f)y)me 15-138
Lysozyme-like 3149
(SSF53955)
lyz_endolysin_autolysin
(cd00737)
’ _ohi 9-146
vB_EcoS-phiFc4 endolysin 41414-41899 485 QYU43915.1 161 17.11 22,631 9.92 ~0.139 88.075 50.0°C Phage lysozyme 15-138
[30] (PF00959) 3149
Lysozyme-like
(SSF53955)
lyz_endolysin_autolysin
(cd00737) 3137
VB_EcoS-Golestan [32] endolysin 41444-41902 458 YP_009620148.1 152 16.09 17.289 9.86 —0.069 88.816 490°C Ph"}ﬁé@%@})’me 6-129
Lysozyme-like 4
(SSF53955)
lyz_endolysin_autolysin
(cd00737)
8-145
VB_EcoM_SHAK7858 o dolysin 40989-41474 485 WVYW77834.1 161 17.11 19.781 9.62 —0.141 84.472 50.0°C Phage lysozyme 14-137
3] (PF00959) £148

Lysozyme-like
(SSF53955)
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Table 1. Cont.

. Position of the Protein : Molecular -, . . . . Position of the
Phage name Protein Pl Gene Length : Protein H Instability Isoelectric Aliphatic Melting : . e s
[References] Name Gegi:lxézlgus (nt) I}G;e;sgeo:l Length (aa) V(\;(ell:)g:;t Index Point (pI) Gravy Index Point (Tm) Name of the Predicted Domain * Domsa ég&;{;‘:tem
endolysin_R21-like
(cd16900)
SAR-endolysin
(MF_04136) 2
. ° Phage lysozyme —
vB_EcoS_ACG-M12 [34] endolysin 41386-41871 485 YP_006987885.1 161 17.63 33.838 9.83 —0.108 99.938 49.0°C (PF00959) 25-151
Lysozyme-like ijgg
(SSF53955)
Endolysin
(MF_04110)
T4-like_lys
(cd00735)
Phage lysozyme
(PF00959) e
Killian endolysin 77692-78186 494 WEU67899.1 164 1859 37.155 9.59 ~037 88.049 53.0 °C Lysozyme-ike 1-161
[35] y SSF53955
. (Endolysin) 1-159
1-164
(MF_04110)
Endolysin
(G3DSA:1.10.530.40:FF:000002)
Phage lysozyme
VB_EcoM _SHAK7693  endolysin 4265142953 302 WYW77754.1 100 10.36 21.694 10.21 0.061 9.9 490°C Lyg‘;sgfr?g_%}ke 27
(SSF53955)
Phage lysozyme
VB_EcoM_SHAK7693 .\ 4olysin 42419-42658 239 WVYW77753.1 79 8.73 25.656 791 —0.537 70.38 490°C Lygsgfgi’ﬁk . 2067
(SSF53955)
PGRP
(cd06583)
N-acetylmuramoyl-L-alanine
amidase-like Eji;
vB_EcoP-101136BS1 [36] endolysin 19728-20186 458 QZ179903.1 152 17.06 44.325 8.83 —0.391 78.158 51.0°C (SSF55846) 11-134
N-acetylmuramoyl-L-alanine amidase 2:1 50
(PF01510)
Endolysin
(MF_04111)
PGRP
(cd06583)
N-acetylmuramoyl-L-alanine
B_EcoP-101120B2 amidase ke 1187
VBB endolysin 20895-21353 458 QZI79844.1 152 17.1 44.325 8.47 —046 76.25 51.0°C (SSF55846) 11134
- N-acetylmuramoyl-L-alanine amidase 2:1 50
(PF01510)
Endolysin
(MF_04111)
PGRP
(cd06583)
N-acetylmuramoyl-L-alanine
B_EcoP-101120B1-2 amidase ke 1187
Ve : endolysin 20840-21298 458 QzI79784.1 152 171 44.325 8.47 —046 76.25 51.0°C (SSF55846) 11134
- N-acetylmuramoyl-L-alanine amidase 2:1 50
(PF01510)
Endolysin

(MF_04111)
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Table 1. Cont.

Position of the

Protein

Molecular

Position of the

Phage name Protein Pl Gene Length : Protein H Instability Isoelectric Aliphatic Melting : - e s
Gene in Virus Accession Weight N Gravy h Name of the Predicted Domain Domain in Protein
[References] Name Genome (nt) Number Length (aa) (kDa) Index Point (pI) Index Point (Tm) Sequence
PGRP
(cd06583)
N-acetylmuramoyl-L-alanine
B_EcoP-101118UKE1 amidase-like 118
vib_bco: -[3(] endolysin 20127-20585 458 QZ179721.1 152 17.04 44.76 7.79 —0.38 78.158 51.0°C (SSF55846) 11_134
20 N-acetylmuramoyl-L-alanine amidase 2:150
(PF01510)
Endolysin
(MF_04111)
PGRP
(cd06583)
N-acetylmuramoyl-L-alanine
B_EcoP-22664UKE3-2 amidase-like Ty
vb_Eco _[3(] - endolysin 21058-21516 458 QZI78611.1 152 17.12 45.137 8.47 —0.458 76.908 51.0°C (SSF55846) 11_134
20 N-acetylmuramoyl-L-alanine amidase 2:150
(PF01510)
Endolysin
(MF_04111)
PGRP
(cd06583)
N-acetylmuramoyl-L-alanine 5-98
vB_EcoP-22664BS1 [36] endolysin 19873-20226 353 QZ178465.1 117 13.16 50.611 7.83 —0.531 77.436 49.0°C amidase-like 2-112
(SSF55846) 7-99
N-acetylmuramoyl-L-alanine amidase
(PF01510)
Peptidase M15
- / i . _ (PF08291) 4-106
vB_EcoP_ACG-C91 [34] endolysin 39340-39684 344 YP_006987811.1 114 12.75 25.157 9.51 0.333 72.632 52.0°C Hedgehog/DD-peptidase 5107
(SSF55166)
Peptidase M15
vB_EcoM_SHAK?7163 . . (PE08291) 5-106
33 endolysin 39749-40093 344 WVW?77668.1 114 12.59 29.711 9.32 0.348 71.754 50.0 °C Hedgehog,/DD-peptidase 5-107
(SSF55166)
B-EcoP-KMB14 Pel(olgis()‘:zsze‘ali/)ns 4-106
vB-EcoP- - o _
137] endolysin 38777-39121 344 WPK27911.1 114 12.65 40.639 9.35 —0.392 67.544 49.0°C Hedgehog/DD-peptidase 5-108
(SSF55166)
Peptidase M15
vB_EcoM_SHAK7704 . -~ B o (PF08291) 5-106
[33] endolysin 3327-3671 344 self_RMKP5 114 12.65 25.787 9.32 0.401 70.088 51.0°C Hedgehog/DD-peptidase 5-107
(SSF55166)
L-Ala-D-Glu_peptidase_like
Hedgeheg /DD peptid o-130
MLD endolysin 32790-33185 395 YP_010844467.1 131 14.96 47821 8.79 —0.303 84122 57.0°C edgehog/DD-peptidase 4129
[38] (SSF55166) 58-110
D-alanyl-D-alanine carboxypeptidase
(PF13539)
L-Ala-D-Glu_peptidase_like
vB-EcoM-KMB43 Hedgeh(()‘éd/ll%]%i)eptidase 11-120
endolysin 55240-55629 389 WQN06429.1 129 14.72 12.666 9.3 —0.412 79.922 53.0°C 2-120
1371 (SSF55166) 252120

D-alanyl-D-alanine carboxypeptidase
(PF13539)




Viruses 2025, 17, 560

7 of 30

Table 1. Cont.

. Position of the Protein . Molecular o1s . . . . Position of the
Phage name Protein Pl Gene Length : Protein H Instability Isoelectric Aliphatic Melting : . e s
[References] Name Gegi:lxézlgus (nt) I}G;e;sgeo:l Length (aa) V(\;(ell:)g:;t Index Point (pI) Gravy Index Point (Tm) Name of the Predicted Domain * Domsa ég&;{;‘:tem
Transglycosylase SLT domain
internal (PF01464)
virion Peptidoglycan transglycosylase gp16. 15-127
vB_EcoP_EG1 protein g _ o (MF_04121) 2-1314
[39] with 30249-34223 3974 YP_009795842.1 1324 145.33 36.856 6.58 0.397 78.52 41.0°C Lysozyme-like 5.146
endolysin (SSF53955) 28-144
domain LT-like
(cd00254)
7 st 318
vB_EcoM_ - = " _ ° —
271 endolysin 21617-22171 554 self_PFXJ59 184 20.08 23.118 9.3 0.335 88.098 53.0°C Chitinase class I 41-146
(PF00182)
"B—EC%—LNA‘* endolysin 117557-118129 572 self_PFXJ204 190 21.65 30.802 9.67 —0374 81.105 41.0°C Cell ‘:\I'f‘l%%‘g"l“e 70-181
anaerobic ribonucleoside-triphosphate
reductase
(TIGR02487)
(Ré\lRﬁHI) 21-604
Killian . cd01675 21-584
1351 endolysin 54687-56504 1817 WEU67851.1 605 67.92 35.65 6.61 —0.302 82.033 44.0°C PFL-like glycyl radical enzymes 26-585
(SSF51998) 21-604
Anaerobic ribonucleoside-triphosphate
reductase
(PF13597)
T4 RNase H, C terminal
(PF09293)
PIN_53EXO-like
(cd00008)
PIN domain-like 183-305
(SSF88723) 17-180
B_Ec_ZCEC14 . H3TH_T4-like 13-179
VB 710 endolysin 13508-14425 917 UVD33329.1 305 35.56 28.885 8.61 —0.448 85.967 420°C (cd09899) 184259
5/-3' exonuclease, N-terminal 51-174
resolvase-like domain 183-305
(PF02739)
5 to 3/ exonuclease, C-terminal
subdomain
(SSF47807)
T4 RNase H, C terminal
(PF09293)
PIN_53EXO-like
(cd00008)
PIN domain-like 183-305
(SSF88723) 17-180
Killian . 5 H3TH_T4-like 13-179
35] endolysin 163120-164037 917 WEU68017.1 305 35.56 28.885 8.61 —0.448 85.967 42.0°C (cd09899) 184-259
5/-3/ exonuclease, N-terminal 51-174
resolvase-like domain 183-305
(PF02739)
5" to 3/ exonuclease, C-terminal
subdomain
(SSF47807)
vB_Ec_ZCEC14 " - _ ° Bacteriophage T4, inh B
0] endolysin 51539-52219 680 UVD33388.1 226 25.57 45.489 4.43 0.378 91.947 48.0°C (IPRO16594) 1-226




Viruses 2025, 17, 560

8 of 30

Table 1. Cont.

Position of the
Gene in Virus
Genome

Phage name Protein
[References] Name

Gene Length
(nt)

Protein
Accession
Number

Protein
Length (aa)

Molecular
Weight
(kDa)

Instability
Index

Isoelectric
Point (pI)

Gravy

Aliphatic
Index

Melting
Point (Tm)

Name of the Predicted Domain *

Position of the
Domain in Protein
Sequence

Killian

135] endolysin 4691947182

263

WEU67833.1

87

10.24

48.485

421

-0.197

74.943

40.0°C

internal
virion protein
with 31648-34968
endolysin
domain

vB_EcoM_SHAK?7163
]

3320

WVW?77660.1

1106

121.66

35.115

5.61

—0.423

79.322

420°C

internal
virion protein
with 3969042998
endolysin
domain

vB_EcoM_SHAK7704
[33]

3308

self_RMKP62

1102

121.26

35.421

5.69

—0.429

78.63

420°C

internal
virion protein
with 32030-35917
endolysin
domain

vB_EcoM_SHAK7854
33

3887

self_DNYN53

1295

140.9

37.494

5.67

—0.396

79.012

41.0°C

internal
virion protein
with 32160-36047
endolysin
domain

vB_EcoM_SHAK9454
[33]

3887

self_ZENB53

1295

140.83

37.467

5.87

—0.39

78.942

41.0°C

internal
virion protein
with 5943-9830
endolysin
domain

vB_EcoP_LNA3
[27]

3887

self_GXIJ6

1295

140.96

36.837

5.68

—0.399

79.459

41.0°C

internal
virion protein
with 23530-27417
endolysin
domain

vB_EcoP_LNAS5
[27]

3887

self TCEH45

1295

140.81

37.737

5.93

—0.398

77.892

41.0°C

vB_Ec_ZCEC14

[40] endolysin 127670-127933

263

UVD33512.1

87

10.29

48.816

4.3

-0.277

74.943

40.0°C

* Endolysins are arranged based on the type of domain they possess.
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The data in Table 1 were obtained by us using several in silico tools. The Prot-Param
module from the Biopython library was used to predict molecular weight, isoelectric point
(pl), instability index, and Gravy score [43]. The DeepSTABp software was used to predict
protein melting points [44]. The aliphatic index was calculated using a previously described
formula [45]. A domain search was performed using InterProScan version 5.72-103 [46].
This tool integrated predictive information about proteins’ function from several partner
resources (such as CDD, Coil, FunFam, Gene3D, Hamap, MobiDBLite, NCBIfam, Panther,
Pfam, Phobius, PIRSF, PRINTS, ProSitePatterns, ProSiteProfiles, SMART, and SUPERFAM-
ILY), giving an overview of the domains that a protein contains and families that it belongs
to. All data generated by this program are collected in Supplementary Table S1. Notably,
this analysis showed that some of the analyzed proteins do not have domains typical for
phage endolysins, and they are described in more detail below.

In silico analyses indicated that genomes of 30 anti-UPEC bacteriophages contain genes
encoding potential endolysins or proteins with endolysin domain [27-41]. In total, 39 pu-
tative enzymes were listed in Table 1. Interestingly, seven bacteriophages—EG1, LNA3,
LNAS5, SHAK9454, SHAK7163, SHAK7854, and SHAK7704 [27,33,39]—were identified
to produce the internal virion proteins with endolysin domains (Table 1). In this group
of 30 bacterial viruses, we can distinguish eleven bacteriophages that produce enzymes
with lysozyme domains: 590B, Killian, NTEC3, LNA1, SHAK7693, SHAK7858, ACG-M12,
UTEC10, Golestan, phiEc3, phiEc4 [27-35]; six phages with enzymes of amidase activity:
101118UKE1, 101120B1-2, 10112082, 101136BS1, 22664B51, 22664UKE3-2 [36]; six phages hav-
ing endolysins with peptidase domain: ACG-C91, SHAK7704, SHAK7163, KMB14, KMB43
MLP1 [33,34,37,38]; EG1 phage [39] with enzyme having transglycosylase domain; and
LNAA4 phage [27] producing enzymes with hydrolase activity, as indicated in Table 1. The
exceptions are seven internal virion proteins (YP_009795842.1, self TCEH45, self_ZENB53,
self_GXIJ6, self_DNYND53; self RMKP62, and WVW77660.1) identified in phages SHAK7163,
SHAK7704, SHAK7854, SHAK8454, LNA3, LNAS5 [27,33], and five endolysins (WEU68017.1,
WEU67833.1, UVD33329.1, UVD33388.1, and UVD33512.1) originated from phages Kil-
lian [35] and ZCEC14 [40], in which the in silico tools were unable to identify the domains
typically characteristic of endolysins (Table 1, Supplementary Table S1).

As we mentioned above, the first considered group of endolysins are enzymes with
domains of lysozymes (Table 1), and they are annotated in genomes of the 11 anti-UPEC
phages: 590B, Kilian, NTEC3, LNA1, SHAK7693, SHAK7858, ACG-M12, UTEC10, Golestan,
phiEc3, and phiEc4 [27-35]. Phages probably produce these potential N-acetylmuramidases
to kill Gram-negative bacteria through targeted hydrolysis. As a result of such action, the
integrity of peptidoglycan is interrupted and an imbalance of turgor pressure occurs,
causing the lysis of bacterial cells [47-49]. The endolysins (YP_010749568.1, QYU43915.1,
YP_009620148.1, YP_010749155.1, QVR48622.1, WWY66481.1, WVW?77834.1, and self_
ZKRH133) of the phages phiEc3 [30], phiE4 [30], Golestan [32], NTEC3 [31], 590B [28],
UTEC10 [29], SHAK7858 [33], and LNA1 [27] demonstrate the presence of endolysin and
autolysin domains (cd00737, Table 1), and based on their domains, they are classified as
lysozyme-like proteins or phage lysozymes (SSF53955, PF00959, respectively). These in
silico-identified proteins have a predicted molecular mass of 8.73 to 18.59 kDa and an
isoelectric point from 7.91 to 10.21 (Table 1). Interestingly, the endolysins (self  ZKRH133,
YP_006987885.1, YP_009620148.1, WVW77753.1, and WVW77754.1) encoded in genomes of
the LNA1 [27], ACG-M12 [34], Golestan [32], and SHAK7693 [33] bacteriophages probably
melt below 50 °C (Table 1). The remaining enzymes may denature at 50 °C and above
(Table 1). The grand average of hydropathy (Gravy) of all proteins is below 0, indicating
that they are soluble in water. The aliphatic index spans between 70.380 and 99.938, which
indicates that these proteins are thermally stable and contain high amounts of hydrophobic
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amino acids. Moreover, the instability index of all of them is below 40, confirming these
proteins’ stability (Table 1).

An interesting case among endolysins with a lysozyme domain is the endolysin
(YP_006987885.1) synthesized by phage ACG-M12 [34]. It is an alkaline protein with a pI of
9.83, a melting temperature of 49 °C, and an aliphatic index of 99.938. This protein has a
molecular weight of 17.63 kDa, is composed of 161 amino acids, seems to be stable as its
instability index is equal to 33.838, and possesses the endolysin R21-like protein domain
(cd16900, Table 1) that encompasses residues from 20 to 156. In addition to this, analyses
from Phobius reveal that this protein contains a signal peptide spanning amino acids 1 to
27, and Hamap shows that it resembles SAR-endolysins (Supplementary Table S1) and may
anchor to the membrane in an inactive form, which acts to prevent premature lysis of the
infected host [50-52]. Another interesting protein with predicted lysozyme activity is the
enzyme (WEU67899.1) encoded by the gene located in the DNA of the Killian phage [35].
This anti-UPEC virus possesses in its genome as many as four potential genes responsible
for the production of endolysins. However, only one of them has the bacteriophage T4-like
lysozyme domain (cd00735) that encompasses amino acid residues from 2 to 160 and is
characteristic of N-acetylmuramidases (Table 1). The endolysin of the Killian phage has
164 amino acids, a molecular mass of 18.59 kDa, and the theoretical isoelectric point is
estimated to be 9.59. Additionally, the critical melting point of the Killian-derived enzyme
with the lysozyme activity equals 53 °C, the aliphatic index equals 88.049, and its instability
index is 37.155, which, with the high value of the aliphatic index, may indicate its good
stability (Table 1). In addition, it is worth emphasizing that all enzymes belonging to the
group of proteins with lysozyme activity are involved in the peptidoglycan (GO:0009253)
and cell wall macromolecule catabolic (GO:00016998) processes (Supplementary Table S1).

The second group of endolysins potentially produced by phages infecting UPEC
bacteria are enzymes with an amidase domain (IPR002502; Supplementary Table S1). These
proteins are probably produced by six viruses—22664UKE3-2, 101120B2, 101118UKEI1,
101120B1-2, 101136BS1, and 22664BS1 [36]—and possess N-acetylmuramoyl-L-alanine
amidase activity (PF01510; Table 1) and a peptidoglycan recognition protein (PGRP) domain
(cd06583, Table 1). It is known that the peptidoglycan amidases act by breaking the amide
bond that separates the glycan strand from the stem peptide located between the N-
acetylmuramic acid and L-alanine residues [48,49]. Five of these proteins (QZ179721.1,
QZ179903.1, QZ179784.1, QZ179844.1, QZI78611.1) are composed of 152 amino acids, their
predicted molecular weight is approximately 17 kDa, and they are predicted to be unstable
as the instability index remains over 40 (Table 1). The exception is amidase encoded by the
22664BS1 phage (QZ178465.1). This protein is slightly shorter (117 amino acids) and has a
molecular mass of 13.16 kDa and an instability index equal to 50.611. Interestingly, all these
enzymes possess similar isoelectric point values, ranging from 7.79 to 8.83, a theoretical
melting point which ranges from 49 °C to 51 °C, and a Gravy score below 0, which indicates
they are hydrophilic. Taking into account gene ontology, the analyzed endolysins with
amidase properties are also involved in the peptidoglycan catabolic process (GO:0009253),
as indicated in Supplementary Table S1.

In the analyzed group of putative endolysins encoded by phages infecting UPEC
strains, there are also six proteins with peptidase activity (SSF55166, Table 1). These
proteins (WPK27911.1, WQNO06429.1, self RMKP5, WVW77668.1, YP_010844467.1, and
YP_006987811.1) are encoded by genes located in the genomes of six phages: KMB14,
KMB43, SHAK7704, SHAK7163, MLP1, and ACG-C91 [33,34,37,38]. The target of such
proteins is a peptide that is made up of the L-lysine and D-alanine link [29,30]. Interestingly,
the MLP1- [38] and KMB43- [37] derived peptidases (YP_010844467.1 and WQN06429.1)
have the L-Ala-D-Glu peptidase-like domain (cd148945, Table 1), whereas ACG-C91- [34],
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KMB14- [37], SHAK7704- [33], and SHAK7163- [33] derived endolysins (YP__006987811.1,
WPK27911.1, self RMKP5, and WVW77668.1) have been identified to have the peptidase
M15 domain (PF08291, Table 1). These enzymes’ length spans from 114 to 131 amino acid
residues, and their molecular weights are between 12.59 and 14.96 kDa (Table 1). Moreover,
the theoretical isoelectric point of potential peptidases is above 8.79, which indicates their
alkaline nature. The predicted melting point of KMB14 putative peptidase (WQN06429.1)
is 49 °C, which is the lowest predicted melting temperature, whereas the highest one is
calculated for MLP1 putative peptidase (YP_010844467.1) and equals 57 °C. Importantly,
most of these peptidases seem to be stable, besides KMB14- and MLP1- derived peptidases
(WPK27911.1 and YP_010844467.1) with stability indexes of 40.639 and 47.821, respectively.
Additionally, all of them show Gravy values below 0 and an aliphatic index above 65,
indicating their thermal stability.

Interesting cases are also two putative endolysins encoded by genes located in the
genome of the LN A4 bacteriophage [27]. Both of them seem to have hydrolase activity;
however, in one of these two enzymes (annotated by us as self PFX]59), the chitinase class
I domain (PF00182, Table 1) was found between amino acids 41 and 146. The presence of
such a domain may suggest that this protein participates in the chitin catabolic process (GO:
0006032, Supplementary Table S1). This is a rather unusual feature for a phage, but a similar
phenomenon has been observed previously in Bacillus infecting phage [53]. As indicated
in Table 1, the endolysin has a molecular weight of 20.08 kDa, a pI of 9.3, and a Tm of
53 °C. Its instability index is low and equals 23.118, which demonstrates that the protein is
stable. In addition, its aliphatic index is 88.098, a high value that also indicates the thermal
stability of this protein. The Gravy index score equals -0.335, suggesting that this endolysin
is more hydrophilic and soluble in water (Table 1). Interestingly, the second LNA4-derived
endolysin (annotated by us as self PFX]J204) probably has the cell wall hydrolase domain
between amino acids 70 and 181 (PF07486, Table 1). This is a protein with a molecular mass
of 21.65 kDa, a pI of 9.67, and a Tm of 41 °C. Its instability index equals 30.802, and the
aliphatic index is 81.105, both suggesting the stability of this protein; and the Gravy score
is —0.374 (Table 1).

It is worth emphasizing that anti-UPEC bacteriophages can potentially produce not
only typical endolysins, but also the internal virion proteins with endolysin domains
(Table 1). As we mentioned above, this phenomenon concerns seven bacterial viruses:
SHAK9454, SHAK7163, SHAK7704, SHAK7854, EG1, LNA3, and LNAS5 [27,33,39]. These
enzymes are longer than the typical endolysins synthesized by bacteriophages. They are
composed of over 1100 amino acids, and their molecular weight is estimated to be approxi-
mately between 121 and 145 kDa (Table 1). Moreover, their theoretical isoelectric point is
within the range of about 5.61 to 6.58, and almost all of them seem to be stable. All of these
proteins probably melt at temperatures between 41 °C and 42 °C and have an aliphatic
index score between 77.892 and 79.459. Interestingly, among these bacteriophages [27,33],
only the EG1-derived internal virion protein (YP_009795842.1) exhibits transglycosylase
activity (PF01464, Table 1). This protein has the putative lytic transglycosylase (LT)-like do-
main between amino acids 28 and 144 (cd00254, Table 1). On the other hand, LNA3, LNA5-,
SHAK7854-, and SHAK9454- derived internal virion proteins (self_GXIJ6, self_ TCEH45,
self_DNYND53, and self_ZENB53) are equipped with transmembrane regions (Supplemen-
tary Table S1), whereas the SHAK7163-, SHAK7704- derived proteins (WVW?77660.1 and
self RMKP62) have coiled regions (Supplementary Table S1). Interestingly, the results
of the Blast search indicated the highest similarity (100% query cover, 0.0 e-value, and
95.62% identity) of the EG1-derived protein to the DNA ejectosome component of Yersinia
phage vB_YenP_WW?2 and the outer membrane protein of Yersinia phage vB_YenP_WX1.
On the other hand, Blast search against a non-redundant database of E. coli (taxid:562)
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records revealed that this protein is also similar to transglycosylase SLT domain-containing
protein, with 100% query cover, 0.0 e-value, and 65.63% identity. In turn, LNA3-, LNAS5-,
SHAK9454-, and SHAK7854-derived proteins (self_GXIJ6, self TCEH45, self ZENB53, and
self_DNYN53) are mostly common to internal virion protein D, with 100% query cover, 0.0
e-value, and identity varying from 96.76 to 98.46%. Lastly, SHAK7163- and SHAK7704-
derived proteins (WVW?77660.1 and self_RMKP62) are mostly similar to E. coli hypothetical
proteins, also with 100% query cover, e-value equal to 0.0, and identity varying from 93.22%
to 94.58%.

As mentioned before, in the Killian phage genome [35] there are four putative endolysins,
but only one (WEU67899.1) with a phage lysozyme domain is described (Table 1). Other
proteins, WEU67851.1 and WEU68017.1, have motifs not typical of endolysins, such as
anaerobic ribonucleoside-triphosphate reductase domain (PF13597, Table 1) or a T4 RNase H
motif (PF09293, Table 1), respectively. In the case of ZCEC14 phage [40], one of its putative
endolysins (UVD33329.1) also possesses a T4 RNase H motif (PF09293, Table 1), and the
second one (UVD33388.1) is considered to have a prohead protease inhibitor (IPR016594,
Supplementary Table S1). Importantly, the identified domains suggest that these proteins may
have other activities and are probably not endolysins.

Among these, we analyzed sequences of putative endolysins for the presence of
antimicrobial peptides (AMPs) and found 39 such peptides with a high probability > 0.8,
as indicated in Supplementary Table S2. The presence of such peptides indicates the lytic
properties of analyzed endolysins against bacterial cells. Interestingly, some sequences
of the identified peptides occur in more than one endolysin, which may suggest their
evolutionary preservation.

The obtained results indicate a large diversity of domains present in endolysins and
potentially high stability of the identified proteins. Moreover, we demonstrate that it is
extremely important to thoroughly verify the annotated proteins in terms of functions they
may perform.

3. Phylogenetic Analysis of Putative Endolysins Annotated in Genomes
of Anti-UPEC Phages

The analyzed putative endolysins differ significantly, as indicated in the previous
paragraph. To establish their common evolutionary origin, the OMA [54] software version
2.6.0 was used to determine 11 orthologous groups for all 39 annotated endolysins and
other proteins identified in 75 genomic sequences of anti-UPEC phages found in the
NCBI database on 15.12.2024 [27—-41]. Then, based on such orthologous groups containing
endolysin sequences, maximum likelihood trees were prepared using IQ-TREE [55]. The
alignments of nucleotide sequences were performed using Clustal Omega version 1.2.4 [56],
and the MEGA [57] program was used to perform visualization with midpoint rooting.
This analysis allowed us to generate 11 separate trees (Figures 1-11), which are discussed in
detail below. In addition, we also identified proteins that were not annotated by the authors
as endolysins, but turned out to be closely related to them and may have similar functions.
Importantly, phylogenetic trees were not obtained for some of the described endolysins
(WVW77754.1, WVW77753.1, self_ZKRH133, WQNO06429.1, YP_010844467.1, self_PFX]J59,
and self_PFX]J204) due to the lack of their sequence similarity to other annotated proteins.
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Figure 1. The phylogenetic tree is generated based on the first orthologous group determined
by OMA and contains endolysins (YP_009620148.1, YP_010749568.1, QVR48622.1, WWY66481.1,
YP_010749155.1, QYU43915.1, and WVW77834.1), with autolysin domains derived from phages
Golestan, phiEc3, 590B, UTEC10, NTEC3, phiEc4, and SHAK7858, respectively. The tree was made
as described in the text, using the maximum likelihood method with 1000 bootstrap replications.
Panel (A) presents a tree with all grouped proteins. Panel (B) shows a modified tree, where proteins
derived from phages CH5UKE2, 101114BS4, 22664B1, 101114B2, and CHD2B1 were removed to
highlight the particular distances on the tree. The names indicated on the tree include the protein

name and its accession number, followed by the phage name and its accession number.
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lysozyme R WPJ71039.1 vB-Eco-KMB26 OR539218
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Figure 2. The phylogenetic tree is generated based on the second orthologous group estimated by
OMA and contains a selected endolysin (WEU67899.1) of the Killian anti-UPEC phage. The tree was
made using the maximum likelihood method with 1000 bootstrap replications. Panel (A) presents a
tree with all grouped proteins. Panel (B) shows a modified tree, where proteins derived from phages
KMB37, LNA2, 172859UKE1, KMB38, CHD94UKE2, and ZCEC14 were removed to highlight the
particular distances on the tree. The names indicated on the tree include the protein name and its
accession number, followed by the phage name and its accession number.
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lysozyme or muramidase WPK28014.1 vB-Eco-KMB25 OR424386

| lysozyme R WQN06679.1 vB-Eco-KMB46 OR525699

endolysin YP 006987885.1 vB EcoS ACG-M12 NC 019404

Figure 3. The phylogenetic tree is generated based on the third orthologous group determined by
OMA and contains endolysin (YP_006987885.1) derived from phage ACG-M12. The tree was made
using the maximum likelihood method. The names indicated on the tree include the protein name
and its accession number, followed by the phage name and its accession number.
endolysin QZI79721.1 vB EcoP-101118UKE1 MZ234021
*% endolysin QZI79903.1 vB EcoP-101136BS1 MZ234024
amidase self DNYN29 vB EcoM SHAK7854 OR594182
amidase self GXIJ34 vB EcoP LNA3 MZ311862
amidase self ZENB29 vB EcoM SHAK9454 OR594184
amidase self TCEH12 vB EcoP LNA5 MZ311861

endolysin QZI79784.1 vB EcoP-101120B1-2 MZ234022

endolysin QZI79844.1 vB EcoP-101120B2 MZ234023

endolysin QZI78465.1 vB EcoP-22664BS1 MZ234009

endolysin QZI78611.1 vB EcoP-22664UKE3-2 MZ234011

amidase YP 009795817.1 EG1 NC 047895

0.50

Figure 4. The phylogenetic tree is generated based on the fourth orthologous group estimated
by OMA and contains endolysins with an amidase domain (QZ179721.1, QZ179903.1, QZ179784.1,
QZ179844.1, QZ178465.1, and QZI78611.1). The tree was made using the maximum likelihood method
with 1000 bootstrap replications. The names indicated on the tree include the protein name and its
accession number, followed by the phage name and its accession number. The ‘self’-labeled proteins

were annotated by us using Pharokka version 1.6.1 [42].
hypothetical protein WPK27967.1 vB-Eco-KMB47 OR424385
17 hypothetical protein QZ178680.1 vB EcoP-101101UKE1 MZ234012

62
endolysin WPK27911.1 vB-Eco-KMB14 OR424384

hypothetical protein QZ179610.1 vB EcoP-101117UKE2 MZ234019

100 hypothetical protein QZI79670.1 vB EcoP-101118B1 MZ234020
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—
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Figure 5. The phylogenetic tree is generated based on the fifth orthologous group determined by
OMA and contains endolysins with peptidase domain (WPK27911.1, WVW77668.1, self_RMKP5, and
YP006987811.1) derived from phages KMB14, SHAK7163, SHAK7704, and ACG-C91, respectively.
The tree was made using the maximum likelihood method with 1000 bootstrap replications. The
names indicated on the tree include the protein name and its accession number, followed by the phage
name and its accession number. The “self’-labeled endolysin was annotated by us using Pharokka

version 1.6.1 [42].
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Figure 6. The phylogenetic tree is generated based on the sixth orthologous group determined
by OMA and contains internal virion proteins with endolysin domain, such as EG-derived pro-
tein YP_009795842.1, and four other annotated and assigned by us: self TCEH45, self_ZENB53,
self_GXIJ6, and self DNYND53. The tree was constructed using the maximum likelihood method with
1000 bootstrap replications. Panel (A) presents a tree with all grouped proteins. Panel (B) shows a
modified tree, where proteins derived from phages EG1 and LNA3 were removed to highlight the
particular distances on the tree. The names indicated on the tree include the protein name and its
accession number, followed by the phage name and its accession number.
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Figure 7. The phylogenetic tree is generated based on the seventh orthologous group established by
OMA and contains internal virion proteins with a coiled-coil domain (WVW?77660.1 and, annotated
by us, self RMKP62). It was made using the maximum likelihood method with 1000 bootstrap
replications. The names indicated on the tree include the protein name and its accession number,
followed by the phage name and its accession number.
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Figure 8. The phylogenetic tree is generated based on the eighth orthologous group established
by OMA and contains putative endolysin of Killian phage (WEU67851.1). The tree was made
using the maximum likelihood method with 1000 bootstrap replications. The names indicated on
the tree include the protein name and its accession number, followed by the phage name and its
accession number.

For convenience, we gathered all potential endolysins that appeared in our phyloge-
netic analysis in Supplementary Table S3. These were annotated differently by the authors
(e.g., lysins, lysozymes, amidases, hydrolases, or hypothetical proteins). We performed
analogous analyses for them, similar to those conducted for the originally annotated en-
dolysins in Table 1. The results are presented in Supplementary Table S3. In addition,
we performed a detailed domain search for all these proteins using InterProScan version
5.72-103 [47] and listed the obtained data in Supplementary Table S4. Among these, we
analyzed the sequences of these proteins for the presence of AMPs and found 42 such
peptides with high probability (>0.8). Interestingly, a few sequences of these peptides seem
to be conserved among found proteins, as they repeat and occur in unchanging form in
different putative enzymes (Supplementary Table S5).

The tree presented in Figure 1 includes almost all endolysins (YP_009620148.1,
YP_010749568.1, QVR48622.1, WWY66481.1, YP_010749155.1, QYU43915.1, and WVW77834.1)
with endolysin and autolysin domain (cd00737, Table 1) beyond endolysin from phage
LNA1 [28] which, despite having the same domain type, has no common evolution ori-
gin. Interestingly, all endolysins included on the tree are closely related to proteins
annotated as lysins in other anti-UPEC phages and probably act as their endolysins
(Supplementary Tables S3 and 54).
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Figure 9. The phylogenetic tree is generated based on the ninth orthologous group determined by
OMA and contains Killian’s putative endolysin no. WEU68017.1 and ZCEC14 putative endolysin
no. UVD33329.1. It was constructed using the maximum likelihood method with 1000 bootstrap
replications. Panel (A) presents a tree with all grouped proteins. Panel (B) shows a modified tree, in
which proteins of phages KMB43, LNA2, KMB38, and 172859UKE1 were removed to highlight the
particular distances on the tree. The names indicated on the tree include the protein name and its

accession number, followed by the phage name and its accession number.
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Figure 10. The phylogenetic tree is based on the tenth orthologous group identified by OMA
and includes the ZCEC14-derived putative endolysin (UVD33388.1). It was constructed using the
maximum likelihood method with 1000 bootstrap replications. Panel (A) displays the tree with all
grouped proteins, while panel (B) presents a modified version in which the phage KMB43 protein
was removed to emphasize specific distances within the tree. The names on the tree consist of the
protein name and its accession number, followed by the phage name and its accession number.
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Figure 11. The phylogenetic tree is generated based on the eleventh orthologous group determined
by OMA and contains two putative endolysins of Killian and ZCEC14 phages (WEU67833.1 and
UVD33512.1). It was made using the maximum likelihood method with 1000 bootstrap replications.
Panel (A) presents a tree with all grouped proteins. Panel (B) shows a modified tree, in which
the proteins of phages LNA2, 172859UKE1, and KMB38 were removed to highlight the particular
distances on the tree. The names indicated on the tree include the protein name and its accession

number, followed by the phage name and its accession number.
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Another two phylogenetic trees were prepared for the endolysins no. WEU67899.1
and YP_006987885.1 that have lysozyme domains and are derived from Killian [36] and
ACG-M12 [35] phages, respectively (Figures 2 and 3). Within endolysin WEU67899.1
of the Killian phage, we identified, using different programs, three similar domains—a
T4-like lysozyme domain (cd00735), a phage lysozyme (PF00959), and a lysozyme-like
domain (SSF53955)—as indicated in Table 1. Phylogenetic analysis shows this protein is
closely related to other phage proteins annotated as lysozyme R (Figure 2A,B). In turn,
the ACG-M12-derived endolysin with a R21-like domain (cd16900), a phage lysozyme
(PF00959), and a lysozyme-like domain (SSF53955) are grouped on the tree (presented in
Figure 3) with proteins WPK28014.1 and WQNO06679.1 annotated as lysozymes in genomes
of KMB25 and KMB46 phages [37] that can serve as potential endolysins in these phages
(Supplementary Tables S3 and S4).

Lastly, there are two SHAK7693- derived [33] unique endolysins (WVW77754.1 and
WVW77753.1) with function confirmed by InterProScan but showing no similarity to
other proteins.

Another tree, presented in Figure 4, encompasses endolysins containing amidase
domain (PF01510, Table 1). All six originally annotated endolysins [36] with this do-
main (QZI79721.1, QZ179903.1, QZ179784.1, QZ179844.1, QZ178465.1, and QZI78611.1) are
grouped with other proteins annotated as amidases, which can serve as potential endolysins
for these phages and are indicated in Supplementary Tables S3 and S4. Importantly, four
of the analyzed endolysins (QZ179784.1, QZI179844.1, QZI178465.1, and QZI78611.1) are
almost identical in sequence, while the two others (QZ179721.1 and QZI79903.1) show a
little disparity.

The next tree, presented in Figure 5, is based on endolysins with the domain clas-
sified as peptidase M15 (PF08291, Table 1). Interestingly, three of the four analyzed en-
dolysins (WPK27911.1, WVW77668.1, and YP006987811.1) derived from phages KMB14 [37],
SHAK7163 [33], and ACG-C91 [34], respectively, have longer branch lengths, indicating
more genetic changes. This implies faster evolution of these proteins compared to hypo-
thetical proteins. On the other hand, domain analysis conducted with InterPro shows that
these hypothetical proteins have common peptidase M15 and hedgehog/DD-peptidase do-
mains with the analyzed endolysins (Supplementary Tables S1 and S4). Unfortunately, two
other endolysins (WQN06429.1 and YP_010844467.1) with peptidase domain no. PF13539,
derived from phages KMB43 [37] and MLP1 [38], respectively, were not collected into the
orthologous group by OMA, so they were not included in this analysis.

A separate tree was created, including proteins annotated as internal virion proteins
with the endolysin domain (Figure 6). Importantly, all these proteins are significantly bigger
than typical phage endolysins and present molecular weights from 120 to 145 kDa (Table 1).
Among them, one interesting protein (YP_009795842.1) derived from EG1 phage [39] con-
tains the SLT domain (PF01464, Table 1). This protein is grouped on the tree with four
other internal virion proteins (annotated and assigned by us: self_GXIJ6, self TCEH45,
self ZENB53, and self DNYNG53) originating from phages LNA3, LNAS5, SHAK9454, and
SHAK?7854 [27,33] and showing transmembrane regions in their sequence (Supplementary
Table S1). All of them seem to be closely related to phage proteins annotated as peptidogly-
can lytic exotransglycosylases. However, the internal virion protein (YP_009795842.1) of
EG1 phage [39] is the protein least related to others. Importantly, apart from internal virion
proteins, the phages analyzed here have in their genomes genes encoding amidases, which
were not annotated directly as endolysins but may serve such functions, as indicated in
Supplementary Tables S3 and S4.

Two other internal virion proteins (WVW?77660.1 and, annotated by us, self_ RMKP62)
derived from phage SHAK7163 [33] and phage SHAK7704 [33], respectively, have been sur-
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prisingly classified by OMA into another orthologous group. The generated tree (Figure 7)
shows that these two proteins with established coiled-coil structural motifs (Supplementary
Table S1) are also closely related to proteins annotated as peptidoglycan lytic exotransg-
lycosylases, but the least related protein, in this case, is a putative internal virion protein
originating from phage ACG-C91 [34]. Importantly, except for internal virion proteins, the
typical phage endolysins (WVW77668.1 and self RMKP5) were also identified in genomes
of phages SHAK7163 and SHAK7704 (Table 1). This may suggest that, although internal
virion proteins may degrade peptidoglycan similarly to endolysins, they should not be
considered classical endolysins participating in the lysis of bacterial cells that allow phage
particles to release [58].

Since more than one endolysin was identified in Killian [35] and ZCEC14 [40] phages,
we suspected that some of them might be annotated incorrectly and decided to take a closer
look at the phylogenetic positions of all of them to clarify this. We created trees for them
based on the orthologous group identified by OMA. We observed that one of the Killian
putative endolysins (WEU67851.1), with predicted anaerobic ribonucleoside-triphosphate
reductase feature (PF13597, Table 1), was grouped and closely related to many proteins an-
notated as large sub-units of ribonucleotide reductases (Figure 8). Another Killian putative
endolysin (WEU68017.1), as well as a ZCEC14 putative endolysin (UVD33329.1) with a
predicted 5'-3' exonuclease, N-terminal resolvase-like domain (PF02739, Table 1), and T4
RNase H motif (PF09293, Table 1), turned out to be related to many ribonucleases H and one
exonuclease (Figure 9). Another ZCEC14-derived putative endolysin (UVD33388.1), with
prohead protease inhibitor (IPR016594, Supplementary Table S1) was, in turn, mostly re-
lated to inhibitors of head proteases and a few hypothetical proteins (Figure 10). Finally, the
last two putative endolysins of Killian and ZCEC14 phages (WEU67833.1 and UVD33512.1)
were grouped on the tree with many hypothetical proteins (Figure 11). Importantly, no
specific endolysin domains were found within their sequences (Table 1).

Based on the presented results of phylogenetic analysis, we suggest that some proteins
of anti-UPEC phages originally annotated as endolysins may play other roles. Phages in
which more than one endolysin was annotated were particularly suspicious to us, and
these doubts were clarified above. Our assumptions were confirmed because some of
the originally annotated phage endolysins were found to be closely related to proteins
with completely different functions (Figures 8-10). In addition, we found that proteins
annotated as internal virion proteins with endolysin domains differ significantly from
typical endolysins in size and domain content and are known to play a different role than
typical endolysins. As reviewed by Rodriguez-Rubio [58], virion-associated peptidoglycan
hydrolases (VAPGHs) are enzymes that locally degrade the peptidoglycan of the bacterial
cell wall during the beginning of the phage infection. In contrast to endolysins that mediate
the lysis of the host bacteria at the end of the lytic cycle, the action of VAPGHs generates a
small hole through which the phage tail tube crosses the cell envelope to inject the phage
genetic material at the beginning of the infection cycle.

On the other hand, phylogenetic analysis performed here allowed us to identify other
putative endolysins that were initially annotated by the authors as lysins, lysozymes,
amidases, hydrolases, or hypothetical proteins but which may serve as phage endolysins.
All of them are gathered in Supplementary Tables 53 and S4 and are shown to have AMPs
in their sequences (Supplementary Table S5).

Undoubtedly, the annotation of phage endolysins is not an easy process due to the
diversity of domains and motifs present in their sequences. Nevertheless, such analysis
should be performed more carefully and be verified by other methods, including phyloge-
netic position determination. Such an approach may allow us to obtain more reliable results.
In addition, the nomenclature of endolysins should be standardized. Currently, the name
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of an annotated protein is frequently assigned based on the identified domains and not
the function it probably performs in the phage life cycle. Endolysins are very problematic
in this respect as some authors annotate these proteins according to their purpose, and
others according to the identified domain, which introduces confusion and difficulties in
their identification.

Importantly, phage endolysins might also be grouped based on the similarity to
endolysins produced by model phages, simply as (I) lysozymes of T4-like phages, (II) en-
dopeptidases of T5-like phages, (III) amidases of T7-like phages, (IV) small peptidases of
SPé-like phages, and (V) lysosymes of lambda-like phages. Considering this, we decided
to perform detailed characteristics of model endolysins that confirmed the presence of
appropriate domains and predicted their high stability (Supplementary Table S6). Then, we
analyzed all the endolysins tested in this work in terms of their similarity to endolysins of
model phages. Interestingly, we revealed that sequences of analyzed proteins were similar
to model endolysins at varied levels, from 0.85% to 96.97% (Supplementary Table S7).
However, the similarity at the level of about 1% was calculated for internal virion proteins,
which, as we considered above, do not belong to typical endolysins. Among the classical
endolysins, the protein originated from the LNA4 phage was the least similar to any refer-
ence endolysin, showing only 4.32% and 9.95% similarity to endolysins of phage T5 and T4,
respectively. Importantly, we did not find any endolysin that was similar to A phage protein
in more than 5%. This observation coincides with the fact that only endolysins derived from
lytic phages are considered in this work. Interestingly, 18 of the studied proteins showed
very high sequence similarity (> 90%) to the reference endolysins. In total, a similarity
above 70% was noted in 41 cases. For details, please see Supplementary Table S7.

4. In Vitro and In Vivo Testing of Endolysin Properties, Including Their
Capability to Eradicate Biofilms

The formation of bacterial biofilms is a huge problem in UTI treatment. The harsh
conditions within the urinary system, such as the flushing of cells during urination, force
bacteria to develop strong adhesion mechanisms. In addition to the walls of the human
bladder, bacterial biofilms can also form on medical surfaces, like catheters, leading to
catheter-associated urinary tract infections (CAUTIs) [25]. Importantly, bacteria living in
biofilm structures are frequently highly resistant to antibiotics; thus, addressing biofilms is
crucial in the treatment of urinary tract infections.

Phage enzymes, including endolysins, show great promise in combating infections
caused by antibiotic-resistant bacterial strains. Research on bactericidal proteins targeting
Gram-negative bacteria is challenging due to the presence of the additional outer membrane
that complicates access to peptidoglycan, the substrate for these enzymes [48]. The situa-
tion becomes even more complex when biofilms are involved, as the matrix serves as an
additional layer of protection for bacterial cells, making it difficult for antibacterial agents
to penetrate it [59]. Such challenges forced the necessity of searching for new effective
treatment options. An interesting direction seems to study the effects of phage endolysins
on biofilm-forming Gram-negative bacteria, also in combination with bacteriophages or
antibiotics. One significant advantage of using phage enzymes is the lower likelihood
of bacteria developing resistance to them, unlike traditional bacteriophage or antibiotic
applications, where resistance cannot be completely ruled out [60]. The literature contains
numerous reports on the activity of endolysins against bacteria from the ESKAPE group,
such as endolysins LysAB1245 [61], LysJEPS8 [62], and LysPA26 [63], targeting biofilms
produced by Pseudomonas aeruginosa, or endolysins LysAm?24, LysAp22, LysECD7, and
LysSi3 [64] against biofilms of Klebsiella pneumoniae, Acinetobacter baumannii, and P. aerug-
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inosa. However, there are relatively few reports on endolysins targeting uropathogens,
particularly UPEC strains.

In the study conducted by Kajsikova et al. [65], the impact of an endolysin named
EN572-5 on clinical uropathogenic isolates, primarily Gram-positive Streptococcus agalactiae
bacteria, was investigated. The study also included four Gram-negative UPEC strains.
The endolysin EN572-5, derived from S. agalactiae prophage KMB-572-E, exhibited lytic
activity against 32 strains of S. agalactiae, averaging an impressive 83% effectiveness. The
authors emphasized that no correlation could be observed between the enzyme’s activity
and the type of bacterial strain, confirming that phage enzymes are characterized by a
broader spectrum of activity, in contrast to bacteriophages. On the other hand, endolysin
EN572-5 showed activity against UPEC strains at low levels of 16-20%. However, its action
was tested without the addition of compounds that destabilize the outer membrane—a
primary barrier for this type of enzyme. This highlights how the outer membrane hinders
the enzyme’s access to peptidoglycan in Gram-negative bacteria. Importantly, this enzyme
was also inactive against bacteria playing a protective role, like Lactobacillus spp., whose
absence as a result of antibiotic treatments for UTIs can lead to complications such as
bacterial vaginosis [65].

In the study conducted by Fursov et al. [66], the focus was on comparing the effects
of the coliphage endolysin LysECD7 and amikacin against biofilm formation by a clinical
multidrug-resistant strain of K. pneumoniae Ts 141-14, isolated from a patient’s urine. It
was demonstrated that both the endolysin and the antibiotic exhibited similar efficacy
against forming biofilms in vitro. However, the enzyme showed greater bactericidal activity
against mature biofilm, whose density was decreased by 60% and 68% compared to the
control group. Notably, the concentrations used in this work (1000 and 3000 pg/mL) were
highlighted by the authors as a potential limitation for the therapeutic application of the
enzyme. The results of the in vivo experiments, however, indicated significant therapeutic
potential for this endolysin. The researchers used rats implanted with specially designed
chambers containing a nitrocellulose membrane filled with a suspension of K. pneumoniae
Ts 141-14 cells. On the fourth day post-infection, treatment was initiated with LysECD7
administered daily for seven days, delivering 50 ug. This resulted in a reduction in biofilm
biomass as early as two days after starting the therapy. On the eighth day of treatment, the
colony count decreased from 1000 viable bacterial cells to an average of 58 cells. Amikacin
produced a similar effect, although in this case, the number of bacteria increased compared
to the fifth day, when the first measurement was taken [66].

Interestingly, in another study [67], the activity of three different endolysins derived
from Pseudomonas phages was examined against various bacterial species, including clinical
isolates obtained from patients with UTIs. The tested group included uropathogens such
as E. coli strain 531, K. pneumoniae strains identified as ESBL (extended-spectrum beta-
lactamases) producers, and P. aeruginosa strain 471. Additionally, other bacterial strains
belonging to the ESKAPE group were also included. Notably, one of these endolysins,
named PlyKp104 [66], exhibited the best bactericidal activity and a broad spectrum against
Gram-negative bacteria. Its action reduced the number of viable cells (CFU/mL) of P. aerug-
inosa, K. pneumoniae, E. coli, and A. baumannii strains by five or six orders of magnitude
in most tested variants. The authors did not use additional permeabilizing agents and
attributed the activity of the PlyKp104 endolysin against Gram-negative bacteria to the pres-
ence of a positively charged C-terminal region, which interacts with the outer membrane.
This natural ability to kill Gram-negative bacteria undoubtedly highlights its great potential
in combating Gram-negative pathogens, including uropathogenic strains. The knowledge
about PlyKp104 biofilm-eradicating capabilities is highly valuable and the researchers
tested its lytic activity in vivo using a mouse skin wound infection model with K. pneumno-
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niae. A single application of 300 ug of PlyKp104 was used, and after three hours, a reduction
in the number of viable bacterial cells by two orders of magnitude was observed [67].

An interesting approach to overcoming the outer membrane of Gram-negative bac-
teria involved the use of a modified endolysin Lysep3 [68] with additional hydrophobic
amino acid residues. The study examined the native endolysin and variants with added hy-
drophobic residues at the C-terminus, consisting of three, five, seven, and twelve residues.
Enzymes with 12 residues were tested in two variants differing in amino acid composition.
All proteins were applied externally. Endolysins with a higher number of hydropho-
bic residues exhibited greater bactericidal activity against E. coli bacteria compared to
the unmodified enzyme. The activity increased with the number of residues, while no
differences were noted regarding amino acid composition, as the degree of hydropho-
bicity was the same [68]. Meanwhile, Hasan et al. [69] used lactic acid in combination
with two endolysins, LysEP114 and LysEP135, to combat biofilm formation by the E. coli
KCCM 40405 strain. When applied together, the enzymes and lactic acid demonstrated
significantly greater antibacterial and antibiofilm effects than when used separately. The
numbers of biofilm cells were reduced by more than three and five logs for LysEP114
and LysEP135, respectively. The authors highlight an important observation that lactic
acid’s ability to permeabilize the outer membrane of Gram-negative bacteria gives it an
advantage, particularly for applications such as food safety control [69]. In the field of food
safety, significant attention is focused on the E. coli O157:H7 strain, a member of the STEC
(Shiga toxin-producing E. coli) group, which causes severe gastrointestinal symptoms and
is often linked to contaminated fruits and vegetables. It has been demonstrated that the
endolysins LysECP26 [70], LysPECP14, and LysPECP20 [71] can effectively kill bacterial
cells after pre-treatment with EDTA. However, the referenced studies examined only the
bactericidal effect on liquid cultures, and the biofilm-disrupting potential of these enzymes
remains unknown. Polymyxin B or cecropin A fused at the N-terminus, which is an an-
tibacterial peptide, are capable of disrupting the structure of the outer membrane and have
also been shown to effectively eradicate planktonic cells of K. pneumoniae, P. aeruginosa,
A. baumannii, and E. coli in combination with the endolysin LysKP213 both in vitro and
in the Galleria mellonella model [72]. A particularly interesting fact is that the mentioned
endolysin, LysKP213, is highly thermostable. Its lytic activity remains at the level of 44.4%
after 20 h of incubation at 95 °C, while after 30 min of autoclaving at 121 °C, it retains
activity at up to 57.5%. This is valuable information regarding the potential applications of
this protein in biotechnology, the medical industry, and food preservation [72].

In the context of the safety of therapies using endolysins against Gram-negative
bacteria, including E. coli, the findings presented by Hwang et al. [73] are particularly
intriguing. The researchers demonstrated that the endolysin LysPA90, encoded by the
bacteriophage PBPA40, which infects P. aeruginosa strains, affects the motility of E. coli
AIEC strain (adherent invasive E. coli). Sub-inhibitory concentrations of this protein caused
stress in bacterial cells and increased the expression of genes responsible for flagella
biosynthesis. This resulted in enhanced adhesion to intestinal epithelial cells of the Caco-2
line. The increased adhesion of bacterial cells was accompanied by elevated levels of
proinflammatory cytokines in eukaryotic cells [73]. Therefore, in addition to studying the
activity of enzymes against pathogens, very thorough and precise research is necessary
to assess the safety of such therapies. The study mentioned earlier demonstrates that
endolysins, even if they do not exhibit bactericidal activity, can influence the bacterial
phenotype in ways that may be unfavorable for the patient.

The growing antibiotic resistance is a global problem that creates an urgent need to
find new or improved known alternative methods for treating infections caused by MDR
strains. Endolysins, despite their limitations in terms of selective activity against Gram-
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negative bacteria, represent an interesting and potentially effective solution, especially
when combined with agents that disrupt the structure of the outer membrane of these bac-
teria. Structural modifications of endolysins to enhance their bactericidal potential are also
worth noting. Such an alternative strategy involves fusing endolysins with components that
facilitate their access to the peptidoglycan layer. For instance, the E. coli phage lysin Lysep3
has been fused with the endolysin-binding domain D8 from Bacillus amyloliquefaciens. On
its own, Lysep3 cannot break through E. coli’s outer membrane. However, when combined
with the D8 domain, it gains the ability to destroy the bacteria externally. This is because
D8 weakens the outer membrane’s structure, allowing the enzyme to reach and degrade
the peptidoglycan layer [74]. Other solutions of this problem are artilysin, which involves
the fusion of LPS-disrupting molecules to a lysin; lysocins, which are combined endolysins
and bacteriocins; innolysins, which exploit phage receptor-binding proteins (RBPs) to
bind surface receptors to destabilize the outer membrane, synergy with permeabilizing
chemicals; other phage enzymes, such as depolymerases, that degrade capsular polysaccha-
rides, or even antibiotics; and finally, adding cationic compounds or antimicrobial peptides
(AMPs) to the N- or C- terminus, as reviewed recently [48,75]. Importantly, the combined
antimicrobial effect of phage-derived endolysin and depolymerase against biofilm-forming
Salmonella Typhimurium was reported by Kim et al. [76]. However, studies accounting for
fusions of these proteins or the combined effect of depolymerases and phage endolysins on
Gram-negative bacteria are still missing.

To fully assess the potential of phage-derived enzymes in combating infections caused
by antibiotic-resistant bacteria, including UPEC, it is essential to optimize their action
against biofilms, conduct comprehensive safety studies, and test the efficacy of these
proteins in clinical practice.

5. Conclusions

Interestingly, not only whole bacterial viruses, but also phage-derived proteins with
lytic properties, named endolysins, have gained researchers’ interest in recent years. En-
dolysins seem to possess greater application potential than intact phage particles, making
them very promising and effective candidates for use as alternatives to antibiotics, also in
UTI treatment. The major advantages of endolysins are the following: rapid bacterial cell
lysis, a low probability of developing resistance, synergistic action with other antimicro-
bial agents, and high efficacy in planktonic and biofilm cells. Moreover, through genetic
modification of endolysins, their lytic spectrum of action may be changed. Due to the
above-mentioned unique features, parental and recombinant endolysins have been applied
in much research.

We observe a growing interest in both phages and their enzymes; however, the number
of identified and well-characterized phage particles or lytic proteins is still too small and
not sufficiently studied for them to be introduced into standard treatment. The first main
problem of endolysins concerns the difficulties with their identification in phage genomes.
Our analyses have shown that annotation programs can make mistakes and mark proteins
as endolysins that finally turn out not to be ones. Moreover, the nomenclature of phage
proteins is not unified, which introduces confusion in the marking. The second problem
is a broad spectrum of endolysins, which, when applied as antimicrobial agents, could
affect the patient’s microbiota and induce dysbiosis. Interesting solutions in this case can
be the addition of a cell wall-binding domain to target only specific bacteria or phage
RBPs. Other problems concern the difficulties with the purification of endolysins and
their limited action from the outside of the cell, especially in the case of Gram-negative
bacteria. The endolysin diffusion through the outer membrane of such bacteria is limited
and, when administered exogenously, they are not able to reach their site of action—
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peptidoglycan. In general, three main approaches have recently been explored to bypass
the outer membrane of Gram-negative bacteria. These include utilizing lysins with intrinsic
activity stemming from a positively charged C-terminus that destabilizes the membrane,
employing physical or chemical methods to disrupt membrane integrity, and applying
protein engineering to obtain the fusion of endolysins to components that allow them to
gain access to the peptidoglycan layer. Undoubtedly, phage endolysins still face many
challenges; however, they seem to be promising and effective candidates for use against
bacteria, including UPEC.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/v17040560/s1: Supplementary Table S1. Data obtained by InterProScan
version 5.72-103 software, giving an overview of the domains identified within the annotated en-
dolysins. Supplementary Table S2. The list of AreMP peptides identified within sequences of putative
endolysins. Supplementary Table S3. Characteristics of the proteins identified by phylogenetic
analysis as closely related to the identified endolysins. Supplementary Table S4. Data obtained by
InterProScan version 5.72-103 software, giving an overview of the domains identified within the
proteins found by phylogenetic analysis as closely related to the tested endolysins. Supplementary
Table S5. The list of AMP peptides found within sequences of the proteins identified by phylogenetic
analysis as closely related to the tested endolysins. Supplementary Table S6. Data providing an
overview of the size, genome position, stability, and domains identified within the endolysins derived
from model phages A, T4, T5, T7, and SP6. Supplementary Table S7. Results of the comparative
analysis of all endolysin sequences tested in this work and those derived from model phages A, T4,
T5, T7, and SP6.
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