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Abstract: The increasing number of antibiotic-resistant bacterial pathogens is a serious problem in
medicine. Endolysins are bacteriolytic enzymes of bacteriophages, and a promising group of enzymes
with antibacterial properties. Endolysins of bacteriophages infecting Gram-positive bacteria have a
modular domain organization. This feature can be used to design enzymes with new or improved
properties by modifying or shuffling individual domains. This work is a detailed analysis 1of the
diversity of endolysin domains found in bacteriophages infecting bacilli. During the course of the
work, a database of endolysins of such bacteriophages was created, and their domain structures
were analyzed using the NCBI database, RASTtk, BLASTp, HHpred, and InterPro programs. A
phylogenetic analysis of endolysins was performed using MEGA X. In 438 phage genomes, 454 genes
of endolysins were found. In the endolysin sequences found, eight different types of catalytic domains
and seven types of cell wall binding domains were identified. The analysis showed that many types of
endolysin domains have not yet been characterized experimentally. Studies of the properties of such
domains will help to reveal the potential of endolysins for the creation of new antibacterial agents.

Keywords: bacteriophage; endolysin; Bacillus; antibiotic resistance; antibacterial compounds; domain
architectures; N-acetylmuramoyl-L-alanine amidases; N-acetylglucosaminidases; N-acetylmuramidases;
endopeptidases; and lytic transglycosylases

1. Introduction

The increasing spread of antibiotic resistance among bacteria has been one of the
main healthcare concerns in recent decades. The widespread and not always warranted
use of antibiotics in industry, agriculture, and medicine has significantly accelerated the
emergence of strains resistant to certain antibiotics [1]. Representatives of the World Health
Organization (WHO) note that the development of new antibacterial agents cannot keep
pace with the spread of antibiotic resistance, risking a major setback in medicine by 2050 [2].

Members of the genus Bacillus are widespread in the environment, and some of them,
in particular Bacillus anthracis and Bacillus cereus sensu stricto (s.s.), are capable of causing
diseases in humans and animals.

B. anthracis is the causative agent of a dangerous zoonotic disease, anthrax, the po-
tential sources of which are scattered over the world in the form of cattle burial grounds
and natural foci of infection. In Russia alone, at least 35,000 such locations have been
registered [3]. According to the Federal Service for Veterinary and Phytosanitary Surveil-
lance, the Federal Center for Animal Health, as of 2014, 14,244 cattle burial grounds were
registered in Russia, but the exact number of anthrax burials among them has not been
specified. It was noted that 192 anthrax burial grounds were located in flood areas, which
increases the risk of their erosion by water, and subsequently the spread of infection. Ad-
ditionally, 1109 anthrax burial grounds do not meet the sanitary standards, which pose
an epidemiological threat [4]. Outbreaks of anthrax occur regularly throughout the world,
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usually among people involved in working with animals, meat products, and animal
hides [5]. Estimating the incidence of anthrax in humans and animals is complicated by the
fact that it is difficult for epidemiological services to ensure full control in remote regions.
The number of cases among humans is estimated to be between 20,000 and 100,000, annu-
ally [6]. Anthrax can occur in three different forms: cutaneous, inhalation (pulmonary),
and gastrointestinal (intestinal). The forms differ in localization, symptoms, and mortality
rate. The cutaneous form is characterized by the formation of ulcers on the skin. With
timely treatment with antibiotics, the mortality rate is reduced to 1% or less, but without
treatment, the mortality rate can reach 20%. The inhalation form at the initial stages is
similar to the flu in symptoms. If no treatment is given within 48 h after the first symptoms
of bacteremia, the mortality rate can reach 95%. The gastrointestinal form manifests itself
as acute inflammation of the gastrointestinal tract, in which the mortality rate varies from
25% to 60% [7]. The data emphasize the importance of a timely diagnosis and treatment,
especially in the case of pulmonary and gastrointestinal anthrax, where delay significantly
increases the risk of death.

The exact contribution of B. cereus s.s. to human mortality is difficult to estimate,
since not all countries have developed methods for identifying these microorganisms, and
not all keep records of such infections. However, it has been reliably confirmed that B.
cereus s.s. can cause food poisoning and can also be a causative agent of wound, burn,
eye, and systemic infections. Incorrectly prescribed antibiotic treatment can be fatal. Thus,
in a 2015 study, nine out of twenty-four patients with bacteremia caused by B. cereus s.s.
died. One reason for that was the prescription of 3-lactam antibiotics, to which B. cereus
s.s. has natural resistance [8]. In Europe, B. cereus s.s. is the third most common bacterial
pathogen causing foodborne diseases including cases with a fatal outcome [9]. In recent
years, several cases have been reported where B. cereus s.s. strains were the causative agents
of anthrax-like infections. Such strains are called B. cereus biovar anthracis and possess
plasmids with virulence factors typical of B. anthracis such as pBCXO1 (similar to pXO1 of
B. anthracis) and pBC210. Both plasmids encode toxin proteins as well as genes required for
the synthesis of a polysaccharide capsule [10].

One of the promising ways to combat the growth of antibiotic resistance is to discover
new antimicrobial substances. One kind of such substances are bacteriophage endolysins.
Endolysins are synthesized inside the infected bacterial cell at the final stage of the phage
lytic cycle. They destroy the peptidoglycan layer of the cell wall, leading to the release
of phage progeny. Endolysins can destroy the peptidoglycan of Gram-positive bacteria
when acting from the outside of the cell wall as well as from the inside. As a result of
such destruction, the turgor pressure in the cell, directed outward from the cell wall, leads
to the protrusion of the cytoplasm into the gaps formed by endolysins, which leads to
a disruption of the integrity of the bacterial membrane, and consequently cell lysis. For
this reason, phage endolysins are considered potential antibacterial agents for medical or
industrial use [11].

Endolysins are classified into five classes based on their mechanism of action as well
as the location of the covalent bond they cleave: N-acetylmuramoyl-L-alanine amidases,
N-acetylglucosaminidases, N-acetylmuramidases, endopeptidases, and lytic transglyco-
sylases. Endolysins of bacteriophages infecting Gram-positive bacteria usually consist
of at least two domains: the N-terminal catalytic domain (enzymatically active domain,
EAD), which is responsible for cleavage of the peptide glycan, and the C-terminal cell
wall binding domain (CBD), which binds specifically to the cell wall, ensuring enzyme
specificity to a particular group of bacteria [12]. Sometimes endolysins have more than
two domains, for example, the three-domain endolysin of the bacteriophage PlySK1249
infecting Streptococcus dysgalactiae [13]. In each of the five classes of endolysins, there are
many types of EADs, and the diversity of CBDs is even wider. These domains can be
merged with each other in various combinations, providing a wide variety of endolysins.
Understanding the properties of individual domains enables the engineering of modified
endolysins with the desired characteristics. However, to date, only a small portion of en-
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dolysin domains have been experimentally characterized. Endolysins of Bacillus-infecting
bacteriophages feature impressive domain diversity, which makes these molecules a great
source for designing new endolysins by domain shuffling [14]. As of December 2023, the
NCBI database contained 438 whole-genome sequences of Bacillus-infecting bacteriophages,
however, only 28 endolysins of such phages have been experimentally characterized, which
is less than seven percent.

In this work, a systematic analysis of endolysin sequences of Bacillus-infecting phages
was carried out. The domain composition of the endolysins was established, the endolysins
were classified into groups based on EAD types, and phylogenetic trees were constructed
for each group. This approach allowed us to identify groups of uncharacterized Bacillus
phage endolysins and their domains in which to focus researchers in future studies. Such
studies will enable the development of promising antibacterial compounds for medical and
industrial applications.

2. Materials and Methods
2.1. Database of Bacillus Phage Genomes

To create the database, the following queries were used when searching the NCBI
Nucleotide database: “Bacillus phage, complete genome”, “Bacillus bacteriophage, complete
genome”, and “Bacillus virus, complete genome”. The following settings were used to
filter the query data: “Species: Viruses”, “Molecule types: genomic DNA/RNA”, “Source
databases: INSDC (GenBank)”, “Sequence Type: Nucleotide”. A total of 529 sequences
were downloaded (data obtained on 4 September 2023), of which 91 sequences were
removed because they were duplicates, genomes of phages infecting other bacterial genera,
or bacterial genomes. As a result, 438 genomic sequences of Bacillus-infecting phages were

selected for further analyses.

2.2. Database of Bacillus Phage Endolysins

The selected 438 genomes were re-annotated using RASTtk [15]. The annotation data
were then manually analyzed to select genes of putative endolysins. If no endolysin genes
were found in a phage genome, additional annotation of all open reading frames was
performed using BLASTp and HHpred to identify potential endolysins [16,17].

All amino acid sequences of endolysins selected in the first stage were re-examined to
refine their functional annotation using BLASTp and HHpred. For BLASTp analysis, the
standard database “non-redundant protein sequences (nr)” was used, with the parame-
ter “organism: “Viruses (taxid:10239)” and the algorithm “PSI-BLAST (Position-Specific
Iterated BLAST)”. For HHpred analysis, the following domain databases were used: “Pfam-
A_v36”,“COG_KOG_v1.0”, “SCOPe70_2.08", and “NCBI_conserved_Domain(CD)_v3.19”
with default parameters. Protein functions were assigned manually based on the results of
the automatic annotation.

To accurately determine the domain composition and boundaries of the detected
domains, we compared data obtained with BLASTp and HHpred as well as data from a
comparative analysis in InterPro with default parameters [18].

Thus, 454 sequences of putative endolysins were obtained. A database of endolysins
was formed that included information about their source bacteriophage (full name and ID
number), type of EAD and CBD, and sequence ID (Supplementary Table S1).

2.3. Classification of Endolysins by Their EAD Types

A phylogenetic analysis of the 454 putative endolysins was performed using MEGA
X v.10.2.6 [19]. Separate clades were observed on the phylogenetic proteomic tree (not
shown): endolysins were grouped according to their EAD types, which is consistent with
the results obtained by Love M. J. et al. [12]. A comparative phylogenetic analysis was
performed for EADs from each clade. For this, the complete amino acid sequences of
EADs were aligned in MEGA X v.10.2.6 using the ClustalW algorithm [20]. Based on the
alignments, phylogenetic trees were constructed for each EAD type using the maximum
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likelihood method with the following parameters: bootstrap analysis with 500 replicates,
and the Jones-Tailor-Thornton model [21,22]. Tree visualization was performed in iTOL
v.6.9.1. [23]. Scientific articles describing each group of endolysins were searched for.

3. Results
3.1. Enzyme Active Domain Types

A total of 438 Bacillus-infecting phage genomes were analyzed. In three genomes,
endolysin-encoding genes were not detected. In the remaining 435 genomes, 454 genes
encoding endolysins were found, which contained 8 different types of EADs and 7 types
of CBDs. The analysis revealed 42 different variants of domain combinations: among
them, 75 endolysins contained one domain, 268 contained two domains, 92 contained three
domains, and 19 contained four domains.

According to the results of the Pfam, InterPro and CDD database analysis, the
most common EAD type found was Amidase_2, which accounted for 43% of the identi-
fied catalytic domains. The second common was Amidase_3—18%, then Glyco_hydro_
25—17%, Peptidase_M15C—13%, Bacteriophage GH24—6%, Glycosyl Hydrolase_
73—3%, NLPC_P60—0.7%, and only one endolysin was found that contained an MLTF-like
domain—0.2% (Figure 1).

3%

0.2%
0.7%

100% = 454

Color| Short name n Long name Domain identifier | Database

Amidase 2 193 N-acetylmuramoyl-L-alanine amidase PF01510 Pfam

Amidase 3 83 N-acetylmuramoyl-L-alanine amidase PFO1520 Pfam
Peptidase M15C 58 Peptidase M15C IPR039561 InterPro

NLPC P60 3 NIpC/P60 family PF00877 Pfam

MLTF-like 1 |Membrane-bound lytic murein transglycosylase F ¢d13403 CDD

Glyco hydro 25 75 Glycosyl hydrolases family 25 PF01183 Pfam
Bacteriophage GH24 | 26 Bacteriophage Glycosyl Hydrolase 24 IPRO51018 InterPro
Glycosyl Hydrolase 73| 15 Glycosyl Hydrolase Family 73 IPRO51056 InterPro

Figure 1. Representation of different types of EADs in the endolysins of Bacillus-infecting phages.
n—number of endolysins with a domain of the corresponding type.

Of the 454 putative endolysins found, only 28 have been experimentally characterized.
The most studied were endolysins containing the Amidase_2 domain, of which 13 enzymes
were characterized. Six enzymes were characterized that contained the Glyco_hydro_25 do-
main, five enzymes with the Amidase_3 domain, three enzymes with the Peptidase_M15_3
domain, and only one enzyme with the Glycosyl_Hydrolase_73 domain. No reports on
the properties of endolysins with the Bacteriophage_ GH24, NLPC_P60, and MLTF-like
domains were found.
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3.2. Cell Wall Binding Domain Types

The distribution of the CBD types identified was as follows: SH3_1—37%, LysM—21%,
CBD_PlyG—18%, PG_binding_1—12%, DUF3597—9%, DUF5776—1.6%, and SPOR—1.3%
(Figure 2). The CBD_PlyG domain was previously referred to in a number of publications as
the Amidase02_C domain and has been described as a truncated version of the Amidase_2
domain.

1.6% 1.3%

100% = 386
Color | Short name n Long name Domain identifier [Database

SH3 1 143 SH3 domain PF00018 Pfam

LysM 80 LysM domain PF01476 Pfam

CBD PlyG | 69 PlyG Cell wall binding domain PF12123 Pfam

PG binding 1| 48 | Putative peptidoglycan binding domain PF01471 Pfam
DUF3597 | 35 | Domain of unknown function (DUF3597) PF12200 Pfam
DUF5776 6 | Domain of unknown function (DUF5776) PF19087 Pfam

SPOR 5 SPOR domain PF05036 Pfam

Figure 2. Representation of different types of cell wall binding domains in endolysins of Bacillus-
infecting phages. n—number of endolysins with a domain of the corresponding type.

The best-studied are endolysins with the SH3 CBD domain—16 such enzymes have
been characterized. Ten endolysins have been characterized that contain the CBD_PlyG
domain, one with the LysM domain, one with the PG_binding_1 domain, and one with the
DUF5776 domain. No publications have been devoted to endolysins with the DUF3597
and SPOR domains.

3.3. Phylogenetic Analysis

For endolysins containing the same type of EADs, phylogenetic trees were constructed
using the amino acid sequences of their EADs.

The Amidase_2 group includes 193 endolysins of Bacillus-infecting phages with 6 types
of CBDs, forming 12 different combinations of EADs and CBDs. These endolysins include
up to three CBDs. Thirteen enzymes of this group have been experimentally characterized
(Figure 3). Enzymes containing combinations of several different CBDs were identified:
phage vB_BcoS-136 endolysin (EAD: Amidase_2; CBDs: two SH3 domains and one SPOR
domain), phage vB_BboS-125 endolysin (EAD: Amidase_2; CBDs: two LysM domains and
one PG_binding_1 domain), phage vB_BpsM-61 endolysin (EAD: Amidase_2; CBDs: LysM
domain and PG_binding_1 domain), phage vB_BteM-A9Y endolysin (EAD: Amidase_2;
CBDs: LysM domain and PG_binding_1 domain), none of them experimentally character-
ized. Bacterial hosts of phages possessing the Amidase_2 domain-containing endolysins
include: Alkalihalobacterium bogoriense, Alkalihalophilus pseudofirmus, Bacillus altitudinis, Bacil-
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lus subtilis, Bacillus sp., B. cereus s.s., B. anthracis, Bacillus thuringiensis, Sutcliffiella halmapala,
Sutcliffiella cohnii, Bacillus pumilus, Bacillus tequilensis, Cytobacillus oceanisediminis, Priestia
megaterium, Bacillus velezensis, Paenibacillus larvae, Bacillus australimaris, and Bacillus mycoides.

Z8EB
Tree scale:] —— ZE88
Lo
L MHBB4509.1 Bacillus phage vE_BbaS-125 N-acetylmuramoyl-L-alanine amidase / A.bogoriense
[ f— .
15374, o -BpSp N-acetyl I-L-alanine amidase / B. s
bootstrap Y KT895374.1 Bacillus phage vB_BpuM-BpSp N-acetylmuramoyl-L-alanine amidase / B.akitudinis

KUB78088.1 Bacillus phage AR9 N-acetylmuramoyl-L-alanine amidase / B.subtilis
<01 iz 1177400031 Bacillus phage vB._Bsph_Tnternesus
LCGB0BE4.1 Bacillus phage PBS1 N-acetylmuramoy
26446.1 Bacillus phage phidB1 N-acetylmuramoyl-L-alanine amidase / B.cereus

. 055 - KUG65491.1 Bacillus phage Mgbh1 N-acetylmuramoy-L-alanine amidase / Bacilus sp. | ]

cetylmuramayl-L-alanine amidase / Bacillus sp.

L-alanine amidase / B.subtilis

+ 033

 KX227758.1 Bacillus phage PINC7401 N-acetylmuramoyl-L-alanine amidase / B.cereus
e 078 KX227759.1 Bacillus phage PAIS075 N-acetylmuramoyl-L-alanine amidase / B.cereus ]
P L2 NG 004820,1 Bacillus prophage phBC6AS1 N-acetylmuramoyl-L-alanine amidase / B.ereus
K1024807.2 Bacillus phage vB_BtS_BMBip3 N-acetylmuramoyl-L-alanine amidase / B.churingiensis
{ KT372714.1 Bacillus phage vB_BiS_BMBp16 N-acetyl -L-alanine amidase /B, l
CBD s L KT852578.1 Bacillus phage BMBip1 N-acetylmuramoyl-L-alanine amidase / B.thuringiensis
W KX190835.1 Bacillus phage vB_BIS_BMB(p15 N-ac ine amidase /B l
b 0499999, 1 Bacillus phage vB_BanS_Boaya N-acetylmuramoyl-L-alanine amidase / B.anthracis
. LysM 0K499979.1 Bacillus Phage vB_BanS_McSteamy N-acetylmuramoyl-L-alanine amidase / B.anthracis
B oo KY963370.1 Bacillus phage Negev_SA N-acetylmuramoy|-L-alanine amidase / B.anthracis
= 9633711 Bacillus phage Carmel_SA N-acetylmuramoyl-L-alanine amidase / B.anthracis
W ¥G_binding 1 KY963369.1 Bacillus phage Tavor_SA N-acetylmuramoyl-L-alanine amidase / B.anthracis
MT745936.2 Bacillus phage 21a N-acetylmuramoyl-L-alanine amidase / Banthracis
[l pursso? MT745954.2 Bacillus phage F163a N-acetylmuramoyl-L-alanine amidase / B.anthracis
[ ] spor MT745955.1 Bacillus phage J5a vi-L-alanine amidase / B.anthracis
. L MHBS4514,1 Bacillus phage vB_BpsM-61 N-acetylmuramoy|-L-alanine amidase / A.pseudofirmus
L MF418016.1 Bacillus phage vB_BceM-HSE3 N-acetylmuramoyl-L-alanine amidase / B.cereus
L L KU160496.1 Bacillus phage vB_BhaS-171 N-acetylmuram alanine amidase / S halmapola

MHB84508.1 Bacillus phage vB_BcoS-136 N-acetylmuramoyl-L-alanine amidase / S.colnii
¢ KF554508.2 Bacillus phage CP-51 N-acetylmuramoyl-L-alanine amidase / B.cercus

| KC595513.2 Bacillus phage Shanetie N-acetylmuramoyl-L-alanine amidase / B.cereus

L KC595512.2 Bacillus phage JL N-acetylmuramoyl-L-alanine amidase / B.cereus
0Q921345.1 Bacillus phage SPhetal 5 N-acetylmuramoyl-L-alanine amidase /B.subrilis
(2921348.1 Bacillus phage SPhetal.8 N-acetylmuramoyl-
MT601273.1 Bacillus phage vB_BsuS-Goe12 N-acetylmuramayl-L-alanine amidase / B.subtilis
MT601274.1 Bacillus phage vB_BsuS-Goe 13 N-acetylmuramay)-L-alanine amidase / B subtilis
( MZ969646.1 Bacillus phage BUCTOB2 N-acetylmuramoyl-1-alanine amidase / B.subrilis
0Q921346,1 Bacillus phage SPhetal 6 N-acetylmuramayl-L-alanine amidase / B.subiilis
0(921347.1 Bacillus phage
‘ ON107264.1 Bacillus phage BUCTOB3 N-acetylmuramoyl
AFI20713.1 Bacillus phage SPBc2 N-acetylmuramoyl-L-alanine amidase / B.subilis

KY030782.1 Baclllus phage phi3T N-acetylmuramoyl-L-alanine amidase / B.subtilis

MT366946.1 Bacillus phage Hyblphi3Ts-Spbeta N-acetylmuramoy-L-alanine amidase / B subtilis
MT366947.1 Bacillus phage Hyb2phiaTs-SPheta N-acetylmuramoyl-L-alanine amidase / B.subtilis
MT366048.1 Bacillus phage Hyb3phi3Ts-Spheta N-acetylmuramoyl-L-alanine amidase / B subtilis
MT366045.1 Bacillus phage phi3Ts N-acetylmuramoyl-L-alanine amidase / B.sublilis

! OP380492.1 Bacillus phage Nachito N-acetylmuramayl-L-alanine amida
L MT416612.2 Bacillus phage YungSlug N-acetylmuramoyl-L-alanine amidase / B.thuringiensis
‘- KC847113.1 Bacillus phage PBP180 N-acetylmuramo
% ON520935.2 Bacillus phage vB_BteM-A9Y N-acetylmuramoyl-1

alanine amidase / B.subtilis

Phetal.7 N-acetylmuramaoyl-L-alanine amidase / H.subii

-alanine amidase / B.subtilis

/ Bacillus sp.

~alanine amidase / B pumilus

ine amidase | B.tequilensis
OM236514.1 Bacillus phage thol4 N-acetylmuramoyl-L-alanine amidase / B.subrilis
! HMO72038.1 Bacillus phage phi 105 N-acetylmuramoyl-L-alanine amidase / B.subrilis

2 MT151604.1 Bacillus phage P59 N-acetylmuramayl-1-alanine amidase / C.oceanisediminis
KM236245,1 Bacillus phage Mater N-acetylmuramoyl-L
1 1X238501.3 Bacillus phage phiAGATE N-acetylmuramoy|-L-alanine amidase / B pumilus
KM051843.1 Bac
| KI010548.1 Bacillus phage BpBp-T N-acetylmuramoyl-L-alanine amidase / B.pumilus
KI010547.1 Bacillus phage Bpep-C N-acetylmuramoyl-L-alanine amidase / B pumilus
MW419084.1 Bacillus phage 0O0THODA N-a
| MW749007.1 Bacillus phage vB_BspH_TimeGr
MW749002.1 Bacillus phage vB_BspH_Mawwa N-acetylmuramoy|-L-alanine amidase / Bacillus sp.

mine amidase / Pmegaterium

lus phage Bobb N-acetylmuramoyl-L-alanine amidase / B.pumilus

01 . "
Imuramayl-L-alanine amidase / B.subtilis

in N-acetylmuramoyl-L-alanine amidase / Bacillus sp.

KC699836.1 Bacillus phage S10phi N-acetylmuramoyl-L-alanine amidase / B subtilis
bIMH?OT‘-Hﬁ.\ Bacillus phage BSP36 N-ac
1 Ba
Bacillus phage 27BBBO01 N-acetylmuramoy|

yimuramoy!-L-alanine amidase / B.subtilis

llus phage BSP38 N-acetylmuramay|-L-alanine amidase ¢ B.subtilis

-alanine amidase / B subtilis

1 M2501261.1 Bacillus phage 010DV005 N-acetylmuramayl-L-alanine amidase ¢ Bsubtilis
MZ501263,1 Bacillus phage 0435T007 N-acetylmuramoyl-L-alanine amidase / B,subtilis
MZ501260.1 Bacillus phage 010DV004 N-acetylmuramoyl-L-alanine amidase / B subtilis

\'OK349510,1 Bacillus phage BM-P1 N-acetylmuramoyl-L-alanine amidase / B.velezensis

OM726300.1 Bacillus phage vi3_BsuM-Goe17 N-acetylmuramoyl-L-alanine amidase / B.subtilis
OM726303.1 Bacillus phage vB_BsuM-Goe23 N-acetylmuramoyl-L-alanine amidase / B.subiilis
OM726301.1 Bacillus phage vB_BsuM-Goe20 N-acetylmuramoyl-L-alanine amidase / B.subiilis
MH707431.1 Bacillus phage BSP14 N-acetylmuramoyl-L-alanine amidase / B.subrilis
MH707429.1 Bacillus phage BSP12 N-acetylmuramoyl-L-alanine amidase / B.subtilis
L OM728304.1 Bacillus phage vB_BsuM-Goe27 N-acetylmuramoyl-L-alanine amidase / B.subiilis
OM728302.1 Bacillus phage vB_TisuM-Goe24 N-acetylmuramoyl-L-alanine amidase / B.subtilis
{ MN043730.1 Bacillus phage vB_BveM-Goe7 N-acetylmuramoyl-L-alanine amidase / B.subtilis
KY366640.1 Bacillus phage vB_BsuM-Goe3 N-acetylmuramoyl-L-alanine amidase / B.subrilis

[ MGO0B60.1 Bacillus phage BSP9 N-acetylmuramoyl

MW354667.1 Bacillus phage BSTP3 N-acetylmuramoyl.

MF422185.1 Bacillus phage BSP10 N-acetylmuramoy

' MZ501262,1 Bacillus phage 0351004 N-acetylmuramoy|-L-alanine amidase / B.subrilis

OM882674.1 Bacillus phage SBSphiJ7 N-acetylmuramayl-L-alanine amidase /8 subtilis

LT960608.1 Bacillus phage SBSphiJ N-acetylmuramoyl-L-alanine amidase / B subtifis

OM982669.1 Bacillus phage SBSphi)2 N-acetylmuramoyl-L-alanine amidase / B.sublilis

MH707435.1 Bacillus phage BSP21 N-acetylmuramoyl-L-alanine amidase / B.subtilis

1OM982668.1 Bacillus phage SBSphil1 N-acetyImuramoy]-L-alanine amidase / B.subtilis

©OMY82671.1 Bacillus phage SBSphil4 N-acetylmuramoy| e amidase | B.subiilis

KFG669652.1 Bacillus phage Grass N-acetylmuramoyl

MH707433.1 Bacillus phage BSP18 N-acetylmuramoyl-L-alanine amidase / B.subtilis

APO13029.1 Bacillus phage phiNIT1 N-acetylmuramoyl-L-alanine amidase / B.subtilis

OMY82673.1 Bacillus phage SBSphils N-acetylmuramoyl-L-alanine amidase / B.subiilis

MH707432.1 Bacillus phage BSP15 N-acetylmuramoy)

ABI30162.1 Bacillus phage SPG24 Neacetylmuramoyl

OM982672.1 Bacillus phage SBSphi

©OM382670.1 Bacillus phage SBSphil3 N-ace

~alanine amidase / B.subtilis
-alanine amidase / B.subtilis
ubilis

-alanine amidase /

[

L-ala

ibtitis

lanine amidase / B.

~alanine amidase / B.subiilis
Busubtilis
L-alanine amidase / B.subiilis

~alanine amida:

N-acetylmuram:

ylmurams ~alanine amidase / B.subiilis

Figure 3. Cont.
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MEG727697.1 Paenibacillus phage Dragolir N-acety muramoy l-L-alanine amidase / Plarvae

7701.1 Paenibacillus phage Leyra N-acetylmuramoyl-L-alanine amidase / Plarvae

MG727699,1 Paenibacillus phage Pagassa N-ae
MG727700,1 Pacnibacillus phage Tadhana N-acetylmuramoy}
* MG727698,1 Paenibacillus phage PBL1c N-acetylmuramoyl-L-alanine amidase /
! MG727702.1 Paenibacillus phage Likha N-acetyl I-L-alanine a
MG727696.1 Paenibacillus phoge Kielo0? N-acetylmuramoy!-L-alanine amidase / Piarvoe
MG727695.1 Paenibacillus phage BN12 N-acetylm

muramayl-L-alanine amidase / P larvoe

anine amidase / Plarvae

2 larvae

ase | Plarvae

yl-Lealanine amidase / Plarvae

003179421 Bacillus phage 01105phi7-2 N-acetylmuramoyl-L-alanine amidase / B.thuringiensis

f MG584725.1 Bacillus phage BVE2 Neacety)

D222853.1 Bacillus anthracis phage Gamma isolate 51 N-acetylmuramoyl-L-alanine amidase / B.anthracis
DQIS0593.1 Bacillus pl
DQ222851.1 Bacillus antl
DO289555.1 Bacillus phage Wheta N-acetylmuramoy-L-alanine amidase / B.oereus
MEK085976.1 Bacillus phage AP631 N-acetylmuramaoyl-L-alas
02895561 Bacillus anthracis phage G
' 100629921 Bacillus phage phiS3501 N-acetylmuramoy
y MNOG3 183, 1 Bacillus phage vB_BthS-HD29phi N-
KF296710.1 Baclllus phage phi
f OPOG6531.2 Bacillus phage BL3 N-acetylmuramoyl-L-alanine amidase / Bcereus

[ K1920400.1 Bacillus phage Waukesha92 N-acetylmuramoyl-L-alanine amidase / B thuringicnsis

ramoyl-L-alanine amidase / B.cereus

e Fah N-acetylmuramoyl-L-alanine amidase / B.onthracis

acis phage Cherry N-acetylmuramay

lanine amidase / B.antlracis

midase / Banthracis

nma isolate Herelle N

wnine amidase / B.anthracis

mramoyl-|

alanine amidase / B.thuringlensis

yl-L-alar

e amidase / B.thuringicnsis

M3 Neacetylmuramoyl-L-alanine amidase / B.thuringlensis

KT970646.1 Bacillus phage phiS58 N-acetylmuramoyl-Lalanine amidase / B.cercus
MKB43219.1 Bacillus phage vB_BIS-TP21T N-acetylmy
200921343.1 Bacillus phage SPhetal.3 N-acetylmuramoyl-L
1 00921342.1 Bacillus phage SPhetal 2 N-acetylmuramoyl-L-alanine amidase / B.subrilis
Busubtilis

@ | B.subtilis

oyl-L-alanine amidase / B.thuringiensis

alanine amidase

L subtilis

OM236515.1 Bacillus phage SPR N-acetylmuramayl-L-alanine amidase
©0921341.1 Bacillus phage SPhetal. 1 Neacetyln
2L OM654379.1 Bacillus phage vB_BauS_KLEB27-1 N-acetylmuramoyl-|
ON210835,1 Bacillus phage 268TH002 N-acetylmuramoyl-L-;
ON210834.1 Bacillus phage 26811007 N-acetylmuramoyl-L-alanine amid
| 00921344.1 Bac
L MT601272.1 Bacillus phage vB_BsuS-Goell N-acetylmuramoy|-1

lanine amidase / B.australimaris

! B.subtilis

! Busubtitis

us phage SPhetal4 N-acetylmuramoy|-L-alanine amidase /8. subtilis

lanine amidase / Busubtilis

OL580764,1 Bacillus phage vB_PsuS-Ga
[ OK499991.1 Bacillus phage vB_BanS_Sophrita N-acetylmuramoyl-L-alanine amidase / Banthracis

14 N-acetylmuramoyl-L-a lase / B.subiilis

ONG48418.1 Bacillus phage vB_BanS-Thrax2 N-acetylmuramoyl-L-alanine amidase / B.anthracis
KT070867.1 Bacillus phage PBC2 N-acetylmuramoyl-L-alanine amidase / B.cereiis

£ MK288021.1 Bacillus phage pW2 N-acetylmuramayl-L-ala
! ON548421.1 Bacillus phage vB_BanS-Thrax5 N-acetylmuramoy|-1
' OK499992.1 Bacillus phage vB_Bans_Nate N-acetylmuramoy]-
ON548417,1 Bacillus phage vB_BanS-T}
ON5A46419.1 Bacillus phage vB_BanS-Thrax N-acetylmuramoyl-L-alanine amidase / Banthracis
| MWOBH076.1

amidase | B.cereus

alanine amidase / B.anthracis

L-alanine amidase / B.anihracis

ax1 N-ac

yimuramoyl-L-alanine amidase / Banthracis

noyl-1-alanine amidase / Bcereus

cillus phage Kirov N-acetylm
[OK499972.1 Bacillus phage vi3_Bans_Chewbecea N-acetylmuramoyl-L-alanine amidase / B.anthracls
OKA%9994,1 Bacillus phage vB_BanS_Skywalker N-acetylmuramoyl-L-alan
OK499997.1 Bacillus phage vB_Ban$
1| ONS48420.1 Bacillus phage vB_BanS-Thraxd N-acetylmuramoyl-L-alanine amidase / B.anthracis
§ MT254570.1 Bacillus phage Izhevsk N-acetylmuramayl-L-alanine amidase / B.cereus

KC481682.1 Bacillus phage vB_BanS-Tsamsa Neacetylmuramoy|-L-alanine amidase / B.anthracis

amidase / B.anthracis

MiDarsey N-acetylmuramaoyl-L-alanine amidase / B.onthracis

KT970645.1 Bacillus phage phidl N-acetylmuramoy|-L-alanine amidase / Bthuringiensis
£ MT136606.1 Bacillus phage vB_RBceS_KLEB20-38 N-

LKF296717.1 Bacillus phage proCM3 Neacetyln
IXBB7677.1 Bacillus phage vB_BiS_BMBp2 N-acetylmuramoyl-L-alanine amidase / B.thuringiensis
o EUBS7664,1 Bacillus phage TP21-1 Neacetylm

etylmuramoy|-L-alanine amidase (B.cereus

moyl-1

lanine amidase / B.thuringiensis

noyl-L-alanine am

lase | B.thuringiensis

3 Neacetylmuramoy|-L-alanine amidase

Bthuringiensis

EUB74396.1 Bacillus phage IEBH N-acetylmu
' KX227760.1 Bacillus phage PIEFR-5 N-acety ~alanine amidase / B.cereus
KX227757.1 Bacillus phage PIEFR-4 N-acetylmuramoyl-L-alanine amidase /B.cereus
KT725776.1 Bacillus phage vB_BceS-MY 192 N-acetylmuramoy -1
"L MGORI7A2.1 Bacillus phage Anath N-acetylmuramos
L 0025 moyl
P OQA70554.1 Bacillus phage PSYJ-YH N-acetylmuramay )
/(1259508.1 Bacillus phage BC-6 N-acetylmuramoyl-L-alanine amidase / B.cereus
UL MH458951.1 Bacillus phage vB_BthS_BMBphi N-acetylmuramoyl-L-alanine amidase / Bihuringiensis
| KU737:340.1 Bacillus phage DIGNKC N-ac L-alanine amidase / B.th
| MF288919.1 Bacillus ph
MH536193.1 Bacillus phage Saddex Neacetylmuramoy|
KX961629.1 Bacillus phage BJd Na
MG76:3094.1 Bacillus phage Honesta
KU737348, 1 Bacillus phag y ¥
£ HM144387.1 Bacillus phage W.Ph. N-acetylmuramoy|
KX

alanine amidase / B.cereus
Imurame

an

amidase [ Bcereus

~alan

e

nidase / B.mycoid:
! Buce

s

509.1 Bacillus phagge BC-7 N-acetylm

e ami

us

lanine amidase / B.cereus

e AaronPhadgers N-acetylmuramoy-

las

lan i thuringiensis

lanine amidase / B.thuringiensis

tylmurame mine amidase / Banthracis

muramoyl-L

lanine amidase / B.thuringiensis

#uko N-acetylmuramoyl-1-ala

ne amidase / B thuringicnsis

lanine amidase / B.cereus

32,1 Bacillus phage SBPBa N-acetylmuramoy|-L-alanine amidase / Banihracis
MT304005.1 Bacillus phage Tomato N-acetylmuramoyl-L-alanine amidase | Ithuringiensis
OK500001.1 Bacillus phage vB_BanH_Abinadi N-acetylmuramoyl-L-alanine amidase / B.anthracis

KUB47400.1 Bacillus phage Crooki

| MHE38311.1 Bacillus phage OmnioDeol

KU737344.1 Bacillus phage Nigalana
KU737352.1 Bacillus phage Nemo N-ac
ME208918,1 Bacillus phage Bubs N-acetylmi
KU737350.1 Bacillus phage SageFayge N-acetylmuramo
KX147229.1 Bacillus phage Belinda N-acetyImuramoy]-1
KX349903,1 Bacillus phage DirtyBetty ¥
KC430106.1 Ba 1s phage BPS10C N-acetyln
NG54439.1 1, hage BPS13 N 1
KJ1489399,1 Bacillus phage Hakuna N-acetylmuram

KT207918.1 Bacillus phage Eyuki N-acetylmuramoyl-L-alanine amidase / B.thuringiensis

KJ489401.1 Bacillus phage Megatron N-ac

KU737351.1 Bacillus phage NotTheCreek N-acetylmuramoyl-L-alanine amidase / B.thuringiensis

KX011169.1 Bacillus phage SalinJah N-a L-alanine amidase / B..

etylmuramoyl-L-al nidase / Banthracis

imus N-acetylmug

moyl-L-alanine amidase / B.ihuringiensis

acetylmuramoyl-L-alanine amidase / B.thuringiensis
Bith

I-Lealanine amidase

ise | B.thuringfensis

alanine amidase / B thuringicasis

ne amidase / B.thuringiensis

ine amidase / B.ehuringiensis

amidase / B.cereus

ne amidase / B.cereus

yl-L-alanine amidase / B.thuringiensis

lanine amidase ¢ B.th

g
KX156152.1 Bacillus phage Smudge N-acety] I-L-alanine amidase /
KX349902.1 Bacillus phage Kida N-acetylmuramoyl-L-alanine ami
MF208917.1 Bacillus phage PPlsBest N-acetylmuramoyl-1
MFE208920.1 Bacillus phage Zainny N-acetylmuramayl-L-alanine amidase / B.thuringiensis
OM3I50017.1 Bacillus phage MrBubbles N-acetylmurame e / Bthuringlensis
MNO38179.1 Bacillus phage ALPS N-acety ~alanine amidase / B.th

MW596414.1 Bacillus phage BCP18 N
MNO38176.1 Bacillus phage Phireball N-acetylmuramoyl-L-alanine amidase / B.thuringiensis
MW392803,1 Bacillus phage BCRG] N-acetylmuramoyl-L-alant
OM350012.1 Bacillus phage Darren N-acetyl| I-L-alai
MW5B4228.1 Bacillus phage BCPG3 N-acetylmuramoyl-L-alan

- ing
Bhuringiensis

lase / B.thuringiensis

ylmuramayl-L-alanine ami

I Hacillus sp,

nidase / B.cerens
ne amidase / B.th

amidase / Bacillus sp.

Figure 3. Phylogenetic tree of Amidase_2 domains from the endolysins of Bacillus-infecting bacterio-
phages. The tree was constructed using the maximum likelihood method (bootstrap analysis with
500 replicates) and visualized in iTOL v.6.9.1. Enzymes previously characterized in publications are
highlighted in bold. The host bacteria of the bacteriophages, in whose genomes endolysins were

identified, are indicated in italics following the “/” symbol.
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The Amidase_3 domain group includes 83 out of 454 endolysins of Bacillus-infecting
phages identified, which have 6 different types of CBDs, forming 7 combinations of domains
(Figure 4). Endolysins of this type contain up to two CBDs. These enzymes have not
been sufficiently characterized in the scientific literature: only five of them have been
described, with four of them containing a combination of the Amidase_3 domain with the
CBD_PlyG domain. Bacterial hosts of phages with the Amidase_3 domain include: Bacillus
sp., P. megaterium, B. cereus s.s., B. subtilis, Alkalihalobacillus alcalophilus, Alkalihalobacillus
pseudalcaliphilus, B. thuringiensis, B. anthracis, B. pumilus, Evansella clarkii, Bacillus safensis,
and Lysinibacillus fusiformis.

CBDI
CBD2

03

OM112210.1 Bacillus phage PK2 N-acetylmuramoyl-L-alanine amidase / Bacillus sp.
o

0 JNG38751.1 Bacillus phage G N-acetylmuramoy]-L-alanine amidase / Pmegaterium
‘% o {MN604230.1 Bacillus phage vB_BcM_Sam112 N-acetylmuramoyl-L-alanine amidase / B.cereus
'MNG604698.1 Bacillus phage vB_BcM_Sam46 N-acetylmuramoyl-L-alanine amidase / B.cereus

{ MN176221.1 Bacillus phage 019DV004 N-acetylmuramoyl-L-alanine amidase / B.sublilis
MN176230.1 Bacillus phage 056SW001B N-acetylmuramoyl-L-alanine amidase / B subtilis
'MN176220.1 Bacillus phage 019DV002 N-acetylmuramoyl-L-alanine amidase / B.subtilis
MH884513.1 Bacillus phage vB_BpsS-36 N-acetylmuramoyl-L-alanine amidase / A.pseudalcaliphilus
MZ089978.1 Bacillus phage Sato N-acetylmuramoyl-L-alanine amidase / B.cereus
01 AY701338.1 Bacillus phage GIL16¢c N- L-alanine amidase /

1 MZz089579.1 Bacillus phage Sole N-acetylmuramoyl-L-alanine amidase / B.cereus
EU408779.1 Bacillus phage AP50 N-acetylmuramoyl-L-alanine amidase / B.anthracis
OP646176.1 Bacillus phage vB_BceS_LY5 N-acetylmuramoyl-L-alanine amidase / B.cereus
JQ619704.1 Bacillus phage PBC1 N-acetylmuramoyl-L-alanine amidase / B.cereus
"MG784342.1 Bacillus phage Carmen1? N L-alanine amidase / B.

MHS598512.1 Bacillus phﬂgl‘ ‘Wesd4 N- L-alanine amidase /B.

&L ON366410.1 Bacillus phage vB_BceS_LY1 N-acetylmuramoyl-L-alanine amidase / B.cereus

MG967618.1 Bacillus phage v_B-Bak10 N-acetylmuramoyl-L-alanine amidase / B.anthracis
£1$KC595511.2 Bacillus phage Basilisk N-acetylmuramoyl-L-alanine amidase / B.cereus
MG967617.1 Bacillus phage v_B-Baké N-acetylmuramayl-L-alanine amidase / B.anthracis
'MG967616.1 Bacillus phage v_B-Bak1 N-acetylmuramayl-L-alanine amidase / B.anthracis
82 KX190833.1 Bacillus phage vB_BtS_BMBip14 N-acetylmuramoyl-L-alanine amidase / B.thuringiensis

£ MK288022.1 Bacillus phage pW4 N-acetylmuramoyl-L-alanine amidase / B.cereus
2MW392802.1 Bacillus phage BCPST N-acetylmuramoyl-L-alanine amidase / B.cereus
MW392801.1 Bacillus phage BCP6 N-acetylmuramoyl-L-alanine amidase / B.cereus
K T070866.1 Bacillus phage PBC4 N-acetylmuramoyl-L -alanine amidase / B.cereus
0Q436521.1 Bacillus phage BSGO1 N-acetylmuramoyl-L-alanine amidase ! B.cereus
LC597490.1 Bacillus phage vB_BceM_WH1 N-acetylmuramoyl-L-alanine amidase / B.cereus
KJ676859.1 Bacillus phage JBP901 N-acetylmuramoyl-L-alanine amidase / B.cereus
£ X094431.1 Bacillus phage vB_BceM_Bc431v3 N-acetylmuramoyl-L-alanine amidase / B.cereus
{2 0K499977.1 Bacillus phage vB_BanH_Emiliahah N-acetylmuramoyl-L-alanine amidase / B.anthracis
(& KX961630.1 Bacillus phage QCMB N-acetylmuramoy)-L-alanine amidase / B.anthracis
KX987999.1 Bacillus phage BCP12 N-acetylmuramoyl-L-alanine amidase / B.cereus
& 1N797797.1 Bacillus phage BCP78 N-acetylmuramoyl-L-alanine amidase / B.cereus

li 0K499983.1 Bacillus phage vB_BanH_McCartney N-acetylmuramoy-L-alanine amidase / B.anthracis

KT187252.1 Bacillus phage PBC6 N-acetylmuramoyl-L-alanine amidase / B.cereus

MH487649.1 Bacillus phage BCO1 N-acetylmuramoyl-L-alanine amidase / B.cereus

'MN150686.1 Bacillus phage BC-T25 N-acetylmuramoyl-L-alanine amidase / Bacillus sp.

KT224359.1 Bacillus phage TsarBomba N-acetylmuramoyl-L-alanine amidase / B.thuringiensis
KT995480.1 Bacillus phage Bm15 N-acetylmuramoyl-L-alanine amidase / Pmegaterium

'MH638309.1 Bacillus phage Hobo N-acetylmuramoy)-L-alanine amidase / B.thuringiensis
MNO013089.1 Bacillus phage vB_BspM_MarvelLand N-acetylmuramoyl-L-alanine amidase / Bacillus sp.
0L964058.1 Bacillus phage vB_BtM_BMBsp2 N-acetylmuramoyl-L-alanine amidase / B.thuringiensis
MG602477.1 Bacillus phage BCPO1 N-acetylmuramoyl-

. KX495186.1 Bacillus phage PK16 N-acetylmuramoyl-L-alanine amidase / B.cereus
3

" MNS524844.1 Bacillus phage vB_Bpu_PumA1 N-acetylmuramoyl-L-alanine amidase / B. pumilus
‘—J o [ﬂ MN524845.1 Bacillus phage vB_Bpu_PumA2 N-acetylmuramoy}-L-alanine amidase / B.pumilus
L MW419775.2 Bacillus phage WhyPhy N-acetylmuramoyl-L-alanine amidase / B pumilus
05

KT001912.1 Bacillus phage Silence N-acetylmuremoyl-L-alanine amidase / Pmegaterium

alanine amidase / B.cereus

JIN712910.1 Bacillus phage BCD? N-acetylmuramoyl-L-alanine amidase / B.cereus

KUG40380.1 Bacillus phage Shbh1 N-acetylmurameyl-L-alanine amidase / Bacillus sp.

AY616446.1 Bacillus phage BCJA 1¢ N-acetylmuramoyl-L-alanine amidase / E. clarkii
DQB40344.2 Bacillus phage 1 N-acetylmuramoyl-L-alanine amidase / Bacillus sp.

{KP063903.1 Bacillus phage BalMu-1 copy2 N-acetylmuramoyl-L-alanine amidase / A.alcalophilus

KP0G3902.1 Bacillus phage BalMu-1 copy 1 N-acetylmuramoyl-L-alanine amidase / A.alcalophilus
MN0B2625.1 Bacillus phage Karezi N-acetylmuramoyl-L-alanine amidase / B.thuringiensis
L MN857617.1 Bacillus phage SRT01hs N-acetylmuramoyl-L-alanine amidase / B.safensis

21 X96987.2 GA-1 complete N-: L-alanine amidase / Bacillus sp.
OP433492.1 Bacillus phage vB_BaeroP_SYYB1 N-acetylmuramoy|-L-alanine amidase /L fusiforais
AB711120.1 Bacillus phage PM1 N-acetylmuramoyl-L-alanine amidase / B.subiilis

I MN176227.1 Bacillus phage 049MLO01 N-acetylmuramoyl-L-alanine amidase / B.subrilis
01 |t MN176228.1 Bacillus phage 049ML003 N-acetylmuramoyl-L-alanine amidase / B.subtilis

- MN176219.1 Bacillus phage 000TH010 N-acetylmuramoyl-L-alanine amidase / B.subtilis
X97918.2 Bacteriophage SPP1 N-acetylmuramoy]-L-alanine amidase / B.subtilis

[~ MH707430.1 Bacillus phage BSP7 N-acetylmuramoyl-L-alanine amidase / B.subtilis
'MH707434.1 Bacillus phage BSP19 N-acetylmuramoyl-L-alanine amidase / B.subtilis
#MW354669.1 Bacillus phage BSTPS N-acetylmuramoyl-L-alanine amidase / B.subiilis
'MW354676.1 Bacillus phage BSTP8 N-acetylmuramoy|-L-alanine amidase / B.subiilis
e MW354678.1 Bacillus phage BSTP12 N-acetylmuramoyl-L-alanine amidase / B.subtilis

01 MW354677.1 Bacillus phage BSTP10 N-acetylmuramoyl-L-alanine amidase / B.subtilis
N KC330681.1 Bacillus phage Gemini N-acetylmuramoyl-L-alanine amidase / B.pumilus
'KC330684.1 Bacillus phage Andromeda N-acetylmuramayl-L-alanine amidase / B.pumilus
F KF669651.1 Bacillus phage Glittering N-acetylmuramoyl-L-alanine amidase / B.pumilus
KC330679.1 Bacillus phage Curly N-acetylmuramoy]-L-alanine amidase / B pumilus
MT514532.1 Bacillus phage Bolokhovo N-acetylmuramoy}-L-alanine amidase / B pumilus

 MT422786.1 Bacillus phage Novomoskovsk N-acetylmuramoy|-L-alanine amidase / B.pumilus
 KF669659.1 Bacillus phage Riggi N-acetylmuramoyl-L-alanine amidase / B pumilus
'KC330683.1 Bacillus phage Finn N-acetylmuramoyl-L-alanine amidase / B.pumilus
2 KUB36751.1 Bacillus phage Leo2 N-acetylmuramoyl
L KF669648.1 Bacillus phage Blastoid N-acetylmuramoy]-L-alanine amidase / B.pumilus
'KC330682.1 Bacillus phage Taylor N-acetylmuramoyl-L-alanine amidase / B.pumnilus
KC330680.1 Bacillus phage Eoghan N-acetylmuramoy-L-alanine amidase / B.pumilus
L CP027117.1 Bacillus phage EZ-2018a N-acetylmuramoyl-L-alanine amidase / B.pumilus

03

3

lanine amidase / B.pumilus

Figure 4. Phylogenetic tree of Amidase_3 domains from the endolysins of Bacillus-infecting bac-
teriophages. The tree was constructed using the maximum likelihood method (bootstrap analysis
with 500 replicates) and visualized in iTOL v.6.9.1. Enzymes previously characterized in scientific
publications are highlighted in bold. The host bacteria of the bacteriophages, in whose genomes
endolysins were identified, are indicated in italics following the “/” symbol.
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Fifty-eight enzymes with the EAD Peptidase_M15_3 domain were identified, which
contain two types of CBDs: CH3 and PG_binding_1, forming four different domain combi-
nations (Figure 5). Some members of this group contain two CBDs in one amino acid chain.
Only three of these enzymes have been experimentally characterized. The host bacteria
of phages with Peptidase_M15_3 domain-containing endolysins include: B. anthracis, B.
subtilis, B. australimaris, P. megaterium, A. pseudalcaliphilus, B. thuringiensis, B. cereus s.s., and
B. mycoides.

CBD1
CBD2

—— KF188458.1 Bacillus phage Wip1 L-Ala-D-Glu peptidase / B.anthracis

02

01

{ KP696448.1 Bacillus phage Stills L-Ala-D-Glu peptidase / Pmegaterium

o MW419087.1 Bacillus phage 015DV004 L-Ala-D-Glu peptidase / B.subtilis

0

MW419086.1 Bacillus phage 015DV002 L-Ala-D-Glu peptidase / B.subtilis
MW419085.1 Bacillus phage 000TH009 L-Ala-D-Glu peptidase / B.subtilis
s OM634661.1 Bacillus phage vB_BauM_KLEB27-3 L-Ala-D-Glu peptidase / B.australimaris
{ AB605730.1 Bacillus phage SP10 L-Ala D-Glu peptidase / B.subtilis
(OM728296.1 Bacillus phage vB_BsuM-Goe26 L-Ala-D-Glu peptidase /B.subtilis
LT960610.1 Bacillus phage SBSphiC L-Ala-D-Glu peptidase / B.subtilis

' KF669663.1 Bacillus phage Staley L-Ala-D-Glu peptidase / Pmegaterium

KPB96447.1 Bacillus phage Stahl L-Ala-D-Glu peptidase / Pmegaterium

KF669661.1 Bacillus phage Slash L-Ala-D-Glu peptidase / Pmegaterium

o3 KM236247.1 Bacillus phage Pascal L-Ala-D-Glu peptidase / Pmegaterium

\'KF669660.1 Bacillus phage Pony L-Ala-D-Glu peptidase / Pmegaterium
KF669655.1 Bacillus phage Page / P.megaterium
KT001911.1 Bacillus phage Pavlov L-Ala-D-Glu peptidase / Pmegaterium
KM236248.1 Bacillus phage Pookie L-Ala-D-Glu peptidase /P.megaterium

MN043729.1 Bacillus phage vB_BmeM-Goe8 L-Ala-D-Glu peptidase / Pmegaterium
12.1 Bacillus phage Eldridge L-Ala-D-Glu pepidase / Emegaterium

L. KM236246.1 Bacillus phage Moonbeam L-Ala-D-Glu peptidase / Pmegaterium

01

KT624200.1 Bacillus phage SP-15 L-Ala-D-Glu peptidase / B.subrtilis

— _ MH884512.1 Bacillus phage vB_BpsS-140 L-Ala-D-Glu peptidase / A.pseudalcaliphilus

01 OM728298.1 Bacillus phage vB_BsuM-Goe16 L-Ala-D-Glu peptidase / B.subtilis
am}92l336.] Bacillus phage SPOIL1 L-Ala-D-Glu peptidase / B.subtilis
00921337.1 Bacillus phage SPO1L2 L-Ala-D-Glu peptidase / B.subtilis
MW001214.1 Bacillus phage SP8 L-Ala-D-Glu peptidase / B.subtilis
i MZ751040.1 Bacillus phage phi18 L-Ala-D-Glu peptidase /B.subtilis
MT601270.1 Bacillus phage vB_BsuM-Goe9 L-Ala-D-Glu peptidase / B.subtilis
MT601271.1 Bacillus phage vB_BsuM-Goe10 L-Ala-D-Glu peptidase /B.subtilis
"0Q921330.1 Bacillus phage SPO1L3 L-Ala-D-Glu peptidase / B.subtilis
0Q921339.1 Bacillus phage SPO1L4 L-Ala-D-Glu peptidase / B.subtilis

Figure 5. Phylogenetic tree of Peptidase_M15_3 domains from the endolysins of Bacillus-infecting
bacteriophages. The tree was constructed using the maximum likelihood method (bootstrap analysis
with 500 replicates) and visualized in iTOL v.6.9.1. Enzymes previously characterized in scientific
publications are highlighted in bold. The host bacteria of the bacteriophages, in whose genomes
endolysins were identified, are indicated in italics following the “/” symbol.

002921340.1 Bacillus phage SPO1LS5 L-Ala-D-Glu peptidase / B.subtilis
KY368639.1 Bacillus phage vB_BsuM-Goe2 L-Ala-D-Glu peptidase / B.subtilis
KF669649.1 Bacillus phage CampHawk L-Ala-D-Glu peptidase / B.subrilis
FJ230960.1 Bacillus phage SPO1 L-Ala-D-Glu peptidase / B.subtilis

OM236513.1 Bacillus phage SPB2G L-Ala-D-Glu peptidase / B.subtilis
‘OM728299.1 Bacillus phage vB_BsuM-Goe19 L-Ala-D-Glu peptidase / B.subtilis
2 ON975036.1 Bacillus phage Thurquoise L-Ala-D-Glu peptidase / B.thuringiensis
KU577463.1 Bacillus phage Deep L-Ala-D-Glu peptidase / B.cereus

% MW787012.1 Bacillus phage SWEP1 L-Ala-D-Glu peptidase / B.cereus
§IN797796.1 Bacillus phage BSS L-Ala-D-Glu peptidase / B.cereus

JN790865.1 Bacillus phage B4 L-Ala-D-Glu peptidase /B.cereus

KF669662.1 Bacillus phage Spock L-Ala-D-Glu peptidase / B.thuringiensis

£ KY888862.1 Bacillus phage Flapjack L-Ala-D-Glu peptidase / B.thuringiensis

? MN153503.1 Bacillus phage Chotacabras L-Ala-D-Glu peptidase /B.thuringiensis
(OM743306.1 Bacillus phage vB_BcgM L-Ala-D-Glu peptidase / B.mycoides
'MW281503.1 Bacillus phage Anthos L-Ala-D-Glu peptidase / B.thuringiensis

| KF208639.2 Bacillus phage Troll L-Ala-D-Glu peptidase / B.thuringiensis
0K499976.1 Bacillus phage vB_BanH_JarJar L-Ala-D-Glu peptidase / B.anthracis
MN038178.1 Bacillus phage Beyonphe L-Ala-D-Glu peptidase / B.cereus
0K499990.1 Bacillus phage vB_BanH_RonSwanson L-Ala-D-Glu peptidase / B.anthracis
KF669647.1 Bacillus phage BigBertha L-Ala-D-Glu peptidase / B.thuringiensis
OM350011.1 Bacillus phage BillyBob L-Ala-D-Glu peptidase / B.thuringiensis
KJ489402.1 Bacillus phage Riley L-Ala-D-Glu peptidase /B.thuringiensis
KT307976.1 Bacillus phage AvesoBmore L-Ala-D-Glu peptidase / B.thuringiensis
KU737345.1 Bacillus phage Juglone L-Ala-D-Glu peptidase / B.thuringiensis
MF765814.1 Bacillus phage Taffol6 L-Ala-D-Glu peptidase / B.thuringiensis
'KU737347.1 Bacillus phage Phrodo L-Ala-D-Glu peptidase / B.thuringiensis
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Twenty-six enzymes with glycoside hydrolase activity have been identified, pos-
sessing the Bacteriophage_ GH24 EAD domain and two types of CBDs in two different
combinations. These enzymes contain up to two CBDs. To date, none of them have
been experimentally characterized (Figure 6). The host bacteria of phages with Bacterio-
phage_GH24 domain-containing endolysins include: Bacillus sp., B. mycoides, B. cereus s.s.,
B. thuringiensis, B. subtilis, Bacillus amyloliquefaciens, and B. velezensis.
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" MF407276.1 Bacillus phage vB_BveP-Goe6 glycosyl hydrolase family 24 / B.velezensis
! MT459794.1 Bacillus phage Gxv1 glycosyl hydrolase family 24 / Bacillus sp.
EU771092.1 Bacillus phage phi29 glycosyl hydrolase family 24 / B.subtilis
MH707426.1 Bacillus phage BSP2 glycosyl hydrolase family 24 / B.subtilis
MW354668.1 Bacillus phage BSTP4 glycosyl hydrolase family 24 / B.subtilis
MH707427.1 Bacillus phage BSP4 glycosyl hydrolase family 24 /B.subilis
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Figure 6. Phylogenetic tree of Bacteriophage_GH24 domains from the endolysins of Bacillus-infecting
bacteriophages. The tree was constructed using the maximum likelihood method (bootstrap analysis
with 500 replicates) and visualized in iTOL v.6.9.1. The host bacteria of the bacteriophages, in whose
genomes endolysins were identified, are indicated in italics following the “/” symbol.

Of the 454 enzymes detected, 75 are glycoside hydrolases possessing the EAD Glyco_
hydro_25 domain. Six of them have been described in scientific publications (Figure 7).
These enzymes contain up to 3 CBDs in one polypeptide chain. Three different types of
CBDs were detected in these enzymes: SH3, LysM, and CBD_PlyG, forming six different do-
main combinations. The bacterial hosts of phages with Glyco_hydro_25 domain-containing
endolysins include: B. subtilis, Bacillus sp., Rossellomorea vietnamensis, P. megaterium, B.
pumilus, B. amyloliquefaciens, B. cereus s.s., B. thuringiensis, and B. anthracis.

We also identified 15 N-acetylglucosaminidases with the EAD Glycosyl_Hydrolase_73,
however, CBDs were not detected in 14 of them. The bacteriophage PK1 endolysin was
found to have two CBDs, which belong to the LysM domain type (Figure 8). In this group
of endolysins, only the bacteriophage pGIL01 endolysin was experimentally characterized.
Bacterial hosts of phages with Glycosyl_Hydrolase_73 endolysins include: Bacillus sp., B.
thuringiensis, P. megaterium, B. anthracis, B. subtilis, and B. cereus s.s.
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1 OM236516.1 Bacillus phage FADO glycosyl hydrolase family 25 / B.subtilis
ONB81243.1 Bacillus phage PK-3 glycosyl hydrolase family 25 /Bacillus sp.
OM634653.1 Bacillus phage vB_BsuS_PIN02 glycosyl hydrolase family 25 / B.subtilis
(ON133270.1 Bacillus phage 25-4 glycosyl hydrolase family 25 / R.vietnamensis

" KM236245.1 Bacillus phage Mater glycosyl hydrolase family 25 /Pmegaterium
—1 = KT895374.1 Bacillus phage vB_BpuM-BpSp glycosyl hydrolase family 25 / B.pumilus
%1 MN176226.1 Bacillus phage 035JT001 glycosyl hydrolase family 25 / B.subtilis
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MN176223.1 Bacillus phage 031MP003 glycosyl hydrolase family 25 / B.subtilis
MN176225.1 Bacillus phage 031MP004 glycasyl hydralase family 25 / B.subilis
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KUB78088.1 Bacillus phage AR glycasyl hydrolase family 25 / B.subtilis

. OM728297.1 Bacillus phage vB_BsuM-Goe21 glycosyl hydrolase family 25 / B.subtilis
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LC680884.1 Bacillus phage PBS1 glycosyl hydrolase family 25 / B.subtilis

] o1 | MH752385.1 Bacillus phage Ray17 glycosyl hydrolase family 25 / B.amyloliquefaciens
- MNO13088.1 Bacillus phage vB_BspS_SplendidRed glycasyl hydrolase family 25 / Bacillus sp.
L " MN176232.1 Bacillus phage 280BB001 glycosyl hydrolase family 25 / B.subrilis

MW394467.1 Bacillus phage 268TH004 glycosyl hydrolase family 25 /B.subtilis
MZ501264.1 Bacillus phage 274BB002 glycosyl hydrolase family 25 / B.subtilis
MN176231.1 Bacillus phage 276BB001 glycosyl hydrolase family 25 / B.subtilis
“Limmasa.l Bacillus phage PBC5 glycosyl hydrolase family 25 /B.cereus
EF583821.1 Bacillus phage 0305phiB-36 glycosyl hydrolase family 25 / B.thuringiensis
| AY257527.1 Bacillus phage Bam35c glycosyl hydrolase family 25 / B.thuringiensis
CP013282.1 Bacillus phage pGILD2 glycosyl hydrolase family 25 / B.thuringiensis
AJ536073.2 Bacillus phage pGILO1 glycosyl hydrolase family 25 / B.thuringiensis
MK759918.1 Bacillus phage vB_BtS_BB3 glycosyl hydrolase family 25 / B.thuringiensis
JN797798.1 Bacillus phage BCUA4 glycosyl hydrolase family 25 / B.cereus
{KJ0B1346.1 Bacillus phage BCP8-2 glycosyl hydrolase family 25 / B.cereus
I’ KJ451625.1 Bacillus phage Bepl glycosyl hydrolase family 25 / B.cereus
MH638312.1 Bacillus phage Kioshi glycosyl hydrolase family 25 / B.thuringiensis
(QNG99007.1 Bacillus phage BC-1 glycosyl hydrolase family 25 / B.cereus
21 0Q187816.1 Bacillus phage BC-5 glycosyl hydrolase family 25 / B.cereus
MK284526.1 Bacillus phage DK1 glycosyl hydrolase family 25 / B.cereus
MZ384014.1 Bacillus phage DLn1 glycosyl hydrolase family 25 / B.cereus
41 | MK284527.1 Bacillus phage DK2 glycosyl hydrolase family 25 / B.cereus
MK284528.1 Bacillus phage DK3 glycosyl hydrolase family 25 /B.cereus
KX349899.2 Bacillus phage Aurora glycosyl hydrolase family 25 / B.thuringiensis
' KX349901.1 Bacillus phage Stitch glycosyl hydrolase family 25 / B.thuringiensis
MIK084620.1 Bacillus phage StevenHerd11 glycosyl hydrolase family 25 / B.thuringiensis
MF156580.1 Bacillus phage RadRaab glycosyl hydrolase family 25 / B.thuringiensis
OL744112.1 Bacillus phage Ademby glycosyl hydrolase family 25 / B.thuringiensis
MHB817022.1 Bacillus phage vB_BthP-Goed glycosyl hydrolase family 25 / B.thuringiensis
K310228.1 Bacillus phage vB_BthP-HD73phi glycosyl hydrolase family 25 / B.thuringiensis
KX961631.1 Bacillus phage QCM11 glycosyl hydrolase family 25 / B.anthracis
KX349900.2 Bacillus phage Claudi glycosyl hydrolase family 25 / B.thuringiensis
MW348917.1 Bacillus phage Thornton glycosyl hydrolase family 25 / B.thuringiensis
MT777452.1 Bacillus phage Baseball_field glycosyl hydrolase family 25 / B.thuringiensis
MF156578.1 Bacillus phage KonjoTrouble glycosyl hydrolase family 25 / B.thuringiensis
KY947509.1 Bacillus phage SerPounce glycosyl hydrolase family 25 / B.thuringiensis
MN082624.1 Bacillus phage VioletteMad glycosyl hydrolase family 25 / B.thuringiensis
MF156577.1 Bacillus phage Juan glycosyl hydrolase family 25 / B.thuringiensis
2L MWO012634.1 Bacillus phage DLc1 glycosyl hydrolase family 25 / B.cereus
=L OK500002.1 Bacillus phage vB_BanS_Athena glycosyl hydrolase family 25 / B.cereus
& NC 004821.1 Bacillus prophage phBC6A52 glycosyl hydrolase family 25 / B.cereus
GU233956.1 Bacillus phage 11143 glycasyl hydrolase family 25 / B.cereus
ON741189.1 Bacillus phage vB_BceS_LY4 glycosyl hydrolase family 25 / B.cereus
KX190832.1 Bacillus phage vB_BtS_BMBip13 glycosyl hydrolase family 25 / B.thuringiensis
(' KT967075.1 Bacillus phage phidIl glycosyl hydrolase family 25 / B.cereus
HE614282.1 Bacillus phage BeeA1 glycosyl hydrolase family 25 / B.anthracis
MG710484.1 Bacillus phage BUUFT6.51-F glycosyl hydrolase family 25 / B.thuringiensis
JN191664.1 Bacillus phage BtCS33 glycosyl hydrolase family 25 / B.thuringiensis
MF176161.1 Bacillus phage Deep-Purple glycosyl hydrolase family 25 / B.cereus
=X MT700412.1 Bacillus phage 1_ICo-2020 glycosyl hydrolase family 25 / Bacillus sp.
(ON366411.1 Bacillus phage vB_BceH_LY2 glycasyl hydrolase family 25 / B.cereus
2KJ489398.1 Bacillus phage Evali glycosyl hydrolase family 25 /B.thuringiensis
MF288922.1 Bacillus phage Janet glycosyl hydrolase family 25 / B.thuringiensis
MF288921.1 Bacillus phage OTooleKempleS2 glycosyl hydrolase family 25 / B.thuringiensis
MH638310.1 Bacillus phage Kamfam glycosyl hydrolase family 25 / B.thuringiensis
JF966203.1 Bacillus phage Bastille glycosyl hydrolase family 25 /B.cereus
KJ489400.1 Bacillus phage Hoody T glycosyl hydrolase family 25 / B.thuringiensis
KJ489397.1 Bacillus phage CAMO003 glycosyl hydrolase family 25 / B.thuringiensis
KU737346.1 Bacillus phage Vinny glycosyl hydrolase family 25 / B.thuringiensis
MK215646.1 Bacillus phage vB_BthM-GoeS5 glycosyl hydrolase family 25 / B.thuringiensis
MF498901.1 Bacillus phage Anthany glycosyl hydrolase family 25 / B.thuringiensis
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Figure 7. Phylogenetic tree of Glyco_hydro_25 domains from the endolysins of Bacillus-infecting
bacteriophages. The tree was constructed using the maximum likelihood method (bootstrap analysis
with 500 replicates) and visualized in iTOL v.6.9.1. Enzymes previously characterized in scientific

publications are highlighted in bold. The host bacteria of the bacteriophages, in whose genomes

endolysins were identified, are indicated in italics following the “/” symbol.
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Figure 8. Phylogenetic tree of Glycosyl _Hydrolase_73 domains from the endolysins of Bacillus-
infecting bacteriophages. The tree was constructed using the maximum likelihood method (bootstrap
analysis with 500 replicates) and visualized in iTOL v.6.9.1. Enzymes previously characterized in
scientific publications are highlighted in bold. The host bacteria of the bacteriophages, in whose
genomes endolysins were identified, are indicated in italics following the “/” symbol.

4. Discussion

In three of the 438 genomes examined, genes encoding endolysins were not detected:
Bacillus phage GaW-2019a (CP042877.1), Bacillus phage Hybphi3Ts (CP052843.1), and Bacil-
lus phage vB_Bacillus_1020A (MT210152.1). One reason for this may be that the endolysins
of these bacteriophages have unique sequences and their homologs are absent from the
databases used for annotation. It may also be the case that only a partial assembly of the
genomes of these phages was available for analysis, as a result of which some genes were
missing. The genome sequence of phage GaW-2019a is only 7379 bp long, and that of phage
Hybphi3Ts is 31,849 bp long. Despite the fact that the first genome was presented in the
database as ‘complete” and the second as “partial’, in both cases, endolysin genes were
not detected.

4.1. N-Acetylmuramoyl-L-Alanine Amidase

N-acetylmuramoyl-L-alanine amidase (NALAA) or amidases for short, catalyze the
cleavage of the bond between N-acetylmuramic acid and L-alanine residues. They represent
one of the most common families of bacterial amidases and are divided into three types:
N-acetylmuramoyl-L-alanine amidase type 2, N-acetylmuramoyl-L-alanine amidase type 3,
and N-acetylmuramoyl-L-alanine amidase type 5. Each of these types has a corresponding
EAD: Amidase_2, Amidase_3, and Amidase_5 [24]. Among the endolysins identified in
this work, only members of the Amidase_2 and Amidase_3 types were found.

4.1.1. Amidase_2 Domain-Containing Endolysins of Bacillus-Infecting Bacteriophages

Type 2 N-acetylmuramoyl-L-alanine amidases are characterized by the presence of
binding sites for divalent Zn?* ions (PDB 2L47). Among the endolysins found in this work,
193 EADs belong to the Amidase_2 type, which makes this group the most numerous.
According to the obtained data, endolysins of Bacillus-infecting bacteriophages of the
Amidase_2 type can contain up to three CBDs, which can belong to six different types:
SH3 domain (found in 90 enzymes), LysM domain (in 7), CBD_PlyG domain (in 17),
PG_binding 1 domain (in 11), DUF3597 domain (in 35), and SPOR domain (in 1). At the
same time, CBDs were not detected in 36 endolysins of this group, which may be due to
such CBD domains not having been identified yet and/or are missing in the databases
that were searched. Among all of the identified groups of endolysins, those containing the
Amidase_2 EAD demonstrated the greatest diversity in both CBD types and the bacterial
hosts of phages.

In the phylogenetic tree constructed based on the amino acid sequences of the de-
tected Amidase_2 domains, the clades correlated with both the CBD types of the enzymes
(although their CBD sequences were not used for phylogenetic inference) and with their bac-
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terial hosts (Figure 3). Although bacteriophages can often infect several bacterial species,
their specificity range rarely extends beyond one genus. The phylogenetic tree clearly
shows (Figure 3) the Amidase_2 domains from the endolysins of phages targeting the
Bacillus cereus sensu lato (s.l.) group into separate clades. These amidases 2 contain SH3
and CBD_PlyG domains as CBD. A related branch is formed by Amidase_2 domains of the
endolysins of Paenibacillus bacteriophages, in which CBDs have not been identified. Ami-
dase_2 domains from the endolysins of phages infecting B. subtilis form several branches,
both close to Bacillus cereus s.l. and distant, and contain the SH3, LysM, PG_binding_1.
and DUF3597 types of CBDs. The DUF3597 domain was found only in the endolysins of
phages infecting B. subtilis and B. pumilus. Amidase_2 domains from the endolysins of
phages infecting other bacterial species are rare, and in the phylogenetic tree, they either
group together with Amidase_2 domains of phage endolysins against Bacillus cereus s..
and B. subtilis, or form distinct clades. Of all the Amidase_2 domain-containing endolysins,
only 13, from phages infecting Bacillus cereus s.1., have been characterized, while those from
phages of other bacterial species remain uncharacterized.

The endolysin PlyG of phage gamma was first shown to be an effective antibacterial
agent for systemic treatments in a mouse model of bacteremia caused by B. anthracis [25].
PlyG is a two-domain endolysin consisting of the Amidase_2 (PDB 2L.47) and CBD_PlyG
(PDB 21.48) domains. This enzyme is active against the vegetative cells and germinating
spores of B. anthracis and B. cereus s.s. [26]. In addition to the two main domains, PlyG has
a spore-binding domain, which is part of the EAD sequence and ensures the binding of
PlyG to the exosporium of B. anthracis. Despite the presence of a spore-binding domain,
PlyG has not been shown to be capable of destroying the spore form of B. anthracis [27]. It
has also been established that the presence of CBD is necessary for the bacteriolytic activity
of PlyG [28].

Two endolysins, pLYS250 from the Tp250 prophage of B. cereus 250 and LysEFR-4
from the PfEFR-4 prophage of B. cereus EFR-4, are 95% identical to each other and have a
domain composition similar to that of PlyG. The sequence identity of pLYS250 and LysEFR-
4 endolysins to PlyG is 46% and 47%, respectively. There are no data on the properties of
pLYS250 in the scientific literature [29]. LysEFR-4 demonstrates the ability to lyse emetic
isolates of B. cereus s.s. and B. mycoides as well as some strains of B. thuringiensis, B. subtilis,
Lysinibacillus sphaericus, and Salmonella enterica [30].

Four endolysins of phages infecting B. cereus s.s. contain two CBDs of the SH3 type:
PIyHSES3 of bacteriophage vB_BceM-HSE3, LysPW2 of bacteriophage PW2, LysPBC2 of
bacteriophage PBC2, and Ply57 of bacteriophage Izhevsk. All of these endolysins are active
against strains of B. cereus s.s., B. anthracis, and B. thuringiensis, but differ in specificity when
tested against other bacterial species. PlyHSE3 was active against Pseudomonas aeruginosa (in
the presence of EDTA); LysPW2 against strains of B. mycoides, B. paranthracis, and B. subtilis;
LysPBC2 against B. mycoides, B. subtilis, P. megaterium, Niallia circulans, B. licheniformis, B.
pumilus, Listeria monocytogenes, and Clostridium perfringens; and Ply57 against B. mycoides,
B. flexus, B. subtilis, and P. megaterium [31]. Similarly to PlyG, the EAD of LysPW2 did not
demonstrate lytic activity in the absence of CBDs, but was able to bind to the spores of B.
cereus s.s. [32]. The EAD of LysPBC2 alone was capable of lysing a wide range of bacteria,
however, its activity against B. cereus s.s. was lowered compared to the full-length enzyme.
The EAD of LysPBC2 also showed the ability to bind to B. cereus spores, but not to other
species [33]. At 55 °C, the full-length Ply57 endolysin was two times more stable than the
endolysin PlyG [34].

Endolysins LysBPS13 of bacteriophage BPS13 (B. cereus s.s.) and PlyN74 of bacterio-
phage Nigalana (B. thuringiensis) contain one CBD of the SH3 domain type. LysBPS13
demonstrated bacteriolytic activity against strains of B. cereus s.s., B. thuringiensis, B. licheni-
formis, P. megaterium, and B. pumilus, and in the presence of EDTA, against Salmonella,
Escherichia coli, Cronobacter sakazakii, and Shigella. The presence of EDTA did not affect the
enzyme activity, despite the presence of Zn?*-binding residues in this enzyme. LysBPS13 is
characterized by high thermal stability, especially in the presence of 30% glycerol: heating
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at 100 °C for 30 min reduced its bacteriolytic activity, but not more than by 85% compared
to the unheated control sample. Autoclaving at 121 °C for 15 min completely inactivated
the enzyme [35]. Endolysin PlyN74 demonstrated bacteriolytic activity against B. cereus s.s.,
B. thuringiensis, B. amyloliquefaciens, N. circulans, B. licheniformis, P. megaterium, B. pumilus,
B. anthracis, and L. sphaericus. Heating at 60 °C reduced the activity of PlyN74 to less than
10% of the initial level. At the same time, overnight treatment with EDTA did not affect the
activity of PlyN74 [36].

The endolysin LysIS075 of phage PfIS075 of B. cereus s.s. contains CBD_PlyG. LysIS075
demonstrated bacteriolytic activity against B. cereus s.s., B. thuringiensis, B. anthracis, and
B. mycoides. LysIS075 was able to reduce the number of colony-forming units (CFUs) of
emetic B. cereus s.s. strains in rice porridge and milk by 80% and 60%, respectively [37].

Endolysins Lys] and LysF of B. anthracis-infecting bacteriophages J5a and F16Ba,
respectively, contain an SH3 domain and a signal peptide (SP) at the N-terminus. The
presence of SP allows such enzymes to destroy the cell from the inside without the need
for a holin. Both endolysins were active against some strains of B. anthracis, B. cereus s.s.,
B. thuringiensis, B. mycoides, and B. subtilis. However, the activity differed depending on
the method: when analyzed by spot test, the enzymes acted only on B. anthracis, whereas
when analyzed by the turbidimetric method, they were also active against all of the above-
mentioned species. The lytic spectrum of Lys] matched that of its source phage, whereas
the lytic spectrum of LysF was narrower compared to its source phage, and the endolysin
was used in a higher concentration to achieve a visible effect [38].

The endolysin PlyBMB of bacteriophage vB_BthS_BMBphi infecting B. thuringiensis
contains an uncharacterized CBD. The enzyme was active against B. cereus s.s., B. thuringien-
sis and B. anthracis, and also exhibited low lytic activity against B. pumilus and B. subtilis
strains [39].

Thus, the experimentally characterized Amidase_2 domain-containing endolysins of
Bacillus-infecting bacteriophages demonstrated different ranges of bacteriolytic activity,
with most of them being active against Bacillus cereus s.I. Some of the endolysins were
active against members of other bacterial genera from the Bacillaceae family as well as other
families. Two enzymes, LysBPS13 and PlyN74, were shown to retain their bacteriolytic
activity in the presence of EDTA. The Amidase_2 domains, without CBDs, either completely
lost their activity or retained it, sometimes with a change in the specificity range compared
to the full-length enzyme. The Amidase_2 domains of three endolysins, PlyG, LysPW2,
and LysPBC2, were capable of binding to the spores.

4.1.2. Amidase_3 Domain-Containing Endolysins of Bacillus-Infecting Bacteriophages

Type 3 N-acetylmuramoyl-L-alanine amidases, similar to type 2 amidases, are zinc-
dependent enzymes (7B3N). Of the 83 type 3 amidases identified in this work, only five
have been experimentally characterized (Figure 4). Similarly to the type 2 amidases, type
3 amidases can contain 6 different types of CBDs: LysM (found in 32 endolysins), SH3
(in 19), CBD_PlyG (in 11), DUF5776 (in 6), SPOR- (in 4), and PG_binding_1 (in 2). In nine
endolysins, no CBD was detected. These enzymes have been identified in the genomes of
phages that infect a wide variety of bacterial hosts.

In the phylogenetic tree of the identified Amidase_3 domains, the domains can be
clearly divided into three large clusters with subclusters (Figure 4). Some correlation with
the CBD types and the bacterial hosts of phages was observed in these clusters (Figure 4).
The first cluster was an exception: it contained five sequences with LysM domains, two
sequences with no identified CBDs, and one sequence with an SH3 domain. The endolysins
containing Amidase_3 domains from cluster 1 belonged to phages that act against different
bacterial species: B. cereus s.s., Bacillus sp., P. megaterium, B. subtilis, and A. pseudalcaliphilus.
Within this cluster, the Amidase_3 were not closely related, which is not surprising since
the endolysins containing them are found in unrelated phages. The second cluster was
also diverse but was significantly larger than the first one. It included mainly Amidase_3
domains of endolysins with the LysM and DUF5776 domains from B. subtilis and B. pumilus-
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infecting phages and also included Amidase_3 domains of endolysins from phages of other
bacteria including B. cereus s.s. and B. thuringiensis. The third cluster consisted exclusively
of Amidase_3 domains of endolysins from phages infecting B. cereus s.l. In contrast to type
2 amidases characteristic of Bacillus phages, type 3 amidases can contain not only SH3
and PlyG, but also SPOR, DUF5776, and LysM types of CBDs. All five experimentally
characterized Amidase_3 domain-containing endolysins of Bacillus-infecting phages were
from the third cluster.

One of the experimentally characterized Amidase_3 domain-containing endolysins is
AP50-31, from phage AP50 infecting B. anthracis. In 2018, it was described as containing
Amidase02_C (CBD) and Amidase_3 (EAD); however, structural analysis with InterPro
revealed a CBD_PlyG domain rather than Amidase02_C (a previously used domain name)
as the CBD. In some other publications, the former designation of the CBD_PlyG domain
is used. AP50-31 exhibited bacteriolytic activity against B. cereus s.s., B. licheniformis, B.
subtilis, B. thuringiensis, and B. anthracis [40].

Endolysin LysPBC1, consisting of the same domains as AP50-31, belongs to bacte-
riophage PBC1 of B. cereus s.s. LysPBC was active against B. cereus s.s., B. thuringiensis,
B. mycoides, P. megaterium, B. subtilis, B. licheniformis, L. sphaericus, N. circulans, and in the
presence of EDTA, against E. coli, Shigella flexneri, and C. sakazakii. The EAD of LysPBC,
isolated separately, had a narrower specificity range and lower activity compared to the
full-length enzyme when tested against B. cereus s.1. At the same time, against B. subtilis
strains, it showed higher activity compared to the full-length enzyme [41].

Endolysin LysPBC4 belongs to bacteriophage PBC4 of B. cereus s.s., and consists of
an Amidase_3 EAD and a CBD_PlyG. The enzyme was active against B. cereus s.s., B.
thuringiensis, and B. mycoides [42].

LysPW4 from bacteriophage pW4 of B. cereus s.s. contains a CBD_PlyG CBD, which is
79.5% identical to that in LysPBC4. LysPW4 was active against B. cereus s.s., B. paranthracis,
and B. mycoides. The lytic activity range of the enzyme was narrower than that of its phage.
In the absence of the CBD, the catalytic domain of LysPW4 did not exhibit bacteriolytic
activity, however, it remained capable of binding to spores, though not to vegetative
cells [32].

PlyTB40 of the B. cereus s.s. phage TsarBomba contains an SH3 type CBD. The enzyme
was similar in activity to PlyN74, a type 2 amidase. PlyTB40 was completely inhibited
by heating at 60 °C for 30 min, while treatment with EDTA had no impact on its activ-
ity. PlyTB40 demonstrated bacteriolytic activity against B. cereus s.s., B. thuringiensis, B.
amyloliquefaciens, B. circulans, B. licheniformis, P. megaterium, B. pumilus, B. anthracis, and L.
sphaericus [36].

Thus, type 2 and type 3 N-acetylmuramoyl-L-alanine amidases of bacteriophages
infecting B. cereus s.l. can bind to spores and retain their activity when treated with EDTA,
which may be important characteristics in the development of endolysin-based drugs.
Methods for applying such endolysins in the food industry and medicine are being tested.
Amidases of phages infecting other bacilli have not yet been characterized experimentally.
These enzymes contain various combinations of domains, and their biological potential has
to be thoroughly studied. More in-depth studies can reveal new enzyme properties and
hence new possibilities for their use.

4.2. Peptidases of Bacillus-Infecting Bacteriophages

Peptidases include endolysins capable of cleaving peptide bonds in the peptide chains
of peptidoglycan. Endolysins of Bacillus-infecting phages possess different EADs with a
protease activity, in particular, Peptidase_M15_3 and NLPC_P60.

4.2.1. Peptidases M15

Peptidases M15 are a family of zinc-containing carboxypeptidases that includes four
subfamilies that differ in the type of bond they hydrolyze. These enzymes are mainly
found in bacteria and protozoa [43]. In this work, 58 enzymes were found that contained
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Peptidase_M15_3 domains and up to 2 CBDs that can belong to 2 different types: 36 en-
dolysins had PG_binding_1 and 31 had SH3. One endolysin contained no identifiable CBD
(Figure 5). The identified Peptidase_M15_3 domain-containing endolysins belonged to
phages infecting eight bacterial species: B. anthracis, B. subtilis, B. australimaris, P. megaterium,
A. pseudalcaliphilus, B. thuringiensis, B. cereus s.s., and B. mycoides. This group contained
12 endolysins of phages infecting P. megaterium, while in the other groups, there were only
1-2 such endolysins.

In the phylogenetic tree of the amino acid sequences of the identified Peptidase_M15_3
domains, three clusters could be distinguished (Figure 5). The first cluster included the
EAD of endolysins from phages infecting B. subtilis, B. australimaris, and B. anthracis. No
CBD was found in the endolysin of phage Wipl infecting B. anthracis, and the remain-
ing endolysins had a PG_binding_1 CBD. The second cluster included Peptidase_M15_3
domains of endolysins from phages infecting P. megaterium, with these endolysins contain-
ing PG_binding_1 CBDs. The third Peptidase_M15_3 cluster could be divided into three
subclusters. The first subcluster contained three EAD sequences obtained from phages
of P. megaterium, whose endolysins featured PG_binding_1 CBDs. The second subcluster
was composed of EAD sequences obtained from the endolysins of B. subtilis phages also
with PG_binding_1 domains. The third subcluster included Peptidase_M15_3 domains of
endolysins from phages infecting B. cereus s.1., which contained SH3-type domains as their
CBDs. The only three experimentally characterized M15 peptidases of Bacillus-infecting
phages belonged to the third subcluster.

LysB4 of bacteriophage B4 is the first experimentally characterized endolysin of a Bacil-
lus-infecting phage that has a Peptidase_M15_3 domain. The enzyme exhibits its maximum
activity under alkaline conditions, in the pH range of 8.0-10.0. LysB4 is deactivated by
heating at 55 °C for 30 min. It was also shown that the enzyme lost its activity when treated
with EDTA, but that its activity was restored when 7Zn%t Mn?%*, Ca2* and Mg2+ ions were
added. LysB4 effectively lysed strains of B. cereus s.s., B. subtilis, and L. monocytogenes, and
was capable of lysing other species pretreated with EDTA such as E. coli, P. aeruginosa, C.
sakazakii, S. enterica, S. flexneri, and Shigella boydii [44].

The endolysin PlyP56 of the bacillary bacteriophage Phrodo has the same domain
composition as LysB4: peptidase_M15_3 EAD and SH3-type CBD. PlyP56 was experimen-
tally compared to PlyN74 and PlyTB40, which also had SH3-type CBDs, but possessed
different EADs—Amidase_2 and Amidase_3, respectively. The SH3 domains of PlyN74 and
PlyTB40 were 94% and 50% identical to that of PlyP56. The range of sensitive Bacillus strains
was identical for PlyP56, PlyN74, and PlyTB40, which is probably due to the presence of
homologous CBDs. However, PlyP56 demonstrated significantly higher activity against B.
tropicus ATCC 4342 compared to PlyN74 and PlyTB40. Compared to PlyN74 and PlyTB40,
the activity of PlyP56 decreased more when heated to 55 °C. Similarly to LysB4, PlyP56
was inactivated by EDTA treatment, but the activity was restored by the addition of Mg?*
and CaZ* ions [36].

The endolysin PlyB221 of phage Deep-Blue infecting B. cereus s.s. has a Peptidase_M15_3
EAD and two SH3 type CBDs. The enzyme was active against bacteria of the B. cereus s.1. as
well as B. licheniformis, B. pumilus, and P. megaterium. PlyB221 retains its lytic activity when
heated to 50 °C [45].

4.2.2. NIpC/P60 Peptidases

Another group of phage endolysins identified in this work belong to the N1pC /P60
hydrolase superfamily (named after NlpC, a new lipoprotein C from E. coli, and P60, a
60-kDa protein from Listeria monocytogenes). The presence of the NIpC_P60 domain is
characteristic of these enzymes. These hydrolases are D,L-endopeptidases and hydrolyze
D-y-glutamyl-meso-diaminopimelate bonds in the cell wall peptides [46]. The crystal
structure of one such enzyme, the NlpC_P60-containing peptidase from B. cereus s.s. with
two SH3 domains, has been solved (PDB 3H41). It was found that such peptidases can
possess a combination of the NlIpC_P60 domain with other EADs such as amidase. They



Biomolecules 2024, 14, 1586

17 of 24

also have different types and varying quantities of CBDs. In this work, only three N1pC_P60
domain-containing peptidases were identified, therefore no phylogenetic tree was built
for this group. In the enzyme sequences, CBDs were not detected. The identified pepti-
dases included those of phage Palmer (KP411017.1) infecting P. megaterium, phage Maceta
(MHS538296.1) infecting B. thuringiensis, and phage MG-B1 (KC685370.1) infecting B. my-
coides. Notably, phage MG-B1 also encoded an endolysin from the glycoside hydrolase
family 24, with the Bacteriophage_GH?24 type of EAD.

Thus, the endolysins of Bacillus-infecting bacteriophages that belong to the peptidase
class can be divided into two groups: peptidases M15 and NIpC/P60. Three M15 peptidases
have been characterized, and it was shown that they require Zn?* ions for bacteriolytic
activity, and lose the activity upon treatment with EDTA or heating above 55 °C. Peptidases
of phages infecting B. cereus s.l. are only a fraction of such enzymes that can be found in
all Bacillus-infecting phages. Most endolysins of P. megaterium phages are peptidases. The
NIpC/P60 group includes only three enzymes that remain experimentally uncharacterized,
and whose CBDs were not identified bioinformatically in the course of this work.

4.3. Glycoside Hydrolases

Glycoside hydrolases are enzymes that break down glycosidic bonds in polysaccha-
rides. There are more than 150 families of glycoside hydrolases [47]. Bacteriophages
were found to contain N-acetylglucosaminidases from families 3 and 73 as well as N-
acetylmuramidases belonging to families 22, 24, and 25 [24]. In this study, we found EADs
within the endolysins of Bacillus phages that were typical of three glycoside hydrolases
families: family 73, containing the Glycosyl_Hydrolase_73 domain, and families 24 and 25
with the Bacteriophage_GH24 and Glyco_hydro_25 domains, respectively.

4.3.1. Glycoside Hydrolase Family 24 (GHF24)

GHEF24 contains Bacteriophage_GH24 EADs. The crystal structure of one endolysin
from this family, the AbLys1 hydrolase, has been solved. The EAD of AbLys1 consists of
six a-helices and a 3-hairpin (PDB 8APP). This enzyme has been shown to be a promising
agent for combating Acinetobacter baumannii [48]. In this work, we found 26 Bacillus-phage
enzymes from this family, none of which have been experimentally characterized to date. In
the phylogenetic tree of the selected Bacteriophage_GH24 domain, there were two clusters
and a separate singleton—the domain sequence obtained from the genome of bacteriophage
vB_BspP_Dartukuta (Figure 6). No CBD was identified in the vB_BspP_Dartukuta endolysin.

The first cluster in the tree contained five domains, all from five endolysins of phages
infecting B. cereus s.1. Four of the Bacteriophage_GH24-containing endolysins contained
SH3-type CBDs, and one endolysin had no identifiable CBD. Domains in the second cluster
were all from endolysins containing two LysM CBDs. Most endolysins with EADs from the
second cluster belonged to phages infecting B. subtilis, and only a few to phages infecting
Bacillus sp., B. amyloliquefaciens, and B. velezensis. Thus, glycoside hydrolase family 24 are
more characteristic of phages infecting B. subtilis than other Bacillus species.

4.3.2. Glycoside Hydrolase Family 25 (GHF25)

GHEF?25 are enzymes with lysozyme activity that contain the Glyco_hydro_25 domain
type of EAD [24]. The three-dimensional structure of GHF25 features the (3 / o)5(f3)3 TIM-
like domain (PDB 2NWO0) [47]. Of the 454 selected endolysins, 75 belonged to GHE25.
Their EADs were divided into three clusters with subclusters (Figure 7). The first cluster
included four EADs from endolysins, containing one SH3 domain and two LysM domains
as CBDs. These endolysins belonged to phages infecting B. subtilis, Bacillus sp., and R.
vietnamensis. The second cluster contained eight EADs from endolysins, seven of which
each had three LysM domains, and one had no identifiable CBD. One of the endolysins with
the Glyco_hydro_25 domain of the second cluster has been experimentally characterized
(Figure 7). The third cluster was the largest and included the remaining 63 sequences,
of which 54 belonged to phages infecting B. cereus s.1. These endolysins contained either
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an SH3 domain (5 enzymes) or a CBD_PlyG (41 enzymes), and in the other 7 of these
endolysins, no CBDs were detected. Notably, the nine endolysins of phages infecting other
Bacillus species contained LysM domains. Five endolysins, whose EADs belonged to the
third cluster, have been experimentally characterized to date. GHF25 are more commonly
present in phages infecting B. cereus s.l. than GHF24, and were the second most frequently
mentioned type of endolysin of the Bacillus-infecting phages.

Endolysin LysDLn1 of phage DLn1 infecting B. cereus s.s. is a GHF25, which has a
CBD_PlyG domain. The specificity range of this enzyme is much broader than that of its
bacteriophage: the phage lysed 16 of 122 B. cereus s.s. strains, while the endolysin lysed 82
of them. LysDLn1 also reduced the CFUs of B. cereus s.s. in milk, and the effect remained
after 24 h, which was not the case with the phage. Thus, the endolysin may be a more
promising agent for food preservation compared to the bacteriophage [49]. Endolysins
similar to LysDLn1 were found in bacteriophages DK1, DK2, and DK3, but have not yet
been characterized [50].

The endolysin PlyBt33 of bacteriophage BtCS33 infecting B. thuringiensis has a sim-
ilar structure to LysDLn1: Glyco_hydro_25 EAD and CBD_PlyG CBD. PlyBt33 lysed B.
thuringiensis, B. subtilis, B. pumilus, B. cereus s.s., and B. anthracis strains. The EAD of
PlyBt33 alone exhibited bacteriolytic activity, though significantly weaker compared to the
full-length enzyme. The CBD of the enzyme was shown to bind to B. thuringiensis and B.
subtilis cells [51].

The endolysin LysPBC5 of phage PBC5 infecting B. cereus s.s. has an unclassified type
of CBD, probably due to the lack of described homologs. However, its CBD has shown the
ability to bind to B. cereus s.s. and B. thuringiensis cells [52].

PlyP32 of phage Deep-Purple infecting B. cereus s.s. contains an SH3 type CBD. This
was active against bacteria of the B. cereus group as well as strains of B. licheniformis, B.
pumilus, and P. megaterium. The specificity range of PlyP32 was wider than that of its phage.
The CBD of PlyP32 was able to bind only to B. cereus s.1. The enzyme has a narrow pH
stability range: at pH 7.0 the activity is 100%, at pH 8.0 it decreases to 30%, at pH 6.0 it is
80%, and at pH 5.0 it is 30%. NaCl at a concentration above 300 mM and a temperature of
60 °C completely deactivate the enzyme [45].

PlyB of bacteriophage vB_BanS_Bcpl infecting B. anthracis contains an SH3 type
CBD. The endolysin was active against B. cereus s.1., including B. anthracis strains. PlyB
demonstrated a lower rate of resistance development compared to conventional antibiotics:
serial passages of B. tropicus ATCC 4342 for 20 days with increasing concentrations of
ciprofloxacin and PlyB led to a 64-fold increase in the minimum inhibitory concentration of
ciprofloxacin, and only a 2-fold increase in the case of PlyB. Interestingly, a dose-dependent
synergistic effect was described for PlyB and PlyG: co-administration of these endolysins
both in vivo and in vitro enhanced their activity, probably due to their different EADs and
CBDs [53].

Gp255 of phage vB_BpuM_BpSp infecting B. pumilus contains three LysM type CBDs.
The enzyme demonstrated high bacteriolytic activity against B. pumilus, weak against B.
subtilis and B. anthracis, and no activity against other bacteria including B. cereus s.s. The
enzyme was thermally stable, retaining approximately 15% of its activity after heating at
100 °C for 10 min [54].

4.3.3. Glycoside Hydrolase Family 73 (GHF73)

GHEF73 are N-acetylglucosaminidases, also known as mannosyl-glycoprotein endo-
-N-acetylglucosaminidases [55]. In this work, 15 enzymes belonging to this family were
found, in 14 of which the CBDs were not identified (Figure 8). The endolysin of phage PK1
contains two CBDs of the LysM type and was the only endolysin of this group for which no
genes of other endolysins were found in the genome of its bacteriophage. Most endolysins
of the GHF73 group belonged to phages infecting B. cereus s.1. According to a zymogram
method, the endolysin of phage pGILO01 infecting B. thuringiensis demonstrated hydrolase
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activity against peptidoglycan of next bacteria: B. thuringiensis, B. subtilis, and Micrococcus
luteus [56].

Thus, of the three described glycoside hydrolases of Bacillus phages, only GHF25
contains experimentally characterized endolysins. Some GHF25 have been shown to
reduce the CFUs of B. cereus s.s. in milk, and to treat B. anthracis infection in mice. The
endolysins of the GHF24 and GHF73 are poorly studied, and their potential as antibacterial
agents is still unknown.

4.4. MLTF Proteins

The last group of enzymes identified in this study were the MLTF-like proteins (lytic
murein transglycosylase F). MLTF-like proteins belong to family 1 of lytic transglyco-
sylases. They are lytic transglycosylases, which cleave the glycosidic bond between N-
acetylmuramyl and N-acetylglucosamine to form 1,6-anhydromuramyl [57]. In this work,
only one such enzyme was found, encoded by bacteriophage vB_BspM_AgentSmith infect-
ing Bacillus sp. Unlike other endolysins of Bacillus-infecting bacteriophages, MLTF proteins
are not hydrolases.

4.5. CBDs of Endolysins of Bacillus-Infecting Phages

Currently, CBDs are divided into four groups: CW_binding 1 (choline-binding), SH3
(SH3Db), triple-helix bundles (CW_7 and PG_binding_1), and o/ structural [58].

In 76 of the 454 endolysins analyzed in this work, no CBDs were detected. This may be
due to both the limitations of bioinformatic methods, and the fact that such domains have
not yet been identified in the enzymes at all. In some endolysins, CBDs were not determined
in our analysis, although they were previously mentioned in the corresponding publications
on the particular endolysins. In total, we found seven types of CBDs in the Bacillus-infecting
phages: SH3, which was the most common, LysM, CBD_PlyG, PG_binding_1, DUF3597,
DUF5776, and SPOR.

4.5.1. The SH3 Domain

SH3 domains were first described in 1988 in eukaryotic proteins involved in intercellu-
lar communication as well as intracellular signaling from the cell surface to the nucleus [59].
This domain is one of the best-studied CBDs, and is present in different proteins from a
wide variety of living organisms. SH3 domains typically form a (3-barrel structure consist-
ing of 5-7 (3-strands, which are often arranged as two antiparallel 3-sheets connected by
linkers [58]. Typically, this domain binds to proline-rich binding regions. The affinity of
SH3 domains to their peptide ligands is quite low, and so is their selectivity, however, these
domains play important roles in complex regulatory interactions [60].

SH3 domains were found in 143 of the selected 454 endolysins including
N-acetylmuramoyl-L-alanine amidases, peptidases M15, GHF24, and GHF25. In these
enzymes, SH3 domains were present either as single CBDs, in pairs, or in a combination
with other types of CBDs. Sixteen of the 143 SH3 domain-containing endolysins have been
described in scientific publications.

The SH3 domains of endolysins of bacteriophages vB_BanS-Tsamsa and W.Ph. were
considered for use in test systems designed to detect bacilli in food products. These
domains demonstrated a similar binding range on Bacillus strains. They were linked to
green fluorescent protein (GFP), biotinylated at the N-terminus and applied to Dynabeads®
magnetic particles coated with streptavidin. When such systems were tested on food
samples, the sensitivity of the magnetic particles with a single SH3 domain was low:
at concentrations below 102 cells/ gram or ml, cells were not detected. However, when
magnetic particles with an SH3 domain were combined with particles with other types
of CBDs, the sensitivity significantly increased. Magnetic particles with different CBDs
combined showed the best sensitivity in milk and reconstituted infant formula, and more
than 10 times lower sensitivity in spices, milk rice, or wheat flour [61].
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4.5.2. The LysM Domain

The LysM domain is found in both prokaryotes and eukaryotes and consists of several
a-helices and 3-sheets. This domain was first discovered in Bacillus bacteriophage ¢29
and then repeatedly described in peptidoglycan hydrolases of both bacteria and phages.
These domains are often found in proteins in the form of several repeating CBDs connected
by short linker regions [62]. In this work, LysM domains were detected in 80 endolysins,
of which only one has been described in the scientific literature: Gp255 of bacteriophage
vB_BpuM_BpSp. Gp255 contains the Glyco_hydro_25 EAD and three LysM CBDs [54]. In
endolysins of Bacillus-infecting phages, LysM domains can present as single CBDs, in pairs
or triplets, or in a combination with other types of CBDs. In this study, LysM domains
were only detected in the N-acetylmuramoyl-L-alanine amidases and glycoside hydrolases,
while no LysM domains were detected in peptidases.

4.5.3. The CBD_PlyG Domain

The CBD_PlyG domain was named after the PlyG endolysin, one of the first endolysins
proposed for the treatment of anthrax [25]. This domain belongs to o/ structures and in
some publications is referred to as Amidase02_C, the truncated version of Amidase_2 [40].
In this work, 69 endolysins containing the CBD_PlyG domain were identified including
10 experimentally characterized enzymes. In these 69 enzymes, there was only one copy
of CBD_PlyG, unlike the previously described SH3 and LysM, which were found in pairs
and triplets, and in combinations with other CBDs. The CBD_PlyG domain is capable
of binding to vegetative forms of Bacillus cells. In endolysins of phages infecting other
bacterial genera, this domain has not been detected. The CBD_PlyG domain was found
in the autolysins of B. thuringiensis subsp. istaelensis and B. anthracis Ames [63,64]. In this
work, the CBD_PlyG domain was found in type 2 and type 3 N-acetylmuramoyl-L-alanine
amidase, and in glycoside hydrolase family 25.

4.5.4. The PG_Binding_1 Domain

The PG_binding_1 domain consists of three alpha helices. This domain was shown
to bind to peptidoglycan. The PG_binding_1 domain has been found at both the N- and
C-termini of various enzymes involved in bacterial cell wall degradation. An experimen-
tally characterized endolysin containing this domain is Lytul/6 of bacteriophage ul/6
infecting Streptomyces aureofaciens. Peptidoglycan-binding activity of both the full-length
and truncated variants of Lytul/6 has been demonstrated [65].

In this work, the PG_binding 1 domain was found in 48 of the selected 454 endolysins.
These 48 endolysins include N-acetylmuramoyl-L-alanine amidases and peptidases. The
PG_binding_1 domain in these enzymes occurs as a single CBD, two or three repeating
CBDs, or in combination with other types of CBDs. The only experimentally described
PG_binding_1 domain is that of the peptidase M15 of bacteriophage SPO1. The SPO1
domain was used to develop a test system for detecting Bacillus in food. The binding
efficiency of magnetic particles with the SPO1 PG_binding_1 domain to tested Bacillus
strains was lower than that of magnetic particles with CBDs from endolysins of Tsamsa
and W.Ph. For the purpose of detecting Bacillus in food products, magnetic particles with
the SPO1 PG_binding_1 domain were insufficient. However, the combined use of magnetic
particles with CBDs from endolysins of the SPO1 and Tsamsa phages significantly improved
the sensitivity of the test system [61].

The uncharacterized CBD of the bacteriophage SPP1 endolysin, marked in InterPro
as the DUF5776 domain with a putative peptide-binding function, was also used in a test
system. In its level of binding activity, this domain was comparable to the PG_binding_1
domain from the endolysin of phage SPO1 [61]. To date, there are no other studies con-
firming the binding capabilities of the DUF5776 domain. DUF3597, another domain with
putative peptidoglycan-binding activity, has not been described. DUF5776 and DUF3597
domains were found in 6 and 35 N-acetylmuramoyl-L-alanine amidases of types 3 and 2,
respectively. This group of CBDs requires further in-depth study.
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4.5.5. The SPOR Domain

The last type of CBD found in this work was SPOR (sporulation-related repeat). SPOR
domains are capable of binding to peptidoglycan septa including those formed during
sporulation—hence the name of the domain. SPOR domains are rare in bacteria, and
their distribution is associated with the structural features of peptidoglycans, namely, the
presence or absence of denuded glycans. Bacilli possess proteins with SPOR domains,
suggesting that such domains can also be found in the endolysins of Bacillus-infecting
phages. The domain has been found in the endolysins of phages infecting other bacterial
species such as, for example, type 3 N-acetylmuramoyl-L-alanine amidase—PlyGspY412 of
the Geobacillus sp. Y412MC61 prophage [66,67].

In our bioinformatics analysis, SPOR domains were identified in five endolysins of Bacil-
lus-infecting bacteriophages: one of them in a type 2 N-acetylmuramoyl-L-alanine amidase in
combination with two SH3 domains, and the other four in type 3 N-acetylmuramoyl-L-alanine
amidases as single CBDs. These endolysins have not been experimentally characterized.

Thus, of the seven groups of CBDs found in this study, two (DUF3597 and DUF5776)
are of the uncharacterized type, and the remaining have mainly been studied as compo-
nents of bacterial enzymes. The CBD_PlyG and SH3 domains are the best-studied CBDs
in the endolysins of Bacillus phages. There is a lack of information on the functional
activity and interaction of these domains in their various combinations. However, test
systems based on these domains are already in development, indicating their potential for
practical application.

The modification of endolysin domains can significantly enhance their properties,
increasing their potential against pathogenic bacteria. For example, point amino acid substi-
tutions in endolysin LysAB2, which lyses A. baumannii, not only increased its bacteriolytic
activity, but also led to a decrease in its hemolytic activity [68]. Removing the CBD of
endolysin CD27L against Clostridium difficile increased the enzyme’s activity and widened
its specificity range [69]. Thus, understanding the domain structure of endolysins is key to
developing new antimicrobial molecules. The systematization of information on already
characterized enzymes and the creation of a database of endolysins will make it possible to
identify enzymes and domains that require more detailed study.

5. Conclusions

In this work, 438 genomes of Bacillus-infecting bacteriophages were analyzed using
bioinformatic methods, leading to the identification of 454 genes encoding endolysins. The
domain architecture of all of these endolysins was determined, revealing eight types of
EADs and seven types of CBDs. All of the endolysins contained one N-terminal catalytic
domain. Two hundred and sixty-eight endolysins contained one EAD and one CBD, ninety-
two had one EAD and two CBDs, and nineteen had one EAD and three CBDs. Seventy-five
endolysins lacked CBDs, which is atypical for endolysins targeting Gram-positive bacteria
including Bacillus genus. This could suggest that the CBDs in these endolysins are of types
not yet identified or not included in the databases searched in this study.

Phylogenetic trees were constructed for endolysins with the same type of EADs, based
on the amino acid sequences of their EADs, except for two groups containing three or fewer
sequences: NLPC_P60 domain-containing and MLTF-like domain-containing endolysins.
The grouping of the EADs in the trees correlated with both the CBD types and bacterial
hosts. Publications on the experimentally characterized endolysins of Bacillus-infecting
bacteriophages were analyzed, which revealed endolysins that have not been studied ex-
perimentally. Endolysins with EAD types of Amidase_2, Amidase_3, and Gly-co_hydro_25
were significantly characterized. At the same time, endolysins with other five types of
EADs—Peptidase_M15_3, NIpC_P60, Bacteriophage_GH?24, Glycosyl_Hydrolase_73 and
MLTF-like—require more detailed study. Significantly fewer studies have been published
that have focused on CBDs compared to EADs. Since CBDs are responsible for attachment
to the cell wall, they directly affect the specificity of endolysins.
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