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Abstract

Endolysins are bacteriophage-derived lytic enzymes with antimicrobial activity. The action of endolysins against Gram-
negative bacteria remains a challenge due to the physical protection of the outer membrane. However, recent research has
demonstrated that signal-anchor-release (SAR) endolysins permeate the outer membrane of Gram-negative bacteria. This
study investigates 2628 putative endolysin genes identified in 183,298 bacteriophage genomes. Previously, bioinformatic
approaches resulted in a database of 66 SAR endolysins. This manuscript almost doubles the list with 53 additional SAR
endolysin candidates. Forty-eight of the putative SAR endolysins described in this study contained one muramidase cata-
lytic domain, and five included additional cell wall-binding domains at the C-terminus. For the moment, SAR domains are
found in four protein families: glycoside hydrolase family 19 (GH19), glycoside hydrolase family 24 (GH24), glycoside
hydrolase family 25 (GH25), and glycoside hydrolase family 108 (GH108). These SAR lysis are clustered in eight groups
based on biochemical properties and domain presence/absence. Therefore, in this study, we expand the arsenal of endolysin
candidates that might act against Gram-negative bacteria and develop a consult database for antimicrobial proteins derived
from bacteriophages.
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Introduction

Bacteriophages (phages) are viruses that infect and replicate
within bacterial cells [1]. These viruses follow two distinct
life cycles once in contact with the host. Bacteriophages
replicate and release new viral particles through lysis in the
lytic cycle. In contrast, phages integrate their genomes into
the chromosome of their bacterial host in the lysogenic cycle
[2]. Bacteriophages have long been studied to control unde-
Marcelo Brocchi sirable bacteria [3, 4].
mbrocchi @unicamp.br . . .
Bacteriophages are the most diverse organisms on the
Departamento de Genética, Evolugio, Microbiologia e planet. These viruses are identified in the environments
Imunologia, Instituto de Biologia, Universidade Estadual de where prokaryotes are present [5]. At the end of the lytic
Campinas (UNICAMP), Cidade Universitaria Zeferino Vaz, infectious cycle, in particular, the viral progeny is released
Rua Monteiro Lobato 255, Campinas, Sao Paulo 13083-862, . .
Brazil from the cytoplasm of their bacterial host after the cleavage
of the peptidoglycan (PG) [6]. The combined action of

< Marco Tdlio Pardini Gontijo
m264546 @dac.unicamp.br; pardinibiotech@gmail.com

Mateus Pereira Teles
m?241581 @dac.unicamp.br

Pedro Marcus Pereira Vidigal
pedro.vidigal @ufv.br

Faculdade de Farmacia, Universidade Estadual de Campinas

(UNICAMP), Cidade Universitria Zeferino Vaz, Rua bacteriophage-derived lytic enzymes causes PG cleavage [7].
Candido Portinari 200, Campinas, Sio Paulo 13083-862, The enzymes directly responsible for PG cleavage are
Brazil subdivided into five superfamilies: (I) muramidases, which
3 Nucleo de Analise de Biomoléculas (NuBioMol), hydrolyze the p-1,4 bonds between N-acetylmuramic
Universidade Federal de Vigosa (UFV), Vila Gianetti, Casa acid (M) and N-acetyl-p-glucosamine (G) residues of the
lzalr;lci?mpus da UFV, Vigosa, Minas Gerais 36570-900, PG; (IT) amidases, which hydrolyze the bond between M

Z

@ Springer


http://orcid.org/0000-0001-6605-3402
http://crossmark.crossref.org/dialog/?doi=10.1007/s12602-022-09948-y&domain=pdf

604

Probiotics and Antimicrobial Proteins (2022) 14:603-612

residue and L-alanine of the PG; (III) transglycosylases,
which act on the p-1,4 bonds between M and G by a non-
hydrolytic cleavage; (IV) peptidases, which cleave the
peptide bonds in the interpeptide PG bridges; and (V) glu-
cosaminidases, which cleave the p-1,4 glycosidic bonds
between G and M monomers [8].

Typically, phage holins disrupt the cytoplasmatic mem-
brane to give endolysins access to the PG [9]. Holins are
accessory phage-encoded proteins that act on the cyto-
plasmatic membrane of bacteria to provide access to the
PG for endolysins. In contrast, endolysins that contain a
canonical signal peptide (SP) cross the cytoplasmic mem-
brane by the bacterial Sec secretion system [9]. Other
phage-encoded endolysins contain signal-anchor-release
(SAR) domains at the N-terminus. SAR domains are
transmembrane regions comprising an elevated content
of glycine and alanine and low content of basic amino
acids [10]. SAR endolysins concentrate in the cytoplas-
matic membrane until pinholins; also, phage-encoded lytic
proteins disrupt the proton motive force. Xu et al. [10]
also observed that SAR endolysins might be secreted to
the periplasm space by the bacterial Sec secretion system.
SAR endolysins represent a promising source of antimi-
crobial proteins that act exogenously on Gram-negative
bacteria [11-13].

Endolysins act on the peptidoglycan of bacteria. Several
studies have accounted for the antibiotic action of endolysins
against Gram-positive bacteria [14, 15]. In addition, the
peptidoglycan is naturally exposed in Gram-positive bac-
teria. On the other hand, the application of endolysin-based
treatments against Gram-negative bacteria is still a chal-
lenge [7, 11]. SAR endolysins emerge as a potential class
of endolysins that act exogenously against Gram-negative
bacteria.

SAR endolysins were first described by Xu et al. [10].
At this time, the signal sequence was named signal-arrest-
release. Since its discovery, only a handful of papers have
studied SAR lysins [16, 17]. The signal peptide was then
renamed signal-anchor-release [18]. The only study assessed
the antimicrobial activity of SAR endolysins against bacte-
ria. Lim et al. [19] showed that the native SAR endolysin
SPNOCC is active against Gram-negative and Gram-positive
bacteria. However, the antimicrobial action against Gram-
negative bacteria was more significant than against Gram-
positive bacteria.

Some researchers made efforts to describe SAR lysins
in previously annotated genomes [8, 20, 21]. Fernandez-
Ruiz et al. [22] found 2628 putative endolysin genes in the
genomes of more than 180 thousand unculturable bacterio-
phages. However, the authors did not evaluate the presence
of SAR domains within the sequences. Thus, this study
expands the database of SAR endolysins through a metagen-
omic screening.
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Materials and Methods
Dataset

We evaluated 2628 putative endolysin genes found in
183,298 genomic sequences of uncultured viral genomes
previously identified by Fernandez-Ruiz et al. [22]. The
putative endolysin genes were identified in genomic
sequences gathered from the surface and deep ocean
[23-26], several locations on the earth’s surface [27], and
prophage signatures found in bacterial and archaeal genomes
[28]. To examine the complete dataset, please access Supple-
mentary File S2 in the work of Fernandez-Ruiz et al. [22].

SAR Endolysin Search

We screened SAR endolysins as Oliveira et al. [20] and
Gontijo et al. [11] described. We identified transmembrane
domains using SOSUI version 1.1 [29], TMHMM version
2.0 [30], Phobius version 1.01 [31], and Topcons version 1.0
[32]. Putative proteins containing transmembrane domains
at the N-terminus with a glycine and alanine content of 40 to
60% and a limit of two basic residues (lysine, arginine, and
histidine) were annotated as a putative SAR endolysin [10].
Length, size, mass, and isoelectric points (IP) of proteins
were determined by Isoelectric Point Calculator (IPC) ver-
sion 2.0 [33]. The HHpred web server [34] and Protein fam-
ily (Pfam) database [35] were used for screening the SAR
endolysins. The parameters used were 80% query coverage
and an E value cutoff of 1e —5. MAFFT version 7.450 [36]
was used for protein sequences aligned and WebLogo ver-
sion 2.8.2 [37] to build the sequence logo.

Clustering of Putative SAR Endolysins

The putative SAR endolysins identified in this study, along
with the ones identified by Oliveira et al. [20], Valero-Rello
[21], and Gontijo et al. [11], were clustered with principal
component analysis (PCA) using ClustVis version 1.0 [38].
For the PCA, we considered the quantitative values of the
biochemical characteristics of the proteins, such as size (aa),
mass (kDa), and isoelectric point (IP). We considered “1”
when a certain domain was present and “0” in its absence for
the qualitative data. We constructed the phylogenetic rela-
tionship of SAR endolysins using phyloXML version 1.0.0
interactive platform [39].

Structure Prediction

The structures of representative SAR endolysins identified
in this study, along with the ones specified by Oliveira et al.
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[20], Valero-Rello [21], and Gontijo et al. [11], were pre-
dicted as described by Takahashi et al. [40] using RoseT-
TAFold modeling [41, 42]. We compared structures using
FATCAT pairwise alignment version 2.0 [43]. The protein
structures were visualized using Mol* Viewer version 3.0.2
[44].

Results

Metagenomic Data Revealed 53 Unannotated
Putative SAR Endolysins

Among the 2628 putative endolysins identified in the
183,298 bacteriophage genomes, 53 (2.02%) contained puta-
tive SAR domains at the N-terminus (Tables S1 to S4). The
putative SAR endolysins described in this study comprised
three muramidase catalytic domain (MCD) types and two
cell wall-binding domains (CBDs), comprehending five
architectural organizations. The complete list of the SAR
endolysins is found in Supplementary File 1.

The length of the SAR domain varied from 17 to 23
amino acids. All putative SAR endolysins described in this
study contained a single MCD adjacent to the SAR domain
(Table S5). The 53 putative SAR endolysins were classified
into three types of MCDs: 46 had the glycoside hydrolase
family 24 (GH24) catalytic domain (PF00959), 6 had the
glycoside hydrolase family 25 (GH25) domain (PF01183),
and 1 contained the glycoside hydrolase family 108 (GH108)
domain (PF05838).

The size of GH24 proteins varied from 143 (15.226 kDa)
to 194 (21.505 kDa) amino acids. Their catalytic domain
corresponded to about 66% of the amino acids, while the
SAR domain corresponded to about 12%. The majority

(n=42) of the GH24 proteins had isoelectric points (IP)
superior to the cytoplasmic pH (7.40).

In addition, GH25 proteins size varied from 250
(27.499 kDa) to 448 (48.456 kDa) amino acids, and their
catalytic domain corresponded to about 45% of the pro-
tein. The SAR domain corresponds to about 5%. The IP
of all putative GH25 endolysins was inferior to 7.40. Four
endolysins having the GH25 domain contained one or two
copies of the LysM domain (PF01476) at the C-terminus.
The LysM domain is a cell wall-binding domain (CBD).
Each CBD corresponds to about 11% of the whole protein.

Furthermore, the size of the putative GH108 endolysin
described in this study is 207 amino acids (22.319 kDa).
Its catalytic domain corresponds to 40% of the protein and
the SAR domain about 10%. The IP of the putative GH108
is 8.18. The putative SAR endolysin GH108 was associ-
ated with one peptidoglycan binding family 3 (PG3) domain
(PF09374) at the C-terminus, corresponding to 40% of the
protein.

LysM and PG3 are related to cell wall-binding activity.
The PG3 domain is longer than the LysM domains.

The Position of the SAR Domains Within the First 40
Amino Acids Is Variable

To determine the sequence variation in the SAR domains, we
aligned the N-terminus end of all putative SAR endolysins
described in the literature [8, 20, 21]. Multiple sequence
alignment of the first 40 amino acids revealed five highly
conserved regions at the N-terminus, three of which cor-
respond to the SAR domain (Fig. 1a). The color scheme in
Fig. 1a suggests preserving the degree of hydrophobicity
within the SAR domain despite the amino acid variations. In
addition, despite the position of the transmembrane domain,

n<xE=
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Fig.1 a Multiple sequence alignment of the first 40 amino acids
of all SAR endolysins identified in the literature. The color scale
ranges from the most (red) to the least hydrophobic (blue) amino
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acid. b Sequence logo of the first 40 amino acids of all putative SAR
endolysins identified in the literature. The height of the letters (y-axis)
indicates the content of the alignment position (x-axis), in bits
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we observed a conserved eight amino acid motif (G/A)(G/A)
(G/A)AL/MA(AMA (Fig. 1b).

SAR Endolysins Described in the Literature Are
Clustered in Eight Groups

We first determine the phylogenetic relationship of all puta-
tive SAR endolysins described in the literature 8, 20, 21].
A simple phylogenetic tree revealed two major clades, both
containing proteins of the muramidase superfamily. The
SAR endolysin of the glucosaminidase superfamily identi-
fied by Valero-Rello [21] is located in the interface of these
two clades (Fig. 2a). Clade a contains all putative GH25
(PFO1183) endolysins and the glycoside hydrolase family
19 (GH10; PF00182) protein in the interface. Clade b is
composed only of proteins of the muramidase superfamily:
GH24 (PF00959) and GH108 (PF05838) families.

Given the variability of biochemical characteristics and
the possibility of uncharacterized CBDs, we hypothesized
that other factors besides the type of the catalytic domain
change the possible endolysin activity. To test this, we clus-
tered all putative SAR endolysins ever described accord-
ing to the presence/absence and variety of catalytic and
cell wall-binding domains. PCA huddled putative SAR
endolysins in eight groups (Fig. 2b). The analysis considered
the biochemical characteristics of the proteins, such as size
(aa), mass (kDa), and isoelectric point (IP). We considered
possible unannotated CBDs as absent.

GH24 proteins (PF00959) were clustered in one group
containing 123 proteins. In addition, GH2S5 putative proteins
(PFO1183; n=10) were clustered in 4 groups based on the
presence and number of LysM domains (PF01476) and the
size of the peptide. Furthermore, GH108 proteins (PF05838;
n=6) were clustered in two groups, one of which was asso-
ciated with the PG3 domain (PF09364). The last group con-
tains the glucosaminidase GH19 (PF00182).

Structural Prediction Revealed Putative
Unannotated Cell Wall-Binding Domains

To better characterize the SAR endolysins, we performed
an in silico structural determination of representative
protein sequences of each PCA group. First, to assess the
accuracy of the prediction of RoseTTAFold modeling,
we compared the predicted structure of the putative SAR
endolysin from Klebsiella phage KpV475 (UniProtKB:
AOA1B0Z137) with R?!, the SAR lysozyme of coliphage
21 (UniProtKB: P27359), whose structure was determined
by crystallography [45]. The superimposed structures
(Fig. S1) revealed the significance of the detected
structural similarities (p value 1.67e — 11). After verifying
the accuracy of the prediction, we proceed with the in
silico structural analysis. The structural study suggests
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that MCDs associated with CBDs contain a flexible
hinge between the domains (Fig. 3a, b, d, j, k). When the
endolysin contains more than one CBD, which is the case
for some GH25 proteins, the enzyme comprises another
flexible hinge (Fig. 3a, b, d).

We also find CBD structural homologs. The superim-
posed structure of the G25 representant that contains two
annotated CBDs (Fig. 3a) combined with other GH25
not fully annotated revealed possible LysM structural
homologs. These results are represented in Fig. 3b (p
value 4.11e —15) and Fig. 3d (p value 1.54e —10). The
same structure (Fig. 3a) combined with the shortest GH25
protein (Fig. 3f) does not suggest changes in the struc-
ture of the MCD due to the presence of CBDs (p value
5.96e —12). We reached similar conclusions with the SAR
endolysins of the GH108 family. This putative protein
(Fig. 3k) does not contain an annotated CBD. However,
the superimposed structures (Fig. 31) of this protein and
the GH108 combined with PG3 (Fig. 3j) revealed the sig-
nificance of the detected structural similarities (p value
0.00e + 00). To examine the significance of structural pre-
diction and the pairwise alignment, please access Fig. S2.

The SAR Domain Sometimes Is Also Part
of the Endolysin Catalytic Core

To assess the differences in the amino acid sequence
and, consequently, in the biochemical properties of the
N-terminus of these endolysins, we again aligned the
first 40 amino acids of one representative endolysins
(Fig. 4a, b). The alignment shows that the region of SAR
endolysins is more hydrophobic (Fig. 4b) when compared
to the N-terminus of endolysins that do not contain an
SAR domain (Fig. 4a).

To assess the structural similarities between SAR
endolysins and endolysins that do not contain such
domain, we superimposed the structure of representa-
tive SAR endolysins with similar endolysins that do not
have an SAR domain (Fig. 4c—f). The pairwise alignment
revealed a significant structural similarity for all types of
catalytic domains. For the proteins of PFO1183 (p value
1.11e —16) and PF00182 (p value 4.44e —16) families,
the N-terminus portion of the peptides is almost entirely
superimposed (Fig. 4c, d). In contrast, in the case of
PF00959 MCD (p value 1.59e —14), the N-terminus of
the peptides did not align but had a similar folding pattern
(Fig. 4e). Furthermore, the N-terminus of the endolysins
of the PF05838 family (p value 1.36e —12) is superim-
posed. Still, the a-helix of the protein that does not contain
the SAR domain is slightly shorter (Fig. 4f). To examine
the significance of the pairwise alignment, please access
Fig. S3.
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PC2 (20.7%)

Fig.2 a Phylogenetic tree of all putative SAR endolysins identified
in the literature. The tree was constructed using the Neighbor-Joining
method, model JTT. b Principal component analysis of all putative
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SAR endolysins identified in the literature. X- and Y-axis show princi-

Discussion

The lysis module of bacteriophages has constantly been
evolving. Endolysins’ signal-anchor-released mode of action

—

PF01183 + PF01476 + PF01476
I Pro1183 + PFO1476
1 PF01183 (419 aa)
B Pro1183 (250 aa)

PF00182

PF00959

PF05838

" PF05838 + PF09374

pal components 1 and 2. The total variance observed for components
1 and 2 was 53.4% and 20.7%, respectively. Ellipses represent puta-
tive SAR endolysins with similar structures. N= 140 data points

is considered the most ancient lysis system [20]. Despite the
primitive origin, the lysis module of secreted endolysins,

sometimes named holin-independent endolysins, is carried
in the genomes of some bacteriophages [9]. However, the
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<«Fig.3 Structural prediction of representative SAR endolysins identified
in the literature. Putative SAR endolysins belonging to glycoside
hydrolase family 25 (PF001183): a GH25 associated with two
annotated CBDs LysM; b GH25 associated with one LysM domain;
¢ superimposed structures of (a) and (b); d long-chain GH25 with no
annotated CBDs; e superimposed structures of (a) and (d); f short-
chain GH25; g superimposed structures of (a) and (f); h structure of
the glycoside hydrolase family 19 putative SAR endolysins; i structure
of the glycoside hydrolase family 24 (lysozyme) representative
SAR endolysin; putative SAR endolysins belonging to glycoside
hydrolase family 108 (PF05838): j GH108 associated with one CBD
PG3; k long-chain GH108 with no annotated CBDs; 1 superimposed
structures of (j) and (k)

evolutionary advantages of this lysis system remain unclear.
In the study, we evaluate one type of secreted endolysin
containing a particular type of signal peptide named signal-
anchor-release (SAR). This type of signal peptide is believed
to anchor the endolysin in the cytoplasmatic membrane of
bacteria until the lysis-timing of pinholins [9, 10, 45]. We
focus on this type of endolysins because the hydrophobic
nature of the SAR domain probably confers outer membrane
permeation to endolysins [11].

Based on our data, SAR domains are present in about
2.02% of the endolysins encoded in the genomes of uncul-
tured viruses. SAR domains were mainly described in the
muramidase superfamily [8, 20, 21]. Our study identi-
fied three muramidase domains (PF00959, PF01183, and
PF05838). Among the 53 putative SAR endolysins described
in this study, five were encoded by bacteriophages that
infect Gram-positive bacteria and 30 by phages that act on
Gram-negatives.

Oliveira et al. [20] was the first author that identified
putative SAR endolysins in viral genomes (Supplemen-
tary File 1). The authors also observed a low frequency of
SAR endolysins (5.26%; n=38) in the genomes of cultured
bacteriophages that infect Gram-positive (n =4) and Gram-
negative bacteria (n=34). This database of 38 putative SAR
endolysins resulted in a list of 32 non-redundant candidates
(Table S6). Among these candidates, Oliveira et al. [20]
identified 26 GH24 proteins, four multimodular GH25 pro-
teins, and two multimodular GH108 proteins.

Following the work of Oliveira et al. [20], Valero-Rello
[21] identified 33 SAR domains in 8.89% of the putative
endolysins annotated in the genomes of Pseudomonas
bacteriophages (Supplementary File 1). Valero-Rello [21]
revealed 21 non-redundant SAR endolysins (Table S7) and
identified 19 GH24 proteins, two of which were multimodu-
lar and one GH108 putative protein. Interestingly, Valero-
Rello [21] also characterized one putative SAR domain in
one glucosaminidase GH19. So far, this is the only author
that observes SAR domains outside of the muramidase
superfamily.

Furthermore, Gontijo et al. [11] also observed a low
frequency (5.50%; n=16) of SAR endolysins in the genomes

of bacteriophages that infect Gram-negative bacteria
(Supplementary File 1). The authors identified 13 non-
redundant SAR muramidases (Table S8). The screening of
SAR endolysin in annotated endolysins resulted in a non-
redundant list with 66 candidates. In this work, we describe
53 additional non-redundant SAR endolysins.

The genomes of phages that infect either Gram-positive or
Gram-negative bacteria contain secreted endolysins [20, 22].
SAR endolysins, in particular, are majorly found in bacterio-
phages that infect Gram-negative bacteria [8, 20]. However,
despite the low frequency, holin-independent endolysins
exist alongside holin-dependent endolysins, which suggests
that this primitive lysis system is still effective.

Interestingly, SAR endolysins encoded in the genomes
of bacteriophages that infect Gram-positive bacteria have
the GH25 catalytic domain associated with the LysM CBD.
However, the number of multimodular SAR endolysins is
still too scarce to jump to any conclusions. Once the cell
membranes are negatively charged, SAR endolysins with
higher IP are more recommended to act against Gram-
negative bacteria [23]. Interestingly, most putative proteins
with IP values inferior to 7.40 are associated with CBDs.
Among these 53 candidates, we describe six multimodu-
lar SAR endolysins. Previously, two multimodular SAR
endolysins were described by Valero-Rello (2019), and 6
by Oliveira et al. [20]. Most of them had IP values inferior
to 7.40. Therefore, we speculate that CBDs might help fix-
ate endolysins in the membrane/PG despite the unfavorable
net charge.

Endolysins containing catalytic domains combined
with CBDs are less frequently found within bacteriophage
genomes (< 1%). CBDs are associated with targeting dif-
ferent chemical receptors [20] or with broad lytic activity
[12, 46]. The LysM domain, particularly in heterologous
endolysins, is related to broad-spectrum activity [12, 47].
This work revealed three uncharacterized CBDs with similar
structures to LysM (n=3) and PG3 domains (n=1). These
multimodular SAR endolysins are promising candidates as
potential antibacterial drugs against Gram-negative bacteria.

The frequency of SAR endolysins is inferior to 5%. In
general, the presence of an SAR domain does not alter the
size, the mass, or the IP of endolysins compared to non-
SAR-containing proteins. Holin-dependent endolysins are
believed to have evolved from SAR lysins [20]. In contrast
with Xu et al. [10], we believe that the SAR domain might
also be essential in the catalysis of SAR endolysins. Despite
the differences in the sequence and the biochemical proper-
ties, we speculate that the changes at the N-terminus end
of SAR endolysins must have been substantial enough to
confer less hydrophobic properties to the endolysin but
not enough to change protein folding. The SAR domain is
probably also essential in terms of catalytic activity beyond
endolysin transport. Lim et al. [19] showed that the native
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Fig.4 Multiple sequence alignment of the first 40 amino acids of
all SAR endolysins (a) and their respective non-SAR endolysin (b).
The color scale ranges from the most (red) to the least hydrophobic
(blue) amino acid. Structural pairwise alignment of representative
SAR endolysin with their respective non-SAR endolysin. ¢ Glycoside
hydrolase family 25 (PF001183) superimposed with the non-SAR
representative Lys_ TP901-1 (NP_112716). d Glycoside hydrolase
family 19 putative SAR endolysins (PF00182) superimposed with
the non-SAR representative Lys_vB_AbaP_AS12 (YP_009599231).
e Glycoside hydrolase family 24 (PF00959) superimposed with the
non-SAR representative Lys_YMC-13-01-C62 (YP_009055463).
f Glycoside hydrolase family 108 (PF05838) superimposed with the
non-SAR representative Lys_AbaM-IME-AB2 (YP_009592219).
SAR domains are indicated in the red arrows

SPNICC SAR endolysin is active against Gram-negative
and Gram-positive bacteria. In addition, Lim et al. [19] also
constructed the SPN9CC endolysin with deletions for the
predicted SAR domain. The engineered proteins did not act
against E. coli even after an EDTA pre-treatment. Thus, the
author suggested that the deletion of the SAR influences
protein folding and the catalytic activity of the endolysin.
In the case of SAR endolysins R?!, the SAR domain is also
essential to the enzyme’s catalytic activity [45].

Nonetheless, Sun et al. [45] demonstrated that for Lszl,
one SAR endolysin, the SAR domain is not essential for
maintaining protein structure or enzymatic activity. How-
ever, the results found in the literature are still too scarce to
imply the antimicrobial spectra of SAR endolysins. We can
only infer that SAR endolysins act against Gram-negative
bacteria. Further studies are required to determine the actual
action antimicrobial spectra of SAR endolysins, even those
encoded by bacteriophages that infect Gram-positive bacte-
ria, and to determine the essential role of the SAR domain in
the outer membrane permeation of SAR endolysins.
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Conclusion

Our results add 53 putative SAR endolysins to a list that pre-
viously contained 66 non-redundant candidates. These addi-
tional candidates complete a previously published metagen-
omic study [22]. The list of putative SAR lysis identified in
the literature currently contains 119 non-redundant proteins,
including 14 multimodular SAR endolysins. These proteins
are clustered into eight groups. Further experimental lab
studies must be conducted to assess the efficacy of each of
these groups to determine the fundamental role of the SAR
domain in the activity of SAR endolysins against Gram-
negative bacteria.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12602-022-09948-y.
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