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Phage lytic proteins are a clinically advanced class of novel enzyme-based antibiotics, so-called enzybiotics. PhalLP is a
database of phage lytic proteins, which serves as an open portal to facilitate the development of phage lytic proteins.
PhalLP is a comprehensive, easily accessible and automatically updated database.
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| 1. Introduction

Bacteriophages are infective viral particles targeting bacterial cells. During their lytic replication cycle, phages face twice
the challenge to cross the bacterial cell wall of their host . Therefore, phages make use of two types of phage lytic
proteins: virion-associated lysins (VALs) and endolysins 2. A VAL is part of the virion and forms a local and small pore in
the peptidoglycan layers at the site of infection, while the cell remains intact. The phage genome is ejected through this
pore. VALs are mostly a structural part of the virion but can also occur as internal capsid proteins B4, Endolysins are
responsible for the massive degradation of the peptidoglycan layer at the end of the lytic cycle. In the canonical phage
lysis system, they accumulate in large numbers in the cytoplasm and their release into the periplasmic space is timed by
pore-forming holins in the cytoplasmic membrane. The sudden degradation of the peptidoglycan, assisted by the high
osmotic pressure inside the cell, causes cell lysis and the concomitant release of newly matured phage particles =€,

Phage lytic proteins comprise one or more functional domains categorized into two classes: enzymatically active domains
(EADs) and cell wall binding domains (CBDs) . Additionally, VALs contain domains with a function other than
peptidoglycan degradation such as structural anchoring to the viral particle. At the biochemical level all phage lytic
proteins have the same purpose, i.e., peptidoglycan degradation, yet variation in environment and host has led to highly
diverse domains and architectures BB This variety largely springs from the diversity of peptidoglycan chemotypes
among bacterial species, along with the high diversity of secondary cell wall-associated carbohydrate polymers [Il19],
Endolysins have either a globular (one EAD) or modular architecture (multiple domains; at least one EAD and optionally
one or more CBDs) 11l CBDs target the glycan or peptide moieties of peptidoglycan, or specific components of
(lipo)teichoic acids, increasing the proximity of EAD to its substrate 1213 Five classes of EADs are distinguished based
on the bond they cleave in peptidoglycan (Figure 1). (i) N-acetylmuramoyl-L-alanine amidases (EC 3.5.1.28) hydrolyze
the amide bond between N-acetylmuramic acid (MurNAc) and L-alanine residues, effectively cleaving the peptide moiety
from the glycan strand. (ii) N-acetyl-3-D-glucosaminidases catalyze the hydrolysis of glycosidic 3-1,4 linkages between N-
acetylglucosamine (GlcNac) and MurNAc. (iii) N-acetyl-B-D-muramidases (EC 3.2.1.17) and (iv) lytic transglycosylases
(EC 4.2.2.n2) cleave these linkages between MurNAc and GIcNAc. N-acetyl-B-D-glucosaminidases and N-acetyl-3-D-
muramidases are glycosidases (EC 3.2.1.-) that use a hydrolytic mechanism resulting in a terminal reducing GIcNAc or
MurNAc residue, respectively. Lytic transglycosylases, on the other hand, use an intramolecular mechanism that creates a
1,6-anhydro bond at the MurNAc residue. Peptidases (EC 3.4.-.-) cleave the bond between two amino acids within the
peptidoglycan stem peptide, cross-link or cross-bridge 24, The specific epitope and chemical bond targeted by the CBD
and the EAD, respectively, brings about a well-defined spectrum of activity for phage lytic proteins 26 The modularity
of phage lytic proteins, along with the diverse range of domains, has been exploited by protein engineers to modulate the
specificity, activity and solubility by domain swapping 17,
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Figure 1. Cleavage sites of the different enzymatic classes of EADs on the primary structures of two common
peptidoglycan types. (A) peptidoglycan chemotype Aly is the most common in Gram-negative bacteria; (B) peptidoglycan
chemotype A3, either a or y depending on the presence of L-Lys or mDAP in the third position of the peptide subunit, is a
type example for Gram-positive bacteria such as Staphylococcus aureus 19. The colored scissors indicate cleavage sites
of different classes of EADs. GIcNAc and MurNAc in the glycan strands of each structure refer to N-acetylglucosamine
and N-acetylmuramic acid, respectively.

As early as 1957, it was observed that phage lytic proteins can cause “lysis from without” upon exogenous addition to
bacteria 1819 |t was not until 2001 that their use as enzyme-based antibacterial agents, coined “enzybiotics”, was
demonstrated in a murine model against Gram-positive bacteria [24. The presence of an outer membrane was initially
prohibitive for the use of phage lytic proteins as enzybiotics against Gram-negative bacteria, but meanwhile various
protein engineering approaches have been developed to overcome this barrier, including the use of outer membrane
permeabilizing peptides (Artilysins®) [ bacteriocin domains (lysocins) 21 and phage receptor binding proteins
(Innolysins) 22, Today, enzybiotics are considered the most advanced alternative class of antibacterials under clinical
investigation (23, They offer a necessary response to the alarming threat of antibiotic resistance across global health care
systems. Their mode of action is fundamentally different from any existing class of antibiotics. Enzybiotics actively
degrade the peptidoglycan component without the need for an active bacterial metabolism, unlike classic antibiotics. This
is reflected in a faster cell death and effectiveness against metabolically inactive cells like persisters. In addition, their
spectrum is typically narrower (genus, species or strain level) compared to classic antibiotics, causing less harm to
beneficial microflora. Finally, the conserved molecular target makes enzybiotics less prone to the inevitable fate of many
traditional antibiotics: the emergence and spread of resistance mechanisms L1241 A growing community of researchers
and companies is therefore investigating their applications, including clinical trials, and engineering their properties to kill a
broad diversity of bacteria [8l. Phage Iytic proteins have the inherent potential to be developed against any bacterial
species, thus representing an unprecedented extensive class of antibiotics with narrow spectrum.

| 2. PhaLP Database

The MySQL-based PhalLP database (https://www.phalp.org) integrates nine data types (proteins, phages, hosts,
conserved domains, coding sequences (CDSs), GO annotations, enzymatic activities (ECs), tertiary structures,
experimental evidence) originating from multiple sources databases (UniProt, UniParc 22, NCBI taxonomy, Virus-Host DB
28 InterPro 24, GenBank, QuickGO, ExPASy ENZYME database, PDB and PubMed). Figure 2 provides an overview of
these data types and their mutual relationships.
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Figure 2. Diagram of the nine data types of PhaLP. Each data type is represented by a box containing a description of the
data, the corresponding MySQL table(s), the number of entries in PhaLP v2019 10 and the source database.
Relationships between data types are indicated with a crow’s foot notation. A relationship is indicated by a line between
two data types with a double perpendicular line at a “one” side and a crow’s foot at a “many” side. The “one-to-many”
relationship between for example “phages” and “proteins” can be interpreted as: one phage entry can be linked to multiple
protein entries, but each protein entry can only be associated with one phage entry. The “many-to-many” relationship
between “hosts” and “phages” can be interpreted as: a phage can have multiple hosts, but a host can also be associated
with multiple phages.

The protein data form the central hub of PhaLP and describe single phage lytic proteins, corresponding to UniProt entries.
UniProt was chosen as primary data source because it provides high-quality, curated and functionally annotated
sequence data 122, To collect a set of phage lytic proteins, UniProt is programmatically queried. The query is carefully
constructed to include as much phage lytic proteins as possible without including other proteins. The resulting dataset was
manually curated.

Due to increasing sequencing efforts, the amount of available sequence data in biological databases is increasing at an
exponential rate 25, A common problem with many so-called secondary databases is that, while their data sources
(primary databases) keep expanding, the authors stop updating the database, resulting in outdated secondary databases.
Therefore, the algorithm to gather data from primary databases for PhalLP is automated in a Python script. With every
eight-weekly UniProt release, the algorithm is rebooted, adding new entries and updating data that have changed in the
source databases. Curation of the new entries remains essential for continuous fine-tuning of the initial query. The latter
task can be facilitated by users through the online contact form by reporting new, non-curated entries that are suspected
of not being actual phage lytic proteins.

| 3. Use of PhaLP

PhaLP can be consulted through two user-friendly web interfaces. The first is a basic searchable and sortable table that
displays basic info on each protein entry and the phage encoding the protein (https://www.phalp.org/database; accessed
on 25 June 2021). Upon clicking on the UniProt accession number, the user is sent to an overview page with all data
linked to that entry. Additionally, the page contains links to the original data sources, as well as two interactive graphical
viewers: a representation of the conserved domains on the sequence and a representation of the genomic neighborhood
for every CDS linked to the protein.

The second interface is a BioMart that allows the user to customize the selection of attributes that is shown from all tables
in the database as well as filter on all these attributes (https://www.phalp.org/biomart; accessed on 25 June 2021). The
resulting customized dataset is provided in a tabular format that can be viewed in the interface or downloaded as a “tab-
separated values” file. The latter can be loaded into any software of choice to perform further analyses. To allow even
more advanced querying, the database is available for download as a MySQL dump file, making it possible to integrate
the PhalLP database in customized workflows. Both user interfaces will display the latest version of PhaLP. Older versions
will remain available for download as a MySQL dump file.
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