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In this study, we present the discovery and characterization of a highly thermostable endolysin from bacteriophage Ph2119 in-
fecting Thermus strain MAT2119 isolated from geothermal areas in Iceland. Nucleotide sequence analysis of the 16S rRNA gene
affiliated the strain with the species Thermus scotoductus. Bioinformatics analysis has allowed identification in the genome of
phage 2119 of an open reading frame (468 bp in length) coding for a 155-amino-acid basic protein with an Mr of 17,555. Ph2119
endolysin does not resemble any known thermophilic phage lytic enzymes. Instead, it has conserved amino acid residues (His30,
Tyr58, His132, and Cys140) that form a Zn2� binding site characteristic of T3 and T7 lysozymes, as well as eukaryotic peptidogly-
can recognition proteins, which directly bind to, but also may destroy, bacterial peptidoglycan. The purified enzyme shows high
lytic activity toward thermophiles, i.e., T. scotoductus (100%), Thermus thermophilus (100%), and Thermus flavus (99%), and
also, to a lesser extent, toward mesophilic Gram-negative bacteria, i.e., Escherichia coli (34%), Serratia marcescens (28%), Pseu-
domonas fluorescens (13%), and Salmonella enterica serovar Panama (10%). The enzyme has shown no activity against a num-
ber of Gram-positive bacteria analyzed, with the exception of Deinococcus radiodurans (25%) and Bacillus cereus (15%). Ph2119
endolysin was found to be highly thermostable: it retains approximately 87% of its lytic activity after 6 h of incubation at 95°C.
The optimum temperature range for the enzyme activity is 50°C to 78°C. The enzyme exhibits lytic activity in the pH range of 6
to 10 (maximum at pH 7.5 to 8.0) and is also active in the presence of up to 500 mM NaCl.

Bacteriophages, with the exception of the few known fila-
mentous phages, are viruses that specifically infect and

multiply in bacteria and, at the final stage of a lytic cycle, de-
stroy the bacterial cell wall to release their progeny (1–3). To
achieve this, phages use endolysins that dismantle the cell wall
by targeting the peptidoglycan (PG) layer functioning as the
bacterial exoskeleton. This extremely robust and complex
mesh-like structure is made of glycan strands trans-connected
by short peptides (4). The glycan portion of PG is a heteropo-
lymer built of units, each consisting of N-acetylglucosamine
(GlcNAc) and N-acetylmuramic acid (MurNAc), linked to-
gether by �-1,4-glycosidic bonds. Short peptides used to cross-
link glycan strands are attached by a peptide bond to the Mur-
NAc. Adjacent peptides may be joined by a transpeptide bond
or a transpeptide bridge (2, 5, 6). Based on their enzyme spec-
ificities, phage endolysins can be divided into five classes:
(i) 1,4-�-N-acetylmuramidases, (ii) endo-�-N-acetylgluco-
saminidases, (iii) lytic transglycosylases that target the glycan
moiety, (iv) endopeptidases, and (v) N-acetylmuramoyl-L-ala-
nine amidases that target the peptide moiety (2, 5). Phage en-
dolysins evolved into an enormously diverse group of proteins
with respect to their primary structures and enzymatic proper-
ties. In general, endolysins infecting Gram-positive bacteria
contain both an enzymatic catalytic domain (ECD) and a cell
binding domain (CBD), whereas most endolysins from a
Gram-negative background possess only an enzymatic catalytic
domain.

To date, 723 diverse putative endolysins with 24 different
ECDs and 13 CBDs have been identified and can be classified into
89 distinct types based on their structural organization (7).

Phage N-acetylmuramoyl-L-alanine amidases contain a cata-
lytic domain (AMI-2, AMI-3, AMI-5, or AMI02-C) allowing them
to cleave PG between the N-acetylmuramoyl residue and the L-
amino acid residue (7). The presence of one of these domains has
been described in several well-known phage endolysins, including
the best-studied example, Escherichia coli phage T7 lysozyme. De-
spite the extensive studies on lytic enzymes of phages with differ-
ent host specificities, little is known about endolysins of phages of
thermophilic bacteria (8–10). There are only a few records con-
cerning endolysins/lysozymes of Thermus phages in the GenBank
database. Among them, only one endolysin of bacteriophage
�IN93 infecting Thermus aquaticus TZ2 has been characterized
(9), yet no described ECDs were detected. Comparative analysis of
other Thermus phage endolysins revealed in their protein se-
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quences the presence of a catalytic domain responsible for their
specific enzymatic activities (either AMI-3, VANY, or PET-M23)
(7). The putative endolysin from Thermus phage P23-45
(P23p108) possesses a PET-M23 domain that is characteristic of
peptidases that cleave short peptides that cross-link PG glycan
strands (11). Another hypothetical enzyme, N-acetylmuramoyl-
L-alanine amidase of Thermus phage P23-77 (P23-77gp12), con-
tains an AMI-3 domain; however, the enzyme’s lytic activity
has not been tested experimentally (12). Thermus scotoductus
MAT2119 phage 2119 (Ph2119) enzyme, described here, is the
first known Thermus phage endolysin that contains an AMI-2 do-
main that has a prominent cleft with a Zn2� binding site. This
domain is also present in T7 lysozyme, where Zn2� is firmly an-
chored to the protein by the side chains of His17, His122, and Cys130

and through a water molecule to the negatively charged Tyr46 (13).
It is noteworthy that neither T7 lysozyme nor any known Thermus
phage endolysin has been found to possess a CBD (7).

Similar structural Zn2� binding motifs found in T7 lysozyme
and its close relative T3 lysozyme are also shared by a group of
eukaryotic antibacterial proteins called peptidoglycan recognition
proteins (PGRPs), which are involved in innate immunity and are
highly conserved from insects to mammals (14). Those inverte-
brate and vertebrate PGRPs possess a so-called PGRP domain, but
only amidase-active PGRPs are characterized by a conserved Zn2�

binding site in the peptidoglycan binding cleft (15). Similar to that
of T7 lysozyme, the PGRP Zn2� binding site consists of two histi-
dines, one cysteine, and one tyrosine. In nonamidase PGRPs,
which can only recognize (bind) bacterial PG but do not have the
ability to cleave it, the cysteine is replaced with serine. This prop-
erty can be used for PGRP amidase activity prediction based on
amino acid sequence analysis (14).

The objective of the present study was to clone, purify, and
characterize the properties of a novel thermostable endolysin
from T. scotoductus MAT2119 bacteriophage Ph2119 that has sim-
ilarity to the eukaryotic peptidoglycan recognition proteins.

MATERIALS AND METHODS
Bacterial strains and media. The bacteria used in this study were pur-
chased either from Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH, Germany (Thermus thermophilus HB8 DSM 579 and
Pseudomonas fluorescens DSM 50090) or the American Type Culture Col-
lection (Bacillus cereus ATCC 13061, Bacillus subtilis ATCC 6633, Deino-
coccus radiodurans ATCC 13939, Staphylococcus aureus ATCC 25923, and
Staphylococcus epidermidis ATCC 12228). The other bacteria used were
taken either from the Collection of Plasmids and Microorganisms, Uni-
versity of Gdansk, Gdansk, Poland (E. coli MG1655 [16], Salmonella en-
terica serovar Panama, Serratia marcescens, Enterococcus faecalis, Staphy-
lococcus intermedius, Sarcina lutea, Streptococcus pyogenes, and Lactococcus
lactis subsp. cremoris W15 [17]), or the MATIS collection of microorgan-
isms (T. scotoductus MAT2119 and Thermus flavus MAT1087). The afore-
mentioned bacteria were used as substrates for the Ph2119 endolysin. E.
coli strains DH5� (18) and Tuner(DE3) (Invitrogen) were used for mo-
lecular cloning and protein overproduction, respectively. The bacteria
were cultivated in Luria broth (LB) or Luria agar (LA) medium (18).
When necessary, the media were supplemented with 100 �g/ml ampicillin
(Ap). T. scotoductus MAT2119 was isolated on R2A medium (containing,
per liter, 0.5 g proteose peptone, 0.5 g yeast extract, 0.5 g Casamino acids,
0.5 g glucose, 0.5 g soluble starch, 0.3 g sodium pyruvate, 0.3 g K2PO4, 0.05
g MgSO4 · 7H2O, 15 g agar, pH 7.2 � 0.2, at 25°C; Difco Laboratories).
Bacteria belonging to the genus Thermus were also cultivated at 60°C in
TM medium (containing, per liter, 4 g peptone, 2 g yeast extract, pH 7.2
[both from Difco Laboratories], 1 g NaCl, and 10 ml Castenholtz basal

salts solution, pH 7.2). Castenholtz basal salts solution contained, per liter,
1 g nitrilotriacetic acid, 0.6 g CaSO4 · 2H2O, 1 g MgSO4 · 7H2O, 0.08 g NaCl,
1.03 g KNO3, 6.89 g NaNO3, 1.11 g Na2HPO4, 10 ml of 0.03% FeCl3, and
10 ml of Nitsch’s trace elements (containing, per liter, 5 ml H2SO4, 2.2 g
MgSO4 · 5H2O, 0.5 g of ZnSO4 · 7H2O, 0.5 g of H3BO3, 0.016 g of CuSO4,
0.025 g of Na2MoO4 · 2H2O, and 0.046 g of CoCl2 · 6H2O, pH 8.2). S.
pyogenes was grown in Todd-Hewitt bullion (THB) (Graso Biotech) and
L. lactis in TY medium (18). Vector pET15b (Novagen) was used for the
construction of a plasmid overexpressing the gene coding for Ph2119
endolysin. Plasmids pLiz_Ph2119_pMA-T and pMP20, constructed in
the present study, were deposited in the Collection of Plasmids and Mi-
croorganisms, University of Gdansk, Gdansk, Poland.

Bioinformatics analysis. To search for a putative endolysin gene,
the sequence of T. scotoductus phage Ph2119 was subjected to in
silico 6-frame translation using a bacterial genetic code (NCBI
translation table 11 [http://www.ncbi.nlm.nih.gov/Taxonomy/Utils
/wprintgc.cgi]). Putative open reading frames (ORFs) were identified
based on the presence of stop codons. Then, for each putative ORF
longer than 60 amino acid residues, a hidden Markov model (HMM)
was constructed using the HHblits package (19). The resulting HMMs
were used to search (with HHblits) the databases of Protein Data Bank
(PDB)- and Pfam-derived HMMs obtained from the website ftp:
//toolkit.lmb.uni-muenchen.de/pub/HH-suite/databases/. All signifi-
cant matches (with E values of �1e	3) were extracted and screened
for the presence of Pfam and PDB codes characteristic of endolysins:
ECDs and CBDs. The relationship between Ph2119 endolysin, phage
endolysins, and peptidoglycan recognition proteins was visualized
with Circoletto software (20), available through the Bioinformatics
Analysis Team server (http://tools.bat.infspire.org). Protein sequences
were aligned by use of the CLUSTAL W program (21), available
through the European Bioinformatics Institute server (http://www.ebi
.ac.uk). The three-dimensional structure of Ph2119 endolysin was pre-
dicted using homology modeling. Related proteins with experimen-
tally determined structures were identified using HHpred (via the MPI
Bioinformatics Toolkit [19, 22]) against the PDB database. A homol-
ogy model was built with Modeler (23) based on the crystal structure of
Drosophila melanogaster peptidoglycan recognition protein LB (PDB ID
1OHT) (15). The codon adaptation index (CAI) was calculated using the
JCat computer program (24). The gene encoding Ph2119 endolysin was
analyzed with DNASIS software (Hitachi Software Engineering), and the
isoelectric point (pI) was predicted with Isoelectric Point Calculator (http:
//isoelectric.ovh.org).

DNA manipulations. Standard protocols were used for molecular
cloning (18). The gene coding for phage Ph2119 endolysin was synthe-
sized by GeneArt Gene Synthesis Service (Life Technologies). The nucle-
otide sequence was optimized for efficient protein overproduction in E.
coli using GeneOptimizer technology by adjusting the codon quality dis-
tribution and G�C content of the gene. The synthetic gene (468 bp in
length) was assembled from synthetic oligonucleotides. The DNA frag-
ment obtained was cloned into the pMA-T vector (Life Technologies)
linearized with SfiI enzyme, resulting in plasmid pLiz_Ph2119_pMA-T.
The nucleotide sequence of the synthetic gene was verified by automated
DNA sequencing. The overexpression plasmid, pMP20, was constructed
by cloning into a pET15b vector (Novagen), previously linearized with
NdeI and BamHI, a 0.5-kb DNA fragment carrying a synthetic gene cod-
ing for Ph2119 endolysin that was obtained by PCR followed by double
digestion with NdeI and BamHI. The restriction sites used in molecular
cloning were provided by a pair of primers (5=-GAGCTCCATATGCGT
ATTCTGGAACCG-3= and 5=-CCAGGATCCTTATTTATTTACCACCT
TTTTC-3= [the underlining indicates NdeI and BamHI sites, respec-
tively]). Plasmid pLiz_Ph2119_pMA-T was used as a template in the PCR.
The cloning procedure presented enabled overproduction of Ph2119 en-
dolysin possessing at the N terminus a hexahistidine (His tag) sequence.
Recombinant plasmids were transformed into an appropriate E. coli strain
and verified by restriction analysis and automated DNA sequencing. Re-
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striction enzymes and DNA-modifying enzymes were purchased from
New England BioLabs or Thermo Scientific. Enzymatic reactions were
carried out under conditions suggested by the suppliers. PCRs were per-
formed with 2
 PCR Master Mix (A&A Biotechnology).

Purification of Ph2119 endolysin from recombinant E. coli. The
Ph2119 endolysin enzyme was prepared from E. coli Tuner(DE3) trans-
formed with pMP20. Bacteria carrying the overexpression plasmid were
cultivated at 30°C in LB medium (1 liter) supplemented with Ap and 0.4%
glucose to repress the basal expression from the T7 promoter to an optical
density at 600 nm (OD600) of 0.5. At that point, overproduction of Ph2119
endolysin was induced by adding isopropyl-�-D-thiogalactopyranoside
(IPTG) to the medium to a final concentration of 1 mM. Induction pro-
ceeded for 4 h at 37°C. Cells were harvested by centrifugation and sus-
pended in 35 ml of NPI buffer (50 mM NaH2PO4, pH 8.0, 300 mM NaCl,
10 mM imidazole, 0.1% Triton X-100, 10% [vol/vol] glycerol, 2 mM
2-mercaptoethanol, and 1 mM phenylmethylsulfonyl fluoride [PMSF]).
The bacteria were disrupted by sonication (30 bursts of 10 s at an ampli-
tude of 12 �m). Purification steps were carried out at room temperature,
except for sonication, when the sample was kept cold on ice. Cellular
debris was removed by centrifugation (10,000 
 g; 20 min), and the clar-
ified lysate was treated for 15 min at 75°C, followed by centrifugation
(10,000 
 g; 20 min). The supernatant obtained was loaded into a 1- by
2-cm Ni-nitrilotriacetic acid (NTA) agarose column (Qiagen) equili-
brated with NPI buffer. The column was washed with NPI buffer (15 ml)
and then with 20 mM imidazole in NPI buffer. Ph2119 endolysin bound
to the column was eluted with 250 mM imidazole in NPI buffer. Fractions
with the Ph2119 endolysin, more than 95% pure as verified by SDS-PAGE,
were pooled and dialyzed against buffer D (25 mM potassium phosphate
[KPO4] buffer, pH 8.0, 50 mM KCl, 0.1% Triton X-100, 10 mM 2-mercap-
toethanol, 50% glycerol, and 0.2 mM ZnSO4) and stored at 	80°C. The
protein concentration was measured using the Bradford assay (25).

Determination of Ph2119 endolysin molecular weight. A purified
preparation of Ph2119 endolysin was analyzed by SDS-polyacrylamide gel
electrophoresis (26) in order to estimate its purity and Mr under denatur-
ing conditions. The protein position after electrophoresis was visualized
by Coomassie brilliant blue R-250 staining. The Mr value of Ph2119 en-
dolysin was determined using a calibration curve obtained with standard
proteins as a reference (PageRuler Prestained Protein Ladder [Mr, 130,000
to 10,000]; Thermo Scientific).

Measurement of Ph2119 lytic activity. Ph2119 endolysin activity was
assayed spectrophotometrically by measuring the decrease in optical den-
sity of a bacterial suspension at 600 nm. The substrate bacteria (T. ther-
mophilus HB8) were cultivated in TM medium (300 ml) until the late
expotential-early stationary phase of bacterial growth was reached. Then,
cells were harvested by centrifugation (4,000 
 g for 15 min) and sus-
pended in 20 ml of chloroform saturated with 50 mM Tris-HCl (pH 7.7).
After incubation at room temperature (45 min), cells were collected by
centrifugation (4,000 
 g; 15 min), washed with 50 mM Tris-HCl (pH
7.7), and lyophilized (27). The reaction mixture contained 190 �l of chlo-
roform-treated cells of T. thermophilus HB8 in 10 mM KPO4 buffer (pH
8.0) (optical density, 0.8 to 1.0; 1-cm path length) and 10 �l of Ph2119
endolysin at a concentration range of 0.25 to 25 �g/ml. The enzyme was
diluted in 10 mM KPO4 buffer (pH 8.0), the mixture was incubated at
60°C in the standard 96-well titration plate (Corning), and a decrease in
the OD600 was measured over time in an EnSpire multimode plate reader
(PerkinElmer). In the control samples (negative control), 10 �l of 10 mM
KPO4 buffer (pH 8.0) instead of the Ph2119 endolysin was added to the
cell suspension. The experiments were repeated in triplicate. For the en-
zyme activity calculations, a standardized calculation method to quantify
the lytic activity of endolysins, described by Briers et al. (28), was adopted.
The specific lytic activity of Ph2119 endolysin was calculated by use of
ActivityCalculator (http://www.biw.kuleuven.be/logt/ActivityCalculator
.htm) (28). The results of the negative control were subtracted from the
sample values.

Substrate specificity. The substrate specificity of the Ph2119 endoly-
sin was calculated as the ratio of the lytic activity against T. thermophilus
HB8 (the reference substrate) to the enzyme activity against the following
bacteria: T. scotoductus, T. flavus, E. coli MG1655, Salmonella serovar Pan-
ama, P. fluorescens, S. marcescens, E. faecalis, B. cereus, B. subtilis, D. radio-
durans, S. intermedius, S. aureus, S. epidermidis, S. lutea, S. pyogenes, and L.
lactis subsp. cremoris W15. Gram-negative bacteria were prepared as the
T. thermophilus substrate. Gram-positive bacteria were harvested by cen-
trifugation (4,000 
 g; 15 min; 4°C) when they reached the late exponen-
tial-early stationary phase of growth, washed, and suspended in reaction
buffer (10 mM KPO4, pH 8.0).

Testing the Ph2119 endolysin optimum. The activity of Ph2119 en-
dolysin (25 �g/ml) assayed in reaction mixtures was tested under various
conditions. The variable factors were (i) temperature (10 to 99°C), (ii) pH
range (3 to 12), and (iii) NaCl concentration (0 to 500 mM). Chloroform-
treated T. thermophilus HB8 cells were used for a lysis assay essentially as
described above. In all experiments except pH testing, 10 mM KPO4 buf-
fer, pH 8.0, was used. Each experiment was conducted in triplicate and
repeated at least twice. The results obtained were normalized against sam-
ples without endolysin.

Thermal stability. Aliquots of Ph2119 endolysin and hen egg white
lysozyme (HEWL) (25 �g/ml; Sigma-Aldrich) were heated at 95°C and
submitted to increasing heating times in a Mastercycler ep gradient S
thermocycler (Eppendorf) or autoclaved (121°C; 30 min). Samples were
subsequently placed on ice before measuring their activity at 60°C for
Ph2119 endolysin or at 37°C for HEWL in 10 mM KPO4 buffer (pH 8.0).

Nucleotide sequence accession numbers. The accession numbers for
the nucleotide sequences of the Ph2119 endolysin, gPGRP-LE, PGRP-LB,
PGPP-Sa, PGRP1 HOLDI, T3 lysozyme, and T7 lysozyme deposited in
the GenBank database are KF408298, AF313391, AF207537, AF207540,
AB115774, KC960671 and S75616, respectively.

RESULTS
In silico analysis of the Thermus phage 2119 genome in search of
lytic enzymes. A number of bacteriophages infecting Thermus
species were isolated and characterized in a study on thermophilic
viruses from geothermal areas in Iceland (J. K. Kristjansson, per-
sonal communication). The Thermus strain used in this study,
designated MAT2119, was isolated from a sample taken at Hrafn-
tinnusker, which is located in the highlands of Iceland north of the
glacier Mýrdalsjökull, where the Katla volcano is positioned. The
strain was isolated on R2A medium (Difco Laboratories). Its op-
timal growth temperature is 65°C. Analysis of the 16S rRNA gene
sequence enabled its identification as T. scotoductus (data not
shown). The genome of Ph2119 derived from this strain was se-
quenced (data not shown). The resulting 92 contigs were sub-
jected to extensive bioinformatics analysis aimed at identifying
genes coding for lytic enzymes. This approach resulted in identi-
fication of a 468-bp ORF encoding a protein that showed some
identity (approximately 32 to 34% when the proteins were com-
pared in pairs) to a number of hypothetical N-acetylmuramoyl-L-
alanine amidases encoded in the genomes of several Clostridium
species—Clostridium perfringens (WP_003465616), Clostridium
sartagoforme (WP_016208077), and Clostridium botulinum
(YP_001921482)—and the thermophilic bacterium Desulfo-
tomaculum kuznetsovii DSM 6115 (YP_004516476). It is notewor-
thy that our novel Ph2119 enzyme does not resemble any known
thermophilic phage lytic enzymes. Neither a partially character-
ized lytic enzyme from T. aquaticus TZ2 phage �IN93 (9); lytic
enzymes of other Thermus phages, T. thermophilus phage P23-77
(VP29) (12) and two hypothetical proteins of Thermus phage
P74-26 and phage P23-45 (11); nor hypothetical protein
Rm378p070 (NP_835657) from Rhodothermus RM378 show any
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similarity in amino acid sequence (Fig. 1). Instead, bioinformatics
analysis revealed similarity of Ph2119 endolysin to T7 and T3
phage lysozymes and eukaryotic PGRPs, as depicted in Fig. 1.
PGRPs are innate immunity proteins that are conserved from

insects to mammals; all recognize bacterial peptidoglycan, and
many possess the ability to directly destroy bacterial pepti-
doglycan by hydrolyzing the peptidoglycan amide bond (14).
Hence, a candidate Ph2119 endolysin-encoding gene predicted

FIG 1 Relationship between Ph2119 and phage endolysins and peptidoglycan recognition proteins visualized by Circoletto software (20). The ribbons represent the
local alignments produced by BLAST (with an E value of 0.1), and their colors, blue, green, orange, and red, correspond to the alignment bit scores in the four quartiles.
Blue indicates the lowest values of the maximum bit score (i.e., a bit score below 25%), green stands for the next 25%, orange for the third quartile, and, finally, red ribbons
illustrate the best relative bit scores of 75% to 100% of the maximum bit score. Ph2119 phage endolysin is shown here as a short gray rectangle at the top of the circle, while
endolysins from other thermophilic organisms are shown in red. Ph2119 endolysin is not related to any known Thermus or Rhodothermus phage endolysins (no
interconnecting ribbons). This endolysin, however, shows some sequence similarity to AMI-2 domain-containing proteins, namely, endolysins of phages T3 and
T7 (E. coli phages are shown in pink), several hypothetical N-acetylmuramoyl-L-alanine amidases encoded in the genome of Clostridium species (in purple), the
thermophilic bacterium D. kuznetsovii DSM 6115 (in red), and several insect PGRPs (in lime green). The blue ribbons reflect the level of 22 to 34% amino acid
identity between the Ph2119 endolysin and an interconnected protein sequence (BLAST results are available in File S1 in the supplemental material).
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to have an N-acetylmuramoyl-L-alanine amidase catalytic do-
main, AMI-2 (PF01510/IPR002502), was chosen for further
experiments.

Sequence analysis of the gene coding for Ph2119 endolysin. A
468-bp putative ORF coding for Ph2119 endolysin starts from an
initiation codon, AUG, and ends at the UAG termination codon.
The overall G�C content of the gene is 55.98%, which is signifi-
cantly lower than the average G�C content of T. scotoductus
SA-O1 genomic DNA (64.89%) (29). The Ph2119 endolysin gene
codes for a 155-amino-acid protein with a predicted molecular
mass of 17,555 Da. Its pI, calculated with Isoelectric Point Calcu-
lator software, is 9.5, which is higher than the pIs of T7 lysozyme
(8.7) and T3 lysozyme (9.1). Analysis of the codon usage of the
gene coding for Ph2119 endolysin revealed the presence of a sig-
nificant number of rare codons for E. coli (DNASIS software) (see
Fig. S2 in the supplemental material).

In order to determine the differences in the codon usage pat-
terns of the Ph2119 gene and that of bacteria belonging to the
genus Thermus, we calculated the value of the CAI using the
JCat computer program (28). The CAI enables evaluation of
synonymous codon usage bias in relation to the codon usage of

highly expressed genes. According to this notion, open reading
frames with a high CAI (near 1) belong to the class of highly
expressed housekeeping genes. The calculated CAI value ob-
tained for the Ph2119 endolysin gene (0.20) suggests its low
rate of expression in T. scotoductus. A similar CAI value (0.156)
was obtained when E. coli was considered a host for the Ph2119
endolysin gene.

Structure and sequence analysis of the Ph2119 endolysin.
Figure 2 illustrates a multiple-amino-acid sequence alignment of
Ph2119 endolysin, T7 and T3 lysozymes, and insect PGRPs that
have all been studied experimentally: the fruit fly D. melanogaster
gPGRP-LE (30), PGRP-LB (15), and PGRP-SA (31) and the large
beetle Holotrichia diomphalia PGRP1 HOLDI (32). The predicted
amino acid sequence of Ph2119 endolysin in a pairwise compari-
son showed only 22% identity to the T7 lysozyme sequence and
23% identity to T3 lysozyme. Both lysozymes have served for a
long time as excellent models to study the enzymology of phage
lytic enzymes (33, 34). A tyrosine residue that has been shown to
be critical for phage T7 lysozyme lytic activity (Tyr46) (13) is also
conserved in the Ph2119 endolysin (Tyr58) amino acid sequence
(Fig. 2, asterisk). Four highly conserved amino acids that form the

FIG 2 Multiple-sequence alignment of amino acid sequences of Ph2119 endolysin and related lytic enzymes. The alignment was performed using the ClustalW
computer program. The arrowheads indicate residues of the D. melanogaster PGRP-LE protein involved in substrate binding, determined by the model of
PGRP-LE binding monomeric diaminopimelic acid-type peptidoglycan (tracheal cytotoxin) (30). Z denotes residues involved in Zn2� binding, which is
necessary for amidase activity. In phage T7, lysozyme Zn2� is coordinated by two histidines (His17 and His122) and a cysteine residue (Cys130) (13). The asterisk
indicates a tyrosine residue (Tyr46) that has been shown experimentally to be critical for phage T7 lysozyme amidase activity and that is highly conserved across
all the sequences. Gray shading reflects amino acid conservation at 80% consensus, whereas the black boxes represent 100% amino acid sequence identity.
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T7 lysozyme Zn2� binding site (His17, Tyr46, His122, and Cys130)
are also present in the amino acid sequence of Ph2119 (His30,
Tyr58, His132, and Cys140) (Fig. 2, Z).

Ph2119 endolysin also shares similarity with PGRPs. All these
eukaryotic proteins that recognize bacterial peptidoglycan have
similar structure designs of the PGRP domain, with three pe-
ripheral �-helices and several central �-sheet strands and a
substrate binding groove on the front of the molecule (14),
which is consistent with the molecular model of Ph2119 endo-
lysin shown in Fig. 3.

In addition, PGRPs with amidase activity directly destroy bac-
terial peptidoglycan by hydrolyzing the peptidoglycan amide
bond. An example is D. melanogaster PGRP-LB, which possesses a
Zn2� binding site in the peptidoglycan binding groove character-
istic of amidase-active PGRPs (14). In the PGRP-LB structure, a
zinc ion is coordinated by the side chains of His42, His152, and
Cys160 and most likely through a water molecule by the conserved
Tyr78 (15). Similarly, in the case of Ph2119 endolysin, the potential
Zn2� binding site is probably formed by His30, Tyr58, His132, and
Cys140 (Fig. 2 and 3, blue sticks).

Nonlytic PGRPs, such as PGRP-LE, PGRP-SA, and PGRP1
HOLDI, lack amino acid residues that form a Zn2� binding site.
Instead, they have a serine residue in place of the conserved cys-
teine of PGRP-LB (Cys160 [Fig. 2, Z]). In PGRPs exerting lytic
activity (e.g., PGRP-LB), the Thr158 residue present on the surface
of the protein corresponds to Lys128, critical to the amidase activ-
ity of the T7 lysozyme (15). It was shown that replacing Lys128 with
Thr greatly reduced the lytic activity of the T7 lysozyme (13). The
involvement of Thr158 in substrate binding was proven for
PGRP-LB (15). In contrast to the T7 lysozyme, but in accordance
with PGRP-LB, Thr138 is also conserved in the amino acid se-
quence of Ph2119 endolysin (Fig. 2 and 3, light blue stick).

Overproduction and purification of the Ph2119 endolysin.
In order to establish an efficient system for Ph2119 endolysin
overproduction in E. coli cells, the corresponding gene sequence
was optimized with respect to the host codon usage. The resulting
optimized gene sequence with a higher CAI value (0.6) and a G�C
content lowered to 46.8% was then synthesized by the GeneArt

Gene Synthesis Service (Life Technologies) (the optimized se-
quence is shown in Fig. S2 in the supplemental material).

When we tried to overexpress a synthetic gene coding for
Ph2119 endolysin in a heterologous system, we found that the T7
expression system used was leaking, most probably due to the
background transcription of the lacUV5 promoter that controls
expression of the T7 RNA polymerase gene. This problem was
overcome by adding glucose to a final concentration of 0.4% and
lowering the culture temperature to 30°C. The overproduction of
Ph2119 endolysin in E. coli Tuner(DE3)(pMP20) is shown in Fig.
4A. Four hours after induction (1 mM IPTG), a distinct band of
Ph2119 endolysin was observed on SDS-PAGE (Fig. 4A, lane 2).
The expression of the Ph2119 endolysin gene was not toxic to
the E. coli host, as we did not observe any inhibition of bacterial
growth.

The standard purification protocol involved affinity chroma-
tography on a column with Ni-NTA agarose. We found that this
procedure could be further optimized by heat treatment of the cell
lysates (75°C; 15 min), which excluded a significant portion of the
E. coli proteins (Fig. 4B, lane 2). The final preparation of purified
Ph2119 endolysin was dialyzed against buffer D (see Materials
and Methods) supplemented with 0.2 mM ZnSO4, since many
N-acetylmuramoyl-L-alanine amidases require divalent cations
for their activity (13). From 1 liter of E. coli Tuner(DE3)(pMP20)
culture, we were able to obtain 24 mg of a homogeneous enzyme
preparation with a specific activity of 3,079 U/mg (R2 � 0.968).
On Coomassie brilliant blue-stained gels, the enzyme was found
to be at least 95% pure (Fig. 4B, lane 6). The relative Mr of the
recombinant Ph2119 endolysin (with His-tag moiety) was esti-
mated to be 19,600 � 500 in relation to the protein molecular
weight markers with known molecular weight. This value is
greater than the molecular weight calculated from the predicted
amino acid sequence of Ph2119 endolysin (Mr, 17,555) (see Fig.
S3, lane 1, in the supplemental material).

Characterization of the Ph2119 endolysin optimum. The
Ph2119 endolysin activity was measured using buffers (pH 3.0 to
12.0) with a constant ionic strength of 0.01 M. The enzyme exhib-

FIG 3 Structural model of Ph2119 endolysin. The model was built based on
the crystal structure of D. melanogaster peptidoglycan recognition protein LB
(PDB ID 1SK4). His30, Tyr58, His132, and Cys140, represented as blue sticks,
are involved in Zn2� binding. The secondary-structure elements alpha-heli-
ces, beta-strands, and loops are shown in red, yellow, and green, respectively.

FIG 4 Overproduction of Ph2119 endolysin in E. coli Tuner(DE3) cells.
Shown is SDS-PAGE (12.5%) of the cellular proteins from 100-�l cultures of
bacteria. (A) E. coli Tuner(DE3)(pMP20) before induction (lane 1) and 4 h
after induction (1 mM IPTG) (lane 2). The position of Ph2119 endolysin is
indicated by an arrow. (B) Successive steps in the purification of Ph2119 en-
dolysin on a column with Ni-NTA agarose. Lanes: 1, total protein; 2, soluble
protein after heat treatment (15 min at 75°C); 3, flowthrough; 4, 1st wash with
10 mM imidazole in buffer NPI; 5, 2nd wash with 20 mM imidazole in buffer
NPI; 6, Ph2119 endolysin eluted with 250 mM imidazole in buffer NPI; M,
molecular masses of reference proteins (Thermo Scientific) (in kilodaltons).
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its lytic activity against reference T. thermophilus HB8 cells in the
pH range of 6 to 10 (with the maximum level at pH 7.5 to 8), as
shown in Fig. 5A. Lytic activity at various pH values was also
measured in biological buffers, and the lysis percentages measured
in relation to the optimal 10 mM KPO4, pH 8.0, were as follows:
MES (morpholineethanesulfonic acid), pH 6.0, 33% � 0.7%;
MOPS (morpholinepropanesulfonic acid), pH 7.0, 42% � 4.9%;
Tricine, pH 8.0, 92% � 0.7%; Tris-HCl, pH 8.0, 17% � 3.3%; and
Tris-HCl, pH 8.5, 40% � 4.0% (Tris buffer pH measured at 25°C)
(data not shown). The effect of NaCl on the lytic activity of Ph2119
endolysin was tested in reaction mixtures containing a suspension

of chloroform-treated T. thermophilus cells in 10 mM KPO4 buffer
(pH 8.0) and an NaCl concentration ranging from 0 to 500 mM.
At 25 mM NaCl, the lytic activity was reduced to 71.6%, and with
increasing NaCl concentrations, the activity level remained be-
tween 68 and 62% (Fig. 5B). Enzyme activities at various temper-
atures from 10°C to 99°C were determined in 10 mM KPO4, pH
8.0. Ph2119 endolysin was functional over a temperature range
from 10°C to 99°C, with activity over 94% at 50°C to 78°C (Fig.
5C).

Determination of thermal stability. In order to estimate the
thermostability of Ph2119 endolysin, samples of the enzyme were
incubated for a prolonged time (up to 17 h) at 95°C or autoclaved
(121°C; 30 min), followed by an activity assay. The results shown
in Fig. 6 indicate that Ph2119 endolysin is highly thermostable.
After incubation at 95°C for 6 h, it retained 86.7% of its original
activity. Furthermore, after 17 h at 95°C, 17.4% residual activity
remained, although autoclaving totally inactivated the enzyme. At
the same time, HEWL, which was used as a control, was com-
pletely inactivated after 5 min at 95°C.

Substrate specificity. Substrate specificity was examined by
comparing the relative activities of Ph2119 endolysin and HEWL
under optimal conditions and temperatures (37°C for HEWL and
60°C for Ph2119 endolysin). The results obtained are summarized
in Table 1. It was shown that while the HEWL lytic activity was
directed toward both Gram-negative and Gram-positive bacteria,
the Ph2119 endolysin was mainly active against Gram-negative
bacteria, including T. thermophilus HB8 (100%), T. scotoductus
MAT2119 (100%), T. flavus MAT1087 (99%), E. coli (34%), S.
marcescens (28%), P. fluorescens (13%), and Salmonella serovar
Panama (10%). Ph2119 endolysin showed no activity against
Gram-positive bacteria, with the exception of D. radiodurans
(25%) and B. cereus (15%).

DISCUSSION

In this report, we present the cloning, overproduction, and char-
acterization of a highly thermostable endolysin from bacterio-
phage Ph2119 infecting Thermus strain MAT2119 isolated from
geothermal areas in Iceland. Proteins isolated from thermophilic
bacteria have proved to be relevant in many applications in bio-
technology. Our protocol for isolation of a gene coding for Ph2119
endolysin was based on a bioinformatics approach currently
widely applied to this kind of research instead of using metag-
enomic libraries for lytic activity screening (35). The latter ap-
proach may encounter two major problems: (i) clonal toxicity due
to the presence next to the gene for endolysin of a gene coding for
holin, a protein generally toxic to E. coli, and (ii) proper selection
of a substrate to test endolysin activity. A bioinformatics-based
approach for selection of a target gene for experimental analysis
allowed us to overcome these difficulties and to save time and
resources compared to extensive functional screening. Compara-
tive analysis revealed that the Ph2119 endolysin is homologous
with N-acetylmuramoyl-L-alanine amidases possessing AMI-2
enzymatic catalytic domains.

This domain shows similarity to a conserved PGRP domain of
PGRPs with peripheral �-helices and several central �-sheet
strands (14, 36). Almost 100 PGRP family members known to date
have at least one PGRP domain (36, 37). Some of the PGRPs,
known as amidase-active PGRPs, not only recognize but also de-
stroy bacterial peptidoglycan. All amidase-active PGRPs have a
Zn2� binding site in the peptidoglycan binding groove consisting

FIG 5 Effects of pH (A), NaCl (B), and temperature (C) on the lytic activity of
Ph2119 endolysin. Relative activity against T. thermophilus cells was calculated
by comparing the lytic activity under specific conditions with the maximal lytic
activity among the data set. Each experiment was repeated in triplicate; the
error bars indicate standard deviations.
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of two histidines, one cysteine, and one tyrosine. Four con-
served amino acids (His30, His132, Cys140, and Tyr58) are also
present in the Ph2119 endolysin primary structure. Surprisingly,
there is no similarity at the amino acid sequence level between
Ph2119 endolysin and other endolysins from thermophilic bacte-
ria characterized to date: endolysin from Geobacillus sp., infecting
bacteriophage GVE2 isolated from a deep-sea hydrothermal vent
(8), and lysozyme from T. aquaticus TZ2, infecting bacteriophage
�IN93 (9).

The antibacterial activity of Ph2119 endolysin is not restricted
to the genus Thermus but also includes Gram-negative mesophilic
bacteria—E. coli, S. marcescens, P. fluorescens, and Salmonella se-
rovar Panama—and Gram-positive D. radiodurans and B. cereus.
This is in agreement with the clear distinction in species specificity
between endolysins originating from phages infecting Gram-neg-
ative and Gram-positive hosts. The latter have a narrow antibac-

terial spectrum (38), whereas endolysins from phages infecting
Gram-negative bacteria, similar to Ph2119 endolysin, have a
broader species range (39–41). This distinction might be due to
the lack of a CBD in most endolysins derived from Gram-negative
bacteria, while endolysins of Gram-positive bacteria possess a
clearly defined CBD that increases the substrate specificity of the
enzymes (42, 43).

The substrate specificity of Ph2119 endolysin may also be af-
fected by the composition of the bacterial peptidoglycan. The
structure of the peptidoglycan of Gram-positive bacteria is more
variable than that of Gram-negative microorganisms (44). The
basic structure of the peptidoglycan of the Gram-positive D. ra-
diodurans is similar to that of the closely related T. thermophilus
HB8 (6). Also, the Gram-positive B. cereus reveals PG similarities
to Gram-negative bacteria possessing diaminopimelic acid (DAP)
in place of lysine (Lys) at position 3 of short peptides cross-linking
glycan strands in the PG structure. It was shown previously that
amidase-active PGRPs may distinguish between DAP-type and
Lys-type peptidoglycans (14). In the Ph2119 endolysin amino acid
sequence, there are conserved Gly52 and Trp53 residues corre-
sponding to Gly and Trp residues of PGRP-LE (30), suggesting
binding of Ph2119 endolysin in preference to DAP-type pepti-
doglycan.

T. thermophilus, however, represents the rare peptidoglycan
A3� chemotype with L-ornithine at position 3 of the peptide sub-
unit. The basic unit of T. thermophilus HB8 peptidoglycan is a
muropeptide consisting of N-acetylglucosaminyl-N-acetylmu-
ramyl-L-Ala-D-Glu-(�)-L-Orn[()-Gly-Gly]-D-Ala-D-Ala (6, 44,
45). There are no reports about interactions between PGRP and
L-ornithine peptidoglycan, so the finding that Ph2119 endolysin
may recognize bacteria with DAP-type and L-ornithine-type pep-
tidoglycans is extremely interesting.

In this work, the Ph2119 endolysin activity optimum was de-
termined. Ph2119 endolysin works between pH 6.0 and 10, with
the maximum at 7.5 to 8.0, which is in agreement with phage
lysozyme activity optima between 7.0 and 8.0 (optimal pH, 7.0 for
T4 and � lysozymes and pH 8.0 for P22 lysozyme) (41). Ph2119
endolysin does not work well in Tris-HCl buffer at pH 8.0 and 8.5,
providing only 17% and 40% cell lysis, respectively. The reason for
that might be the Tris buffer pH instability at different tempera-

FIG 6 Examination of the thermal stability of the Ph2119 endolysin. Samples of Ph2119 (25 �g/ml) endolysin and HEWL (25 �g/ml) were incubated in 10 mM
KPO4, pH 8.0, at 95°C (0 to 17 h) or autoclaved (30 min; 121°C). Then, samples were placed on ice before measuring their activity against T. thermophilus HB8
cells at optimal temperature (60°C for Ph2119 endolysin and 37°C for HEWL). The activities of Ph2119 endolysin and HEWL are indicated as percentages relative
to untreated samples. Each experiment was repeated in triplicate; the error bars indicate standard deviations.

TABLE 1 Substrate specificities of Ph2119 endolysin versus HEWL
lysozyme

Organism

Relative activitya (%)

Ph2119 endolysin HEWL

T. scotoductus MAT2119 100 61
Thermus flavus MAT1087 99 98
T. thermophilus HB8 DSM 579 100 43
E. coli MG1655 34 100
Salmonella serovar Panama 10 35
P. fluorescens DSM 50090 13 40
S. marcescens 28 35
E. faecalis 4 0
B. cereus ATCC 13061 15 75
B. subtilis ATCC 6633 2 0
D. radiodurans ATCC 13939 25 21
S. intermedius 0 5
S. aureus ATCC 12228 0 0
S. epidermidis 0 0
S. lutea 2 48
S. pyogenes 0 11
L. lactis 0 11
a Relative activities are expressed as the percentage of activity toward T. thermophilus
HB8 DSM 579 for Ph2119 endolysin and toward E. coli MG1655 for HEWL.
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tures (46). In the experiment, the appropriate pH of the Tris-HCl
buffer was established at room temperature (25°C), while the tem-
perature at which the activity assay was performed was 60°C.

It was shown that Ph2119 tolerated elevated concentrations of
NaCl up to 500 mM. Tolerance of phage endolysins for the pres-
ence of high salt levels ranges from high resistance (100% activity
at 500 mM NaCl of KZ144 endolysin from the Pseudomonas
aeruginosa-infecting phage fKZ [42]) through moderate inhibi-
tion (40% residual activity at 200 mM NaCl of LysB4 endolysin
from the B. cereus-infecting phage B4 [47]) to almost complete
inhibition (6% residual activity at 133 mM NaCl of P22 lysozyme
from the Salmonella enterica serovar Typhimurium-infecting
phage P22 [41]). It was also demonstrated that the Ph2119 endo-
lysin was active over a temperature range from 10°C to 99°C, with
activity over 94% at 50°C to 78°C. It also retains approximately
87% of its lytic activity after 6 h of incubation at 95°C. An open
question still remains: what makes this protein resistant to high
temperature? The thermal stability of proteins seems to be a com-
plex phenomenon that can be affected by many factors. In general,
proteins can be stabilized by decreasing their entropy of unfolding
(48). The proline residue has the lowest conformational entropy
in an unfolded state that consequently leads to protein stabiliza-
tion (49). Proline represents as much as 9% of the Ph2119 endo-
lysin primary structure (14 residues). At the same time, prolines
represent only 2.7% and 3.3% of the residues in the amino acid
sequences of mesophilic T7 and T3 lysozymes, respectively. How-
ever, in thermostable lysozymes— gp36C from bacteriophage
�KMV (21) or lysozyme from bacteriophage �IN93 (9)—the
proline content is also low, only 2.1% and 3%, respectively, which
suggests that other factors are responsible for their thermal stabil-
ity. One of them might be the presence of disulfide bonds formed
by cysteine residues that stabilize proteins by decreasing the en-
tropy of the protein’s unfolded state (48).

High thermostability of Ph2119 endolysin makes it suitable for
applications under extreme temperature conditions, which is im-
portant from a practical point of view. It was shown previously
that phage endolysins/lysozymes can be successfully applied in
food preservation (50, 51, 52) and in agriculture to achieve resis-
tance to phytopathogenic bacteria (53), and as the number of
multi-antibiotic-resistant bacteria increases, they are more often
considered novel antibacterial agents (1–3, 54, 55). Taking into
account their relevance, it is clear that phage endolysins have a
great potential for use, not only in medicine, but also in the fields
of applied microbiology and biotechnology.
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