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ABSTRACT Multidrug resistance (MDR) is rapidly increasing in prevalence among
isolates of the opportunistic pathogen Pseudomonas aeruginosa, leaving few treat-
ment options. Phage lysins are cell wall hydrolases that have a demonstrated thera-
peutic potential against Gram-positive pathogens; however, the outer membrane of
Gram-negative bacteria prevents most lysins from reaching the peptidoglycan, mak-
ing them less effective as therapeutics. Nevertheless, a few lysins from Gram-
negative bacterial phage can penetrate the bacterial outer membrane with the aid
of an amphipathic tail found in the molecule’s termini. In this work, we took a phy-
logenetic approach to systematically identify those lysins from P. aeruginosa phage
that would be most effective therapeutically. We isolated and performed preliminary
characterization of 16 lysins and chose 2 lysins, PlyPa03 and PlyPa91, which exhib-
ited �5-log killing activity against P. aeruginosa and other Gram-negative pathogens
(particularly Klebsiella and Enterobacter). These lysins showed rapid killing kinetics
and were active in the presence of high concentrations of salt and urea and under
pH conditions ranging from 5.0 to 10.0. Activity was not inhibited in the presence of
the pulmonary surfactant beractant (Survanta). While neither enzyme was active in
100% human serum, PlyPa91 retained activity in low serum concentrations. The
lysins were effective in the treatment of a P. aeruginosa skin infection in a mouse
model, and PlyPa91 protected mice in a lung infection model, making these lysins
potential drug candidates for Gram-negative bacterial infections of the skin or respi-
ratory mucosa.

KEYWORDS cystic fibrosis, Gram-negative bacteria, Klebsiella, lung infection, MDR
infections

Pseudomonas aeruginosa is an environmental Gram-negative bacterium that exhibits
extensive metabolic adaptability, enabling it to thrive in an extraordinary range of

niches (1). It is a highly successful opportunistic pathogen causing a wide range of
acute and chronic infections (2) and is a leading cause of nosocomial infections
worldwide (3, 4). Since the early 1990s there has been an increasing rate of P.
aeruginosa involvement in serious infections with high mortality rates (5). P. aeruginosa
predominantly infects patients with compromised host defenses, such as patients with
severe burns, cystic fibrosis (CF), and neutropenia (6). Additionally, many infections
initiate from environmental sources (for example, those of CF patients), and thus, it is
difficult to prevent the initial colonization/infection of these patients (7). P. aeruginosa
is inherently resistant to many antimicrobial classes due to the limited permeability of
its outer membrane (8, 9). It is also capable of acquiring resistance to all relevant
antibiotics through mutations or the acquisition of new genetic material, severely
limiting available treatment options (10). For multidrug-resistant (MDR) P. aeruginosa,
polymyxins represent the antibiotics of last resort, despite their excessive toxicity (5,
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11–13). There is therefore a clear and urgent need for new therapeutics for MDR P.
aeruginosa.

Lysins are peptidoglycan hydrolases produced by bacteriophages to release prog-
eny phage from an infected bacterial host. At the end of the phage replicative cycle,
lysins gain access to the peptidoglycan through a pore, formed in the inner cell
membrane by another phage product, the holin, and the resulting peptidoglycan
hydrolysis leads to hypotonic rupture of the cell wall and the release of progeny phages
(14). Significantly, exogenously added lysin can lyse the cell wall of healthy, uninfected
Gram-positive bacteria, producing a phenomenon known as “lysis from without”
(15–18). Gram-negative bacteria, on the other hand, have proven highly resistant to
exogenously added lysins due to their protective outer membrane. Thus, the use of
lysins in combination with membrane-destabilizing factors is typically required for
activity (19, 20). In a series of studies, Ibrahim and colleagues demonstrated that a cell
wall hydrolase like lysozyme could become externally active against Gram-negative
bacteria by adding a hydrophobic tail to the molecule (21, 22). Additionally, a small
fraction of natural lysins from Gram-negative phage display activity against Gram-
negative bacteria when delivered externally, and this activity is attributed to the
presence of one or more amphipathic helices in the molecule, responsible for outer
membrane permeabilization (23–25). Recently, researchers have used this knowledge
to create Artilysins, engineered lysins with added peptides for improved antibacterial
activity. By fusing the sheep myeloid 29-amino-acid (SMAP-29) peptide to the endolysin
KZ144, these researchers created Art-175, achieving 5-log killing of P. aeruginosa (26).
In contrast, our labs used a broad screen approach to identify native antibacterial
proteins present in Gram-negative bacterial phages. In a screen of Acinetobacter
baumannii phage genomic libraries, we identified 21 lysins capable of killing A. bau-
mannii. One of these enzymes, PlyF307, displayed significant killing activity of A.
baumannii and contained a positively charged C-terminal tail, required for killing
activity (27). The charged tail of PlyF307 alone was further engineered, resulting in
greatly improved killing of A. baumannii (28). Recently, Larpin et al. identified PlyE146,
an Escherichia coli lysin with a charged tail, which showed activity against E. coli, P.
aeruginosa, and A. baumannii at pH 6.0 (29).

Here we used a systematic phylogenetic approach to explore the sequenced
genomes of P. aeruginosa for phage lysins with homology to PlyF307. We tested a total
of 16 lysins from various phylogenetic groups and identified two lysins, PlyPa03 and
PlyPa91, to be the best candidates. These enzymes differed from those previously
described by displaying substantial activity against a range of Pseudomonas, Klebsiella,
Enterobacter, and other Gram-negative bacterial strains. They also had robust activity in
a wide pH range and high salt and urea concentrations. Importantly, these lysins were
active in the presence of the pulmonary surfactant beractant (Survanta) and showed
significant protection in murine models of Pseudomonas skin and lung infections.

RESULTS
Identification of P. aeruginosa phage lysins based on homology search. To

identify phage lysins with bacteriolytic activity against P. aeruginosa, we first performed
a BLAST search for genes with homology to the Acinetobacter baumannii phage lysin
PlyF307 (27) within P. aeruginosa genomes available in the NCBI database, resulting in
over 100 hits. These were aligned using the MUSCLE algorithm, and a phylogenetic tree
was created, revealing several homology groups (see Fig. S1 in the supplemental
material). We then selected 11 lysin sequences representing all major groups and
produced synthetic DNA for each lysin for subsequent protein expression. To screen for
catalytically active lysins, these 11 candidates (PlyPa01, PlyPa02, PlyPa40, PlyPa49,
PlyPa58, PlyPa64, PlyPa78, PlyPa80, PlyPa91, PlyPa92, PlyPa96) were inserted into
pAR533, a pBAD24-based plasmid with an altered multicloning site. In one approach,
strains containing the expression plasmid were grown on plates containing arabinose
to promote expression of the protein. Lysins were released from the streaked cells by
exposure to chloroform vapor, and catalytic activity was evaluated by overlaying the
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plate with soft agar containing autoclaved (to disrupt the outer membrane) P. aerugi-
nosa and examining the formation of clearing zones around the streaked cells (Fig. S2).
In a different approach, an induced lysate of the different strains was applied to a plate
containing soft agar with autoclaved P. aeruginosa, and the degree of lysis was
evaluated (for a representative image, see Fig. S3). A summary of the results obtained
in this initial screen is presented in Table 1. The results of the two methods were
consistent, with one exception (activity for PlyPa58 was observed only using the crude
lysate method). Lysins demonstrating peptidoglycan hydrolase activity in both prelim-
inary screening assays (PlyPa01, PlyPa02, PlyPa40, PlyPa49, PlyPa64, PlyPa91, PlyPa96)
were characterized further.

Evaluation of lysin killing activity against P. aeruginosa and other Gram-
negative organisms. To evaluate the killing activity of the lysins against live P.
aeruginosa, we produced 3C protease-cleavable hexahistidine tag fusion proteins for
those lysins that demonstrated catalytic activity against autoclaved Pseudomonas.
These lysins were purified by metal ion affinity chromatography (a representative
purification is presented in Fig. S4), and the hexahistidine tag was cleaved by 3C
protease (an example is presented in Fig. S5). In this manner, the final purified and
cleaved product contained only 4 additional N-terminal amino acids (Gly-Pro-Val-Asp)
compared to the native molecule. We evaluated the ability of purified and 3C protease-
cleaved lysins to kill log-phase P. aeruginosa strain PAO1 (Fig. 1A). Log-phase PAO1 cells
were incubated with different lysin concentrations at 37°C for 1 h. All lysins demon-
strated killing activity to some extent; however, PlyPa01, PlyPa02, PlyPa91, and PlyPa96
had better activity than the others. Of these, PlyPa01 and PlyPa02 were more closely
related to the A. baumannii lysin PlyF307, while PlyPa91 and PlyPa96 were more
distantly related (Fig. S1).

Examination of the phylogenetic tree revealed a large group of lysins with close
homology to PlyPa02. We further explored this group for lysins with improved killing
activity by producing lysins PlyPa03, PlyPa09, PlyPa19, PlyPa21, and PlyPa29 in a
modified pET21-based plasmid. The lysins were purified and cleaved with 3C protease,
and their killing activity against P. aeruginosa strain PAO1 was determined as described
above (Fig. 1B). These results demonstrated a substantial killing activity for all lysins,
with a slight advantage for PlyPa03. The alignment of all lysins tested is presented in
Fig. S6. Based on these preliminary results, we chose PlyPa01, PlyPa03, PlyPa91, and
PlyPa96 for further characterization.

We next compared the activity of PlyPa01, PlyPa03, PlyPa91, and PlyPa96 against
log-phase and stationary (grown overnight) P. aeruginosa cells (Fig. 2). In all cases,
stationary bacteria were less susceptible to killing than log-phase cells. However, while
the activity of PlyPa01 and PlyPa96 was markedly reduced when used against stationary
bacteria, PlyPa03 and PlyPa91 retained substantial killing activity against these cells.

TABLE 1 Summary of lysin activity in preliminary screens

Lysin

Lysin activitya

Colony overlay Induced lysate

PlyPa01 � �
PlyPa02 � �
PlyPa40 � �
PlyPa49 � �
PlyPa58 � �
PlyPa64 � �
PlyPa78 � �
PlyPa80 � �
PlyPa91 � �
PlyPa92 � �
PlyPa96 � �

aFor colony overlays, E. coli colonies expressing various lysins were permeabilized and overlaid with soft agar
containing autoclaved P. aeruginosa. Alternatively, induced lysates were produced for the various lysins and
spotted over a layer of agar containing autoclaved P. aeruginosa cells. The presence of a clearing zone is
denoted by a plus sign.
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We next tested the killing activity of PlyPa01, PlyPa03, PlyPa91, and PlyPa96 at
100 �g/ml against recent clinical isolates of P. aeruginosa (Fig. 3A). Following 1 h of
incubation, all four enzymes reduced the colony count of most strains to below the
detection level. For AR463, a lower respiratory tract isolate, and AR472, a urinary tract
infection isolate, the reduction in viable bacteria ranged from 1 to 4 logs. Both strains
were completely eradicated by PlyPa03 at a 250-�g/ml concentration, and the other
lysins led to results ranging from complete eradication to a substantial drop in viability
at this concentration (Fig. S7).

FIG 1 Bactericidal activity of lysins against P. aeruginosa PAO1. Purified lysins were diluted to various
concentrations and incubated with log-phase P. aeruginosa PAO1 for 1 h at 37°C in 30 mM HEPES, pH 7.4.
The values of the number of CFU per milliliter were established by serial dilution and plating. (A) Initial
lysins. (B) Additional homologues of PlyPa02. Experiments were conducted in duplicate; error bars
represent standard deviations.

FIG 2 Activity of the lysins against log-phase and stationary P. aeruginosa bacteria. The P. aeruginosa
bacteria were grown overnight (stationary [Stat]), diluted 1:100, and grown to log phase (Log). Bacteria
were washed and incubated with lysins at the indicated concentrations in 30 mM HEPES buffer, pH 7.4,
for 1 h at 37°C. Viable bacteria were quantified by serial dilution and plating. Experiments were done in
duplicate; error bars represent standard deviations.
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FIG 3 Activity of leading lysins against various bacteria. Various isolates of P. aeruginosa (A), Klebsiella and
Enterobacter (B), and other Gram-negative and Gram-positive bacteria (C) were incubated with 100-�g/ml
lysins in 30 mM HEPES buffer, pH 7.4, for 1 h at 37°C. Viable bacteria were enumerated by serial dilution
and plating. Experiments were done in duplicate; error bars represent standard deviations. Also see Fig.
S7 in the supplemental material.
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We then tested the lysins against other Gram-negative pathogens. PlyPa03 and
PlyPa91 had good killing activity against most Klebsiella and Enterobacter strains tested,
resulting in 5-log kill in most cases, while PlyPa01 and PlyPa96 displayed only weak to
moderate killing activity (Fig. 3B). PlyPa03 displayed relatively weak activity against E.
coli, Shigella flexneri, and Citrobacter freundii, but PlyPa91 was active against these
species, demonstrating a broader activity range (Fig. 3C). All enzymes had good activity
against A. baumannii and Shigella sonnei but only moderate to weak activity against
Salmonella spp. and Proteus mirabilis. None of the enzymes had substantial activity
against Serratia marcescens and the Gram-positive bacteria Staphylococcus aureus and
Bacillus anthracis. These results revealed that despite the relatively broad range of
activity of the lysins tested, some level of species specificity does exist. Based on these
results, we chose to proceed with PlyPa03 and PlyPa91 in further experiments.

Characterization of PlyPa03 and PlyPa91. To evaluate the relative rate of P.
aeruginosa killing by PlyPa03 and PlyPa91, we incubated P. aeruginosa PAO1 cells with
these lysins from 1 min to 2 h using them at 100 �g/ml each (Fig. 4A). PlyPa03 rapidly
killed P. aeruginosa, resulting in a �2-log kill after 1 min and a reduction to below the
detection level after 5 min. PlyPa91 had slightly slower killing kinetics, resulting in a
1-log kill after 1 min, �2-log kill after 5 min, and a reduction to below the detection
level after 20 min.

We next characterized the effect of pH on the activity of PlyPa03 and PlyPa91.
Log-phase P. aeruginosa cells were incubated with each of the lysins under buffer
conditions ranging from pH 5.0 to 10.0 (Fig. 4B). Both PlyPa03 and PlyPa91 effectively
killed P. aeruginosa under all pH conditions tested. We further explored more subtle
differences in activity at pH 6.0 to 9.0 by performing the experiments at various lysin
concentrations (Fig. S8). Only slight differences in activity were observed among the
different pH conditions, with PlyPa03 showing somewhat better activity at pH 6.0 and

FIG 4 Characterization of PlyPa03 and PlyPa91. (A) Time-kill curve. Log-phase P. aeruginosa PAO1 cells were
incubated for various lengths of time at 37°C with 100-�g/ml lysin in 30 mM HEPES buffer. (B) Effect of pH.
Log-phase P. aeruginosa PAO1 cells were incubated for 1 h at 37°C with 100-�g/ml lysin in 25 mM the following
buffers: pH 5.0, acetate buffer; pH 6.0, MES buffer; pH 7.0 and 8.0, HEPES buffer; pH 9.0, CHES buffer; pH 10.0, CAPS
buffer. (C) Effect of NaCl. Log-phase P. aeruginosa PAO1 cells were incubated with 100-�g/ml PlyPa03 or PlyPa91
for 1 h at 37°C in 30 mM HEPES, pH 7.4, and various concentrations of NaCl. (D) Effect of urea. Log-phase P.
aeruginosa PAO1 cells were incubated with 100-�g/ml PlyPa03 or PlyPa91 for 1 h at 37°C in 30 mM HEPES, pH 7.4,
and various concentrations of urea. In all cases, the surviving bacteria were enumerated by serial dilution and
plating. Experiments were done in triplicate; error bars represent standard deviations.
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7.0 than at pH 8.0 and 9.0 and with PlyPa91 showing somewhat better activity at pH 6.0
and 9.0 than at pH 7.0 and 8.0 (Fig. S8).

We next evaluated the effect of salt on the activity of PlyPa03 and PlyPa91 (Fig. 4C).
In control samples, bacterial viability remained relatively constant up to 300 mM NaCl
but was slightly reduced at 500 mM NaCl and substantially reduced at 1 M NaCl
(preventing the reliable estimation of lysin activity at this concentration). PlyPa03
remained active in NaCl concentrations as high as 500 mM; however, the activity of
PlyPa91 was substantially inhibited at 500 mM NaCl. We also evaluated the activity of
PlyPa03 and PlyPa91 in urea. Both lysins were fully active in all urea concentrations
tested up to 1 M. No reduction in bacterial viability was seen at these urea concentra-
tions in the absence of lysins (Fig. 4D).

Chelation of divalent cations by EDTA destabilizes the outer membrane of Gram-
negative bacteria and can thus promote the translocation of externally applied lysins
into the periplasm, where they can degrade the cell wall peptidoglycan (20, 30). We
incubated P. aeruginosa cells with serially diluted PlyPa03 and PlyPa91 in the presence
or absence of 0.5 mM EDTA and determined the effect on killing activity (Fig. S9). Only
a slight improvement in killing was observed for PlyPa03 in the presence of EDTA (at
5 �g/ml), and no improvement in killing was observed for PlyPa91. This may indicate
that permeabilization of the outer membrane through chelation of divalent cations is
not necessary for the activity of these lysins.

Lysin activity against Pseudomonas biofilm and in serum and surfactant. To test
the effect of PlyPa03 and PlyPa91 on P. aeruginosa biofilm, we used the MBEC biofilm
inoculator 96-well plate system. Biofilms were grown for 24 h on the 96-peg lid,
washed, and treated with different concentrations of PlyPa03, PlyPa91, or the buffer
control for 2 h at 37°C. The bacteria remaining on the pegs were dissociated by
sonication and quantified by serial dilutions and plating. PlyPa03 completely eliminated
P. aeruginosa biofilms at all concentrations tested down to 0.375 mg/ml. Treatment
with PlyPa91 resulted in a �1-log CFU drop at 0.375 mg/ml, a �2-log CFU drop at
0.75 mg/ml, and complete elimination of the biofilm at 1.5 mg/ml (Fig. 5). Thus, while
both enzymes were effective in the elimination of the P. aeruginosa biofilm, PlyPa03
performed substantially better.

Next, we tested the activity of the lysins against P. aeruginosa in the presence of
human serum (Fig. 6A). A very small amount of serum (1%) completely inhibited the
killing activity of PlyPa03. On the other hand, PlyPa91 retained some activity at low
serum concentrations, but it, too, was completely inhibited at 8% serum. As such, these
lysins are not suitable for systemic use and would be better suited for topical applica-
tions. Nevertheless, PlyPa91 may be a better choice in topical environments, where a
certain amount of serum components may be expected.

FIG 5 Elimination of P. aeruginosa biofilm by PlyPa03 and PlyPa91. A P. aeruginosa PAO1 biofilm was
established using the MBEC biofilm inoculator 96-well plate system. Biofilms were grown for 24 h on the
96-peg lid, washed twice, and treated with different concentrations of PlyPa03, PlyPa91, or the buffer
control for 2 h at 37°C. The pegs were washed, and the surviving bacteria were recovered by sonication
in 200 �l/well PBS. Quantification of the surviving bacteria was done by serial dilution and plating.
Experiments were done in triplicate; error bars represent standard deviations.
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An important potential use for lysins directed against P. aeruginosa is in the treatment
of pneumonia. P. aeruginosa is among the most common causes of nosocomial pneumonia,
an infection with a mortality rate as high as 30% (31). Lung surfactants are prominent
components of the alveolar mucosa and are critical for the maintenance of proper surface
tension in the alveoli (32). Beractant is a concentrated mixture of bovine lung surfac-
tants and artificial surfactants and as such could be used to approximate the effect of
lung surfactant on lysin activity. PlyPa03 and PlyPa91 were fully active against P.
aeruginosa in the presence of all beractant concentrations tested up to 25% (Fig. 6B).

Evaluation of cytotoxic effects of the lysins. To evaluate the cytotoxicity of
PlyPa03 and PlyPa91, we first determined their effect on human red blood cells (RBCs).
Human RBCs were incubated with PlyPa03 and PlyPa91 at concentrations ranging from
1 to 200 �g/ml for 4 h, and the release of hemoglobin was evaluated following the
removal of intact cells. No lysis of cells was observed at any concentration of either
PlyPa03 or PlyPa91, while the positive control, 1% Triton X-100, resulted in the
appreciable release of hemoglobin from the cells (Fig. 7A). Thus, these lysins do not
appear to have a lytic effect on RBC membranes.

Next, we determined the cytotoxic effects of lysins on HL-60 neutrophils using the
CellTiter 96 nonradioactive cell proliferation assay. HL-60 cells were incubated with
various concentrations of lysins for 4 h, and cell viability was evaluated based on the
ability of live cells to convert tetrazolium into a formazan product. The positive control
(1% Triton X-100) resulted in a marked decrease in cellular viability, while lysins at all
concentrations tested resulted in viability values comparable to those achieved with

FIG 6 Activity of PlyPa03 and PlyPa91 in the presence of human serum and beractant (Servanta).
Log-phase P. aeruginosa PAO1 cells were incubated for 1 h at 37°C with 100 �g/ml of PlyPa03, PlyPa91,
or the buffer control in the presence of the indicated concentration of serum (A) or beractant (B). The
numbers of viable bacterial CFU were determined by serial dilution and plating. Experiments were done
in triplicate; error bars represent standard deviations.
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the phosphate-buffered saline (PBS) negative control, demonstrating no signs of
cytotoxicity (Fig. 7B).

Evaluation of lysin efficacy in murine skin and lung models of infection. We
next tested PlyPa03 in a mouse model of skin infection (33). Mice were shaved and
depilated, and the top layers of the epidermis were removed by tape stripping 15 to 20
times. P. aeruginosa cells were applied to the skin and allowed to establish infection for
20 h. The infected skin was treated with a single 200-�g or 300-�g dose of PlyPa03 or
the buffer control. Three hours later, the mice were euthanized, the infected skin was
excised and homogenized, and the bacterial burden was evaluated by serial dilution
and plating. Treatment of the infected skin with PlyPa03 resulted in a dose-dependent
reduction in the P. aeruginosa load, with the 300-�g dose leading to �2-log mean
reduction in the bacterial load (Fig. 8A). In a follow-up experiment we repeated the
treatment with the single 300-�g dose of PlyPa03 and included an additional group of
mice treated with 100 �g PlyPa91. The results for the PlyPa03-treated group were in
line with those of the previous experiment, resulting in a �2-log mean reduction in the
bacterial load, while 100 �g PlyPa91 resulted in a 1-log reduction in bacterial counts

FIG 7 PlyPa03 and PlyPa91 are not cytotoxic to human cells. (A) Human red blood cells from healthy
donors were suspended in PBS and incubated with PlyPa03 or PlyPa91 at concentrations ranging from
1 to 200 �g/ml for 4 h at 37°C. PBS was used as a negative control, and 1% Triton X-100 was used as a
positive control. Hemoglobin release was evaluated by measuring the absorbance at 405 nm following
the removal of intact cells. (B) HL-60 neutrophils were incubated with HBSS containing various concen-
trations of PlyPa03 or PlyPa91 in a 96-well plate for 4 h at 37°C in 5% CO2. Tetrazolium substrate was
added for 4 h, and stop solution was added overnight. The absorbance was measured at OD570 to
evaluate the conversion of tetrazolium into a formazan product by live cells. Triton X-100 (1%) served as
a positive control, and PBS served as a negative control. Assays were carried out in triplicate; error bars
represent standard deviations.
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(Fig. 8B). Given that the reduction in bacterial counts was reproducible and dose
dependent, it is expected that higher doses and multiple repeat doses could lead to
increased efficacy.

We next sought to evaluate the efficacy of lysins in the treatment of P. aeruginosa
pneumonia in a murine infection model. We chose to use PlyPa91 for these experi-
ments, given its higher resistance to serum components, some of which may be present
in the lung mucosal exudate during infection. Female C57BL/6 mice were infected by
intranasal application twice of 50 �l of 108 CFU/ml of log-phase P. aeruginosa PAO1 to
establish lung infection. The mice were treated at 3 and 6 h postinfection with 50 �l of
1.8-mg/ml PlyPa91 in PBS or PBS alone either by two intranasal instillations or by one
intranasal and one intratracheal instillation. The survival of the mice was monitored
daily for 10 days (Fig. 8C). The majority of the mice in the control group died within the
first 24 h, and the remaining mice died by 48 h following infection. Mice treated with
PlyPa91 in two intranasal instillations displayed a significant delay in death, with 20%
of the mice surviving at day 10. Mice treated by one intranasal and one intratracheal
instillation displayed a further reduction in the death rate, with 70% of the mice
surviving at day 10 (Fig. 8C). Thus, PlyPa91 displayed significant protection of the mice
in this model, and the route of delivery was important for treatment efficacy.

FIG 8 Evaluation of PlyPa03 and PlyPa91 in murine skin and lung infection models. (A) A skin area on the
backs of CD1 female mice was shaved, tape stripped, and then infected with 10 �l log-phase P.
aeruginosa bacteria at 5 � 106 CFU/ml. After 20 h, the mice were treated with 300 �g or 200 �g PlyPa03
or the buffer control and were euthanized 3 h later. The infected skin was immediately excised and
homogenized in PBS, and the resulting liquid was serially diluted and plated for CFU quantification. The
geometric means of the values are presented. (B) The skin infection model was performed as described
in the legend to panel A, and mice were treated with 300 �g PlyPa03, 100 �g PlyPa91, or the buffer
control. The values on the y axes of panels A and B are the numbers of CFU per milliliter. (C) The lungs
of female C57BL/6 mice were infected by intranasal application twice of 50 �l of 108 CFU/ml of log-phase
P. aeruginosa PAO1 bacteria by intranasal instillation. At 3 and 6 h postinfection, the mice were treated
with 50 �l of 1.8-mg/ml PlyPa91 or PBS by two intranasal instillations (nasal delivery) or by one intranasal
and one intratracheal instillation (nasal and lung delivery); PBS controls from the two treatment regimens
were combined in a single group. Ten-day survival was analyzed using Kaplan-Meier survival curves with
standard errors, 95% confidence intervals, and significance levels (log-rank/Mantel-Cox test). The results
presented were combined from three separate experiments.
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DISCUSSION

Bacteriophages have coevolved with bacteria for a billion years and through this
process have developed efficient strategies to lyse and thus kill their bacterial host at
the end of the infectious cycle for progeny release. We and others have taken
advantage of the lysins used in this lytic process for the development of antibacterial
therapeutics (34). Lysins kill bacteria by degrading the peptidoglycan mesh of the cell
wall, resulting in osmotic lysis. In Gram-positive bacteria, the peptidoglycan target is
exposed on the surface and is thus accessible to externally applied lysins; however, in
Gram-negative organisms, the outer membrane prevents most externally applied lysins
from reaching their peptidoglycan target. In this study, we exploited the large number
of available P. aeruginosa sequenced genomes to identify lysins in their lysogenized
phages with innate killing activity against P. aeruginosa. We used the sequence of a
highly effective A. baumannii lysin, PlyF307 (27), as a starting point for a BLAST analysis
of Pseudomonas genomes, yielding over 100 hits. Through phylogenetic analysis and
successive rounds of lysin expression and characterization, we identified two lysins that
were highly active against P. aeruginosa. These lysins, PlyPa03 and PlyPa91, were
effective against log-phase and stationary bacteria and were able to kill a wide range
of Gram-negative organisms, including clinical isolates of P. aeruginosa, A. baumannii,
K. pneumoniae, and Enterobacter cloacae. The lysins were active in a broad pH range, in
high urea concentrations, and in the presence of lung surfactants (beractant) and did
not display toxicity against human cells.

Each of the lysins had a set of specific advantages. PlyPa03 was easier to produce in
large quantities and displayed a potent killing activity, leading to a �5-log-CFU
reduction within 5 min, whereas PlyPa91 required 20 min to achieve this level of
reduction. Additionally, PlyPa03 was more resistant to salt, remaining active at 500 mM
NaCl, while PlyPa91 was active only up to 300 mM NaCl (still well above the physio-
logical salt concentration). PlyPa03 was also more effective against biofilms, an impor-
tant trait given the role that biofilms play in P. aeruginosa colonization and infection of
the human host. Despite these advantages, PlyPa03 was highly sensitive to human
serum, losing activity even in the presence of 1% serum, while PlyPa91 retained activity
in low serum concentrations (up to 4%). Thus, while neither enzyme could be used
systemically, PlyPa91 may be better suited for use in environments where a small
amount of serum components may be present. In a mouse model of P. aeruginosa skin
infection, PlyPa03 demonstrated significant (�2-log kill) and dose-dependent killing of
P. aeruginosa, showing potential in the treatment of topical P. aeruginosa infections.
PlyPa91 was tested only at the 100-�g dose due to limitations in the amount of
concentrated lysin available, resulting in over 1-log kill. We chose PlyPa91 for use in the
murine pneumonia model, reasoning that it may be better suited for use in infected
mucosal environments, based on its higher resistance to serum components. In this
model, PlyPa91 protected mice from death following P. aeruginosa delivery to the
lungs. Importantly, the route of delivery had a significant effect on the survival of the
mice. Whereas 70% of mice treated with a combination of intranasal and intratracheal
instillations were protected, only 20% of mice treated with two intranasal instillations
survived, even though a similar amount of lysin was used. Thus, in a clinical setting, an
effective delivery system combined with repeated dosing could greatly contribute to
treatment efficacy.

There is a clear unmet need for the treatment of MDR P. aeruginosa colonization and
infections in topical and mucosal environments. P. aeruginosa is the second most
commonly isolated organism from patients with ventilator-associated pneumonia (VAP)
(35), an infection that has a mortality rate as high as 30% (31). P. aeruginosa is also a
common infecting pathogen in topical settings, including burn wounds (6), acute otitis
externa (swimmer’s ear) (36), and ulcerative keratitis (37). Lysins have several advan-
tages compared with traditional antibiotics. They kill bacteria faster than antibiotics,
and resistance to lysins is a rare event due to the conserved nature of their peptidogly-
can target. Resistance has not been observed for lysins targeting Gram-positive bacteria
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(15, 17) or for the Gram-negative bacterial Artilysin Art-175 when tested against P.
aeruginosa and A. baumannii (38, 39). Because of their broad activity against Klebsiella
and Enterobacter strains, in addition to P. aeruginosa, the enzymes described in this
study hold promise as new agents to control a range of topical and mucosal MDR
Gram-negative bacterial infections.

MATERIALS AND METHODS
Ethics statement. Samples from human subjects were obtained in accordance with protocol

VFI-0790, approved by The Rockefeller University Institutional Review Board, and all subjects gave
informed consent. Mouse work was performed in accordance with protocol number 14691H, approved
by The Rockefeller University’s Institutional Animal Care and Use Committee. All experiments were
conducted at The Rockefeller University’s animal housing facility, an AAALAC-accredited research facility,
with all efforts being made to minimize suffering.

Bactericidal assays. An overnight culture of the test bacteria was diluted 1:50 into fresh LB medium
and grown to an optical density at 600 nm (OD600) of 0.5. The cells were harvested, washed, and
suspended in 30 mM HEPES buffer, pH 7.4, to a final concentration of about 106 cells/ml (unless otherwise
noted). In a U-bottomed 96-well plate, each lysin was diluted to the desired final concentration in 50 �l
30 mM HEPES buffer, and then 50 �l of the test bacteria was added to each well. The plate was incubated
for 1 h at 37°C with shaking at 200 rpm. The content of each well was then serially diluted 10-fold and
streaked on LB plates to quantify viable bacteria. Mueller-Hinton agar plates were used in experiments
with Gram-positive bacteria.

For time-kill curves, following incubation, assay contents were diluted 1:1 in 5% BBL beef extract (BD)
to stop the reaction and were immediately diluted and plated. Assays evaluating the effect of pH were
done by adding 25 �l of 100 mM the following buffers to wells of a 96-well plate (final concentration,
25 mM): pH 5.0, acetate buffer; pH 6.0, MES (morpholineethanesulfonic acid) buffer; pH 7.0 and 8.0, HEPES
buffer; pH 9.0, N-cyclohexyl-2-aminoethanesulfonic acid (CHES) buffer; pH 10.0, N-cyclohexyl-3-
aminopropanesulfonic acid (CAPS) buffer. Bacteria and lysins were diluted in deionized water rather than
buffer as not to affect the final pH of the reaction mixtures. Assays evaluating the effect of salt and urea
were carried out in 30 mM HEPES buffer, pH 7.4, 100-�g/ml lysins. Evaluation of the effect of serum was
done in 30 mM HEPES buffer, pH 7.4, 100-�g/ml lysins, using serially diluted pooled human type AB
blood serum from male subjects (Sigma). Experiments in beractant (Survanta; Abbvie) were carried out
in 30 mM HEPES buffer, pH 7.4, and 100-�g/ml lysins. Kill assays were done in duplicate or triplicate and
repeated at least twice.

Biofilm assays. An overnight culture of P. aeruginosa PAO1 was diluted 1:1,000 in tryptic soy broth
containing 0.2% glucose. The diluted bacteria were added to an MBEC biofilm inoculator 96-well plate
(catalog number 9111; Innovotech) at 100 �l/well and placed in a plastic bag with a wet paper towel to
maintain humidity. The biofilm was grown at 37°C for 24 h at 65 rpm. The 96-peg lid, which contained
established biofilm, was removed and washed twice using 96-well plates with 200 �l/well PBS. The
washed biofilm was then transferred to a 96-well plate containing 200 �l/well of the lysins or controls
and placed in a 37°C shaker at 65 rpm for 2 h. The biofilms were then washed with PBS as described
above and transferred to a 96-well plate containing 200 �l/well PBS for recovery by water bath sonication
for 30 min. Quantification of surviving cells was done by serial dilutions and plating.

Cytotoxicity assay. Hemolysis of human red blood cells (RBCs) was evaluated using blood from
healthy volunteers at The Rockefeller University Hospital. Blood was collected in tubes containing EDTA,
and RBCs were harvested by a low-speed centrifugation at 800 � g for 10 min. The cells were washed
three times with PBS and resuspended in 10% of the volume of PBS. In a 96-well microtiter plate, 100 �l
of the human RBC suspension was mixed 1:1 with PlyPa03 or PlyPa91 to yield final concentrations
ranging from 1 to 200 �g/ml. PBS and 1% Triton X-100 were used as negative and positive controls,
respectively. The 96-well microtiter plate was then incubated for 4 h at 37°C in 5% CO2. The intact RBCs
were sedimented by low-speed centrifugation, and 100 �l of the supernatant was transferred into a new
microtiter plate. The absorbance at OD405 was measured using a SpectraMax M5 microplate reader
(Molecular Devices) to quantify the release of hemoglobin.

The cytotoxic effects of lysins on HL-60 neutrophils were evaluated using a CellTiter 96 nonradio-
active cell proliferation assay (Promega). The HL-60 cell line was obtained from ATCC (ATCC CCL-240) and
propagated in RPMI 1640 (Gibco, Life Technologies) containing GlutaMAX supplement (Gibco, Life
Technologies) and 10% heat-inactivated fetal bovine serum (GE Healthcare). The cells were harvested at
1,500 rpm for 5 min, washed one time with Hanks’ balanced salt solution (HBSS; Gibco), and then
resuspended to 2 � 106 viable cells/ml in HBSS. In a 96-well microtiter plate, 1 � 105 HL-60 cells were
mixed with a final concentation of 1 to 200 �g/ml of PlyPa03 or PlyPa91 in triplicate. PBS and 1% Triton
X-100 were used as negative and positive controls, respectively. The microtiter plate was incubated for
4 h at 37°C with 5% CO2, dye solution was added to each sample, and the plate was incubated for 4
additional hours at 37°C with 5% CO2. Stop solution was then added to each well, and the plate was
incubated overnight at 37°C. Viability was evaluated based on the ability of the cells to convert
tetrazolium into a formazan product by measuring the absorbance at OD570 using a SpectraMax M5
microplate reader (Molecular Devices).

Mouse skin infection model. The skin infection model was based on the work of Pastagia et al. (33).
Female CD1 mice, 6 to 8 weeks old (Charles River Laboratories, Wilmington, MA), were anesthetized by
an intraperitoneal injection of ketamine (1.2 mg/animal) and xylazine (0.25 mg/animal). The back of the
mice was shaved with an electric razor and treated with depilatory cream to remove the remaining hair.
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Then, an area of 2 cm2 was tape stripped 15 to 20 times using autoclave tape (using a fresh piece of tape
each time); two experimental areas were prepared for each mouse, and these were treated in a similar
manner (treatment or control) to prevent cross contamination. The tape-stripped areas were then
sanitized using alcohol wipes, allowed to dry for a few minutes, and then inoculated with 10 �l of
log-phase P. aeruginosa PAO1 at a concentration of 5 � 106/ml. Infection was allowed to establish for
20 h, and the mice were then treated with two sequential 25-�l doses of lysin in CAPS-buffered saline,
pH 6.0, or buffer control. At 3 h following treatment, the mice were euthanized and the wound area was
excised. Each skin sample was homogenized in 500 �l PBS using a Stomacher 80 Biomaster machine
(Seward Ltd., United Kingdom). The homogenate was serially diluted and plated on LB plates supple-
mented with 100 �g/ml ampicillin as a selective agent to prevent the growth of normal skin flora (P.
aeruginosa is resistant to ampicillin), in order to calculate the number of P. aeruginosa CFU in the skin
sample.

Mouse lung infection model. Female C57BL/6 mice, 9 to 10 weeks old (Charles River Laboratories,
Wilmington, MA), were anesthetized using isoflurane. Lung infection was established by intranasal
instillation twice of 50 �l of 108 CFU/ml of log-phase P. aeruginosa PAO1. To determine the bacterial load
in the lungs before treatment, 2 animals were euthanized 3 h after challenge, the lungs were divided into
the top half and the bottom half and homogenized in 500 �l PBS, and the CFU counts were determined.
The mean count in both the upper and the lower halves was about 106 CFU/ml. The mice were treated
at 3 and 6 h postinfection with 50 �l of 1.8-mg/ml PlyPa91 or PBS by two intranasal instillations or by one
intranasal and one intratracheal instillation. All treatments were performed on isoflurane-anesthetized
mice. A 100-�l pipette and tips were used for intranasal application. Intratracheal instillation was
performed as previously described (40). A 22-gauge catheter was inserted into the mouse trachea using
a mouse fiberoptic endotracheal intubation kit from Kent Scientific Corp. Then, 50 �l of treatment liquid
was added into the bottom of the catheter and injected into the lungs with 200 �l of air from an attached
1-cm3 syringe. The survival of the mice was monitored daily for 10 days.

Statistical analysis. A two-tailed Student’s t test was used to evaluate statistical significance in
bactericidal assays, biofilm assays, and murine skin models. Data from the murine lung infection model
were statistically analyzed using Kaplan-Meier survival curves with standard errors, 95% confidence
intervals, and significance levels (log-rank/Mantel-Cox test), calculated using the Prism (version 7)
computer program (GraphPad Software, La Jolla, CA).
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