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ABSTRACT The prevalence of extensively and pandrug-resistant strains of Acineto-
bacter baumannii leaves little or no therapeutic options for treatment for this bacte-
rial pathogen. Bacteriophages and their lysins represent attractive alternative anti-
bacterial strategies in this regard. We used the extensively drug-resistant A.
baumannii strain MK34 to isolate the bacteriophage PMK34 (vB_AbaP_PMK34). This
phage shows fast adsorption and lacks virulence genes; nonetheless, its narrow host
spectrum based on capsule recognition limits broad application. PMK34 is a Frilvirus
member of the Autographiviridae and has a 41.8-kb genome (50 open reading frames),
encoding an endolysin (LysMK34) with potent muralytic activity (1,499.9 = 131 U/uM),
a typical mesophilic thermal stability up to 55°C, and a broad pH activity range (4 to
10). LysMK34 has an intrinsic antibacterial activity up to 4.8 and 2.4 log units for A.
baumannii and Pseudomonas aeruginosa strains, respectively, but only when a high
turgor pressure is present. The addition of 0.5 mM EDTA or application of an os-
motic shock after treatment can compensate for the lack of a high turgor pressure.
The combination of LysMK34 and colistin results in up to 32-fold reduction of the
MIC of colistin, and colistin-resistant strains are resensitized in both Mueller-Hinton
broth and 50% human serum. As such, LysMK34 may be used to safeguard the ap-
. L1 o . Citation Abdelkader K, Gutiérrez D, Grimon D,
plicability of colistin as a last-resort antibiotic. Ruas-Madiedo P, Lood C, Lavigne R, Safaan A,
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to colistin susceptibility. The lysin also shows a strong, turgor pressure-dependent
intrinsic antibacterial activity, providing new insights in the mode of action of lysins
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ultidrug-resistant (MDR) bacteria have emerged as a notorious problem that ggzcg"md manuscript posted online 24 July

poses a real threat to global health (1). Particularly, Acinetobacter baumannii has Published 17 September 2020
gained increasing attention as an opportunistic pathogen, causing a wide range of
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hospital-acquired infections. These infections result in symptoms ranging from mild
symptomatic cases to life-threatening ventilator-associated pneumonia. A. baumannii
infections have a poor prognosis with high mortality. Treatment of A. baumannii
infections is challenging due to their resistance to a large variety of antimicrobials
(including carbapenems, aminoglycosides, tetracyclines, quinolones, and B-lactams).
This rapid resistance development is a consequence of the ability of A. baumannii to
acquire new genetic material, limiting the available therapeutic options (2). Colistin,
also known as polymyxin E, is a last-line antibiotic used against extensively drug-
resistant A. baumannii infections, in spite of its side effects. Colistin is a polycationic
cyclic lipopeptide that interacts with the lipopolysaccharide (LPS) layer, resulting in
membrane disruption, leakage of intracellular contents, and consequent bacterial
death (3). However, colistin-resistant A. baumannii strains have been recently reported
as well (4).

The appearance of pandrug-resistant bacteria such as colistin-resistant A. baumannii
strains has fueled the research of antimicrobial alternatives. One promising route of
investigation are bacteriophages (phages) and their lytic enzymes (lysins). Phages have
been tested and used to treat bacterial infections since their discovery, and the interest
in their use has been surging over the last years (5). A recent case study of successful
phage therapy against a pandrug-resistant A. baumannii isolate (including colistin)
getting worldwide attention is the Patterson case. In this case, the causative A.
baumannii strain was used to compose a personalized cocktail of phages from available
phage banks, followed by new phage isolations from the environment when phage
resistance emerged. The patient’s clinical status has been improved after 2 days of
intravenous administration of this personalized phage cocktail. Later on, the antibiotic
minocycline was also added to his regimen. The patient was discharged home after
245 days (6).

Whereas phages have been intensively investigated to be used in therapy for a
century, the antibacterial potential of phage-encoded lysins has gained increasing
interest over the last 2 decades (5). Lysins include virion-associated peptidoglycan
hydrolases (VAPHs) and endolysins, both degrading the peptidoglycan layer. VAPHs
create a local hole in the peptidoglycan layer at the initiation of phage infection,
followed by ejection of the phage genome into the cell. Endolysins act at the end of the
replication cycle. They accumulate in the cytoplasm until a sudden, holin-timed per-
meabilization of the cytoplasmic membrane allows them to reach the peptidoglycan
layer. This results in a massive degradation of the cell wall and release of the progeny
phage (5). The biochemical specificity of lysins is generally broader (ranging from the
genus to serovar level) compared to the one of phages, which are specific at the strain
level. When specific lysins are applied exogenously to Gram-positive bacteria, they
cause rapid osmotic lysis (7). However, this effect is greatly diminished in the case of
Gram-negative bacteria due to the protective outer membrane that limits access to the
peptidoglycan (8). Nevertheless, some lysins have intrinsic antibacterial activity against
Gram-negative bacteria when added exogenously. This activity is explained by the
presence of a C-terminal amphipathic helix. A. baumannii, in particular, appears to be
susceptible to this group of lysins with intrinsic antibacterial activity (9-14). Many
efforts have improved the antibacterial activity of lysins against A. baumannii. One
example is the combination of lysin with EDTA or weak acids (citric or malic acid), which
act as outer membrane destabilizers (15). In addition, artilysin Art-175 is an engineered
lysin fused with an outer membrane permeabilizing peptide and is able to pass the
bacterial outer membrane of A. baumannii and kill the cell after peptidoglycan degra-
dation (16).

Phages are abundant, as are their lysins. This abundance allows the discovery of
phages and lysins at local sites where drug-resistant bacteria are prevalent. Hospitals in
Egypt, among many other countries, are experiencing a significant rise of MDR A.
baumannii infections (17). We have isolated a set of A. baumannii strains, classified as
MDR to extensively drug resistant (18), in hospitals in two nearby cities. Subsequently,
we identified a highly specific phage (vB_AbaP_PMK34) in the general sewage system,
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TABLE 1 Overview of the A. baumannii strains isolated in this study?

Class D carbapenemases

A. baumannii Phage

strain Origin Source Antibiotic resistance? blagya-s1ike BlAoxa-23-1ike SENSItIVitY©
MK11 Beni-Suef University Hospital Sputum AMC, TZP, CTX, CAZ, FEP, MEM, IPM, GN, AK, CIP, and TE + + R
MK22 Beni-Suef University Hospital Pus AMC, TPZ, CAZ, FEP, MEM, TE, and CIP + - R
MK34 Beni-Suef University Hospital Sputum AMC, TZP, CTX, CAZ, FEP, MEM, IPM, GN, AK, CIP, and TE + + S
MK50 Beni-Suef University Hospital Sputum AMC, TPZ, CTX CAZ, FEP, MEM, IPM, TE, and CIP + + R
MK60 Beni-Suef University Hospital Urine  AMC, TPZ, CTX, CAZ, FEP, MEM, IPM, TE, AK, and CIP + - R
MK70 Beni-Suef University Hospital Blood AMC, TPZ, CTX, CAZ, FEP, MEM, IPM, TE, AK, and CIP + + R
MK73 Beni-Suef University Hospital Sputum AMC, TPZ, CTX CAZ, FEP, MEM, IPM, TE, and CIP + + R
03 Fayoum University Hospital Sputum AMC, TPZ, CAZ, and FEP + - R
Al Fayoum private laboratory ~ Urine  AMC, TPZ, CAZ, FEP, MEM, IPM, TE, AK, and CIP + + R
A2 Fayoum University Hospital Sputum AMC, TPZ, CAZ, FEP, and CIP —+ - R

9The hospital, source of isolation (body fluid), microbiological antimicrobial resistance profile, genetically verified presence of class D carbapenemases, and phage
susceptibility are indicated for each strain.

AMC, amoxicillin-clavulanic acid; TZP, piperacillin-tazobactam; CTX, cefotaxime; CAZ, ceftazidime; FEP, cefepime; MEM, meropenem; IPM, imipenem; GN, gentamicin;
AK, amikacin; CIP, ciprofloxacin; TE, tetracycline; COL, colistin.

<R, resistant; S, susceptible.

which is also connected with the hospital in which we isolated the most extensively
drug-resistant strain (MK34). Based on a comprehensive microbiological and genetic
characterization of the phage isolated in this study, we identified its lysin. We present
here an analysis of the antibacterial potential of the phage and its lysin.

RESULTS

Multidrug- and extensively drug-resistant A. baumannii strains are prevalent at
Egyptian hospitals. Ten A. baumannii strains (Table 1) were isolated from patients at
the Beni-Suef and Fayoum governorate hospitals in Egypt. All of them were confirmed
as A. baumannii by biochemical and microbiological assays and by the detection of the
blagya-s1.ike 9€ne encoding a class D carbapenemase, unique for A. baumannii (19).
Their antibiotic resistance profile was established against a panel of 12 different
antibiotics (Table 1). The results show that all strains are resistant to at least four of the
antibiotics tested, with A. baumannii MK34 and MK11 being the most resistant isolates
(11 of the 12 antibiotics). All strains are sensitive to colistin. Moreover, the presence of
the blagya»s.ike 9€NE (encoding a class D carbapenemase) was present in seven out
of the 11 strains. Only A. baumannii MK60, MK22, 03, and A2 lack the blagya_>5.ike 9€NE.
The presence of this gene has been reported as having the strongest correlation with
high resistance levels against carbapenems such as meropenem and imipenem (20).
Accordingly, strains O3 and A2, which lack the blagya >s.ike 9€NE, are susceptible to
meropenem and imipenem. However, strains MK60 and MK22, which are also negative
for the blagya_»3.ie 9€NE, are resistant to one or both carbapenems, indicating that
other carbapenemases are involved in these resistant phenotypes.

Phage vB_AbaP_PMK34 possesses a strong lytic activity but narrow host
range. As the most resistant strain to antibiotics, A. baumannii MK34 was selected in
the search for a suitable phage in the central sewage system of Beni-Suef. This system
also collects the wastewater from the hospital in which the strain was isolated. Raw
sewage was collected and enriched with strain MK34, resulting in the isolation of a lytic
phage, vB_AbaP_PMK34, herein referred to as PMK34. The isolated phage forms clear
plagques with a halo that expands upon longer incubation, a feature typically associated
with the presence of a phage depolymerase degrading capsular polysaccharides
(21). Host range analysis of PMK34 showed that the phage has a highly specific host
spectrum, infecting A. baumannii MK34 but no other strain isolated in this study
(Table 1).

Adsorption and one-step growth curves were established to assess the infection
kinetics. Approximately 40% of the phage particles are adsorbed after 2 min, and a
maximum adsorption rate of =90% is reached after 4 min of incubation (Fig. 1A). The
one-step growth curve follows the typical triphasic pattern with a latent period of
30 min and a burst size of 113 = 32 PFU/infected cell (Fig. 1B). Furthermore, different
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FIG 1 Infection kinetics of phage PMK34 against A. baumannii MK34. (A) Phage adsorption curve
obtained by infecting exponentially growing bacteria (ODgs; = 0.6) with PMK34 (MOI of 0.01). The results
are expressed as the percentage of the maximum number of adsorbed phages. (B) One-step growth
curve of PMK34 when using an MOI of 0.01 to infect a bacterial culture (106 CFU/ml). (C) Lytic effect of
different MOIs of PMK34 (1 to 10~°) during a 24 h of incubation. The OD455 was monitored spectro-

photometrically at 30-min intervals. All values represent the means = the standard deviations (SD) of
three biological replicates.

multiplicities of infection (MOls; 1 to 10~°) of phage PMK34 were used to kill expo-
nential growing A. baumannii MK34 cells. Bacterial growth is completely inhibited with
an MOI as low as 1079, whereas inhibition only appeared with a delay in the case of an
MOI of 10=7. MOIs of 1078 and 10° showed bacterial growth comparable to the
uninfected control (Fig. 1C). However, after 20 h a slight increase in the optical density
at 655 nm (ODgss) was observed for MOI values larger than 104, suggesting the
emergence of mutant strains. This was confirmed by the appearance of resistant
colonies within the lysis zone when spotting different phage dilutions of the higher
MOI values. Phage PMK34 is relatively stable between 4 and 70°C with reductions of 1.5
and 2 log units after 1 h of exposure to 60 and 70°C (P < 0.01), respectively. A
temperature of 80°C completely abolishes phage infectivity (Fig. 2).

Infective PMK particles
Log (PFU/ml)
[ IS} “w E wn (=)} ~

4 37 40 50 60 70 80
Temperature (°C)

FIG 2 Stability of PMK34 under various temperature conditions. The infectivity of PMK34 after exposure
to a temperature ranging from 4 to 80°C for 1 h was determined. Values represent the log(PFU/ml)
expressed as the means = the SD of three independent replicates. A paired Student t test was conducted

to compare significance between mean values, with a temperature of 4°C as a reference (¥, P < 0.05; **,
P < 0.01; ***, P < 0.001).
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FIG 3 CG viewer representation of the PMK34 genome. The outer ring represents the 50 predicted ORFs (arrows) of the phage, with different colors representing
the different modular functional groups. The middle and inner rings illustrate the GC skew and GC content, respectively. The PMK34 genome reveals a typical
modular organization with DNA replication/transcription, morphogenesis, host lysis, and DNA packaging genes, apart from a region dominated by hypothetical
genes. The DNA replication/transcription gene group (11 ORFs) comprises genes encoding the DNA primase/helicase (orf17 and orf21), DNA ligase (orf23), DNA
polymerase | (orf25), DNA exonuclease (orf28), tRNA nucleotidyltransferase (orf29), DNA endonuclease VIl (orf30), phosphoesterase (orf317), dANMP kinase (orf32),
and single subunit RNA polymerase (orf33). Only a single HNH endonuclease-encoding gene (orf24) was found upstream of the DNA polymerase | (orf25)
sequence. The DNA replication/transcription gene group is followed by morphogenesis gene group separated by two hypothetical proteins (orf34 and orf35).
Different structural proteins encoded by this gene cluster include the head tail connector (orf36), scaffold protein (orf37), capsid (orf38), tail tubular proteins
A (orf40) and B (orf41), internal virion proteins (orf42 and orf44), and a tail fiber with putative pectate lyase domain (orf45). The host cell lysis gene group
comprises two overlapping genes, i.e., the holin gene (orf46) located upstream of the endolysin sequence (orf47). No spanin gene is detected. The holin protein
has three predicted transmembrane helices with N-out and C-in topology, being a member of the class | holin. The final predicted proteins are the DNA
packaging and maturase genes A (orf48) and B (orf49).

In silico genome analysis of phage vB_AbaP_PMK34 and its endolysin
LysMK34. PMK34 contains a linear double-stranded DNA molecule of 41,847 bp (accession
number MN433707) with a GC content of 39.34%. Neither tRNA nor antibiotic resistance
genes were detected within the genome. BLASTn analysis against nonredundant
database revealed the highest similarity to Acinetobacter phage IME200 (NC_028987.2)
with an identity of 96.13% (coverage, 88%). Moreover, sequence identity from 93% up
to 95% was also observed with phages AbKT21philll (MK278859.1), vB_AbaP_AS12
(KY268295.1), AbaP_B09_Aci08 (MH763831.1), vB_AbaP_AS11 (KY268296.1) and vB_Ap-
iP_P1 (MF033350.1), all podoviruses belonging to the Autographiviridae.

RAST annotation predicted 50 open reading frames (ORFs; see Table S1 in the
supplemental material; Fig. 3) on the leading strand of the genome, showing unidirec-
tional transcription (from left to right), and start with an ATG codon, except for orf9 and
orf17, which start with TTG. BLASTx in addition to NCBI Conserved Domain Database
(CDD) functional analysis assigned 25 ORFs (50% of the total) as hypothetical proteins
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with unknown function, whereas the remaining 25 ORFs are categorized into four
clearly differentiated groups: DNA replication/transcription, morphogenesis, host lysis,
and DNA packaging genes (Fig. 3; see Table ST in the supplemental material). A fifth
region, which is the least similar to homologous phages, is dominated by hypothetical
genes. Three putative viral promoters with consensus sequences related to those found
in the genome of the Frilvirus phages (Acinetobacter phages of family Autographiviri-
dae) have been detected (see Table S2). Furthermore, two putative rho-independent
transcription terminators were detected downstream from the RNA polymerase (orf33)
and the capsid gene (orf38) (see Table S3).

Of note, the gene (orf47) encoding the endolysin was found at the module of host
lysis, preceded as expected by a putative class | holin gene. The predicted endolysin is
a globular protein with 185 amino acids and has a predicted molecular weight of
20.9 kDa, a predicted isoelectric point of 9.48, and a predicted cationic surface charge
of +7.8 at physiological pH. Moreover, its domain analysis revealed a protein with a
conserved lysozyme domain (CDD accession number cl00222) (see Table S1). A multiple
sequence alignment of LysMK34 with similar endolysin sequences (see Fig. S1) shows
the presence of two amphipathic helices in the C terminus between amino acids 112
to 183, rich in both hydrophobic/nonpolar (alanine, phenylalanine, proline, methionine,
tryptophan, leucine, and isoleucine) and basic amino acids (arginine and lysine), as
shown in helical wheels (see Fig. S2). Such amphipathic helices have been related
before to intrinsic antibacterial activity.

LysMK34 has a high muralytic activity and does not trigger cytotoxicity in
human epithelial cell lines. The gene encoding the endolysin (orf47) was cloned into
the pVTD3 expression vector, followed by transformation of E. coli BL21(DE3)-Codon
Plus-RIL. After expression and purification of LysMK34 with Ni2*+ affinity chromatogra-
phy, the yield was 38 mg/liter expression volume with a purity of at least 95% as
estimated by conventional SDS-PAGE (see Fig. S3). LysMK34 has a muralytic activity of
1,499.9 = 131 U/uM when tested against standard permeabilized P. aeruginosa sub-
strate.

Moreover, the range of pH activity of LysKM34 is relatively broad, from at least 4 to
10, with pH 8 as optimal condition (Fig. 4A). The muralytic activity gradually decreases
at lower pH values, with a minimal activity of 12% = 4% remaining at pH 4. In the
alkaline range, LysMK34 retains 70% = 5% of its activity at pH 9, followed by a decrease
to 12.0% = 0.3% at pH 10, whereas no residual activity is present at pH 11. LysMK34 has
typical mesophilic characteristics, retaining full activity up to 45°C (Fig. 4B). This activity
decreases by 20 and 25%, when the temperature increases to 50 and 55°C, respectively.
Only 7.28% = 1.11% of enzymatic activity is retained when the protein is exposed to
60°C. Higher temperatures completely inactivate LysMK34.

In addition, LysMK34 does not show cytotoxicity against a preformed monolayer of
human epithelial cells (HaCaT), since the treatment with increasing concentrations
of the protein (up to 500 ug/ml) did not result in variation of the cell index after 20 h
of exposure. This invariant cell index indicates that the monolayer of HaCaT is not
morphologically altered or disrupted in the presence of LysMK34 (Fig. 4C).

LysMK34 shows a strong bactericidal effect in combination with a high intra-
cellular pressure. The bactericidal activity against the multidrug-resistant A. baumannii
strain MK34 was evaluated in buffers with either low (20 mM HEPES-NaOH [pH 7.4]) or
high tonicity (20 mM HEPES, 150 mM NaCl [pH 7.4]). The low- and high-tonicity buffers
induce high and low turgor pressures inside the bacterial cells, respectively. In the
low-tonicity buffer, an amount of 25 ug/ml LysMK34 causes a 3.35 = 0.19 log unit
reduction of bacterial cells within 2 h (see Fig. S4). Higher LysMK34 concentrations (50
to 1,000 ng/ml) further increase the bactericidal activity up to 4.5 log units (correspond-
ing to the detection limit) (see Fig. S4). In contrast, a maximum bacterial killing effect
of merely 0.6 = 0.1 log unit was obtained in a buffer with high tonicity, even when
using a 20-fold concentration (500 wg/ml; see Fig. S4). This lack of bactericidal activity
was observed in spite of the high muralytic activity of LysMK34 (1,499.9 U/uM) in the
high-tonicity buffer (20 mM HEPES, 150 mM NaCl [pH 7.4]). This suggests an interplay

October 2020 Volume 86 Issue 19 e01311-20

Applied and Environmental Microbiology

aem.asm.org 6


https://www.ncbi.nlm.nih.gov/Structure/cdd/cl00222
https://aem.asm.org

Phage Lysin LysMK34 Reverts Colistin Resistance Applied and Environmental Microbiology

b
=

Residual activity (%)
Residual activity (%)

25 37 40 45 50 55 60

Temperature (°C)

—500 pg/ml
250 pg/ml
—125 pg/ml
—75 ng/ml

32.5 pg/ml
—16.25 pg/ml
~-8.125 pg/ml
—Baseline
—SDS (100 pg/ml)

Baseline Normalized Cell Index

0.0 5.0 10.0 15.0 20.0
Time (h)

FIG 4 Stability (A and B) and cytotoxicity (C) of LysMK34. Stability of LysMK34 was tested by diluting
0.3 ug/ml protein in Britton-Robinson universal buffer (pH 4 to 11) (A) and treating 0.3 uwg/ml protein
with different temperatures (25 to 60°C) for 10 min (B). The results are expressed as the percentage of
residual activity relative to activity at either optimum pH (8) or activity at 25°C. Each point is the mean +
the SD of three independent replicates. Asterisks represent statistical differences compared to the control
(Student t test [*, P < 0.05; **, P < 0.01; ***, P < 0.001]). (C) Variation in the normalized cell index (Cl)
of HaCaT monolayers treated with different concentration of LyskKM34 (8.12 to 500 wg/ml). Normalization
of data was performed at 10 min after protein addition with respect to the Cl observed in the control
sample (value 0 in the graph). Values represent means = the SD of three replicates.

between the extent of required peptidoglycan degradation and the intracellular pres-
sure that must be withheld by the peptidoglycan structure to keep the cell intact. Cells
with a reduced turgor pressure may require a more extensive disruption of the
peptidoglycan sacculus to achieve full lysis compared to cells exposed to peptidogly-
can degradation at high intracellular pressure.

The bactericidal activity of LysMK34 was tested in the same low- and high-tonicity
buffers against a broader panel of A. baumannii and P. aeruginosa strains (Fig. 5).
Concentrations of 25 ug/ml (low-tonicity buffer) and 500 wg/ml (high-tonicity buffer)
LysMK34 were used, respectively. Notably, the multidrug-resistant and epidemiological
A. baumannii RUH134 strain and both pandrug-resistant (including colistin-resistant) A.
baumannii strains Greek46 and Greek47 show a susceptibility similar to that of A.
baumannii MK34, but with improved killing in low-tonicity buffer (high intracellular
pressure) (Fig. 5A). The P. aeruginosa PA14 laboratory strain (with generally low
antibiotic resistance) is also more susceptible at a high intracellular pressure. A notable
exception is the extensively drug-resistant P. aeruginosa Br667 strain, which remains
resistant to LysMK34 under both buffer conditions (Fig. 5).

EDTA destabilizes the outer membrane by chelating the stabilizing divalent ions,
thus potentially sensitizing bacteria for lysins. When 0.5 mM EDTA was added, the
bactericidal activity improved under all circumstances where maximal killing was not
yet achieved. The lowest killing in the presence of 0.5 mM EDTA was observed for the
P. aeruginosa strains in buffer with high tonicity (low intracellular pressure) (Fig. 5B). In
conclusion, the reduced killing in a high-tonicity buffer (low intracellular pressure) can
be partially or completely reverted by destabilizing the outer membrane with 0.5 mM
EDTA.

To further corroborate our hypothesis on the influence of the intracellular pressure
on the bactericidal efficiency, cells suspended in a buffer with high tonicity (thus having
a low intracellular pressure) were exposed to 500 wg/ml LysMK34 as before, but then
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FIG 5 Antibacterial activity of LysMK34 against different A. baumannii (MK34, RUH134, Greek46, and
Greek47) and P. aeruginosa (PA14 and Br667) strains. The bacterial cells were resuspended in a buffer
with either low tonicity, corresponding to a high intracellular turgor pressure (20 mM HEPES-NaOH [pH
7.4] alone or supplemented with 0.5 mM EDTA; dark gray and white bars, respectively) (A), or high
tonicity and thus a low intracellular turgor pressure (20 mM HEPES-NaOH, 150 mM NaCl [pH 7.4] alone
or supplemented with 0.5 mM EDTA; dark gray and white bars, respectively) (B). Antibacterial activity is
expressed as the reduction in the bacterial number in log(CFU/ml) after exposure to LysMK34 (25 ug/ml
in buffer with low tonicity and 500 wg/ml in buffer with high tonicity) for 2 h. Each value represents the
mean * the SD of three independent replicates. Asterisks represent statistical differences compared to
cells not treated with 0.5 mM EDTA (Student t test [* P < 0.05; **, P < 0.01; ***, P < 0.001]). An “a” label
indicates a reduction in the bacterial number that is under the detection limit (10 CFU/ml).

washed and diluted in buffer of low tonicity to induce an osmotic shock. A. baumannii
MK34 and Greek47 were selected as representatives for colistin-sensitive and -resistant
strains, respectively. The cell counts obtained after this buffer change demonstrated
that the bactericidal effect increases after the osmotic shock from less than 1 to
3.00 = 0.03 and 3.86 log units for A. baumannii strain MK34 and Greek47, respectively
(Fig. 6). These observations indicate that LysMK34 causes sublethal damage to the cells
by peptidoglycan degradation and only come to full lysis by increasing the intracellular

Antibacterial activity
(log reduction)

0 %
MK34 Greek47
Strains

FIG 6 Effect of changing intracellular turgor pressure on the antibacterial activity of LysMK34 against A.
baumannii MK34 (a colistin-sensitive strain) and A. baumannii Greek47 (a colistin-resistant strain).
Exponentially grown bacterial cells were suspended in high tonicity, corresponding to a low intracellular
turgor pressure (20 mM HEPES-NaOH, 150 mM NaCl [pH 7.4]) and then treated with 500 ug/ml LysMK34
for 2 h at room temperature. The treated cells were washed twice using high-tonicity buffer and then
either diluted prior to plating in high-tonicity (20 mM HEPES-NaOH, 150 mM NaCl [pH 7.4]; black bar) or
low-tonicity (20 mM HEPES-NaOH [pH 7.4]; white bars) buffer, the latter condition causing an osmotic
shock. The antibacterial activity was calculated as the ratio of reduction in log units [log,,(N/N;)], where
N, is the number of LysMK34 untreated cells, and N; is the number of cells after treatment. Each value
represents the mean = the SD of three independent replicates. Asterisks represent statistical differences
compared to cells diluted in in high tonicity (20 mM HEPES-NaOH, 150 mM NaCl [pH 7.4]). * P < 0.05; **,
P < 0.01; ***, P < 0.001 (Student t test).
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FIG 7 Isobologram representation of MIC values of LysMK34 in combination with colistin in MH broth (A) or in 50%
human serum (B) against A. baumannii MK34 (blue filled diamond; colistin MIC values of 2 ug/ml in both MH broth
and serum), RUH134 (red open square; colistin MIC values of 2 and 4 ug/ml in MH broth and serum, respectively),
Greek46 (black cross; colistin MIC values of 8 and 32 ug/ml in MH broth and serum, respectively), and Greek47
(green filled circle; colistin MIC value of 32 and 64 pg/ml in MH broth and serum, respectively) and P. aeruginosa
Br667 (yellow cross; colistin MIC values of 2 and 4 ug/ml in MH broth and serum, respectively) and PA14 (purple
filled triangle; colistin MIC values of 1 and 2 ug/ml in MH broth and serum, respectively). In panel B, the curves of
RUH134 and Br667 completely overlap. The plots represent inhibitory combinations of LysMK34 (expressed in
rg/ml) and colistin (expressed in reduced MIC fold, with 1X MIC corresponding to the above-mentioned values).
Values represent the means of three independent replicates.

turgor pressure. Thus, also under conditions of low intracellular turgor pressure,
LysMK34 can penetrate the outer membrane and then reach the peptidoglycan layer.

LysMK34 acts synergistically with colistin and reverts colistin resistance in
colistin-resistant A. baumannii strains. The antibacterial activity of LysMK34 was
further evaluated by determining MIC values against the panel of A. baumannii and P.
aeruginosa strains. Notably, no growth inhibition was observed in Mueller-Hinton (MH)
broth (MIC > 1,000 wg/ml) for any strain. Subsequently, we evaluated whether colistin
could potentiate the susceptibility of LysMK34, or vice versa, whether LysMK34 could
decrease the required dose of colistin to inhibit the different strains. The MIC values for
colistin are 1 wug/ml for P. aeruginosa PA14 and 2 ug/ml for A. baumannii MK34,
RUH134, and P. aeruginosa Br667, respectively. As expected, the colistin-resistant A.
baumannii strains Greek46 and Greek47 show elevated MIC values of 8 and 32 pg/ml
(EUCAST breakpoint for resistance is 4 ug/ml), respectively. When combining LysMK34
and colistin a synergistic action was observed (Fig. 7A). An amount of 32 ug/ml
LysMK34 reduced the MIC values of colistin in a strain-dependent manner to 1/4, 1/8,
or 1/16 of the original colistin MIC values. The synergistic effect was most outspoken for
the colistin-resistant A. baumannii strains Greek46 and Greek47, for which the MIC
values of colistin were reduced 16-fold (to 0.5 and 2 ug/ml, respectively) starting from
concentrations of 16and 8 ug/ml LysMK34, respectively (Fig. 7A). Thus, LysMK34
resensitizes colistin-resistant strains to colistin by making them responsive to colistin
concentrations below the breakpoint for resistance (4 wg/ml).

Human serum also contains compounds that may interfere with outer membrane
permeability. Therefore, the combinations of LysMK34 and colistin were also evaluated
in 50% human serum instead of MH broth (Fig. 7B). Similarly, no growth inhibition by
LysMK34 was observed for any strain up to 1,000 wg/ml. The MIC values for colistin in
human serum are 2 pug/ml for both A. baumannii MK34 and P. aeruginosa PA14.
Interestingly, A. baumannii RUH134 and P. aeruginosa Br667 show doubled colistin MIC
values compared to those observed in MH broth (4 wg/ml). Also, the colistin-resistant
A. baumannii strains Greek46 and Greek47 showed a 2-fold increase in MIC for colistin
in human serum (32 and 64 ug/ml, respectively). In the presence of 8 ug/ml LysMK34,
an up to 32-fold reduction of the MIC of colistin (to 1 and 2 ng/ml) was observed for the
colistin-resistant A. baumannii strains Greek46 and Greek47, respectively. For the other
strains, MIC reductions of colistin of 2- to 8-fold were observed at this LysMK34
concentration (Fig. 7B).
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For all of the conditions described here, all minimum bactericidal concentrations
(MBCs) were found to be equal to the MICs, validating the bactericidal mode of action
of both LysMK34 and colistin.

Role of the fatty acid tail in synergetic effects between colistin and LysMK34.
The bactericidal action of colistin is based on two different actions. First, the positively
charged cyclic heptapeptide moiety of colistin destabilizes the outer membrane by
displacing divalent cations (Ca2™, Mg?™) that bridge adjacent negatively charged
lipopolysaccharide molecules. Second, colistin depolarizes the cytoplasmic membrane
via its fatty acyl tail, leading to bacterial death (3). A possible hypothesis for the
observed synergy in colistin-susceptible strains is that colistin enables access of
LysMK34 to the peptidoglycan layer by disrupting (locally) the outer membrane.
Polymyxin B nonapeptide (PMBN) is a derivative of polymyxin B, which is highly similar
to colistin (polymyxin E). PMBN retains the cationic cyclic peptide that permeabilizes
the outer membrane but lacks the fatty acid tail that is responsible for the bactericidal
effect of polymyxins B and E (colistin). An experiment similar to that using colistin was
repeated with PMBN. PMBN shows no inhibitory activity against any of the A. baumannii
strains, either alone or in combination with increasing concentrations of LysMK34 (data
not shown). These different observations for PMBN and colistin indicate an essential
role for the fatty acid tail of colistin in the observed synergistic effects for A. baumannii.
In addition, these observations suggest that our hypothesis is invalid and that the
synergy between colistin and LysMK34 for the colistin-susceptible strains may rely not
on colistin-induced permeabilization of the outer membrane (alone) but rather on the
co-acting activities of both colistin and LysMK34.

The molecular mechanisms of synergy between LysMK34 and colistin are
different for colistin-sensitive and colistin-resistant strains. To further investigate
the synergistic effects of LysMK34 and colistin, cells were exposed sequentially to either
LysMK34 or colistin, instead of simultaneously. Specifically, colistin-sensitive A. bauman-
nii MK34 and colistin-resistant A. baumannii Greek47 cells brought to low intracellular
turgor pressure were pretreated with LysMK34 (100 wg/ml) for 2 h, followed by washing
using MH broth and exposure to colistin (0 to 32 ug/ml) in a standard MIC assay.
Different responses were observed for each strain (see Fig. S5). In the case of the
colistin-sensitive strain A. baumannii MK34, the MIC of colistin was reduced 16-fold
(from 2 to 0.125 ug/ml) compared to the control pretreated with buffer alone. However,
the MIC of colistin in the case of the colistin-resistant A. baumannii Greek47 did not
show any reduction compared to the control. Pretreatment with LysMK34 thus sensi-
tized the colistin-sensitive strain for colistin in a persistent way but not the colistin-
resistant strain. Conversely, when cells were pretreated with 0.25 X MIC of colistin, no
measurable MIC was noted for LysMK34 up to 1 mg/ml for both strains (data not
shown).

DISCUSSION

Based on an initial assessment to evaluate antibiotic resistance among A. baumannii
isolates in two Egyptian cities, we isolated the new lytic bacteriophage named PMK34
from raw sewage, using the most drug-resistant strain MK34 (resistant to 11 of 12
antibiotics) as host. PMK34 presents a genome organization consistent with phage
members of the Frilvirus genus of the recently established Autographiviridae family
(22). Within the genome, the highest dissimilarities were found within the early cluster
(between 0 and 4 kb) of hypothetical genes. These unique proteins are thought to be
involved in redirecting host synthetic machinery to the phage’s needs at the beginning
of infection cycle (23). In addition, the tail fiber gene (orf45) shows low conservation,
particularly in its C terminus, which is involved in receptor binding, whereas the N
terminus anchors the tail fiber to the phage particle. The infection parameters of PMK34
with a relatively large burst size (113 = 32 phages/infected cell) and short latent period
(30 min) are in accordance with A. baumannii phages PD-6A3, vB_AbaP_AS12, and
vB_AbaP_Acibel004 (23-25). Many A. baumannii infecting phages have a relatively
broad host range which reaches up to 68% of the tested strains (26). In contrast, PMK34
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has a restricted host range infecting only one of the strains tested, i.e., strain MK34 used
for phage enrichment and propagation. A similarly narrow spectrum was also observed
for phages vB_AbaS_Loki and AB1 (27, 28). We suspect that the single tail fiber (orf45)
with a predicted pectate lyase domain is highly specific for the capsular type of MK34.
More than 100 distinct capsule types have been identified for A. baumannii (29). Such
capsule depolymerizing activity is also responsible for the expanding halos surrounding
plaques (21), which we have observed for PMK34. The observation that only 1 of 13
tested strains is susceptible might limit the applicability of this phage as a therapeutic
phage. However, as part of a phage cocktail it may prove valuable because of its
beneficial infection kinetics and the absence of known virulence or antimicrobial
resistance genes. In addition, PMK34 may prove useful for capsular typing of A.
baumannii.

We further explored the application potential of the lysin of PMK34. orf47 encodes
a globular endolysin belonging to the GH19 subfamily of the lysozyme superfamily,
which is commonly shared by endolysins of other phages infecting A. baumannii (10,
13, 14, 23). However, protein sequence alignment of these lysins (see Fig. S1) showed
specific changes, including charged amino acids, which may account for differences in
properties. The muralytic activity of LysMK34 (1,499.9 = 131 U/uM) is 1.1- to 16-fold
higher than those of previously described globular endolysins carrying a GH19 domain
(ABgp46, LysAci7 [10, 30]), a GH24 domain (Lys68 [31]), a transglycosylase domain
(PsP3gp10, P2gp09, and BcepC6Bgp22 [32]), or an amidase domain (K11gp3.5,
KP32gp15, and CR8gp3.5 [30, 32]) analyzed with the same method. Yet, modular
endolysins such as Gp110, OBPgp279, PVP-SE1gp146, EL188, and KZ144 offer a further
increased muralytic activity (1.4- to 22.8-fold), which can be attributed to the presence
of a cell binding domain bringing the enzymatically active domain close to its substrate
(31-34). LysMK34 is active in a wide pH range (4 to 10) and relatively stable up to 55°C,
compatible with most applications. Since LysMK34 has no cytotoxic effect on human
keratinocytes, topical skin applications such as injured skin or burn wound infections
can be considered as well.

LysMK34 has an intrinsic antibacterial activity against A. baumannii strains and P.
aeruginosa PA14 but not against the MDR Br667 strain. Recently, a growing number of
lysins with intrinsic antibacterial activity has been reported, particularly against A.
baumannii (9-14, 35). The most plausible explanation for this beneficial property is the
presence of amphipathic helices in the C terminus, as is the case for LysMK34 (see Fig.
S2). Such helices are known to interfere with the stabilizing ionic and hydrophobic
forces of the LPS layer, facilitating uptake of the lysin (13, 36).

Reducing the turgor pressure has a large negative effect on the intrinsic antibacterial
activity, showing the importance of a concerted action of peptidoglycan degradation
and osmotic pressure to induce osmotic lysis. Particularly, under conditions of low
turgor pressure, cells may be only sublethally injured and recover easily under favorable
conditions, such as plating on rich nutrients (Luria-Bertani [LB] agar). Peptidoglycan
degradation and osmotic pressure must not act simultaneously, since we have shown
that applying an osmotic shock shortly after lysin exposure also results in a significantly
increased antibacterial activity. An alternative explanation for similar observations may
be the lack of activity under a high salt concentration (11). However, this does not apply
to LysMK34 specifically, since its unexpectedly high muralytic activity was observed
under conditions with 150 mM NaCl. The effect of these experimental conditions, such
as the choice of the suspension buffer and the diluent used, is often neglected in
studies on lysins with intrinsic antibacterial activity, for which the diluent is not often
specified (9, 10, 12-14, 35). In these cases, results are difficult to compare, or misinter-
pretation of the observations may occur. For example, some studies evaluating the
effect of salt concentration on the antibacterial activity of the lysin do not specify the
diluent (9, 12, 35), while using a diluent different from the suspension buffer may have
a strong effect on the outcome. It is also recommended to use the same diluent as the
suspension buffer of the cells to avoid osmotic changes. For example, Antonova et al.
used a high-tonicity buffer (phosphate-buffered saline) as a diluent but a low-tonicity
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buffer (i.e, 20 mM Tris-HCl [pH 7.5]) as a resuspension buffer (11). The observed
antibacterial activity is most likely due to the high turgor pressure during the lysin
exposure.

Inclusion of a chelating agent (0.5 mM EDTA) at least partially releases the depen-
dency for turgor pressure to induce osmotic lysis, indicating that more LysMK34
molecules can penetrate the outer membrane under this condition, resulting in more
extensive peptidoglycan degradation. In the case of the MDR P. aeruginosa strain Br667,
0.5 mM EDTA even sensitizes the cells for the antibacterial activity of LysMK34. These
observations underscore that the stabilizing ionic forces between divalent cations and
the LPS phosphate groups remain a relevant hurdle for LysMK34 and putatively for
other lysins with intrinsic antibacterial activity. We should note that all experiments
were performed under laboratory conditions and that the physiological state of the
outer membrane may not reflect in vivo conditions.

Instead of considering lysins as an alternative for antibiotics, it is attractive to
evaluate lysins in combination with existing antibiotics. Lysins have been reported to
resensitize resistant strains to specific antibiotics (37) or to display synergistic effects
(38, 39). As a novel class of antibiotics, combined therapies of well-known small-
molecule antibiotics and lysins may also find easier entrance to the clinic based on
ethical clinical trial designs (antibiotic and lysin versus antibiotic alone) and a more
rapid acceptance by clinicians. Lysin/antibiotic combinations have been extensively
studied both in vitro and in vivo to combat Gram-positive bacteria. However, the
exploration of this concept is still in its infancy for Gram-negative bacteria. Previously,
in an analysis combining A. baumannii phage lysin LysABP-01 with different antibiotics,
only colistin emerged as a synergistic compound against colistin-sensitive A. baumannii
strains (38). Based on this finding, we expanded this approach to investigate whether
a combination of LysMK34/colistin could revert colistin resistance in A. baumannii
strains. This would be particularly welcomed since colistin is a last-resort antibiotic for
the treatment of A. baumannii and P. aeruginosa infections. Despite the substantial
killing in buffer, LysMK34 has no MIC up to 1 mg/ml in MH broth. Sykilinda et al. (40)
explained the same observation for AcLys, which also has intrinsic antibacterial activity
against A. baumannii, by a rapid inactivation of AcLys in MH broth. However, based on
our earlier observations, LysMK34 may (partially) degrade peptidoglycan, resulting in
the formation of spheroplasts that do not undergo osmotic lysis due to a sufficiently
isotonic environment, followed by a regrowth due to favorable growth and nutrient
conditions in culture media. Spheroplast-mediated antibiotic tolerance has been re-
ported before for cell wall-acting antibiotics (41). For colistin-sensitive A. baumannii
strains, we observed that sub-MIC (1/4 to 1/16) amounts of colistin sensitize the cells in
MH broth for LysMK34 or vice versa. Comparable synergy of colistin with LysABP-01 was
previously attributed to the outer membrane permeabilizing activity of colistin (38).
However, the lack of synergy with combinations of LysMK34 and PMBN indicates that
mere outer membrane permeabilization is not sufficient to obtain synergy. Indeed, also
the fatty acid-mediated bactericidal effect of colistin contributes to the overall anti-
bacterial effect of LysMK34/colistin combinations.

We found that the combination of LysMK34/colistin against colistin-resistant A.
baumannii strains results in a reversion to the colistin-sensitive phenotype. Colistin
resistance in A. baumannii is caused by the addition of phosphoethanolamine to the
lipid A moiety. This dampens the negative charge of the LPS molecule and conse-
quently the affinity for colistin or mutations in the lipid A biosynthesis. The final result
of this is the complete loss of LPS (3). The latter mechanism results in reduced virulence
and increased sensitivity for lysozyme, which was not observed for LysMK34 (Fig. 6).
Therefore, a more plausible explanation for the reversion of colistin-resistance of strains
Greek46 and Greek47 is that the self-penetrating properties of the bulky LysMK34 assist
the small-molecule colistin, which lost its binding site, in penetrating through the outer
membrane. In sum, combining colistin with LysMK34 may represent a viable approach
to safeguard the applicability of this last-resort antibiotic, while also lowering the
required doses and possible side effects.
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MATERIALS AND METHODS

Bacterial strains, antimicrobial resistance determination, and culture conditions. Ten A. bau-
mannii strains were isolated from hospitalized patients of the Beni-Suef and Fayoum governorate
hospitals in Egypt (Table 1) as described before (42). The isolates were confirmed as Acinetobacter species
using conventional biochemical tests, identification in CHROMagar Acinetobacter (CHROMagar, Paris,
France). Species-level identification was achieved using Microscan (Siemens Healthineers) (42). The
sensitivity of each strain to antibiotics (@amoxicillin-clavulanic acid, piperacillin-tazobactam, cefotaxime,
ceftazidime, cefepime, meropenem, imipenem, gentamicin, amikacin, ciprofloxacin, tetracycline, and
colistin) was analyzed using the Kirby-Bauer disk diffusion method (43). Furthermore, the presence of
plasmid-mediated class D carbapenemase blagya s ie @aNd blagya »3 e 9€Nes was verified by PCR as
previously described (42).

In addition, the previously characterized colistin-resistant A. baumannii strains Greek46 and Greek47,
A. baumannii RUH134 (44), and Pseudomonas aeruginosa PAO1, PA14, and Br667 (45) were used in this
work. Escherichia coli BL21(DE3)-Codon Plus-RIL (Agilent Technologies, Inc.) was used as an expression
host for protein production.

All strains were grown in LB broth (1% tryptone, 0.5% yeast extract, and 1% NaCl) at 37°C with
shaking (250 rpm) or on LB agar plates (LB broth supplemented with 2% agar). For proper selection of
E. coli clones, LB broth supplemented with 50 ng/ml kanamycin and 25 ug/ml chloramphenicol was
used.

Phage isolation and propagation. Raw sewage water samples (200 ml) were collected from a
general water treatment system in Beni-Suef city and used as a source for phage isolation. Subsequently,
phage isolation was carried out by enrichment (46), followed by a spot assay in a double layer to
determine the presence of lytic phages, as previously described (47). For this, A. baumannii MK34 was
used as a host strain. The selection and purification of the obtained transparent lysis plaques were
performed by collecting the lysis plaques in 900 ul of SM buffer (10 mM Tris-HCI, 10 MM MgSO,, and
100 mM NaCl [pH 7.5]), followed by a double-layer assay (48) repeated at least five times. In addition,
phage stock preparation and concentration were performed using standard procedures (49), followed by
digestion of bacterial DNA and RNA using 1 ug/ml DNase | (Sigma-Aldrich, UK) and 1 ng/ml of RNase A
(Sigma-Aldrich) for 30 min at 37°C. Finally, phage concentrated stock was filtrated using 0.22-um
polyvinylidene difluoride membrane filters (VWR, Leuven, Belgium) and stored at 4°C.

Phage host range determination, antimicrobial activity, and thermal stability. To determine the
host range of the phage, a panel of 10 A. baumannii strains (Table 1), in addition to A. baumannii RUH134,
Greek46, and Greek47, were used to prepare bacterial lawns on which 10 ul of the phage suspension was
dropped using the double-layer agar technique (47). Plates were then incubated for 16 h at 37°C and
examined for the presence of a lysis zone.

To test the antimicrobial activity of the phage, an overnight culture of A. baumannii MK34 strain was
diluted 100-fold in LB broth and incubated at 37°C while shaking (at 250 rpm) to the exponential growth
phase (OD4s5 = 0.6; 10° CFU/m). Bacteria were then diluted in LB broth to 108 CFU/ml, and different
phage concentrations were added to achieve an MOI from 1 to 10~°. The OD.s was monitored for 24
h at 30-min intervals using a microtiter plate reader (Infinite 200 PRO NanoQuant; Tecan, Switzerland).
Bacterial culture mixed with sterile SM buffer was used as a negative control. In parallel, phage were
spotted on a lawn A. baumannii MK34 with final MOIs from 1 to 10~° to detect the presence of resistant
mutants.

The thermal stability of the phage was tested against a range of temperatures (from 4 to 80°C) (50).
Briefly, thermal stability was tested by incubating phage suspensions (10° PFU/ml) at the tested
temperatures in SM buffer pH 7 for 1 h. Then, the phage titer was determined using the double-layer agar
technique and the lawn of A. baumannii MK34.

Adsorption rate and one-step growth curve. The adsorption assay and one-step growth curve
were carried out as described previously (51). For the adsorption assay, A. baumannii MK34 was grown
to the exponential phase (ODgs = 0.6), diluted to 10° CFU/mI, and then mixed with the phage
(MOI = 0.01). The mixture was then incubated at 37°C, and 100-ul samples were taken at 2-min intervals
for the first 10 min, followed by 5-min intervals for 25 min. At each time point, 100 ul of the mixture were
10-fold diluted in cold LB broth and centrifuged at 12,000 X g for 5min, and then the number of
nonadsorbed phages was determined in the supernatant using the double-layer agar technique. The
experiment was repeated in three independent biological replicates.

The one-step growth curve was plotted to determine the latent period and phage burst size. Briefly,
10 ml of exponentially growing (ODg,s = 0.6) A. baumannii MK34 was centrifuged, diluted to 107 CFU/ml,
and then mixed with phage at an MOI of 0.01. The mixture was incubated at 37°C for 5 min to facilitate
adsorption. Bacterial cells with adsorbed phages were collected by centrifugation (16,000 X g for 10 min)
and resuspended in 10 ml of LB broth for incubation at 37°C. Samples were taken at 5-min intervals for
90 min to count the number of phage particles.

Genomic DNA isolation, sequencing, annotation, and bioinformatic analysis. Phage genomic
DNA (gDNA) was extracted using the phenol-chloroform/isoamyl alcohol protocol as described earlier
(52). Afterward, DNA was precipitated by the addition of 3 volumes of 95% ethanol and 1/10 volume of
3 M sodium acetate (pH 5) and then incubated in ice for 5 min. The sample was then centrifuged at
16,000 X g for 15 min, and the pellet was washed twice with 70% ethanol and finally resuspended in
50 wl of deionized water. The DNA concentration was measured using a DS-11 spectrophotometer
(DeNovix, Inc.).

The gDNA was sequenced on a MinlON device using a FLO-MIN106 flow cell (R9.4 Chemistry; Oxford
Nanopore Technology [ONT]). The sequencing library was created using a 1D ligation approach kit (ONT),
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with a step of end repair/dA tailing (New England Biolabs, UK). The sequencing proceeded for 4 h using
the control software MinKNOW v2.1 (ONT). Base-calling of the raw sequencing data was achieved using
Albacore v2.3.4. The reads were verified for quality using NanoFilt v1.6 to remove reads shorter than
1,000 bases and with quality scores of Q < 8. The genome assembly was conducted using 9,872 reads
(totaling 59M bases) with the long-read assembler Canu v1.7 and subsequently polished using the
software Nanopolish v0.9 to improve the assembly accuracy.

The phage genome was annotated using the RAST online server (53), manually curated using BLASTx
(54) and the NCBI Conserved Domain Database (CDD) (55), and visualized with the CG view server (56).
The presence of putative tRNA sequences was detected with tRNAscan-SEv.2.0 (57). Putative viral
promoters and rho-independent terminators were detected using MEME (58) and ARNold (59) online
tools, respectively, followed by visual inspection. Genomic comparative analysis with other homologous
phages was conducted using BRIG software (60). The predicted lysin sequence was analyzed with
InterPro (61). Multiple sequence/structural alignment (MSA) of the predicted lysin was done with
PROMALS3D (62). The isoelectric points (pl) and molecular weights of the putative lysins were predicted
by the ProtParam tool of the Expasy server (https://web.expasy.org/protparam/) (63), whereas the
presence of transmembrane helices in the detected proteins was analyzed with TMHMM v.2.0 program
(64).

Cloning, expression, and purification of lysin LysMK34. The gene encoding the putative endolysin
(orf47), referred to as LysMK34, was amplified using specific primers (forward [5'-GTCGGTCTCACCATGA
TTCTGACTAAAGACGGGTTTAG-3'] and reverse [5'-GTCGGTCTCATACTTTAAACTCCGTAGAGCGCG-3']; IDT,
Leuven, Belgium) flanked by the Bsal restriction sites (underlined). Subsequently, the amplicon was
digested with 1 U of Bsal (Thermo Fisher Scientific, MA) and cloned into the expression vector pVTD3 (65),
which introduces the coding sequence of a C-terminal 6 XHis tag. E. coli BL21(DE3)-Codon Plus-RIL cells
(Agilent Technologies, Inc.) were then transformed using thermal heat shock with pVTD3-lysMK34. Finally,
LysKM34 was overexpressed by induction of exponentially grown (ODg4ss = 0.6) with 0.5 mM isopropyl-
B-p-thiogalactopyranoside (IPTG; Thermo Fisher Scientific), followed by overnight incubation at 30°C.
Induced E. coli cells were disrupted by freezing-thawing cycles, followed by sonication, as described
previously (65). Afterward, C-terminal His-tagged proteins were purified using the His GraviTrap kit (GE
Healthcare) and dialyzed by using 3.5K MWCO Slide-A-Lyzer MINI Dialysis Devices (Thermo Fisher
Scientific) against 20 mM HEPES-NaOH-150 mM NaCl (pH 7.4) buffer (65). Finally, the purity of the protein
was analyzed by 12% SDS-PAGE. Protein concentration was estimated using a DS-11 spectrophotometer
(DeNovix, Inc.) using an extinction coefficient of 33,350 M~"cm~" and a molecular mass of 22.1 kDa.

Muralytic activity assay and stability of LysMK34 to pH and temperature. Pseudomonas aerugi-
nosa PAO1 cells were prepared as the substrate for muralytic assays as previously described (66) and
adjusted to an ODgs of 1.5 using 20 mM HEPES-NaOH-150 mM NaCl (pH 7.4). The muralytic activity of
LysMK34 (0 to 150 nM) was determined by a conventional turbidity reduction assay (67) by monitoring
the ODys5 at room temperature in intervals of 30 s for 30 min in a microtiter reader plate (Bio-Rad, CA).
The muralytic activity (U/uM) was calculated in triplicate as reported previously. Substrate mixed with
buffer was used as a negative control.

Similarly, the effect of pH and temperature were tested using the turbidity reduction assay, as
described previously (32), with some modifications. To test the effect of pH, substrate cells were
suspended in Britton-Robinson universal buffer (0.04 M H,PO,, 0.04 M H,BO,, 0.04 M CH,COOH, and 0.15
M NaCl) adjusted to different pH values (4 to 11) and then mixed with LysMK34 to a final concentration
of 0.3 ug/ml. The muralytic activity was again calculated as described above. Thermal stability was
assessed by incubating 0.3 wg/ml LysMK34 (diluted in universal buffer [pH 8]) in a water bath at different
temperatures (25 to 60°C) for 10 min, followed by cooling to room temperature, followed in turn by a
turbidity reduction assay. All results are expressed as the percentage of residual activity related to the
control (25°C, universal buffer [pH 8]).

Antibacterial activity assay of LysMK34 against A. baumannii and P. aeruginosa. Antibacterial
activity of the purified lysin was assessed in both low (20 mM HEPES-NaOH [pH 7.4])- and high (20 mM
HEPES-NaOH, 150 mM NaCl [pH 7.4])-tonicity buffers (68). To test the activity of LyskM34, A. baumannii
MK34 was initially used to optimize the protein concentration. For the assay, A. baumannii MK34 was
grown to an ODg,; of 0.6, washed twice with either low- or high-tonicity buffer and then suspended in
1:100 of the initial volume with the corresponding buffer. Subsequently, 100-ul portions of the cells were
mixed with 50-ul portions of different concentrations of the purified protein (25 to 1,000 ug/ml) and
50-ul portions of either low- or high-tonicity buffer or 50-ul portions of either low- or high-tonicity buffer
supplemented with 0.5 mM EDTA. Next, the mixture was incubated at 25°C for 2 h. Finally, cell counts
were calculated by making serial dilutions in the same buffer, followed by plating on LB agar and
incubation at 37°C for 18 h. The log reduction was calculated relative to a corresponding control cell
suspension under the same conditions (low- or high-tonicity buffer, with or without 0.5 mM EDTA). The
addition of 0.5 mM EDTA alone had a small effect of ~0.02-log reduction. In addition, the experiment was
carried out with different strains of A. baumannii (RUH134, Greek46, and Greek47) and P. aeruginosa
(Br667 and PA14) using an optimized concentration for each buffer system (25 ug/ml in low-tonicity
buffer and 500 ug/ml for high-tonicity buffer). The assays were performed in three independent
replicates.

The effect of the tonicity of the buffer on the antibacterial activity of the lysin was tested by exposing
exponentially growing A. baumannii MK34 and Greek47 strains to 500 ug/ml of LysMK34 in 20 mM
HEPES-NaOH-150 mM NaCl (pH 7.4) for 2 h at room temperature. Next, the remaining bacteria were
washed twice and diluted using either 20 mM HEPES-NaOH or 20 mM HEPES-NaOH-150 mM NadCl (pH
7.4). Bacteria were then plated on LB agar and incubated at 37°C for 18 h.
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MIC checkerboard analysis. A conventional broth microdilution assay was performed in MH broth
to determine MIC values of LysMK34 (0 to 1,000 ug/ml), colistin (0 to 64 ug/ml), and a combination of
both (up to 64 wg/ml of LysMK34 and up to 2X MIC of colistin) against A. baumannii MK34, RUH134,
Greek46, and Greek47 and P. aeruginosa Br667 and PA14 (69). The MICs were determined by visual
inspection as the lowest concentration without bacterial growth after overnight incubation at 37°C. The
MBC was determined by spotting 10-ul portions of the cultures of the wells of the MIC assay on LB agar
plates, followed by incubation for 24 h at 37°C. The MBC corresponds to the lowest concentration that
showed no growth on plates. All assays were performed in independent triplicates. In addition, a
checkboard MIC assay was also carried out using up to 64 ug/ml polymyxin B nonapeptide (PMBN;
Sigma-Aldrich Company, UK) in combination with LysMK34 (0 to 64 ug/ml).

Similarly, a combination of LysMK34 (0 to 500 pg/ml) and colistin (0 to 64 ng/ml) was evaluated in
50% human serum (Hypo-Opticlear Human Sera; Sigma-Aldrich Company, Ltd., UK). Briefly, exponentially
grown A. baumannii and P. aeruginosa strains were diluted in 100% human serum (10% CFU/ml) and then
exposed to LysMK34 (0 to 500 wg/ml diluted in MH broth) and colistin (0 to 64 ug/ml diluted in MH
broth) for a final concentration of 50% human serum. MIC values were calculated as described above.

Finally, a variation of the MIC assay was performed using pretreated cells as a substrate for the MIC
assay. Thus, exponentially growing A. baumannii strains MK34 and Greek47 were washed twice using
20 mM HEPES-NaOH-150 mM NaCl (pH 7.4). The cells were subsequently treated with either 100 ug/ml
LysMK34 or 0.25X MIC colistin, followed by incubation for 2 h at room temperature. These pretreated
cells were washed twice and diluted in MH broth (108 CFU/ml) for a conventional MIC assay with colistin
(0 to 32 pug/ml) in the case of cells pretreated with LysMK34 or with LysMK34 (0 to 1,000 ug/ml) for cells
pretreated with colistin. Untreated cells were used as a control.

Cytotoxicity assay in human keratinocytes. To test the potential cytotoxicity of LysMK34, a
cytotoxicity model of a epithelial cell line (HaCaT) was used as previously described (70). Briefly, the
real-time cell analyzer (RTCA-DP) xCelligence (ACEA Bioscience, Inc., San Diego, CA) was used to monitor
in real time the growth of the HaCaT cell line, measuring the impedance signal, expressed as cell index
(CI) every 15 min. When the cells reached the confluent growth after 20 h, different concentrations of the
protein (8.13 to 500 ug/ml) were added, and the Cl was measured for an additional 20 h. Values are
finally expressed as the baseline normalized Cl, calculated as previously described (70). SDS at a final
concentration of 100 wg/ml was used as a positive cytotoxic control.

Statistical analysis. SPSS Statistics for Windows v22.0 (IBM Corp.) was used for all calculations. A
Student t test was used to compare the differences between the treated and untreated bacterial cultures
at a level of significance of P < 0.05 (unless otherwise stated).

Accession number(s). The PMK34 full genome sequence was deposited in the NCBI GenBank
database under accession number MN433707.
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