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Novel Engineered Peptides of a Phage Lysin as Effective
Antimicrobials against Multidrug-Resistant Acinetobacter baumannii
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Acinetobacter baumannii is a Gram-negative bacterial pathogen responsible for a range of nosocomial infections. The recent rise
and spread of multidrug-resistant A. baumannii clones has fueled a search for alternative therapies, including bacteriophage
endolysins with potent antibacterial activities. A common feature of these lysins is the presence of a highly positively charged
C-terminal domain with a likely role in promoting outer membrane penetration. In the present study, we show that the C-termi-
nal amino acids 108 to 138 of phage lysin PlyF307, named P307, alone were sufficient to kill A. baumannii (>3 logs). Further-
more, P307 could be engineered for improved activity, the most active derivative being P307, 4 (>5-logkill). Both P307 and
P3075q_sc showed high in vitro activity against A. baumannii in biofilms. Moreover, P3075q_g¢ exhibited MICs comparable to
those of levofloxacin and ceftazidime and acted synergistically with polymyxin B. Although the peptides were shown to kill by
disrupting the bacterial cytoplasmic membrane, they did not lyse human red blood cells or B cells; however, serum was found to
be inhibitory to lytic activity. In a murine model of A. baumannii skin infection, P307, s reduced the bacterial burden by ~2
logs in 2 h. This study demonstrates the prospect of using peptide derivatives from bacteriophage lysins to treat topical infec-

tions and remove biofilms caused by Gram-negative pathogens.

A cinetobacter baumannii is an increasingly significant nosoco-
mial pathogen worldwide (1). Arising from both intrinsic and
acquired antibiotic resistance, multi- and pan-drug-resistant
clones of A. baumannii can readily be isolated from hospital envi-
ronments (2). A. baumannii has been shown to develop resistance
to several classes of antibiotics, including aminoglycosides, ceph-
alosporins, carbapenems, tigecycline, and colistin (3). The reasons
for this high resistance include a high degree of genetic plasticity
combined with an intrinsic resistance to certain antibiotics due to
the presence of B-lactamases, the low permeability of the outer
membrane, and highly efficient efflux pump systems (4). Further-
more, A. baumannii is prone to develop biofilms on solid surfaces,
including medical devices (5). Thus, A. baumannii is not only
problematic as an infectious agent but also increasingly difficult to
be removed from hospital environments, a phenomenon similar
to that observed with the Gram-positive nosocomial pathogen
Staphylococcus aureus.

One of the last-resort antibiotics for A. baumannii is the anti-
microbial peptide polymyxin B (6). The bactericidal effect of poly-
myxin B is mediated through its positively charged DAB (a,y-
diaminobutyric acid) residues interacting with lipopolysaccharide
and destabilizing the outer membrane (7). Many antimicrobial
peptides kill in a similar way: clustered cationic residues perme-
abilize the bacterial membrane to cause lysis and death (8). Due to
this mechanism of action, most of the membrane-acting antimi-
crobial peptides commonly have cytotoxic effects on eukaryotic
cells (9). Indeed, polymyxin B has severe side effects: cytotoxicity,
nephrotoxicity, and neurotoxicity (10). Since careful administra-
tion is required to avoid its toxicity, the dose range of polymyxin B
is limited, and resistant strains of A. baumannii have been docu-
mented (11).

Recently, there has been a growing interest in the use of bacte-
rial viruses (i.e., bacteriophage therapy) to treat infections by
Gram-negative bacteria, including A. baumannii (12—14). Several
phages that infect A. baumannii have been identified and charac-
terized. However, their restricted spectrum (killing only ~60% of
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A. baumannii isolates) limits the effectiveness of such phages as
therapeutic agents (12, 13). Using an alternative bacteriophage-
based approach, our group and others have taken advantage of the
Iytic enzymes (lysins) encoded and produced by bacteriophages
during lytic proliferation (15-18). Bacteriophage lysins are classi-
fied as peptidoglycan hydrolases, being able to cleave a variety of
bonds in the bacterial peptidoglycan. Cleavage of the cell wall by
lysins destabilizes the peptidoglycan and weakens the structural
framework, resulting in hypotonic lysis. Although purified lysins
are effective at killing Gram-positive bacteria (19), the outer
membrane of Gram-negative bacteria largely limits lysins from
accessing and cleaving the subjacent peptidoglycan. Different
strategies have been used to increase the efficiency of lysins against
Gram-negative bacteria, including the use of the chelating agent
EDTA (16, 17), and the genetic engineering of lysins to add either
highly charged/hydrophobic N-/C-terminal extensions (20) or
other membrane-translocating domains (21, 22). However, there
has been little focus on the intrinsic features of certain active lysins
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against Gram-negative bacteria and how they function to allow
the lysins to cross the outer membrane and reach the subjacent
peptidoglycan substrate.

Here, we have identified a highly cationic C-terminal domain
within an A. baumannii phage lysin as a peptide with potent anti-
bacterial activity. We have modified the peptide to further im-
prove its activity and have proven the high efficiency of such pep-
tides to kill A. baumannii both in vitro and in vivo in a skin
infection model.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Acinetobacter baumannii strains
in this study include clinical isolates from Hospital for Special Surgery in
New York (isolates 1775 to 1799) (18), Ohio State University (S1, S3, and
S5 provided by Vijay Pancholi), and ATCC 17978 from the American
Type Culture Collection. Bacteria were cultured in Trypticase soy broth or
brain heart infusion (Thermo Fisher Scientific, Waltham, MA) at 37°C
with aeration (200 rpm). Stationary-phase bacteria were cultured over-
night, while log-phase bacteria were grown for 3 h in fresh medium from
100X dilutions of overnight cultures. Strains for determining the speci-
ficity of the antimicrobial peptides were cultured under the same condi-
tions, at the temperatures indicated: Bacillus anthracis ASterne (30°C),
Escherichia coli DH5a (37°C), Klebsiella pneumoniae ATCC 700603 and
10031 (37°C), Pseudomonas aeruginosa PAO1 (30°C), and Staphylococcus
aureus RN4220 (30°C).

Biofilms were set up as previously described (18). Briefly, an overnight
culture of A. baumannii strain 1791 was diluted 1,000X (~10> CFU/ml)
in Trypticase soy broth containing 0.2% glucose, followed by incubation
at 37°C for 72 h in ~2.5-cm segments of polyvinyl chloride (PVC) cath-
eter tubing (CareFusion) with the ends clamped shut to prevent evapora-
tion. The catheter biofilms were washed with autoclaved Milli-Q water to
remove planktonic cells before peptide treatment. Crystal violet (0.1%)
was used to detect the presence of biofilm.

Peptide synthesis and preparation. Peptides were synthesized at The
Rockefeller University Proteomics Resource Center. All peptides were
created using a Protein Technologies Symphony peptide synthesizer (PTI,
Tucson, AZ) on precoupled Wang (p-alkoxy-benzyl alcohol) resin
(Bachem, Torrance, CA). Reaction vessels were loaded at 25 wM, and
peptides were elongated using Fmoc (9-fluorenylmethoxy carbonyl)-pro-
tected amino acids (Anaspec, San Jose, CA) (23). Deprotection of the
amine was accomplished with 20% piperidine (Sigma-Aldrich) in NMP
(N-methylpyrrolidinone). Repetitive coupling reactions were conducted
using 0.6 M HATU/CI-HOBT (azabenzotriazol tetramethyluronium
hexafluorophosphate/6-chloro-1-hydroxybenzotriazole)(P3 Biosystems,
Shelbyville, KY, USA) and 0.4 M NMM (N-methylmorpholine) using
NMP (EMD) as the primary solvent (24). Resin cleavage and side chain
deprotection were achieved by transferring to a 100-ml round-bottom
flask and reacting with 4.0 ml of concentrated, sequencing-grade, trifluo-
roacetic acid (TFA; Fisher) with triisopropylsilane (Fluka), degassed wa-
ter, and 3,6-dioxa-1,8-octanedithiol (DODT; Sigma-Aldrich) in a ratio of
95:2:2:1 over a 6-h time frame. This was followed by column filtration to
a 50-ml round-bottom flask, and the TFA volume was reduced to 2 ml
using a rotary evaporator. A standard ether precipitation was performed
on the individual peptides by transferring to a 50-ml Falcon tube contain-
ing 40 ml of cold fert-butyl methyl ether (TBME; Sigma-Aldrich). Samples
were placed in an ice bath for 2 h to aid precipitation, followed by pellet
formation using centrifugation (3,300 rpm, 5 min). Excess ether was re-
moved by vacuum aspiration, and the peptide pellets were allowed to dry
overnight in a fume hood. Dried peptide pellets were resolved in 20%
acetonitrile and 10 ml of high-pressure liquid chromatography (HPLC)-
grade water, subsampled for liquid chromatography-mass spectrometry
(LC/MS), and lyophilized. All crude products were subsequently analyzed
by reversed-phase Aquity UPLC (Waters Chromatography, Milford, MA)
using a Waters BEH C, 4 column. Individual peptide integrity was verified
by tandem electrospray mass spectrometry using a ThermoFinnigan LTQ
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(Thermo Fisher, Waltham, MA) spectrometer system. Preparative chro-
matography was accomplished on a Vydac C, s RP preparative column on
a Waters 600 Prep HPLC apparatus. Individual fractions were collected in
30 s intervals, characterized using LC/MS, and fractions containing the
desired product were lyophilized. These were stored at —20°C until they
were resuspended in autoclaved Milli-Q water for various assays. The
stock solutions were then stored at 4°C.

Bactericidal assays. Unless otherwise indicated, stationary-phase bac-
teria (overnight cultures) were used for the assays. Bacteria were washed
in assay buffer, resuspended to ~ 10° CFU/ml, mixed with each antimi-
crobial peptide, and incubated for 2 h at room temperature (22-25°C).
After treatment, the reactions were serially diluted and plated for enumer-
ation. The following factors influencing the activities of the peptides
(P307 and P307, g¢) were examined: buffer (50 mM sodium phosphate
or Tris-HCI, pH 6.8 to 8.8; NaCl, 0 to 200 mM), concentration (0 to 125
pg/ml P307), time (1 to 120 min), specificity (the bacterial strains men-
tioned above), and growth phase (log, stationary, and biofilm). The buffer
system for the experiments with the latter five factors was 50 mM Tris-HCI
(pH 7.5). The biofilm-associated bacteria were resuspended by thor-
oughly scraping the catheter tubing, followed by vortexing for 1 min.

To examine the mechanism(s) of action of the peptides, the following
bactericidal assays were also conducted. The contribution of disulfide
bond formation to the increased activity of P307, s Was investigated by
comparison to P3074 g, in the presence of the reducing agent TCEP [0.1
and 1 mM; tris(2-carboxyethyl) phosphine hydrochloride solution;
Sigma]. To examine the importance of ionic interaction, the least sensitive
Gram-negative bacterial species at pH 7.5 were treated with P307 and
P3075q gc at pH 8.8. Experiments were conducted at least in triplicate,
and representative data are shown as means = standard deviations. The
black horizontal lines mark the limit of detection.

MICs and synergy. The broth microdilution method was used (25) to
determine the MICs of levofloxacin, ceftazidime, polymyxin B, P307, and
P3075q.sc for A. baumannii strains 1791, 1798, S5, and ATCC 17978. For
the antibiotics, 1.5- to 2-fold serial dilutions (three lower and three
higher) of the MICs determined by Etest (18) were included. For the
peptides, 2-fold serial dilutions (2,000 to 31.25 pg/ml) were tested. Over-
night cultures were resuspended to ~10°> CFU/ml in Mueller-Hinton
broth (pH 7.9). Antibiotics or peptides were added to a final volume of
100 pl for each dilution. Bacteria were allowed to grow at 37°C for 24 h at
220 rpm. The absorbance at 595 nm was then read in a SpectraMax Plus
Reader (Molecular Devices). The MICs were determined as the lowest
concentrations of antimicrobial agents that visibly inhibited bacterial
growth. Each experiment was repeated at least twice in duplicate.

To investigate whether synergy exists between each peptide and anti-
biotic, checkerboard assays were conducted by mixing fractional inhibi-
tory concentrations (FICs) of antibiotics (levofloxacin, ceftazidime, and
polymyxin B) with those of peptides P307 and P3074(, 4¢, as previously
described (26). Isobolograms were constructed to determine the FIC in-
dices (FICIs). Each experiment was repeated at least three times.

DNA-binding assay. The affinity of peptide P307 for DNA was inves-
tigated by electrophoretic mobility shift assay (27). P307 was mixed with
50 ng of random DNA (1-kb amplicon of Bdellovibrio genomic DNA) at
different peptide/DNA ratios (0:1 to 15:1) in a binding buffer (5 mM
Tris-HCI [pH 8.0], 10 mM EDTA, 5% glycerol, 20 mM KCI, 50 pg/ml
bovine serum albumin). As a positive control, a peptide from Bdellovibrio
bacteriovorus that was previously found in our laboratory to have DNA-
binding capacity (amino acid sequence MASKTKKTEYIRERKKATSGK
KRKAANRTKGTTKSAKTLFKD) was used (unpublished results). After
incubation for 1 h at 22 to 25°C, the peptide and DNA mixture was ana-
lyzed by agarose gel electrophoresis (27).

TEM. An overnight culture of A. baumannii strain 1791 was collected,
washed in 50 mM Tris-HCI (pH 7.5), and resuspended in the same buffer
to ~10® CFU/ml. The bacteria were treated with 300 pg/ml P3075,_g¢ or
buffer (control) for 5 min or 2 h. The samples were fixed with 2.5%
glyceraldehyde in 0.1 M sodium cacodylate, and then transmission elec-
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TABLE 1 Peptide derivatives of PlyF307¢

Antibacterial Peptides against Acinetobacter baumannii

Derivative Amino acid sequence® pl Molecular mass (kDa)
PlyF307 146 amino acids (GenBank accession number KJ740396) 10.12 16.1

P307 NAKDYKGAAAEFPKWNKAGGRVLAGLVKRRK (amino acids 108 to 138) 10.70 3.4

P307 op.s NAKDYKGAAAEFPKWNKAGGRVLAGLVKRRKAEMELFLK (original) 10.21 4.4

P3075q.sc NAKDYKGAAAEFPKWNKAGGRVLAGLVKRRKSQSRESQC (from hepatitis B virus) 10.38 4.3

P307 4.4 NAKDYKGAAAEFPKWNKAGGRVLAGLVKRRKCSQRQSES (scramble) 10.38 4.3

P3074q.5a NAKDYKGAAAEFPKWNKAGGRVLAGLVKRRKSQSRESQA (C39A) 10.69 4.3

“ Amino acid sequences in single-letter code, theoretical isoelectric points (pI), and molecular masses are presented.

b Different modifications to P307 are indicated by underscoring.

tron microscopy (TEM) images were obtained at a magnification of
X2,600 or X5,000. Representative images are shown in the figures.

SYTOX green uptake assay. The permeability of bacterial membrane
upon peptide treatment was measured by SYTOX green uptake (28).
Briefly, overnight cultures of bacteria were washed and resuspended to
~107 CFU/ml in 50 mM Tris-HCI (pH 7.5). Benzonase nuclease (25
U/ml; Novagen) and SYTOX green (1 wM; Invitrogen) was added to the
bacterial cells, followed by incubation for 15 min at 22 to 25°C in the dark.
Peptides (50 pg/ml) were added, and polymyxin B (2 pg/ml; Sigma) was
used as a control (29). Relative fluorescence units were measured in a
SpectraMax Plus reader (Molecular Devices) at 22 to 25°C (excitation, 485
nm; emission, 520 nm) for 2 h. Experiments were carried out twice in
duplicate, and representative data are shown as means * standard devia-
tions.

Cytotoxicity assays. The hemolytic assays were conducted as previ-
ously described (28). Briefly, human blood was gathered in an EDTA tube,
and red blood cells (RBCs) were collected through low-speed centrifuga-
tion. Cells were washed and resuspended to a 10% RBC solution in PBS
and then mixed with 345 pg/ml P3074q gc. Phosphate-buffered saline
(PBS) and 1% Triton X-100 were used as negative and positive controls,
respectively. After 1 h of incubation at 37°C, the supernatant was col-
lected, and the absorbance at 405 nm was recorded through a SpectraMax
Plus Reader (Molecular Devices) to measure the release of hemoglobin.
The reactions were carried out twice in triplicate, and representative data
are shown as means = standard deviations.

A human B lymphoblastoid cell line (LCL) obtained from The Rocke-
feller University Hospital was grown in RPMI 1640 medium (Thermo
Fisher Scientific) supplemented with 10% fetal bovine serum. Cells were
harvested by low-speed centrifugation, washed, and resuspended in PBS
to ~5 X 10° live cells/ml, as determined by trypan blue exclusion tests.
LCL cells (~5 X 10°) were incubated with 172.5, 345, and 517.5 pg/ml
P3075.sc at 37°C in a humidified 5% CO, atmosphere for 1 h. The cells
were then stained according to the manufacturer’s instructions (Cell Titer
96 nonradioactive cell proliferation assay; Promega), where live B cells
reduced the dye to insoluble formazan for an additional 4 h. Solubiliza-
tion/stop solution was added, followed by incubation at 37°C overnight.
Next, the absorbance at 570 nm was measured in SpectraMax Plus Reader
(Molecular Devices) to quantitate B cell survival. Triton X-100 was used as
apositive control. The reactions were carried out in triplicate, and data are
shown as means * standard deviations.

Endotoxin release. To detect the amount of endotoxin release, strain
1791 (~107 CFU/ml) was incubated at 22 to 25°C for 2 h with different
concentrations of P307 or P3074q gc. The samples were briefly centri-
fuged (2,000 X g) for 1 min to remove live cells. All reagents were prepared
in endotoxin-free autoclaved Milli-Q water. An endpoint chromogenic
LAL assay (Lonza) was conducted according to the manufacturer’s in-
structions. Polymyxin B and 100% ethanol were used for comparison and
for a positive control, respectively. The experiment was conducted twice
in duplicate, and representative data are shown as means * standard
deviations.

Bactericidal activity in plasma and its components. Human blood
was collected in a heparin tube and centrifuged. The supernatant was
filtered and stored at 4°C overnight. The filtrate was centrifuged and fil-
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tered again to remove any debris. The resulting solution was used as 100%
plasma. The components of plasma examined for interference were mon-
ovalent cation (Na™"), divalent cations (Ca>"* and Mg”"), and albumin.
Chloride salts of the cations and albumin from human serum (lyophilized
powder, =97%; Sigma) were prepared in Milli-Q water and sterile fil-
tered. Bactericidal assays, performed as described above, were conducted
in 100% plasma and in buffered solutions (50 mM Tris-HCI [pH 7.5])
containing 150 mM NaCl, 1 mM CaCl,, 1 mM MgCl,, and 50 mg/ml
human serum albumin using 100 pwg/ml P307 or P307, g¢. The experi-
ments were conducted at least in triplicate, and the data are shown as
means * standard deviations.

Mouse in vivo skin model. The Rockefeller University Institutional
Animal Care and Use Committee approved all in vivo protocols. Skin
infection was induced with A. baumannii as previously described (30).
Briefly, the backs of 30 female CD-1 mice (6 to 8 weeks of age; Charles
River Laboratories) were shaved with an electric razor. Nair depilatory
cream was applied to the shaved areas to remove any remaining hair. The
areas were then disinfected with alcohol wipes and tape stripped with
autoclave tape 20 times in succession, using a fresh piece of tape each time.
The tape-stripped areas were disinfected again with alcohol wipes. An area
of ~1 cm” was then marked and infected with 10 ul of ~10® CFU/ml of A.
baumannii strain 1791. The bacteria were allowed to colonize for 16 to 18
h, after which the infected area was either left untreated or treated with
200 pg of P3074q g or 2 pug of polymyxin B in autoclaved Milli-Q water
for 2 h. To harvest the remaining bacteria on the skin, the mice were
sacrificed, and the infected skin was processed in 500 .l of PBS for 1 to 2
min in a Stomacher 80 Biomaster using a microbag (Seward, Ltd., United
Kingdom). The solution was serially diluted and plated on LB agar con-
taining 4 pg/ml levofloxacin and 12 pg/ml ampicillin for selection. The
resulting CFU/ml values from each animal were plotted as individual
points, and horizontal bars represent the mean values. Data were analyzed
using Ordinary one-way analysis of variance (ANOVA) in GraphPad
Prism 6.0. The dotted horizontal line marks the limit of detection.

RESULTS
Identification and modification of putative antibacterial pep-
tides from phage lysin PlyF307. Previously published works on
phage lysins against Gram-negative bacteria (15, 18) suggested
that the C-terminal portions of lysins might destabilize the bacte-
rial outer membrane to facilitate access to the lysin’s substrate, i.e.,
the peptidoglycan. Specifically, the highly cationic C-terminal re-
gion of A. baumannii phage lysin LysAB2 was speculated to be
involved in permeabilizing the outer membrane (15). We were
able to identify a similar highly positively charged sequence in one
of our A. baumannii phage lysins, PlyF307 (18). This peptide,
termed P307 (Table 1), extends from amino acids 108 to 138 in
PlyF307 and partly resembles the LysAB2 peptide in terms of
length and charge, but shares only 41.2% similarity and 17.6%
identity (MacVector ClustalW alignment).

We modified P307 with the eight amino acids constituting the
full C-terminal part of native PlyF307, forming peptide P307 4
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F307

SQSRESQC

AEMELFLK

FIG 1 Structural predictions of PlyF307 and P30744 g¢. (A) Full-length lysin
PlyF307 is shown in blue, P307 fragment is shown in green, and the last eight
amino acids (AEMELFLK) are shown in red. (B) P30754 g is shown with P307
in green and the last eight amino acids (SQSRESQC) in purple. Structures were
predicted using I-TASSER server (Zhang lab, University of Michigan) (31-33).

(Table 1). In addition, we fused eight amino acids (SQSRESQC) to
the C terminus of P307 and yielded P30754 ¢ (Table 1). This
modification was based on the observation of an earlier study
showing that the lack of these eight amino acids reduces the activ-
ity spectrum of the antimicrobial peptide from hepatitis B virus
core protein (28). We also generated two additional modifications
of P30754_gc: scrambling the sequence of the last eight amino
acids to CSQRQSES (P307_g); and changing the last amino acid
from Cto A (P30754 g4) (Table 1). The sequence was scrambled to
evaluate the importance of a specific sequence and the cysteine
change was introduced to examine the importance of intermolec-
ular disulfide bond formation for activity. A predicted structure of
PlyF307, generated through I-TASSER (31-33), suggested that
P307 and its derivatives formed a “hairpin-like” di-alpha-helical
structure connected with a flexible linker region (Fig. 1).

Comparison of the peptides. We evaluated the bactericidal
activities of the peptides P307, P307 , . g, and P3075,_g¢. P3075¢ 5
was the most active, reducing ~10° CFU/ml of bacteria to below
the limit of detection (<10 CFU/ml). P307 was slightly more ac-
tive than P307,5_g, but both peptides induced an ~3.8-log de-
crease in viability (Fig. 2A). Since P307;q, g was the most active,
we investigated the importance of the last eight amino acids SQS
RESQC. To test whether the linkage between P307 and the 8-ami-
no-acid peptide was important, we compared the activities of
P307,P30754_sc, the combination of P307 and equimolar concen-
trations of the SQSRESQC peptide, and the SQSRESQC peptide
alone. We found that the combination was only as active as P307,
while the SQSRESQC peptide alone had no activity (Fig. 2B).
Hence, the linkage was essential for the high bactericidal activity of
P30754.sc. Next, we investigated the importance of sequence and
composition by synthesizing P307.g_¢ with the last eight amino
acids in P30754 g scrambled to CSQRQSES. The bactericidal ac-
tivities of P307;4, g and P307 5 ¢ were comparable (Fig. 2C), in-
dicating that the amino acid composition was more important
than the sequence for the superior activity of P307s¢, gc. For further
investigation, we used P3074 g since it was the most active, and
compared its activity to P307.

Bactericidal activities of P307 and P307;, 5¢. The effects of
pH and NaCl on the in vitro activities of P307 and P307q, g were
investigated. A. baumannii strain 1791 was treated with 50 pg/ml
of either peptide in the presence of various pH and salt conditions.
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FIG 2 Comparison of in vitro bactericidal activities of peptides. Bacteria were
treated with 50 wg/ml of each peptide for 2 h at 22 to 25°C. Serial dilutions were
plated for CFU counting. (A) The bactericidal activities of P307 and its variants
P307 ;g and P3074 g¢ against A. baurmannii strains 1791, S5, and ATCC
17978. (B) The activities of P307, P30754 g, and equimolar SQSRESQC pep-
tide with or without P307 against strains 1791 and S5. (C) The activities of
P3075q.sc and a scramble variant P307 -5 ¢ against strains 1791, §5, and ATCC
17978. The error bars show the standard deviations, and the black horizontal
lines mark the limit of detection.

Using two buffer systems (sodium phosphate and Tris-HCI), we
compared pH 6.8, 7.5, 8.0, and 8.8 and found that the peptides
were more active in Tris-HCI buffer and that higher pH values
elicited better killing (see Fig. S1A in the supplemental material).
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FIG 3 In vitro bactericidal spectra of P307 and P3075q 4. Different bacterial species (A. baumannii, B. anthracis, E. coli, P. aeruginosa, S. aureus, and K.
preumoniae) were treated with 50 ug/ml P307 or P3074¢_gc in 50 mM Tris-HCI (pH 7.5) for 2 h at 22 to 25°C to investigate the specificity of the peptides. Serial
dilutions were plated for CFU counting. The error bars show the standard deviations, and the black horizontal line marks the limit of detection.

Thus, we elected to continue our in vitro experiments with 50 mM
Tris-HCI (pH 7.5) to approximate physiological pH. The activities
of both peptides were inversely proportional to the concentration
of NaCl (see Fig. S1B in the supplemental material). When titra-
tion and killing kinetics were investigated, we found that the ac-
tivities of both peptides were concentration-dependent (see Fig.
S1C in the supplemental material). P307¢ g¢ acted faster than
P307, resulting in ~3.2-log decrease after 5 min, with a continued
reduction in bacterial count up to ~5 logs 120 min after P30754 g
addition (see Fig. SID in the supplemental material). There was
no difference in the activities of both peptides either at room tem-
perature (22 to 25°C) or 37°C (data not shown). From these in
vitro characterization experiments, we chose our optimal experi-
mental conditions to be 50 pg/ml peptides in 50 mM Tris-HCI
(pH 7.5) for 2 h at 22 to 25°C, unless otherwise indicated.

We also examined the in vitro bactericidal spectra of P307 and
P30754_sc. Among the bacteria tested, A. baumannii strains were
consistently the most sensitive to the peptides, showing an average
of2.7- and 6.2-log decrease with P307 and P30754_gc, respectively.
Bacillus anthracis, Pseudomonas aeruginosa, and Staphylococcus
aureus were moderately sensitive to P307 and P30754 g¢, with
~1.3-and 2.9-log average decreases, respectively. Both Escherichia
coli and Klebsiella pneumoniae were resistant to the peptides under
these experimental conditions (Fig. 3). However, at pH 8.8, both
were sensitive to 50 pg/ml of the peptides (see Fig. S2 in the sup-
plemental material).

To examine the activity of each peptide against A. baumannii at
different growth phases, we compared the sensitivities of strain
1791 at log phase, at stationary phase, and in biofilms. The log-
phase organisms were slightly more sensitive to P307 than at sta-
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tionary phase (an ~3.7-log decrease versus a 2.4-log decrease)
(Fig. 4A). However, no such difference was observed for P3074 4,
with both growth phases being equally sensitive to the maximal
killing effect of the P3074,.gc (>5-log decrease). Biofilm-associ-
ated A. baumannii was more resistant (Fig. 4B). Biofilms were
treated with 250 ug/ml P307 or P3074 g for 2 or 24 h. After 2 h,
~3- and 4-log decreases in CFU/ml were observed with P307 and
P30754.sc, respectively. After 24 h, an additional ~1.3-log de-
crease was observed with P307, while there was no further de-
crease with P307¢4 g¢.

MIC and synergy. In order to compare the efficiency of the
peptides with clinically used antibiotics, we performed MIC assays
on four A. baumannii strains: 1791, 1798, S5, and ATCC 17978.
The strains displayed various degrees of sensitivity to levofloxacin,
ceftazidime, and P307, while the MICs of polymyxin B and
P307;4 s were more consistent (Table 2). P307;4, g had a lower
MIC than P307, which was in accordance with in vitro killing
activity (Fig. 2 and 3).

We also examined the synergistic effects between each peptide
and levofloxacin, ceftazidime, or polymyxin B by the checker-
board method (isobologram). No synergy was observed between
either peptide and levofloxacin or ceftazidime (data not shown).
However, polymyxin B acted synergistically with both P307 and
P307¢q.gc (FICIs = 0.125).

Mechanism of action. Since P307, g contained a C-terminal
cysteine, we investigated the importance of disulfide bond forma-
tion for the high activity of P30754_gc. SDS-PAGE analysis showed
that a portion of P30754 g (~5 to 10%) ran at twice the theoret-
ical molecular mass of this peptide (data not shown), suggesting a
role for disulfide bond formation. To examine this, the C-terminal
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FIG 4 Bactericidal activities of P307 and P307sq g against A. baumannii
strain 1791 at log phase, at late stationary phase, and in biofilm. (A) Bacteriain
log phase and late stationary phase were treated with 50 wg/ml P307 or
P3075q gc for 2 h at 22 to 25°C. (B) A. baumannii biofilms in PVC catheters
were treated with 250 pg/ml of P307 or P3075_g¢ for 2 or 24 h at 22 to 25°C.
Serial dilutions were plated for CFU counting. The error bars show the stan-
dard deviations, and the black horizontal line marks the limit of detection.

cysteine residue of P3075q_gc (the only cysteine in this peptide)
was changed to alanine. The resulting alanine variant, P3075¢ ga,
ran at the expected size for a peptide monomer (4.3 kDa) with no
observable band at the dimer location by SDS-PAGE (data not
shown). The difference in bactericidal activities of P307, ¢, and
P30754 g were compared within the limit of detection by lower-
ing the peptide concentration from 50 to 10 pg/ml. Furthermore,
TCEP (0.1 and 1 mM) was added to specifically reduce disulfide
bonds. Without TCEP, P307;4 g was more active than P30754 g4
(an ~5-log decrease versus an ~2.7-log decrease) (see Fig. S3 in
the supplemental material). The addition of TCEP did not affect
P30754.a, Whereas the activity of P307;4 g was reduced by ~2
logs. However, P307;4_g, was still more active than P307, suggest-
ing that although disulfide bond formation was important, it was
not the only contributing factor for the superior activity of
P30750sc-

Next, due to the presence of several cationic residues on the
peptides (net charge of +7), we investigated their effects on two of
the negatively charged components of the bacteria: membrane
and DNA. TEM was used to visualize the effects 0of P3074_gc on A.
baumannii membrane. The samples were prepared by treating A.
baumannii strain 1791 with buffer (control) or 300 wg/ml
P30754 ¢ for 5 min or 2 h. A comparison of the TEM images
revealed that treatment with P307;, 4¢ led to (i) changes in intra-
cellular density, (ii) an appearance of “intact bacterial ghosts,” and
(iii) occasional disruption of the cell wall and cytoplasmic mem-
brane (Fig. 5). The affinity of P307 for DNA was examined by
electrophoretic mobility shift assay. There was no shift in molec-
ular weight at all ratios of P307 to DNA tested, whereas a positive-
control peptide known to bind DNA caused a clear shift in elec-
trophoretic mobility (see Fig. S4 in the supplemental material).

Since our data suggested a killing mechanism by cytoplasmic
membrane destabilization, we measured bacterial membrane dis-
ruption by P307 and P3074q gc using the SYTOX green uptake
assay. Both peptides permeabilized the membranes of A. bauman-
nii strain 1791 at pH 7.5 and K. pneumoniae strain ATCC 700603
at pH 8.8, giving rise to an increase in fluorescent signals of
SYTOX green dye as it bound to intracellular DNA (see Fig. S5 in
the supplemental material). In contrast, the signal increase was
minimal for K. prneumoniae ATCC 700603 at pH 7.5. The results
were consistent with the difference in sensitivities of the bacterial
species at different pH (Fig. 3 and see Fig. S2 in the supplemental
material).

Cytotoxicity. Since membrane-acting antimicrobial peptides
have been shown to be active against mammalian membranes (9),
the cytotoxicity of the peptides were evaluated using human RBCs
and B cells. In contrast to the 1% Triton X-100 positive control,
345 ug/ml P30744 gc did not lyse RBCs but killed A. baumannii

TABLE 2 MIC comparison for peptides and antibiotics examined in this study

MIC (p.g/ml and uM)*

Levofloxacin Ceftazidime Polymyxin B P307 P3075q.5¢
A. baumannii strain pg/ml M pg/ml M pg/ml M pg/ml M pg/ml M
1791 6 16.6 128 234 0.25 0.19 750 221 62.5 14.5
1798 32 88.6 >1,024 >1,873 0.25 0.19 1,000 294 62.5 14.5
S5 6 16.6 64 117 0.25 0.19 2,000 588 125 29
ATCC 17978 0.075 0.21 6 11 0.25 0.19 750 221 125 29

“ Numbers in boldface indicate resistance to the antibiotics.
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A Untreated

FIG 5 Representative TEM images of A. baumannii strain 1791: untreated
control (A) and treatment with 300 wg/ml of P3074, 4 for 5 min (B) or for 2
h (C). Magnifications: X2,600 (left panels; scale bar, 2 wm) and X5,000 (right
panels [top and bottom]; scale bar, 0.5 pm).

strain 1791 (~4.8 logs) in PBS (see Fig. S6A in the supplemental
material). Similarly, the survival of B cells was not significantly
affected by P30754_gc at 172.5, 345, and 517.5 pg/ml (see Fig. S6B
in the supplemental material).

Endotoxin release upon peptide treatment. Even though the
peptides did not display cytotoxicity against human RBCs, toxic-
ity could possibly arise from the bacterial endotoxin released upon
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peptide treatment. Hence, we measured the amount of endotoxin
released by A. baumannii strain 1791 after 2 h of incubation with
peptides using an endpoint chromogenic LAL assay (Lonza). We
found that the peptides generated endotoxin unit concentrations
similar to that of the 100% ethanol positive control. Polymyxin B
released more endotoxin at 0.5 pg/ml than at 2 pg/ml (see Fig.
S6C in the supplemental material), but less than the peptides. This
apparent reduced release was likely due to the known interaction
of polymyxin B with lipid A (7), the active component for the LAL
assay. The peptides did not interfere with endotoxin detection
(data not shown).

Bactericidal activities in plasma and its components. In order
to choose a suitable in vivo model, we examined the activities of
the peptides in human blood plasma. Both P307 and P3075q g
(100 pg/ml) were inactive in 100% plasma. The activities in Tris
buffer were also interfered to various degrees by the addition of
monovalent and divalent cations, as well as human serum albu-
min, at physiological concentrations (see Fig. S6D in the supple-
mental material).

In vivo mouse skin model. Since blood plasma interfered with
the activities of both peptides, and the skin is a common route of
infection by A. baumannii, we decided to investigate the in vivo
activity of P3075,.sc using a mouse skin infection model. Skin
abrasions were induced on the shaved backs of the mice by tape-
stripping, and the irritated skin was infected with 10° CFU of A.
baumannii strain 1791 for 16 h. The infected area was then treated
with 2 ug of polymyxin B or 200 g of P3075q g¢ for 2 h; the
infected skin was then excised and processed for bacterial counts.
Both treatments were found to significantly reduce the bacterial
load (~2logs) in the infected skin using this single dose (P < 0.02,
ordinary one-way ANOVA) (Fig. 6).

DISCUSSION

Due to the notable antibiotic resistance mechanisms of A. bau-
mannii (1), membrane-acting drugs such as polymyxin B and
colistin, with toxic side effects and rising resistance, are now the
last-resort drugs (34). To address the A. baumannii threat, several
groups have evaluated the use of bacteriophage endolysins to kill
multidrug-resistant A. baumannii (15, 17, 18). It has been hypoth-
esized that the innate bactericidal activities of some of these lysins
stem from the permeabilization of the bacterial outer membrane
by the highly positively charged C-terminal portions (15, 18). We
showed here that P307, a C-terminal-based peptide from PlyF307
(18), by itself, had high in vitro bactericidal activity (Fig. 2A).
Furthermore, we demonstrated that P307 could be further engi-
neered for log-fold-increased activity. Compared to P307, or to
P307 yp_s with the eight amino acids (AEMELFLK) constituting
the full C-terminal part of native PlyF307 (Fig. 1), the modified
peptide P307;q_g¢ With polar amino acids (SQSRESQC) at the C
terminus was 10 to 15 times more active (Fig. 3 and Table 2).
Comparison of P30744_gc to the scrambled P307 -5 ¢ revealed that
the six neutral and two charged polar amino acids could be added
in an alternate order for similar bactericidal activity (Fig. 2C).
Thus, while both AEMELFLK and SQSRESQC complete the
length of the alpha helix to correspond to the adjacent helix in the
hairpin structure (Fig. 1), it is the characteristics of the amino
acids in the SQSRESQC sequence (not the structure) that dictate
the increase in activity.

Both P307 and P3075, g¢ displayed high in vitro bactericidal
activities. Not only were they effective against numerous clinical
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FIG 6 In vivo activity of P307s_g¢ Versus that of polymyxin B on the skin of
tape-stripped mice infected with A. baumannii strain 1791. Topical treatments
included no treatment (negative control), 2 g of polymyxin B (1.5 nmol), and
200 pg of P307;4 g (46.5 nmol) for 2 h. The bars show the mean values, and
each dot represents one mouse. Statistically significant differences were noted
for the comparison pairs—(i) negative control and polymyxin B (P = 0.0148)
and (ii) negative control and P3075q ¢c (P = 0.0157)—with an ~2-log de-
crease in A. baumannii in each treatment (ordinary one-way ANOVA, multi-
ple comparisons, uncorrected Fisher LSD test). The dotted line marks the limit
of detection.

isolates of A. baumannii (Fig. 3) but they also killed bacteria in
biofilms on the surface of catheters (Fig. 4B). Since the success of
A. baumannii as an opportunistic pathogen is attributed to its
improved survival through biofilm formation and persistence in
hospital environments (35), the ability of the peptides to kill bio-
film-associated bacteria could be harnessed to disinfect hospital
environments, as well as to eliminate A. baumannii from the lu-
mens of catheters in situ. While the in vivo utility of the peptides
might be limited due to the diminished activity in plasma, the
peptides could still be useful on abiotic surfaces such as coatings
for ventilators and catheters.

To further increase the potency of the peptides, we analyzed
the mechanism of action by various in vitro characterizations. The
peptides were more active at higher pH but did not tolerate salin-
ity. E. coli and K. pneumoniae were resistant to the peptides at pH
7.5 but were susceptible at pH 8.8 (Fig. 3 and see Fig. S2 in the
supplemental material). Since the charges on the peptide were not
expected to vary as the pH changed from 7.5 to 8.8, we reasoned
that the changes likely occurred on the bacterial membrane. At
higher pH, the bacterial membrane can lose its cations, allowing
the positively charged peptides to establish ionic interactions to
disrupt the membrane integrity. Based on these observations and
data, we postulate the following mechanism of action: P3075¢ g
traverses the outer membrane and establishes ionic interactions
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with the bacterial cytoplasmic membrane to gain entry into the
cell. In the process, the peptide disrupts both outer and inner
membranes (as suggested by endotoxin release assay and as shown
by TEM images and SYTOX green uptake assay) killing the cell.
Assay with TCEP and P307¢, g4 also suggested that the bacteri-
cidal activity was higher (by ~2 logs) when P307¢q - Was
dimerized. With this knowledge base, we are currently exploring
additional engineering strategies to further improve both PlyF307
and P3075q g¢.

Nosocomial A. baumannii infections of deep wounds, burns,
and bone or bone marrow are highly prevalent, and the isolates are
often multidrug resistant (36). Since one of the common infection
routes of A. baumannii is through damaged skin, we utilized an
already established skin infection model (30) for our in vivo char-
acterization of P307 g¢. The backs of the mice were shaved and
tape stripped to create skin irritations, which were then inoculated
with 10° CFU of A. baumannii strain 1791. After 16 h of infection,
mice were topically treated with a single dose of 46.5 nmol of
P3075q_gc or 1.5 nmol of polymyxin B. Both treatments signifi-
cantly lowered the bacterial burden (an ~2-log decrease) in the
skin (Fig. 6).

In conclusion, we engineered the positively charged C-termi-
nal peptide P307 from the A. baumannii phage lysin PlyF307 for
improved bactericidal activity. The peptides exhibited high in
vitro activities and thus could potentially be utilized to control A.
baumannii on abiotic surfaces. The target of the peptides appeared
to be the bacterial membrane and the interaction likely occurred
through electrostatic forces. Despite the membrane target, the
peptides did not lyse or kill human RBCs and B cells. Although
body fluids and cations interfered with the activities of the pep-
tides, P3075 g significantly decreased the bacterial cell countina
murine skin infection by A. baumannii. We are currently investi-
gating different designs to improve the activities of the peptides, as
well as other phage lysins, against A. baumannii.
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thors showed that the antibacterial activity of Acinetobacter lysin
OBPgp279 was enhanced by the addition of the first eight amino
acids (KWKLFKKI) of the cecropin A peptide to the N terminus.
However, direct comparisons of the modified lysin termed PlyA to
the native OBPgp279 lysin were not shown. PlyA was also found to
be inactive in serum and other media.
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