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Eradication of established biofilm communities of pathogenic Gram-negative species is one of the pending challenges for the
development of new antimicrobial agents. In particular, Pseudomonas aeruginosa is one of the main dreaded nosocomial spe-
cies, with a tendency to form organized microbial communities that offer an enhanced resistance to conventional antibiotics. We
describe here an engineered antimicrobial peptide (AMP) which combines bactericidal activity with a high bacterial cell aggluti-
nation and lipopolysaccharide (LPS) affinity. The RN3(5-17P22-36) peptide is a 30-mer derived from the eosinophil cationic pro-
tein (ECP), a host defense RNase secreted by eosinophils upon infection, with a wide spectrum of antipathogen activity. The pro-
tein displays high biofilm eradication activity that is not dependent on its RNase catalytic activity, as evaluated by using an active
site-defective mutant. On the other hand, the peptide encompasses both the LPS-binding and aggregation-prone regions from
the parental protein, which provide the appropriate structural features for the peptide’s attachment to the bacterial exopolysac-
charide layer and further improved removal of established biofilms. Moreover, the peptide’s high cationicity and amphipathicity
promote the cell membrane destabilization action. The results are also compared side by side with other reported AMPs effective

against either planktonic and/or biofilm forms of Pseudomonas aeruginosa strain PAO1. The ECP and its derived peptide are
unique in combining high bactericidal potency and cell agglutination activity, achieving effective biofilm eradication at a low
micromolar range. We conclude that the designed RN3(5-17P22-36) peptide is a promising lead candidate against Gram-nega-

tive biofilms.

P5eudomonas aeruginosa is a major nosocomial pathogen re-
sponsible for severe chronic and acute infections (1, 2). In
particular, P. aeruginosa is one of the most frequent causes of
ventilator-associated pneumonia and catheter-related blood-
stream infections (3, 4). Patients with acquired immune defi-
ciency syndrome (AIDS), burn wounds, or cystic fibrosis have a
high risk of developing a serious infection, and this increased risk
is related to a high death rate (5-7). P. aeruginosa can acquire
resistance to certain antibiotics and, most importantly, is also able
to form biofilms on inert surfaces such as medical devices of in-
ternal and external use. A biofilm, a microbial community at-
tached to an abiotic surface, represents an additional challenge to
antimicrobial therapies. Biofilm formation is induced by geno-
typic and phenotypic changes of the planktonic microorganisms
which lead to an ensuing multilayered cell cluster structure coated
by an external polysaccharide matrix composed of polysaccha-
rides, proteins, and extracellular DNA (8). P. aeruginosa, once
organized in a biofilm structure, becomes more resistant to anti-
biotic agents and immune system clearance and thus requires a
more elaborate strategy for successful treatment of associated in-
fections (9).

Antimicrobial proteins and peptides (AMPs) have been pro-
posed as a new alternative to current treatments for biofilm-asso-
ciated infections (10-13). AMPs are small, amphipathic, and fre-
quently cationic molecules that present a rapid, high-potency, and
broad-spectrum action against microorganisms (14-16). In our
laboratory, we study human RNases as a new potential source of
alternative antimicrobial agents (17, 18). Human RNase 3, also
known as the eosinophil cationic protein (ECP), is a small, highly
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cationic protein (pI ~11) that is stored in the secondary granules
of eosinophils (19, 20). RNase 3 is secreted during the infection
process, where the protein exerts high antimicrobial activity
against a wide range of microorganisms, such as bacteria, yeast,
viruses, and parasites (18, 21-24). Moreover, our laboratory has
reported RNase 3’s high affinity with negatively charged lipopoly-
saccharides (LPS) from Gram-negative bacteria outer membranes
(25), a feature that mediates the protein’s high bacterial aggluti-
nation ability (26). Indeed, RNase 3’s interaction with the bacte-
rial envelope promotes its self-aggregation and triggers bacterial
cell death (27). Experimentally, we have determined that the N-
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terminal region of RNase 3 largely retains the antimicrobial, LPS-
binding, and agglutinating properties of the whole protein (28).
Exposure of a hydrophobic patch at the protein’s N terminus in-
duces the formation of amyloid-like protein aggregates (29) that
can drive the cell agglutination process (27). The essential se-
quence requirements defining the protein’s key active region were
then outlined by a structure-based algorithm to identify new
AMPs (30).

In the present work, we explored the potential of a new ECP-
derived peptide, RN3(5-17P22-36), which combines a significant
size reduction together with a high antimicrobial efficacy. In par-
ticular, the peptide, which encompasses the aggregation-prone
region together with the LPS-binding domain, proved highly ef-
fective against both planktonic and established biofilms of P.
aeruginosa. The peptide mechanism was evaluated by means of a
variety of functional methodologies, and the direct action on the
biofilm structure was visualized by confocal microscopy. The an-
timicrobial properties of the RNase 3-derived peptide were com-
pared with properties of previously characterized antimicrobial
peptides with reported activity against P. aeruginosa biofilms and
LPS-binding or cell-agglutinating properties.

Our comparison demonstrated that the N-terminal peptide
RN3(5-17P22-36) was the only peptide able to totally remove es-
tablished biofilms through bacterial killing and agglutination,
highlighting the huge potential of the RNase 3-derived peptide for
P. aeruginosa biofilm eradication.

MATERIALS AND METHODS

Reagents and bacteral strains. BODIPY TR cadaverine [BC; BODIPY
is boron dipyrromethane (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene]
was purchased from Invitrogen (Carlsbad, CA). Sytox Green was pur-
chased from Invitrogen (Carlsbad, CA). LPS from P. aeruginosa, fluores-
cein isothiocyanate (FITC)-labeled lectin from Triticum vulgaris (wheat
germ agglutinin [WGA]), crystal violet dye, FITC, and 2-(4-amidinophe-
nyl)-6-indolecarbamidine dihydrochloride (DAPI) were purchased from
Sigma-Aldrich (St. Louis, MO). The Alexa Fluor 488 protein-labeling kit
and the Live/Dead bacterial viability kit were purchased from Molecular
Probes (Eugene, OR). The BacTiter-Glo assay kit was from Promega
(Madison, WI). Escherichia coli BL21 was from Novagen (Madison, WI),
and Staphylococcus aureus (ATCC 502A) was obtained from the Coleccion
Espafiola de Cultivos tipo (CECT), Universidad de Valencia, Valencia,
Spain.

Pseudomonas aeruginosa PAO1 (31) was a kind gift from Isidre Gibert
(Institut de Biotecnologia i Biomedicina, Universitat Autonoma de Bar-
celona, Cerdanyola del Valles, Barcelona, Spain. P. aeruginosa clinical iso-
lates were provided by the Microbiology Service of Valle Hebron Hospital,
Spain. Fresh sheep blood was purchased from Oxoid (Basingstoke, United
Kingdom). The MRC-5 human lung fibroblast cell line was supplied by
the Cell Culture Service (Institut de Biotecnologia i Biomedicina, Univer-
sitat Autonoma de Barcelona, Cerdanyola del Valles, Barcelona, Spain.

Protein and peptides. Recombinant RNase 3 was expressed from a
human synthetic gene cloned in pET11c. Protein expression in the E. coli
BL21(DE3) strain, folding of the protein from inclusion bodies, and pu-
rification were carried out as previously described (32). The RNase
3-H15A mutant was constructed using the QuikChange site-directed mu-
tagenesis kit (Stratagene, La Jolla, CA). Mutation was confirmed by DNA
sequencing, and the purified proteins were analyzed by matrix-assisted
laser desorption ionization—time of flight mass spectrometry and N-ter-
minal sequencing.

All the peptides used in this work were acquired from Genecust
(Dudelange, Luxembourg); the RNase 3 N-terminal-derived peptides
[RN3(1-36) and RN3(5-17P22-36)] and the antimicrobial reference pep-
tides human cathelicidin LL-37, cecropin A-melittin hybrid peptide
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(CA-M), the bacteria-agglutinating peptide derived from the parotid se-
cretory protein (GL-13), and the B-boomerang peptide (WY-12) were all
synthesized with C-terminal amidation.

Hemolysis. Peptide hemolysis was determined as previously described
(33). Briefly, fresh sheep red blood cells were washed three times with
phosphate-buffered saline (PBS; 35 mM phosphate buffer, 0.15 M NaCl;
pH 7.4) by centrifugation for 5 min at 3,000 X g and resuspended in PBS
at 2 X 107 cells/ml. Red blood cells were incubated with increasing con-
centrations of peptides (from 0.01 to 400 wM) at 37°C for 4 h and centri-
fuged at 13,000 X g for 5 min. The supernatant was separated from the
pellet, and its absorbance was measured at 570 nm. The negative control
was red blood cells incubated in PBS. The 100% hemolysis point was
defined as the absorbance obtained by incubating the blood with distilled
water. The concentration required to achieve 50% hemolysis (HCs,) was
calculated by fitting the data to a sigmoidal function.

Cytotoxicity assay. Cytotoxicity was measured for the MRC-5 human
cell line in an 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
(MTT; Sigma-Aldrich) assay. MRC-5 cells were grown in 5% CO, at 37°C
with minimal essential medium supplemented with 10% fetal bovine se-
rum (FBS). Cells were plated at 5 X 10* cells/well in a 96-well plate and
incubated overnight. Next, the medium was removed and serial dilutions
of proteins and peptides were added at concentrations ranging from 400
t0 0.2 .M in 100 pl of medium without serum. After 4 h of incubation, the
medium was replaced with fresh medium containing 10% MTT solution
and the mixture was incubated for 3 h in 5% CO, at 37°C. The medium
was then removed. Formazan was dissolved by adding acidic isopropanol.
The optical density (OD) was recorded by using an enzyme-linked immu-
nosorbent assay reader (Infinite M200 microplate reader; Tecan) set at
550 nm and 630 nm as references. Reference absorbance at 630 nm was
used to correct for nonspecific background values. Each experiment was
repeated at least three times.

Minimum bactericidal concentration. Antimicrobial activity was
calculated as the minimum bactericidal concentration (MBC), defined as
the lowest protein/peptide concentration that completely eradicated mi-
crobial growth. The MBC of each protein/peptide was determined as de-
scribed previously (27, 34). Bacteria were incubated at 37°C overnight in
Luria-Bertani broth (LB) and diluted to approximately 5 X 10> CFU/ml.
In each assay, protein/peptide serially was diluted from 50 to 0.2 pMin 10
mM sodium phosphate, 0.1 M NaCl, pH 7.5 buffer and added to 100-pl
aliquots of the bacterial dilution and incubated for 4 h at 37°C. Subse-
quently, samples were plated onto petri dishes and incubated at 37°C
overnight. MBC values were determined as a function of the total removal
of CFU by the protein/peptide from two independent experiments per-
formed in triplicate.

MIC. The MIC for each protein/peptide was determined from two
independent experiments performed in triplicate for each concentration.
Bacterial cells were incubated at 37°C overnight in Mueller-Hinton (MH)
broth and diluted to approximately 5 X 10° CFU/ml. The bacterial sus-
pension was incubated in MH with peptide at various concentrations (0.1
to 200 wM) at 37°C in 96-well polypropylene plates, and optical densities
were monitored overnight. The MIC is defined as the minimum concen-
tration at which no bacterial growth was detected.

Minimum agglutination activity. Bacterial cells were grown in LB at
37°C to an ODyy, of 0.2, centrifuged at 5,000 X g for 5 min, and resus-
pended in buffer containing 10 mM Tris-HC, 0.1 M NaCl (pH 7.5).
Aliquots of 100 pl of the bacterial suspension were treated with increasing
protein/peptide concentrations (from 0.01 to 50 wM), and mixtures were
incubated at room temperature for 1 h. The aggregation behavior was
followed at 50X magnification by using a binocular stereomicroscope.
The minimum agglutinating activity (MAC) is expressed as the minimum
agglutinating concentration of the sample tested, as previously described
(27). All assays were performed in triplicate.

LPS binding assay. LPS binding was assessed by using the fluorescent
probe BODIPY TR cadaverine as previously described (35). BC binds
strongly to native LPS, specifically recognizing the lipid A portion. When
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a protein that interacts with LPS is added, BC is displaced from the com-
plex, and its fluorescence is increased, decreasing its occupancy factor.
LPS binding assays were carried out in 10 mM HEPES buffer at pH 7.5.
The displacement assay was performed using a 96-well microtiter plate
containing a stirred mixture of LPS (10 wg/ml) and BC (10 wM). Protein/
peptides were serially diluted from 10 to 0.1 wM. Fluorescence measure-
ments were performed on a Victor3 plate reader (PerkinElmer, Waltham,
MA). The protein/peptide concentrations required to achieve half of the
total and the total BC displacement were estimated from nonlinear regres-
sion analysis as previously described (25, 36).

Biofilm formation. Biofilm formation assay was modified from the
previously described protocol (37). Briefly, overnight cultures of P.
aeruginosa were centrifuged at 5,000 X g for 5 min, washed, and adjusted
to an ODyg,, of 0.1 in tryptic soy broth medium (TSB). Two hundred
microliters of the bacterial suspension was dispensed in each well of a
polystyrene 96-well microtiter plate (Greiner Bio-one, France). The plate
was incubated at 37°C on an orbital shaker (30 rpm). The medium was
exchanged with fresh prewarmed TSB after 4 h, in order to remove non-
attached bacteria. After 24 h of incubation, the formation of biofilm was
then evaluated by using the crystal violet staining technique (38). Briefly,
the plates were washed three times with PBS, fixed at 60°C for 1 h, and
stained for 15 min with 200 pl of 0.1% crystal violet. After the dye was
discarded, plates were rinsed in PBS and allowed to dry for 30 min at 37°C.
Bound crystal violet was dissolved in 250 pl of 95% ethanol for 15 min,
and the ODg, of the extracted dye was measured using a Victor3 plate
reader (Perkin-Elmer, Waltham, MA).

Biofilm eradication assay. Biofilms were grown as described above,
washed three times with PBS, and rinsed with 10 mM sodium phosphate
buffer, pH 7.5. Wells were treated with increasing protein/peptide con-
centrations (from 0.01 to 200 M) and incubated at 37°C for 4 h. Biofilm
eradication was then evaluated by using the crystal violet staining tech-
nique (38) and by calculating the total number of remaining viable cells
using the BacTiter-Glo assay. The ability of the antimicrobial peptides to
disperse and reduce the biofilm mass of preformed biofilms was calcu-
lated. The peptide concentration required to achieve total preformed bio-
film eradication after 4 h of incubation time was estimated. Nontreated
cells incubated with PBS buffer under the same conditions were used as
negative controls. A maximum biofilm eradication reference value was
determined by exposure to 10% Triton X-100.

The biofilm eradication activity of the protein/peptide was also eval-
uated by counting the CFU. At 24 h, formed P. aeruginosa biofilms were
washed three times with PBS and rinsed with 10 mM sodium phosphate
buffer (pH 7.5). Wells were treated with increasing protein/peptide con-
centrations (400 to 0.01 wM) and incubated at 37°C for 4 h. For each well,
the supernatant was also collected and seeded in LB agar petri dishes to
evaluate the protein/peptide biofilm dispersion activity. Then, three
washes were performed and the biofilm attached to each well was picked
up with a sterile swab and diluted in an Eppendorf tube in 1 ml of PBS.
Next, the whole volume was sonicated twice for 30 s to release the bacteria
into the liquid, and the mixture was briefly vortexed before seeding a
50-pl aliquot on an LB-agar petri dish. CFU were counted after 16 h of
incubation at 37°C. Three independent replicates were performed. The
ED., and the minimum biofilm eradication concentration (MBEC) were
determined by fitting the data to a nonlinear function.

Bacterial cell viability luminescence assay. Bacterial viability was as-
sayed by using the BacTiter-Glo microbial cell viability kit. Briefly, pro-
tein/peptides were dissolved in buffer (10 mM sodium phosphate, 0.1 M
NaCl; pH 7.5) serially diluted and tested in a 96-well microtiter plate
containing P. aeruginosa planktonic cells (ODg,, ~ 0.2) or 24-h formed
biofilms for 4 h at 37°C. For planktonic P. aeruginosa, the protein/peptide
concentrations used ranged from 50 to 0.1 wM; in case of preformed
biofilms, the concentrations used ranged from 500 to 0.1 wM. After incu-
bation, 50 wl of BacTiter-Glo reagent (Promega) was added to each well
according to the manufacturer’s instructions and incubated at room tem-
perature for 15 min. Luminescence was read on a Victor3 plate reader with
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a 3-s integration time. The correlation between fluorescent signal and
viable cell counts was checked for the untreated P. aeruginosa biofilm
controls (17,000 arbitrary units, corresponding to approximately 2 X 10°
CFU), and all of the recorded fluorescent values were confirmed to fit into
the assay linear relationship range provided by the manufacturer. The
ED,, and total eradication concentrations were calculated by fitting the
data to a dose-response curve.

Bacteria cytoplasmic membrane depolarization assay. Membrane
depolarization was determined using the method described earlier (25).
Briefly, bacterial cells were grown at 37°C to an ODy, of 0.2, centrifuged
at 5,000 X g for 7 min, washed with 5 mM HEPES (pH 7.2) containing 20
mM glucose, and resuspended in 5 mM HEPES-KOH, 20 mM glucose,
and 100 mM KCl at pH 7.2 to an ODy, of 0.05. Aliquots of 200 .l were
transferred to a microtiter plate for planktonic assays. For the biofilm
assay, 24-h formed P. aeruginosa biofilms grown in a 96-well microtiter
plate were washed three times with PBS. Afterwards P. aeruginosa biofilms
were washed with 5 mM HEPES (pH 7.2) containing 20 mM glucose and
rinsed in 5 mM HEPES-KOH, 20 mM glucose, and 100 mM KClat pH 7.2.
In both cases, DiSC3 (5) was added to a final concentration of 0.4 M, and
changes in the fluorescence were continuously recorded by using a
Victor3 plate reader, after addition of peptides at 10 wM. A maximum
reference value for total depolarization was calculated for cells exposed to
10% Triton X-100. Alternatively, changes in the fluorescence were con-
tinuously recorded after addition of serially diluted protein/peptides from
50 to 0.1 wM. The peptide concentrations required to achieve half of the
total and the total membrane depolarization after a 40-min incubation
time were estimated from nonlinear regression analysis as previously de-
scribed (39).

Sytox Green fluorescence membrane permeabilization assay. Mem-
brane permeabilization was determined in a Sytox Green fluorescence
membrane permeabilization assay. For the planktonic assay, bacterial
cells were grown at 37°C to an ODy, of 0.2, centrifuged at 5,000 X g for 5
min, and resuspended in 1 X PBS to an ODg, of 0.2. An aliquot of 200 .l
was then transferred to a microtiter plate. For the biofilm assay, a 24-h
formed P. aeruginosa biofilm in a 96-well microtiter plate was washed
three times with PBS. Sytox Green was added to a final concentration of 1
M, and the mixture was incubated for 15 min in the dark. Changes in the
fluorescence signal were continuously recorded after the addition of seri-
ally diluted protein/peptides from 50 to 0.1 wM in a Victor3 plate reader.
The peptide concentrations required to achieve half of the total and the
total membrane permeabilization achieved after 40 min were estimated
from nonlinear regression analysis as previously described (23). A maxi-
mum reference value was determined using 10% Triton X-100.

Confocal microscopy. Overnight cultures of P. aeruginosa were cen-
trifuged at 5,000 X g for 5 min, washed with LB medium, and adjusted to
an ODy, of 0.1. The bacterial suspension was added to a 35-cm” plate and
incubated at 37°C for 24 h. The formation of biofilm was then evaluated
using the crystal violet staining technique (38). Bacterial cell viability
within biofilms was also assessed using fluorescent markers. At 24 h, P.
aeruginosa biofilms were washed three times with PBS and rinsed in 10
mM sodium phosphate buffer, 100 mM NaCl, pH 7.4, containing 1:1
Syto9/propidium iodide, DAPI, or FITC-WGA (both at 10 pg/pl) and
incubated in the dark for 15 min. Afterwards, the stained biofilms were
gently washed with PBS in order to remove the excess fluorescent dye.
Syto9/propidium iodide staining allowed us to monitor the bacterial via-
bility within the biofilm as the Syto9 dye is able to permeate the cell
membrane and stain the nucleic acid of healthy cells; whereas, when the
cell membrane is damaged, propidium iodide can diffuse into the cell and
displace Syto9. On the other hand, DAPI/WGA staining allows us to mon-
itor the antimicrobial action on the biofilm at both, exopolysaccharide
(EPS) and cellular levels. The lectin WGA-FITC conjugated is able to
interact with the 3-N-acetylglucosamine bonds present on the EPS mol-
ecules, allowing the observation of the AMPs action on the EPS. At the
same time, DAPI is able to stain the bacterial DNA, showing the antimi-
crobial effect on the bacteria that form the biofilm. Then biofilms were
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incubated with 10 uM protein/peptides for 4 h at 37°C. Changes were
imaged using a laser scanning confocal microscope (Olympus FluoView
1000 equipped with a UPlansApo 60 X lens in 1.4 oil immersion objective,
United Kingdom).

For quantitative analysis of live/dead bacterial cells, biofilms were
grown as above in a plate coverslip system. The grown biofilms were then
washed three times with PBS. Then, each well was treated with 10 uM
protein/peptide resuspended in 10 mM sodium phosphate buffer pH 7.5,
0.1 M NaCl and incubated at 37°C for 4 h. After incubation, the wells were
washed three times with PBS to remove planktonic bacteria. Then, the
biofilms were prestained using the SYTO9/propidium iodide 1:1 mixture
provided by the Live/Dead staining kit (Molecular Probes, Eugene, OR,
USA) and incubated in the dark at 37°C for 15 min. Three washes were
performed to remove excess dye, and then the biofilm was imaged using a
laser scanning confocal microscope (Olympus FluoView 1000, equipped
with an UPlansApo 40X lens with a 1.4 numerical aperture oil immersion
objective. Mortality was calculated as the mean area of 10 randomly se-
lected fields and quantified using ImageJ software (40). Unspecific back-
ground was subtracted, and particles with a diameter larger than 0.8 pm
were analyzed. Biofilm three-dimensional reconstruction and estimation
of the biofilm depth were performed with the IMARIS Bitplane imaging
software (Oxford Instruments, Zurich, Switzerland).

Statistical analysis. Data obtained for each assay were tested by one-
way analysis of variance (ANOVA) to determine statistical significance. If
an effect was present, Scheffé and Bonferroni post hoc tests were used for
individual comparisons, using SPSS software (IBM, USA).

RESULTS

Antimicrobial peptide design. Human RNase 3 has previously
been described as a potent antimicrobial agent, displaying a mech-
anism of action against Gram-negative bacteria that is mediated
by cell aggregation in an LPS-dependent manner (26). In our lab-
oratory, we demonstrated that this eosinophil-secreted RNase in-
teracts with the negatively charged surfaces of Gram-negative bac-
teria and experiences a conformational change that triggers the
amyloid-like self-aggregation of the protein, resulting in bacterial
agglutination and cell death (27). The structural determinants for
the antimicrobial action are encoded in the first two a-helices of
the N-terminal region of the protein; the first a-helix (F5 to S17)
is required for bacterial aggregation, and the second helix (T22 to
R36) is required for the direct antimicrobial action through LPS
interaction and membrane disruption (28, 29). Previous studies
by rational structure minimization led us to identify the minimal
entity of the protein N-terminal active regions, where the two first
a-helices were bound by the chemical linker acid amino hexanoic
(Ahx). The designed RNase 3-derived peptide fully retained the
capacity to interact with both bacterial membranes and LPS, pro-
ducing bacterial cell agglutination and leakage (33). In this work,
we further refined the antimicrobial peptide by pruning both pep-
tide ends, removing nonessential residues, and connecting the two
active domains by a single proline residue (see Table S1 in the
supplemental material). The RN3(5-17P22-36) antimicrobial
properties of E. coli and Staphylococcus aureus were compared
with the those for the parental protein and RN3(1-36) peptide,
and we observed an enhancement of the antimicrobial and bacte-
rial agglutinating activities (see Table S2 in the supplemental ma-
terial) while retaining an equivalent affinity for LPS (see Table S3
in the supplemental material) and the ability to disrupt and aggre-
gate dioleolylphosphatdylcholine/dioleoylphosphatidylglycercol
(DOPC/DOPG) model membranes (see Fig. S1 and S2 in the sup-
plemental material). No activity was detected under the same as-
sayed conditions for pure neutral vesicles (data not shown), as
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previously observed for RNase 3 (41). The data also confirmed
that the cell agglutination was specific for the tested Gram-nega-
tive species, as previously reported for the other assayed RNase
peptides (17, 33). Most importantly, no detectable hemolysis was
found at concentrations up to 25 wM, and 50% lysis was achieved
at 217 * 42.17 pM for the RNase 3 protein and 178,33 = 81.72
M for the RN3(5-17P22-36) peptide. Moreover, no significant
cytotoxicity was observed for the MRC-5 human cell line when
tested at values above 50- to 100-fold the peptide and protein
bactericidal 50% effective dose, respectively, providing a suitable
therapeutic index (see Table S4 in the supplemental material).

We proceeded to analyze the RN3(5-17P22-36) derived pep-
tide’s antimicrobial action against P. aeruginosa strain PAO1 and
also three P. aeruginosa clinical isolates (see Table S5 in the sup-
plemental material). The encouraging results led us to compare
the RN3(5-17P22-36) mechanism of action with other reference
peptides (see Table S1 in the supplemental material) with selected
antimicrobial properties: either as potent P. aeruginosa inhibitors
on both planktonic and biofilms or bacterial agglutinating agents.
First, from the cathelicidin family, we selected the antimicrobial
peptide LL-37, which presents a high interaction for the negatively
charged bacterial membranes and LPS molecules and has reported
antimicrobial activity against planktonic P. aeruginosa (42). Fur-
thermore, LL-37 is able to both inhibit P. aeruginosa biofilm for-
mation (43, 44) and remove preformed P. aeruginosa biofilms (43,
45, 46). Second, the antimicrobial synthetic fusion peptide ce-
cropin A (1-7)-melittin (2-9), referred to here as CA-M, was cho-
sen as it is a potent antimicrobial peptide against a wide variety of
microorganisms. The hybrid peptide CA-M is a small, amphi-
pathic, and cationic peptide which presents a high affinity to
bacterial negatively charged membranes, exerting its antimi-
crobial action via pore formation (47, 48) and was recently
described to be active against P. aeruginosa biofilms (45). The
third choice was the B-boomerang WY-12 peptide, which adopts
a particular B-stranded secondary structure that resembles a boo-
merang upon interaction with LPS (49). Last, we selected the hu-
man parotid secretory derived peptide GL-13, which is able to
induce P. aeruginosa agglutination (50).

Antimicrobial action on planktonic P. aeruginosa. To deter-
mine antimicrobial actions on planktonic cells, we first assessed
peptide activity on P. aeruginosa cells by determining the MBC. All
the AMPs under investigation were effective at a micromolar
range, except for the GL-13 peptide, which showed no bactericidal
activity even at the maximum tested concentration (500 uM). In
particular, RNase 3 and the N-terminal peptide RN3(5-17P22-36)
were the most active compounds, displaying MBC values of about
2.5 uM, followed by the well-known antimicrobial peptides LL-37
and CA-M, which required a 2-fold concentration to produce the
same microbicidal activity. Last, the antimicrobial peptide WY-12
needed more than 10 puM to totally eliminate P. aeruginosa cells
(Table 1).

We next monitored microbial cell viability by using the Bac-
Titer-Glo luminescent kit. Viable P. aeruginosa cells that were
metabolically active were measured based on ATP quantification,
usinga coupled luciferin/oxyluciferin in the presence of luciferase,
where luminescence is proportional to ATP and hence to the
number of viable cells in the culture. Results (Table 1) highlighted
RNase 3 as the most active compound, with ED, values below 1
M, followed by RN3(5-17P22-36) and then LL-37, CA-M, and
WY-12, which needed, respectively, increasing concentrations to
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TABLE 1 Antimicrobial and agglutinating activities of RNase 3, RN3(5-
17P22-36), and reference peptides on planktonic P. aeruginosa”

ECP Antibiofilm Activity

TABLE 2 LPS-binding properties of RNase 3, RN3(5-17P22-36), GL-13,
LL-37, WY-12, and CA-M peptides”

Peptide MBC (uM) ED5, (uM) MAC (uM)
RNase 3 250 * 0.05 0.84 + 0.03 2.00 = 0.15
RN3(5-17P22-36) 250 * 0.08 1.25 + 0.10 1.50 * 0.08
GL-13 >50 ND 0.70 * 0.05
LL-37 6.00 * 0.05 228 +0.22 >50
WY-12 12,50 * 0.12 7.72 * 0.37 >50
CA-M 6.00 * 0.05 254 + 1.08 >50

“ The peptides GL-13 (50), LL-37 (46), WY-12 (49), and CA-M (48) were included as
reference peptides. The MBC, the ED5, for bacterial cell viability reduction, and the
MAC were calculated as described in Materials and Methods. ND, not detected at the
maximum assayed concentration (50 uM). All assays were performed in triplicate.
Reported values are means * standard errors of the means.

reduce cell viability to 50%. No cell viability reduction was de-
tected for the peptide GL-13, even at the maximum concentration
assayed (50 wM).

We previously described the importance of the bacterial agglu-
tination of RNase 3 for the antimicrobial activity of the protein
(27). Therefore, we assayed the protein’s capability to agglutinate
P. aeruginosa cells in a MAC assay (Table 1). As described previ-
ously for other Gram-negative species, RNase 3 was able to agglu-
tinate P. aeruginosa at a micromolar range. Interestingly, the N-
terminal RNase 3-derived peptide RN3(5-17P22-36) displayed an
even lower MAC value, producing bacterial agglutination at 1.5
M. In addition, the peptide GL-13 was able to agglutinate P.
aeruginosa in the submicromolar range, as previously described
(50), but was devoid of any antimicrobial activity. Last, LL-37,
CA-M, and WY-12 peptides were not able to produce any bacte-
rial agglutination.

LPS binding affinity was monitored in a fluorometric assay
which measured the competitive displacement of a cadaverine fluo
rescent probe (BC) by the protein and peptides. The 50% LPS-
binding affinity (EDs,), defined as the AMP concentration needed
to achieve displacement of half of the BC, and the total LPS-bind-
ing affinity, expressed as a percentage, were determined (Table 2).
Interaction with negatively charged surfaces of bacteria is the first
step for cationic peptides to reach the bacterial membranes and
exert their antimicrobial action. All tested peptides were able to
displace the fluorescent BC probe in a micromolar range, con-
firming LPS interaction. It is worth noticing that RN3(5-17P22-
36), together with LL-37 and WY-12, achieved total displacement
of the BC molecule under the assayed conditions.

To further investigate the antimicrobial mechanism of action
of the RNase 3-derived peptide, we evaluated its ability to depo-
larize P. aeruginosa membranes. Depolarization activity was ana-
lyzed in a 3,3'-dipropylthiadicarbocyanine iodide (DiSC3) assay
(5) (Table 3). DiSC3 is a fluorescent probe that is sensitive to
membrane potential. DiSC3 fluorescence is quenched upon inter-
action with intact cell membranes. When the membrane potential
is lost, the probe is released to the medium, resulting in an increase
of fluorescence that can be recorded as a function of peptide con-
centration. Thus, we measured the EDs, in terms of depolariza-
tion action and the total depolarization activity at the final incu-
bation time (Table 3). All the AMPs tested were able to depolarize
P. aeruginosa cytoplasmic membranes when present in the micro-
molar range, except for the peptide GL-13, which was not able to
produce any depolarization at the concentrations tested. More-
over, RNase 3 and its N-terminal-derived peptide RN3(5-17P22-
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LPS binding

Peptide ED5, (LM) % of maximum
RNase 3 1.79 = 0.32 99.85 £ 9.51
RN3(5-17P22-36) 2.11 £0.12 92.16 £ 2.06
GL-13 1.63 = 0.11 44.37 = 3.84
LL-37 2.65 £0.11 100.00 = 3.13
WY-12 2.90 £0.02 99.08 £ 0.50
CA-M 5.69 = 0.89 69.16 * 6.23

“ The EDs, for displacement of the dye and the percentage of maximum displacement
were calculated as described in Materials and Methods. A value of 100% indicates total
displacement, whereas 0% indicates no displacement of the dye, i.e., no binding. Values
are means =+ standard errors of the means.

36) were able to achieve close to total depolarization of the P.
aeruginosa population, showing even higher values than the anti-
microbial peptide CA-M, which is frequently used as a positive
control due to its high depolarization activity (47, 48).

Further insight into the membrane-permeabilizing effect of
the selected AMPs against P. aeruginosa was evaluated in a Sytox
Green assay. Local membrane disturbances allow the cell uptake
of the fluorescent Sytox Green dye, which subsequently stains the
cell’s nucleic acids; a fluorescence increase is determined to mon-
itor cell membrane permeabilization. Therefore, we measured the
EDs, in terms of membrane permeabilization and the total per-
meabilization activity, expressed as a percentage (Table 3). All the
studied AMPs were able to permeabilize P. aeruginosa cytoplasmic
membranes when present at a micromolar range, with the excep-
tion of GL-13, which was unable to cause any cell membrane per-
meabilization under the concentrations tested. RNase 3 was the
most active compound, with an EDs, below 1 wM, while the
RN3(5-17P22-36) and LL-37 peptides needed approximately
double this concentration to achieve the EDs,. On the other hand,
WY-12 and CA-M required 6- to 7-fold-greater concentrations
than RNase 3 to produce their respective EDs,s. Regarding the
total permeabilizing effect, we can highlight that RNase 3 and the
RN3(5-17P22-36) peptide showed significantly higher activities.

Antimicrobial action on P. aeruginosa biofilms. After the en-
couraging results achieved against planktonic P. aeruginosa cells,
we decided to further characterize the antimicrobial action of the
RNase 3-derived peptide against P. aeruginosa biofilms. As a first
approach, we monitored the biofilm cell viability by using the
BacTiter-Glo luminescent assay. The antimicrobial action of the
studied AMPs was determined on already-established P. aerugi-
nosa biolfilms (Fig. 1 and Table 4). All the AMPs tested were able
to exert their bactericidal action in a micromolar range, with the
exception of GL-13, which was unable to cause any cell mortality
even at the maximum tested concentration (50 wM). However, for
all the active peptides, the concentrations needed to produce an
equivalent effect on biofilms were between 2 and 10 times higher
than for planktonic cultures. Interestingly, we determined that the
only peptide that could reduce the bacterial population on the
established biofilm in its totality was the RN3(5-17P22-36), show-
ing comparable results to the parental protein, which achieved
total cell death at concentrations well below 50 WM. At the same
time, we applied the crystal violet technique to assess the peptide’s
ability to disperse preestablished P. aeruginosa biofilms. The bio-
film eradication activity was determined. Interestingly, the de-
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TABLE 3 Membrane permeabilization and membrane depolarization activities of RNase 3, RN3(5-17P22-36), GL-13, LL-37, WY-12, and CA-M

peptides on planktonic P. aeruginosa cells”

Depolarization Permeabilization
Peptide ED5, (LM) % of maximum EDs, (LM) % of maximum
RNase 3 1.54 = 0.06 80.03 * 2.67 0.92 = 0.17 45.67 £ 2.29
RN3(5-17P22-36) 1.26 £ 0.03 78.19 * 6.33 1.67 £ 0.90 63.63 £ 1.42%
GL-13 ND ND ND ND
LL-37 1.31 = 0.01 28.24 £ 291 2.20 = 0.23 38.80 = 1.13
WY-12 423 +£0.21 44.02 £ 4.01 7.18 = 1.15 39.43 £ 1.19
CA-M 3.01 £ 0.31 71.36 = 7.60 6.11 = 0.58 34.69 = 2.18

“ Depolarization and permeabilization activities were calculated as described in Materials and Methods. The ED5, values for total activity and the mean percentage of maximum
activity are shown (percentages were calculated by using 10% Triton X-100 to obtain the maximum reference value). ND, not detected at the maximum assayed concentration (50
.M). Values are means = standard errors of the means.*, P < 0.05; significant difference based on ANOVA with the Scheffé and Bonferroni post hoc tests.

rived N-terminal peptide RN3(5-17P22-36) presented a biofilm
eradication activity that was similar to that of its parental protein.
On the other hand, the reference peptides LL-37, CA-M, WY-12,
and GL-13 showed moderate effects, being able to disperse from
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30 to 50% of the total biofilm at 50 WM (Table 4). Moreover, the
biofilm eradication activities of all the tested reference peptides
were well above the maximum concentration tested (50 M), ex-
cept for RN3(5-17P22-36), which was able to totally remove the

FIG 1 (A) Biofilm cell mortality caused by RN3(5-17P22-36), GL-13, LL-37, WY-12, and CA-M peptides on established P. aeruginosa biofilms, assessed by using
the BactTiter-Glo luminescence assay. (B) Biofilm eradication by peptides on established P. aeruginosa biofilms, assayed by using the crystal violet technique as

described in Materials and Methods.
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TABLE 4 Biofilm eradication and killing activities of RNase 3,
RN3(5-17P22-36), GL-13, LL-37, WY-12, and CA-M peptides on
preestablished P. aeruginosa biofilms”

Biofilm eradication Biofilm cell killing
Peptide (% of maximum) (% of maximum)
RNase 3 63.29 = 4.08 98.50 = 1.50*
RN3(5-17P22-36) 100.00 = 5.00* 96.40 = 2.41*
GL-13 33.28 £ 1.07 ND
LL-37 35.54 *£ 1.13 64.05 = 3.33
WY-12 38.36 = 2.36 39.67 £ 8.93
CA-M 53.03 = 1.46 54.32 £5.51

“The mean percentage for maximum activity was calculated for biofilm eradication
and cell killing activities by using a bacteria viability cell luminescent assay as
described in Materials and Methods, with values for 10% Triton X-100 treatment
used as the maximum reference values. ND, not detected at the maximum assayed
concentration (50 wM). Values are means = standard errors of the means. *, P <
0.05; significant differences were determined by ANOVA with Scheffé and
Bonferroni post hoc tests.
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biofilm cell community layer well below this threshold. We then
evaluated the protein and RN3 peptide biofilm dispersion and
eradication actions by monitoring the remaining CFU in both the
biofilm layer and supernatant fractions as a function of the pro-
tein/peptide concentration. Results indicated that biofilm disper-
sion precedes bacterial mortality, with a calculated EDs, of <1
M and MBEC of =5 uM for biofilm layer removal (see Fig. S3 in
the supplemental material).

Interestingly, the biofilm eradication activity was found to not
depend on the RNase catalytic activity, as illustrated by the com-
parative cell viability profiles of both the wild-type and the defec-
tive RNase 3 active site mutant (Fig. 2).

The antimicrobial mechanism of action of the RNase 3-derived
peptide on P. aeruginosa biofilms was further characterized in the
depolarization and permeabilization assays. As for the P. aerugi-
nosa planktonic culture, the fluorescent DisC3 assay was also used
here in order to monitor the depolarization activities of the stud-
ied protein and peptides against established biofilms. Therefore,
we measured EDq, (in terms of depolarization) and the total de-
polarization activity, expressed as a percentage (Table 5). Results

= RNase 3
e RNase 3 H15A

10 100 1000

Protein concentration (uM)

EDso

(uM)

RNase 3

RNase 3-H15A

RN3(5-17P22-36)

156+ 0.27

221+041

6.62+2.18

FIG 2 Effects on preestablished P. aeruginosa biofilms by wild-type RNase 3, an active site mutant (RNase 3 H15A), and the RN3 peptide. (A) Comparison of

mortality percentage profiles for the wild type and the HI5A mutant. Bacterial cell mortality was assessed by using the Bac-Titer Glo assay as described in
Materials and Methods. (B) Calculated ED,,, values for biofilm eradication, determined as described in Materials and Methods. We used 10% Triton X-100 to
determine the maximum reference value. Values indicated are mean results = standard errors of the means.
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TABLE 5 Biofilm cell membrane depolarization and permeabilization activities of RNase 3, RN3(5-17P22-36), GL-13, LL-37, WY-12, and CA-M

peptides on established P. aeruginosa biofilms”

Depolarization Permeabilization
Peptide ED,, (uWM) = SEM Mean % * SEM ED, (uM) £ SEM Mean % *= SEM
RNase 3 9.45 = 0.97 46.11 £ 3.21 8.59 = 1.70 39.4 £ 2.88
RN3(5-17P22-36) 3.69 £ 0.37 73.51 £ 1.94% 6.60 = 2.01 64.26 * 5.44*
GL-13 ND ND ND ND
LL-37 8.83 = 0.54 31.85 = 1.15 12.35 = 3.13 24.21 = 3.71
WY-12 18.11 = 0.89 32.58 = 1.87 18.79 = 8.23 18.91 = 2.23
CA-M 15.79 = 0.77 39.09 = 2.46 10.64 += 0.11 23.01 = 1.13

“ Data shown are the ED5,s and the percentages of the maximums at the final incubation time for membrane depolarization and permeabilization, calculated as described in
Materials and Methods. Results with 10% Triton X-100 were considered the maximum reference values. ND, not detected at the highest assayed concentration (50 uM). Values are
means * standard errors of the means. *, P < 0.05; significant differences were determined by ANOVA with Scheffé and Bonferroni post hoc tests.

indicated that the biofilm structure hinders the depolarization
activity of the studied AMPs; the depolarization activities of all the
peptides tested were reduced 2- to 3-fold compared to the effect in
the planktonic P. aeruginosa culture. Similar results were obtained
in the Sytox Green permeabilization assay, where the total per-
meabilization effect was hindered for all the AMPs tested, and
between 2- and 10-fold higher concentrations were required to
achieve half of the biofilm cell permeabilizing effect, in compari-
son to the planktonic cells. Nevertheless, significantly higher mean
percentage values at the maximum concentration tested were
achieved for the RN3(5-17P22-36) peptide.

Finally, confocal microscopy studies were performed in order
to visualize the antibiofilm action of the tested peptides. As a first
approach, we used the Live/Dead staining technique, which al-
lowed us to monitor the cell viability on P. aeruginosa biofilms,
where live cells stain green by SYTO9 and dead cells are stained red
by propidium iodide. The images captured after 4 h of incubation
showed that all the AMPs tested were able to induce bacterial
killing on the established biofilms (Fig. 3). Interestingly, RNase 3
and its N-terminal-derived peptide were able to induce promi-
nent biofilm cell aggregation. This property was also shared by the
GL-13 peptide, although the aggregates were smaller and less fre-
quent. Established biofilms were then stained with WGA-FITC
(WGA from Triticum vulgaris, which is able to recognize the 3-N-
acetylglucosamine bonds of the exopolysaccharide (EPS) mole-
cules and with the nucleic acid DAPI dye, which labels the bacte-
rial cells. This technique allowed us to visualize how the
antimicrobial actions of the tested AMPs produced evident dam-
age to the biofilm extracellular matrix structure. In addition, we
confirmed that the biofilm-dispersed areas were devoid of EPS.
Moreover, the results suggested that the EPS molecules could be
involved in the biofilm agglutination process, as visualized aggre-
gates were composed of both EPS and bacteria. Quantitative anal-
ysis of RNase 3 and RN3(5-17P22-36) peptide action on preestab-
lished biofilms by using confocal microscopy following Live/Dead
staining was applied to estimate the percentage of cell mortality on
the biofilm total population, together with the respective reduc-
tions of the biofilm layer depth (see Fig. S4 in the supplemental
material). Both the protein and its derived peptide were able to
almost totally reduce the viability of the entire biofilm at 10 uM,
damaging the biofilm architecture and decreasing its depth by
more than 50%.

DISCUSSION

Infections caused by P. aeruginosa pose a serious clinical chal-
lenge. Unfortunately, despite the advances in antimicrobial ther-
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apy, P. aeruginosa in its planktonic form causes acute infections,
with mortalities as high as nearly 60% in immunocompromised
patients (51). This opportunistic pathogen, once it is established
within the host, is able to form biofilms, a sine qua non feature for
the development of a variety of chronic infections. Indeed,
chronic infections by this bacterium are the most common cause
of fatal lung disease in patients with cystic fibrosis (7). In addition,
the challenge is increased by the appearance of P. aeruginosa clin-
ical strains resistant to the common prototypical antibiotic mole-
cules (52, 53). Therefore, there is an urgent need to develop new
effective antimicrobial strategies against both planktonic and bio-
film forms of this dreadful pathogen.

Human antimicrobial RNases, and in particular the human
RNase 3, display a rapid and potent antimicrobial effect against a
wide variety of microorganisms (18). The antimicrobial activity of
the secreted human RNases is mainly located at the N-terminal
region (17). Accordingly, the RNase antimicrobial scaffold was
engineered to produce new antimicrobial peptides (23, 33, 54).
The present study investigated the antimicrobial potency of a new
optimized version of the RNase 3 N-terminal peptide against both
planktonic and biofilm forms of P. aeruginosa. The mechanism of
action of the RNase 3-derived peptide was compared with previ-
ously characterized peptides with reported activity against plank-
tonic and/or biofilm forms of P. aeruginosa (see Table S1 in the
supplemental material).

Our findings revealed that human RNase 3 displays a strong
antimicrobial activity against the Gram-negative pathogen P.
aeruginosa. Interestingly, the N-terminal-derived peptide RN3(5-
17P22-36) is able to achieve the same bactericidal effects as its
parental protein at similar, low concentrations (Table 1), and is
also effective against other tested P. aeruginosa clinical isolates (see
Table S5 in the supplemental material). In tune with findings from
previous functional assays on RNase 3 antimicrobial properties
(55, 56), we also confirmed here that the protein antibiofilm ac-
tivity is not dependent on its enzymatic activity (Fig. 2). The po-
tential contribution of the protein catalytic activity was blocked by
assaying the activity of the RNase 3 H15A variant, in which one of
the two catalytic His residues is replaced. Previous work in our
laboratory already confirmed that the H15A mutant was an ap-
propriate construct to test the effect of total removal of the RNase
enzymatic activity without alteration of the protein’s three-di-
mensional structure (PDB ID 4OWZ) (24). The present results
corroborate that the active site-defective mutant achieves an anti-
biofilm activity equivalent to that of the wild-type protein (Fig. 2).

Interestingly, the RNase 3 antimicrobial action is mediated
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FIG 3 Effects against established P. aeruginosa biofilms, determined via confocal microscopy. Live/Dead stain (green and red cells, respectively) and DAPI-FITC
and WGA stains (blue and green, respectively) were used. White arrows show bacterial agglutination on the biofilm at a protein/peptide concentration of 10 pM.

Bars, 20 pm.

through bacterial agglutination of Gram-negative bacteria (27).
Here, we show that RNase 3 is able to agglutinate P. aeruginosa at
concentrations as low as the those required for its antimicrobial
action (Table 1). Additionally, the N-terminal-derived peptide
RN3(5-17P22-36) retains the biophysical properties of the whole
protein, promoting the same agglutinating activity at even lower
concentrations. It is noteworthy that the antimicrobial activity of
RN3(5-17P22-36) is higher than those recorded for the tested ref-
erence peptides. Moreover, the agglutinating activities of both
RNase 3 and RN3(5-17P22-36) against P. aeruginosa are similar to
the activity displayed by the potent agglutinating peptide GL-13.
However, the GL-13 peptide does not display detectable antimi-
crobial activity.
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Another key feature that mediates the peptide’s activity against
Gram-negative bacteria and facilitates its antimicrobial action is
the ability to interact with the negatively charged surfaces of bac-
teria, in particular, the outer membrane LPS. Although LPS could
pose a hydrophilic barrier to hydrophobic antimicrobial com-
pounds, several AMPs are able to take advantage of their cationic-
ity and use the LPS molecule as a first point of interaction in
exerting their bactericidal activities. Previously, we showed that
RNase 3 presents a high affinity for interacting with the Gram-
negative LPS (25) and that the structural determinants for this LPS
recognition are encoded at the N-terminal part of the protein (28).
The selected reference AMPs tested in this work were also previ-
ously reported to display a high affinity toward LPS (42, 49, 57,
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58). Our findings are in tune with the previous published data; not
only human RNase 3 and its N-terminal derivative peptide but
also the reference peptides are able to interact with P. aeruginosa
LPS atlow concentrations (Table 2). After the interaction with the
negatively charged molecules of the bacterial cell envelopes, anti-
microbial peptides exert their bactericidal action by producing
loss of membrane potential and permeabilizing the cytoplasmic
membrane, thus inducing cell lysis and death. Our results (Table
3) showed that both RNase 3 and RN3(5-17P22-36) display even a
higher membrane-depolarizing effect than CA-M, which was pre-
viously reported to display a high depolarization activity against a
wide range of Gram-positive and Gram-negative bacteria (47). In
addition, the antimicrobial peptides LL-37 and WY-12 present
lower maximum depolarization against P. aeruginosa, indicating
that other factors contribute to the peptide action at the cytoplas-
mic membrane. Recent insights into AMP interactions with LPS
indicate that binding to the bacterium’s outer membrane does not
guarantee the peptide subsequent membrane-permeabilizing ac-
tion. On the contrary, LPS may induce peptide aggregation at the
cell wall, acting as an inactivating trap and impeding access to the
cytoplasmic membrane (59). Indeed, a recent biophysical ap-
proach toward the underlying AMP structural requirements for
biofilm eradication pointed to a delicate balance between peptide-
bacterium adhesion and self-oligomerization (12). Interestingly,
the N-terminal-derived peptide RN3(5-17P22-36) can overcome
the outer membrane barrier and exerts a greater permeabilization
effect against P. aeruginosa planktonic cells.

So far, our results highlight that human RNase 3 and its engi-
neered N-terminal peptide are highly active against the planktonic
form of P. aeruginosa. However, when bacteria are organized in a
biofilm community, they acquire a great enhancement of their
resistance toward antimicrobial agents. Biofilms constitute a com-
plex structure where bacteria are coated by a dense layer of extra-
cellular matrix. This matrix is mainly composed of polysaccha-
rides and is generally referred as the EPS. Gram-negative EPS is
mostly composed of extracellular matrix polysaccharides, such as
LPS, proteoglycans, and extracellular DNA; most of these mole-
cules are largely negatively charged, inhibiting the diffusion of
antimicrobials via charge repulsion and steric hindrance
(60).Therefore, it has been described that classic antibiotic com-
pounds require between 10- and 1,000-fold-higher concentra-
tions against biofilms to be as effective as they are against plank-
tonic cells (61-63). Our findings demonstrate that human RNase
3 exhibits a high antibiofilm activity and is able to drastically re-
duce the viability of the cell population and disperse most of the
established biofilm, with better results than the reference tested
peptides (Table 4). In addition, our experimental data highlight
that membrane depolarization and permeabilization also contrib-
ute to the RNase 3 antimicrobial mechanism of action on estab-
lished biofilms (Table 5). The complex structure of P. aeruginosa
biofilms hinders the antimicrobial action of most antimicrobial
agents, as observed for the antimicrobial peptides LL-37, CA-M,
and WY-12, which exhibit high antimicrobial activity against
planktonic P. aeruginosa but are unable to totally eradicate estab-
lished biofilms at the maximum tested concentrations and also
show lower depolarization and permeabilization activities. Inter-
estingly, the N-terminal-derived peptide RN3(5-17P22-36) not
only retains the antimicrobial action of its parental protein but, in
addition, can better overcome the complexity of the biofilm EPS
barrier and reach the encased bacterial membranes. Most impor-
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tantly, the RN3(5-17P22-36) peptide achieves total eradication of
the established biofilm, mediated by membrane disruption and
bacterial killing, and is able to eliminate both the cells forming the
biofilm community and those released into the supernatant frac-
tion (see Fig. S3 in the supplemental material). It is worth noting
that the GL-13 peptide, which is unable to permeabilize the cyto-
plasmic membrane and cannot reduce the bacterial population of
P. aeruginosa biofilms, does indeed show significant biofilm erad-
ication activity. This surprising result suggests that bacterial ag-
glutination may occur inside the biofilm, and therefore biofilm
dispersion could be driven by the mechanical forces of bacterial
agglutination. Notwithstanding this result, GL-13 has recently
been further engineered to acquire antimicrobial activity by intro-
ducing Lys residues at three internal positions (58, 64, 65). In any
case, the antibiofilm activity achieved with the new engineered
GL-13 is still lower than that of the RNase 3 peptide, which com-
bines potent antimicrobial and LPS-binding activities together
with high cell agglutination activity. By using confocal micros-
copy, we were able to visualize the antimicrobial activity of the
tested AMPs against established P. aeruginosa biofilms. Staining
with the lectin WGA, which labels the EPS structure, showed how
the AMPs tested were able to induce structural damage and erad-
ication on the established P. aeruginosa biofilms. The confocal
results indicated that the human RNase 3, its derived peptide, and
GL-13 are the only ones able to induce bacterial agglutination
inside the biofilm. It is known that RNase 3 mediates its antimi-
crobial action through bacterial agglutination. When the protein
interacts with the negatively charged cell wall or cytoplasmic
membranes, conformational changes take place that lead to pro-
tein self-aggregation and the ensuing bacterial agglutination.
These results therefore suggest that an equivalent process could
occur on biofilm surfaces where RNase 3 could interact with the
heavily charged molecules of the extracellular matrix of the bio-
film, triggering cell agglutination and leading to cell death. In ad-
dition, the N-terminal-derived peptide RN3(5-17P22-36), due to
its size reduction and biophysical properties, could better over-
come the EPS structure, causing greater havoc among the bacterial
population. Thus, the combination of the mechanical dispersion
promoted by bacterial agglutination and the antimicrobial action
driven by membrane disruption could lead to the total eradication
of an established biofilm (see Fig. S3 in the supplemental mate-
rial). Recent studies have also identified peptides active against
biofilms formed by P. aeruginosa and other Gram-negative mul-
tidrug-resistant species by using a library of truncated peptides
derived from LL-37 (10, 46) and also the synthesis of D-enan-
tiomer forms (43); however, these studies reported higher con-
centrations were required for removal of established P. aeruginosa
biofilms. A third study recently highlighted the antimicrobial ef-
fects of the peptides LL-37 and CA-M on their own and in com-
bination with traditional antibiotic compounds against P. aerugi-
nosa biofilms (45). Very recently, biofilm eradication was also
reported for a modified form of the lipopeptide battacin, the at-
tached fatty acid that is the main determinant for the achieved
efficiency (11). Therefore, despite the promising results, the anti-
microbial performance of the assayed cationic peptides against
mature biofilms did not achieve full biofilm eradication on its
own. In order to overcome this problem, we present here an en-
gineered RNase 3 N-terminal-derived peptide that combines an
enhanced antimicrobial activity paired with high LPS-binding ac-
tivity and the capability to agglutinate bacterial community cells,
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leading to total biofilm eradication at comparatively lower con-
centrations.

In conclusion, our results show for the first time that human
RNase 3 presents high antibiofilm activity against P. aeruginosa.
The antibiofilm activity of the protein is mediated by a combina-
tion of bacterial agglutination and direct cell killing. In addition,
we demonstrated that the N terminal of the human RNase 3 scaf-
fold is a lead candidate for development of new antibiofilm agents.
Indeed, the engineered N-terminal-derived peptide not only re-
tains the agglutinating and antimicrobial properties of the paren-
tal protein but also is able to eradicate mature P. aeruginosa bio-
films. The results highlight the potential of human host defense
proteins as useful templates to engineer alternative antibiotics.
Further work is envisaged to optimize the RNase 3-derived pep-
tide and eventually select the best antibiofilm candidates for clin-
ical applications.
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