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Antimicrobial Peptide GL13K Is Effective in Reducing Biofilms of
Pseudomonas aeruginosa
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Human parotid secretory protein (PSP; BPIF2A) is predicted to be structurally similar to bactericidal/permeability-increasing
protein and lipopolysaccharide (LPS)-binding protein. Based on the locations of known antimicrobial peptides in the latter two
proteins, potential active peptides in the PSP sequence were identified. One such peptide, GLI3NH, (PSP residues 141 to 153)
was shown previously to interfere with LPS binding and agglutinate bacteria without bactericidal activity. By introducing three
additional positively charged lysine residues, the peptide was converted to the novel bactericidal cationic peptide GL13K (MIC
for Pseudomonas aeruginosa, 8 pg/ml [5.6 pM]). We investigated the antibiofilm activity of GL13K against static, monospecies
biofilms of P. aeruginosa PAO1. Two-hour exposure of a 24-h biofilm to 64 pg/ml (44.8 pM) GL13K reduced biofilm bacteria by
107, and 100 pg/ml (70 pM) GL13K reduced bacteria by 10°. Similar results could be achieved on 48-h-old biofilms. Lower con-
centrations of GL13K (32 pg/ml [22.4 pM]) were successful in reducing biofilm cell numbers in combination with tobramycin.
This combination treatment also achieved total eradication of the biofilm in a majority (67.5%) of tested samples. An alanine
scan of GL13K revealed the importance of the leucine residue in position six of the peptide sequence, where replacement led to a

loss of antibiofilm activity, whereas the impact of replacing charged residues was less pronounced. Bacterial metalloproteases
were found to partially inactivate GL13K but not a b amino acid version of the peptide.

Bacteria organized in biofilm communities pose considerable
clinical and industrial challenges. Microorganisms organized
in biofilms become more recalcitrant to antibiotics due to the
complex organization of the microbial community, differential
gene expression among cells in the biofilm, and the presence of
extracellular matrix material, including DNA and carbohydrate
polymers (1). This challenge is compounded by an ever-increas-
ing pool of antibiotic-resistant bacterial strains of clinical and vet-
erinary importance (2). Thus, new approaches and compounds
that can stand up to these challenges are needed.

Cationic antimicrobial peptides (CAMPs) have been consid-
ered possible alternatives to traditional antibiotics due to their
interaction with bacterial membranes (3—6), which allows activity
against metabolically dormant bacteria that are often found at the
center of biofilms (7). Moreover, peptides that target the bacterial
membrane are less likely to cause bacterial resistance since multi-
factorial resistance mechanisms are required at the cell membrane
(5). To be clinically useful, a CAMP must show high selectivity for
bacterial membranes with low toxicity to mammalian cell mem-
branes.

We have recently designed the 13-amino-acid peptide GL13K,
which was derived from human parotid secretory protein (PSP;
BPIFA2) (8-10). PSP belongs to a family of bactericidal/permea-
bility-increasing (BPI) fold proteins (11) that are expressed in the
upper respiratory tract and oral cavity (12) and show predicted
similarity to the BPI protein and lipopolysaccharide (LPS)-bind-
ing protein (LBP). Indeed, PSP causes bacterial agglutination (10)
and binds LPS (9). These activities are mirrored by a 13-amino-
acid peptide (GL13NH,) corresponding to amino acid residues
141 to 153 of PSP. This peptide aggregates both Gram-negative
and Gram-positive bacteria and binds LPS but lacks bactericidal
activity (8-10). In an effort to confer bactericidal activity, charged
amino acids in positions 2, 5,and 11 of GLI3NH, were replaced by
lysine residues, resulting in the peptide GL13K, with an overall
positive charge of +5. GL13K exhibits bactericidal activity but not
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bacterium-agglutinating activity. The peptide retains the ability to
block LPS action, with low toxicity against eukaryotic cells (8, 10).
Recent studies on the mechanism of GL13K action indicate a car-
pet-like insertion in bacterial model membranes and release of
bacterial membrane lipids in the form of micelles, leading to dam-
age to the cell (13). The results also showed specificity for the
bacterial membranes over eukaryotic membranes, fulfilling one of
the requirements for clinically suitable CAMPs.

The goal of this study was to determine if GL13K is also active
against bacteria in biofilm communities. We show that GL13K is
effective against monospecies, static biofilms of the important op-
portunistic pathogen Pseudomonas aeruginosa. GL13K was able to
significantly reduce the numbers of cells in biofilms grown under
aerobic or anaerobic conditions. Combination of GL13K with the
aminoglycoside tobramycin increased the likelihood that a bio-
film was eradicated under continuous treatment. Our results
demonstrate the potential of the PSP-derived peptide GL13K for
the treatment of bacterial biofilms.

MATERIALS AND METHODS

Bacterial strains, growth media, and growth conditions. The Pseudomo-
nas aeruginosa strains PAO1 (14) and a bioluminescent derivate of PAO1,
Xen4l (Xenogen, Alameda, CA), were used for all experiments. Luria
broth (LB; Difco, Franklin Lakes, NJ) was used for overnight cultures and
biofilm growth. Mueller-Hinton broth (MHB; Difco) was used for all
experiments involving antibiotics and antimicrobial peptide testing. An-
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aerobic growth was achieved in an anaerobic chamber (80% N,, 10%
CO,, 10% H,) at 37°C with addition of 1% KNOj, to LB and MHB (15).

Peptides. The design of GL13K (GKIIKLKASLKLL-NH,) and the al-
anine-substituted GL13K peptides has previously been described (8, 10).
A new peptide, D-GL13K, with D amino acids was synthesized. All peptides
were obtained from outside vendors through the University of Minnesota
Peptide Synthesis Facility. Peptides were synthesized on an ABI 433A
peptide synthesizer and purified to >90% purity on a Beckman 126 high-
pressure liquid chromatography (HPLC) system with an Agela (250- by
4.6-mm) C,4 column as trifluoroacetate salt. All peptides were amidated
at the C terminus. Peptides were stored as powder at —20°C and dissolved
at 10 mg/ml in 0.01% acetic acid as working stock solutions, which were
kept at 4°C.

Biofilm formation. Biofilms were grown in 200 .l LB on the pegs of a
Calgary device (16) (Nunc Immuno-TSP; Thermo Fisher, Waltham,
MA). The medium was inoculated 1:2,000 from an overnight culture, and
biofilms were formed on the pegs of the device for 24 or 48 h at 35°C under
constant shaking (Belly Dancer; Stovall Life Science, Greensboro, NC) in
a humidified growth chamber. Biofilm plates incubated under anaerobic
conditions were not shaken.

Peptide treatment of biofilm. Biofilms formed on pegs were washed
three times in 200 pl 0.9% NaCl before being transferred to a 96-well
polypropylene plate (no. 4917; Thermo Fisher Scientific, Waltham, MA)
and incubated in MHB containing GL13K. The peptide concentrations
chosen were 100, 64, and 32 pg/ml, equal to concentrations of 70, 44.8,
and 22.4 pM, respectively. After the treatment period, the pegs were again
washed three times, aseptically removed, and placed in 200 wl of 0.9%
NaCl. Cells were removed from the pegs by sonication in a water bath
(Symphony; VWR Scientific, Radnor, PA) for 10 min.

For experiments in Fig. 2D, saliva was self-collected (8) and then clar-
ified according to the protocol of Palmer et al. (17). Biofilms were then
treated with the resulting 25% clarified saliva.

Scanning electron microscopy. Fixation and cryopreservation of bio-
films were performed essentially as described by Erlandsen et al. (18). In
brief, washed biofilms on pegs were fixed for 22 h in a mixture of 2%
paraformaldehyde, 2% glutaraldehyde, and 4% sucrose in 0.15 M sodium
cacodylate with 0.15% alcian blue 8GX. After 3 washes in phosphate-
buffered saline (PBS), postfix was performed in 1% OsO, with 1.5% po-
tassium ferrocyanide in 0.15 M sodium cacodylate for 90 min. The pegs
were washed three times in PBS before stepwise dehydration for 5 min per
step in 50%, 70%, 85%, 95% (twice), and 100% (twice) ethanol. The pegs
were removed and critical point dried in CO,. The pegs were then
mounted on a metal platform and coated with platinum (Ton Tech argon
ion beam coater). Electron microscopy was performed on a Hitachi
S-4700 field emission scanning electron microscope operated at 2 keV.
Images were collected as TIFF files and postprocessed with minor adjust-
ments to sharpness and contrast in Aperture (Apple, Cupertino, CA).

Bacterial cell viability. Biofilm cells were recovered from pegs as de-
scribed above. Cell viability was determined by enumerating bacterial
CFU on culture plates containing LB with 1.5% agar. The cells were enu-
merated by dilution plating in triplicate from a group of three or four pegs
per treatment.

Bacterial viability was also determined by quantifying cellular ATP
using the BacTiter-Glo assay (Promega, Madison, WI) according to the
manufacturer’s instructions; biofilms were incubated with BacTiter-Glo
reagent for 10 min to achieve full cell lysis.

Viability of P. aeruginosa Xen41 was directly monitored by recording
luminescence in a Synergy HT microplate reader (BioTek, Winooski,
VT). Bioluminescence of P. aeruginosa Xen41l biofilms was recorded as
relative light units by placing the pegs in 0.9% NaCl in black-walled 96-
well plates (Costar 3631; Corning International, Corning, NY) that were
read in a BioTek microplate reader. Planktonic P. aeruginosa Xen41 was
similarly analyzed in microplates.

Peptide stability and degradation assay. To determine if bacteria de-
grade GL13K, a 24-h biofilm was incubated with 100 wg/ml (70 wM)
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GL13K in MHB for 4 h. The spent medium, containing biofilm-exposed
GL13K, was then centrifuged, and 10 wl of the supernatant was mixed
with 10 pl of Xen41 cells (10° cells in 10 mM Na-phosphate buffer) and 80
wl of 10 mM Na-phosphate buffer, pH 7.4, and incubated for 10 min at
35°C. Fresh medium containing GL13K that had not been preexposed to
biofilm served as a positive control. A decrease in P. aeruginosa Xen41l
bioluminescence was used as a measure of GL13K activity in each me-
dium.

In the experiments to test the effect of metalloproteases on GL13K
stability, ] mM EDTA was added to the biofilm medium during peptide
incubation. In addition, the stability of GL13K was assessed in superna-
tants of P. aeruginosa overnight cultures that were either (i) sterile filtered
through a 0.22-pm filter or (ii) autoclaved for 20 min. Peptides were then
added to the treated P. aeruginosa supernatants to test their effect on 24-h
biofilms.

Biofilm eradication assay. Biofilms were grown as described above.
Twenty-four-hour biofilms were washed three times and then exposed to
the peptide (32 pg/ml; 22.4 wM) or peptide-tobramycin combination (32
pg/ml-1 wg/ml) for 24 h. Following incubation, the pegs were washed and
then transferred to a new 96-well plate containing fresh LB with no anti-
microbials and incubated for 24 h, after which eradication was scored as
“growth” or “no growth” in the wells. The lowest peptide concentration
that led to “no growth” was defined as the minimal biofilm eradication
concentration (MBEC) (16). In the experiment with repeated peptide
treatments, the pegs were transferred to fresh MHB containing peptide
and/or tobramycin every 2 h for a period of 8 h, followed by 16 h of
incubation with fresh peptide. At the end of this incubation, the pegs were
washed and then transferred to a new 96-well plate containing fresh LB
with no antimicrobials and incubated for 24 h, after which eradication was
scored as “growth” or “no growth” in the wells.

Statistical analysis. Statistical analysis was performed by one-way
analysis of variance (ANOVA) with Dunnett’s multiple comparison post-
test using Prism (version 5.00 for Windows; GraphPad Software, San
Diego, CA). A P value <0.05 was considered statistically significant. Fish-
er’s exact test was used for the analysis of the biofilm eradication assay in
GraphPad.

RESULTS
Biofilm formation and microscopic characterization. A Calgary
device was used to form biofilms of P. aeruginosa on plastic pegs
suspended from the lid of a 96-well microtiter plate (16). Cell
densities reached 1.1 X 107 = 6.8 X 10° CFU/peg after 24 h
(mean * standard error of the mean [SEM], n = 35) and 7 X
10° + 5.4-10° CFU/peg after 48 h (mean * SEM, n = 11), with a
change of medium after 24 h (2.4 X 10° CFU/peg with no change
of medium) in accordance with previously reported cell densities
for this experimental system (16). To determine the structure of
the biofilms, they were analyzed by scanning electron microscopy.
Analysis of untreated biofilms showed well-developed, complex
biofilms with channel structures at the air-liquid interphase that
were found to be up to 10 to 20 cell layers deep (Fig. 1A and B).

Effect of GL13K on biofilms. The MIC of GL13K against
planktonic P. aeruginosa is 8 pg/ml (5.6 uM) (8). Biofilms cul-
tured for 24 h and then exposed to 100, 64, or 32 pg/ml (70, 44.8,
or 22.4 uM, respectively) of GL13K for 4 h showed cell numbers
that were reduced by 99.9%, 99%, and 10%, respectively (Fig. 2A).
A similar reduction in cell number was seen with a 2-h treatment
(data not shown). The peptide was similarly effective against 48-
h-old biofilms (Fig. 2B). Consistent with the reduction in cell
numbers, no biofilm structure was visible by scanning electron
microscopy of the pegs after treatment with 100 pwg/ml (70 wM) of
GL13K for 4 h (Fig. 1C and D).

A challenge for biofilm eradication is that cells inside the bio-
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FIG 1 Scanning electron microscopy of 24-h P. aeruginosa biofilm formed on the pegs of a Calgary device. (A) Biofilm on a representative control peg not
exposed to antimicrobials. (B) Magnification (X20) of the area indicated by a white box in panel A. (C and D) Images of pegs treated with 100 pg/ml (70 pM)

GL13K for 4 h at low (C) and high (D) magnifications.

film are marginally metabolically active and the inside of the bio-
film is often anaerobic despite the presence of well-developed
channel structures that supply cells with nutrients (19, 20) (Fig. 1A
and B). Recently it became apparent that the normally aerobic P.
aeruginosa is found in lungs of cystic fibrosis patients in anaerobic,
biofilm-like communities that utilize alternative electron accep-
tors such as nitrate (15). We therefore tested the effect of GL13K
on a biofilm that was established and treated under anaerobic
conditions (Fig. 2C). The reduction in cell numbers was similar to
that observed under aerobic conditions (Fig. 2A), indicating that
GL13K was active against slow-growing cells and cells cultured
under anaerobic conditions.

Activity of the peptide in the presence of mucosal secretions is
also a practical consideration for application of an antimicrobial
peptide against biofilms in the oral cavity, airways, or other mu-
cosal surfaces. We therefore tested GL13K activity against a bio-
film in the presence of 25% clarified saliva. Saliva alone did not
reduce cell numbers in the biofilm, but importantly GL13K re-
tained its activity in the presence of saliva (Fig. 2D). We compared
the efficacy of GL13K with the paradigm human antimicrobial
peptide LL-37 in 25% saliva or with the addition of 10% serum.
The peptides are comparable at equimolar concentrations, with
GL13K having a slightly better performance than LL-37 in 10%
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serum (Fig. 2E). The difference between the GL13K and LL-37
treatments was not significant. Results in saliva were compara-
ble—the difference between GL13K and LL-37 again was not sig-
nificant—yet both were significantly different from the control
(Fig. 2F).

Stability of GL13K during biofilm treatment. Reduction in
cell numbers by 3 orders of magnitude at the 4-h time point sug-
gested that GL13K has the potential for biofilm eradication, an
important goal in antimicrobial treatment of biofilm. To test this,
we determined the minimal biofilm eradication concentration
(MBEC) after a single treatment with GL13K for 24 h. In this
assay, GL13K failed to eradicate the biofilm in a single treatment
with concentrations up to 512 pg/ml (358.4 pM) (not shown).
The inability to eradicate a biofilm at peptide concentrations 2- to
5-fold higher than the concentration that reduced biofilm bacteria
by 99.9% suggested that some bacteria in the biofilm remain
uniquely resistant to peptide treatment. To investigate biofilm
dynamics during treatment with GL13K, we monitored biofilm
bacteria in real time using the bioluminescent strain P. aeruginosa
Xen4l. A preliminary experiment verified that GL13K kills P.
aeruginosa Xen4l in a dose-dependent fashion, as expressed by
reduced bacterial luminescence (Fig. 3A). In time course experi-
ments, biofilm bacteria were suppressed for up to 6 h at 100 pg/ml
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FIG 2 Effect of GL13K on biofilms of P. aeruginosa PAO1. (A) Twenty-four-hour biofilms of P. aeruginosa incubated for 4 h with GL13K at the
concentrations indicated. (B) Forty-eight hour biofilms of P. aeruginosa incubated for 4 h in the absence (control) or presence of GL13K. (C) Twenty-
four-hour anaerobic biofilms of P. aeruginosa incubated in the absence (control) or presence of GL13K. (D) Twenty-four hour biofilms of P. aeruginosa
incubated for 4 h in MHB (control) or 25% saliva (saliva) in the absence or presence of GL13K (100 wg/ml). (E) Comparison of GL13K and LL-37 in 10%
fetal calf serum (24-h biofilms, 4-h treatment, peptides at 70 pM). (F) Comparison of GL13K and LL-37 in 25% clarified saliva (24-h biofilms, 4-h
treatment, peptides at 70 wM). Each data point represents cell numbers from one individual peg determined in triplicate. Each line represents the median
of 7 to 19 pegs. GL13K-treated samples are significantly different from control (P < 0.001). In panel F, GL13K is different from control (P < 0.001) and
LL-37 is different from control (P < 0.01). One-way ANOVA with Bonferroni posttest was performed. One hundred, 64, and 32 ng/ml peptide

corresponds to 70, 44.8, and 22.4 uM peptide, respectively.

(70 wM), but the biofilm had recovered to control levels after 24 h
of incubation with GL13K (Fig. 3B). At lower GL13K concentra-
tions, biofilm bacteria monitored via luminescence started to in-
crease earlier. Parallel monitoring of cell numbers in the plank-
tonic phase confirmed this observation, with cell numbers steadily
increasing in the wells during the incubation period (data not
shown).

Stability of GL13K. Growth of bacteria in the liquid phase
despite an initial GL13K concentration that was a multiple of the
MIC suggested a possible loss of peptide from the medium. To
determine if GL13K was potentially inactivated by soluble factors,
the spent medium from stationary-phase P. aeruginosa was cen-
trifuged to remove bacteria. The spent medium supernatant was
then sterile filtered or heat inactivated and used to test GL13K
activity. Figure 3C shows that GL13K lost activity in sterile-filtered
medium but remained active in heat-inactivated medium. This
result suggested that a heat-sensitive factor is responsible for the
inactivation of GL13K during incubation with P. aeruginosa. To
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test if proteolytic degradation could play a role in degradation, we
generated an all-D-amino-acid version of GL13K. This peptide
(p-GL13K) was not susceptible to degradation and remained ac-
tive in both sterile filtered and heat-inactivated P. aeruginosa cul-
ture supernatant (Fig. 3C).

P. aeruginosa produces metalloproteases (21) that are capable
of degrading antimicrobial peptides, potentially including
GLI13K. To confirm the involvement of metalloproteases in the
observed GL13K degradation, biofilms were exposed to different
concentrations of GL13K with or without 1 mM EDTA for 4 h.
Control medium was not exposed to biofilms (control = 0 h). The
GL13K-containing biofilm-exposed medium and GL13K-con-
taining control medium were then incubated with fresh plank-
tonic P. aeruginosa Xen41. Biofilm-exposed medium lost its abil-
ity to kill P. aeruginosa, confirming our previous observations.
This loss of GL13K activity was prevented by the addition of
EDTA (Fig. 3D), confirming that the metalloproteases of P.
aeruginosa could be involved in GL13K degradation. EDTA alone

Antimicrobial Agents and Chemotherapy
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FIG 3 Stability of GL13K during biofilm treatment. (A) Luminescence of planktonic Xen41 cells (10° CFU in Na-phosphate buffer) after incubation for 10 min
with GL13K. (B) Biofilms of P. aeruginosa Xen41 were incubated for 24 h without peptide (control) or with 100, 64, 32, or 16 pg/ml GL13K as indicated (70, 44.8,
22.4, or 11.2 pM, respectively). Surviving bacteria were quantitated by luminescence. Data are shown as means * standard deviations (SD) (n = 3). (C) GL13K
activity in nonconditioned (fresh) medium (left) and conditioned (spent) medium that was either sterile filtered (middle) or autoclaved (right). A viability assay
(ATP) of 24-h P. aeruginosa PAO1 biofilms after 4 h of treatment with 100 wg/ml (70 wM) peptide added to each modified MHB medium was performed. The
data are shown as the median of four samples for each condition. All peptide treatments with the exception of GL13K in sterile-filtered conditioned medium are
significantly different from control (P < 0.001). (D) Biofilms were incubated with GL13K for 0 h or 4 h in the presence and absence of EDTA (E; 1 mM). Residual
GL13K activity was quantitated by a Xen41 kill assay (see panel A). The bars (means * SD, n = 3) indicate relative survival of the Xen41 bacteria.

had no effect on P. aeruginosa viability, whereas control medium
with the peptide and EDTA was consistently more effective than
control medium with the peptide alone, suggesting that the pep-
tide is also degraded during incubation with P. aeruginosa Xen41.
We hypothesized that the increased stability of p-GL13K would
lead to an improvement in the effect on biofilms, which we could
confirm in the kinetics experiment with Xen41, where lumines-
cence activity remained suppressed over 24 h (not shown). Re-
placing only the Lys residues with b amino acids resulted in a
peptide with reduced solubility, possibly due to incorrect folding
(not shown).

Combination treatment for biofilm eradication. A recent re-
port described the successful combination of colistin and the ami-
noglycoside tobramycin for treatment of cystic fibrosis (22). Thus,
as an alternative approach for biofilm eradication, we tested a
combination of GL13K and tobramycin. Initial checkerboard
MBEC assays were used to determine the optimal concentrations
of the two compounds (data not shown). A single 24-h treatment
with GL13K or tobramycin failed to eradicate biofilms on individ-
ual pegs (not shown). As an alternative, we serially treated 24-h
biofilms four times for 2 h each with fresh antimicrobials before a
final incubation with fresh antimicrobials for 16 h (total of five
treatments over 24 h). GL13K and D-GL13K were used alone or in
combination with tobramycin (Table 1). As expected from our
experiments monitoring bioluminescence in biofilms, GL13K (32
pg/ml, 22.4 wM) did not eradicate biofilms, whereas the p-GL13K
peptide was able to eradicate biofilms on 15.6% of treated pegs.
The combination treatment with GL13K (32 pg/ml, 22.4 wM) and
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tobramycin (1 pg/ml) led to the eradication of 67.5% of the bio-
films. The combination of b-GL13K and tobramycin was equally
successful. Indeed either GL13K or p-GL13K in combination with
tobramycin was significantly more effective than treatment with
GL13K, p-GL13K, or tobramycin alone.

Structural analysis of GL13K. GL13K was developed from
GL13NH, by replacing targeted charged amino acid residues with
lysine residues (8). The contribution of individual amino acids to

TABLE 1 Eradication assay of established biofilms*

No. of biofilms: Ps:

Showing
Treatment growth Eradicated Control =~ Tobramycin
Control 64 0 NA® NA
GL13K, 32 pg/ml 64 0 NA NA
Tobramycin, 1 pug/ml 56 8 0.0062 NA
GL13K, 32 pg/ml, + 26 54 <0.0001  <0.0001

tobramycin, 1 pg/ml

D-GLI13K, 32 pg/ml 27 5 0.0033 0.7546
D-GL13K, 32 pg/ml, + 11 21 <0.0001  <0.0001

tobramycin, 1 pg/ml

“ Twenty-four-hour biofilms were exposed 4 times for 2 h to GL13K, p-GL13K,
tobramycin, or a combination of a peptide and tobramycin, followed by a final 16 h of
incubation with fresh antimicrobials. Pegs were scored for bacterial growth after 24 h,
as described in Materials and Methods. Biofilms on pegs that did not exhibit growth of
P. aeruginosa were considered eradicated. Statistical analysis was performed with
Fisher’s exact test. Thirty-two micrograms/milliliter of peptide equals 22.4 WM.

? NA, not applicable.

aac.asm.org 4907


http://aac.asm.org

Hirt and Gorr

N H
103 T T T

G Kl 1l KLZKAS STLTKITL.L
MIC:16 32 64 128 32 256 32 16 32 128 32 128 64

FIG 4 Leucine in position 6 is essential for GL13K effect on biofilm. Amino
acids in GL13K with the exception of alanine in position 8 were changed to
alanine. Numbers of cells in 24-h biofilms after 4 h of treatment with peptide
variants and GL13K (alanine in position 8; gray bar) is shown. The original
GL13K sequence is represented on the x axis. Black bar, control, no peptide
added. Data are shown as means = SD (n = 2 to 9). Results for all amino acid
replacements are significantly different from control (P < 0.001). The result
for L-6 is significantly different from those for all the other amino acid replace-
ments (P < 0.001).

GL13K activity was characterized by replacing individual amino
acids with alanine in 12 new peptide variants (the original alanine
in position 8 remained unchanged) (8). The 12 new alanine-sub-
stituted peptides and the original GL13K peptide were tested for
activity against biofilms (Fig. 4). Although, GL13K was created by
introducing additional positive charges in GLI3NH,, it was the
replacement of hydrophobic amino acid residues, not the charged
amino acid residues, that had the most pronounced effect on an-
tibiofilm activity. In particular, the replacement of leucine in po-
sition 6 by alanine almost completely eliminated antibiofilm ac-
tivity. The antibiofilm effect of these peptides was roughly
correlated with their MICs against planktonic bacteria (Fig. 4).

DISCUSSION

The importance of biofilms is exemplified by estimates that 80%
of infections in the United States have a biofilm etiology (23, 24).
Traditional antibiotics often require 10- to 1,000-fold-higher con-
centrations to be effective against biofilm than are required for
effectiveness against planktonic cells due to the presence of the
extracellular matrix and low growth rates exhibited by cells within
the biofilm (25). The increase in antibiotic resistance among med-
ically important microorganisms is well documented and adds to
this challenge (26, 27).

CAMPs offer an alternative approach to combat increasing an-
tibiotic resistance and the biofilm lifestyle. Their activity against
bacterial membranes is less specific than that of other antibiotic
agents, thus lowering the probability of bacterial resistance (5).
CAMPs also provide activity against metabolically less-active cells,
circumventing the restriction of many traditional antibiotics that
require bacterial growth (28). It can be predicted that no single
CAMP will be suitable for all applications or as the sole antibiotic.
Thus, we have embarked on the development of a new CAMP that
is based on the sequence of the human salivary protein parotid
secretory protein (8-10). The 13-amino-acid peptide GL13K ex-
hibits bactericidal activity against planktonic bacteria and low tox-
icity against mammalian cells (8). We show in this study that
GL13K is also highly effective against P. aeruginosa biofilms
formed on the pegs of a Calgary device, a static biofilm system
(16). Overall, we could achieve a 99.9% reduction in cell numbers
in a 4-h treatment with 100 pwg/ml (70 wM) GL13K. These results
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compare favorably with those for other antimicrobial peptides:
Although colistin can achieve a greater rate of reduction in biofilm
cell numbers, the toxicity of the peptide remains a concern (29).
Recently described peptoids were able to reduce established P.
aeruginosa biofilms by 1 to 2 logs at 100 wM (30), whereas Trp-
and Arg-containing peptides were able to reduce 24-h Escherichia
coli biofilms by 90% at that concentration (31). That biofilm cells
are more resilient to the peptide is shown by the fact that a com-
parably sized population of P. aeruginosa stationary-phase cells
can be easily killed within 5 min by the peptide at the concentra-
tion of 70 M (8).

Evaluation of the formed biofilm by scanning electron micros-
copy revealed far greater structural diversity than previously re-
ported (16). The air-liquid interphase in particular revealed intri-
cate structures of ridges and channels, with cells packed in a depth
of up to 10 to 20 cells in some places. Based on the anatomy of the
formed biofilm, we see the experimental system as a valid starting
point for the characterization of GL13K antibiofilm activity. In-
deed, the complexity of the biofilm may contribute to the ob-
served variability of GL13K efficacy on individual pegs. Although
the steps involved in preparing the samples for microscopy may
result in loss of biofilm matrix, scanning electron microscopy is
accepted for characterization of biofilms (32), and imaging of the
biofilms directly on the pegs by fluorescent confocal microscopy
indicated a strong reduction of the fluorescent signal in the pep-
tide-treated samples, validating the results obtained with electron
microscopy. In addition, we also looked at biofilms formed on a
glass slide, where again the biofilm mass was significantly reduced
in the peptide-treated samples compared to control (data not
shown). The data support a significant weakening of the biofilm
by the peptide treatment, which leads to a reduction in viable cell
numbers and, we hypothesize, to greater structural weakness of
the biofilm, resulting in easier removal.

Our repeat treatment eradication effort increased the success
rate of the treatment to 67.5%. As observed, repeat treatment with
alow concentration of tobramycin that is insufficient to eradicate
biofilms in a single treatment is somewhat effective, with an erad-
ication rate of 12.5%. The D version of GL13K was able to reach the
same efficiency as tobramycin ata concentration of 32 pg/ml (22.4
wM), clearly superior to GL13K, yet there was no difference be-
tween GL13K and D-GL13K in combination with tobramycin,
with both of them significantly (P < 0.0001) improving the erad-
ication rate over tobramycin alone to 67.5% and 65.6%, respec-
tively. It is not clear at this point why b-GL13K did not show a
better performance in this assay over GL13K, since it is clearly
superior standing alone. It is apparent that eradication is possible
under these conditions, yet eradication of all pegs in the popula-
tion remains a challenge. This is consistent with the view that
variability of the biofilms on individual pegs contributes to this
effect, which is supported by observations of other groups (33).

Variations within individual biofilms can contribute to the
difficulty in eradicating them. Thus, Pamp et al. showed that
colistin preferentially killed the metabolically inactive cells in
the center of a P. aeruginosa biofilm, whereas metabolically
active cells on the biofilm surface were able to withstand colis-
tin treatment by modification of LPS, which easily contributes
to the resilience of the biofilm (7). The combination treatment
with tobramycin offers an avenue to killing the metabolically
active cells in the outer layer of the biofilm. Indeed, it is likely
that complete biofilm eradication by antibiotics is not neces-
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sary in vivo. Instead, a significant reduction of biofilm bacteria
may be sufficient to allow the immune system to gain the ad-
vantage and complete the eradication.

Unlike other antibiotics, antimicrobial peptides are typically
susceptible to degradation by proteases (28). We found evidence
for this in our model system, since GL13K activity diminished
rapidly when the peptide was exposed to biofilm. EDTA inhibited
this loss of activity, implicating metalloproteinases in peptide deg-
radation. A potential solution for this problem is the use of the
all-p-amino-acid version D-GL13K, which retained activity under
conditions that inactivated the L-amino-acid peptide. The greater
stability of p-GL13K may also be responsible for the increased
effect of p-GL13K over GL13K for biofilm eradication in the re-
peat treatment experiments.

The mechanism of action of GL13K remains to be elucidated.
However, characterization of the amino acids responsible for an-
tibiofilm activity identified a leucine residue in position 6 that was
necessary for peptide activity against biofilm. The amino acids in
that region around position 6 of the peptide appear to contribute
to peptide activity, in particular amino acids 3 to 7. This region
contains three hydrophobic and two charged amino acids, indi-
cating that the correct balance of charge and hydrophobic features
in that part of the peptide is necessary for full activity. The bacte-
ricidal activity of GL13K was achieved by replacing four amino
acids with Lys residues (8). Thus, it is somewhat surprising that
the loss of a hydrophobic residue and not a basic residue appears
to have the greater effect on peptide activity. This indicates that the
loss of one positive charge does not impact the peptide signifi-
cantly but that the remaining positive charges are sufficient to
attach to the membrane. At this point, hydrophobicity appears to
become more important, and one can hypothesize that the pep-
tide in the alanine-6 variant is not able to sufficiently infiltrate the
membrane. However, overall hydrophobicity is not the only ex-
planation, since other leucine-to-alanine replacements do not im-
pact activity to the same extent. Since the leucine in position 6 is
centrally located, one can hypothesize that leucine-6 is important
for the arrangement of the peptide, perhaps as a multimer, in the
membrane. All peptide variants are active against planktonic cells
in a kill assay, although the MIC of the leucine-6 variant is in-
creased to 256 pg/ml (179.2 pM).

A common limitation of CAMPs is their sensitivity to physio-
logical salt concentrations, which may limit their use in biological
fluids (34, 35). We previously found that GL13K remained active
against planktonic E. coli in the presence of 150 mM NaCl or 45%
saliva. In addition, GL13K retains antilipopolysaccharide activity
after intraperitoneal (i.p.) injection in vivo (8). The finding that
the antibiofilm activity was not affected by 25% saliva suggests
that applications on human mucosal surfaces are possible. Thus,
with its high antibiofilm activity, activity in human secretions, and
low toxicity, GL13K is a promising candidate for antimicrobial
therapy of bacterial biofilms. This is of particular interest since
saliva alone had no effect on the biofilm, despite the large number
of antimicrobial peptides found in saliva (24). This finding is con-
sistent with the observed accumulation of oral biofilm in vivo in
the presence of continuous salivary flow. Thus, mechanical re-
moval is necessary to control daily biofilm growth. GL13K and
similar peptides may have a role in controlling biofilm growth in
vivo in some patient populations.
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