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The plight of antimicrobial resistance continues to limit the availability of

antibiotic treatment effective in combating resistant bacterial infections.

Despite efforts made to rectify this issue and minimise its effects on both

patients and the wider community, progress in this area remains minimal. Here,

we de-novo designed a peptide named KDEON WK-11, building on previous

work establishing effective residues and structures active in distinguished

antimicrobial peptides such as lactoferrin. We assessed its antimicrobial

activity against an array of bacterial strains and identified its most potent

effect, against Pseudomonas aeruginosa with an MIC value of 3.12 μM, lower

than its counterparts developed with similar residues and chain lengths. We

then determined its anti-biofilm properties, potential mechanism of action and

in vitro cytotoxicity. We identified that KDEON WK-11 had a broad range of

antimicrobial activity and specific capabilities to fight Pseudomonas aeruginosa

with low in vitro cytotoxicity and promising potential to express anti-

lipopolysaccharide qualities, which could be exploited to expand its

properties into an anti-sepsis agent.
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1 Introduction

Multidrug resistant (MDR) infections are now considered a serious threat that has

ushered our society into a post-antibiotic era, putting at risk not only human health, but

also the ecosystem and primary sectors of the economy. Infections caused by resistant

Gram-negative bacteria (e.g., Pseudomonas aeruginosa) are difficult to treat and are

associated with high morbidity and mortality rates (Kaye and Pogue, 2015). Pseudomonas

can easily colonise human tissues, such as wounds or the lungs, producing biofilms and

can provoke sepsis and septic shock due to the release of endotoxins. Antimicrobial
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resistance in this class of pathogenic bacteria is one of the most

pressing challenges in the field of infectious diseases and the

reduced number of new antibiotics on the market pushes

research into new compounds with antimicrobial activity and

alternative mechanism(s) of action (Doi et al., 2017).

Antimicrobial peptides (AMPs) of innate immunity represent

an interesting class of molecules with expanding properties and

the potential for the development of new antibiotics (Mangoni

et al., 2016; Casciaro et al., 2020; Rivas-Santiago et al., 2021;

Zhang et al., 2021). These short cationic peptides interact with

negatively charged components of the bacterial cell wall

(lipoteichoic acid in Gram-positives and lipopolysaccharides,

LPS, in Gram-negatives) and destabilize the integrity of the

microbial membrane as a primary bactericidal mechanism of

action. LPS molecules usually consist of three portions: 1) a

hydrophobic moiety for anchoring LPS to the outer membrane,

named lipid A; 2) an oligosaccharide core that contributes to

maintaining outer membrane integrity; 3) and repeating

oligosaccharide units in direct contact with the external

milieu, named O Antigen (Hellman and Warren, 1999;

Whitfield and Trent, 2014). Considering that the release of

LPS is one of the major causes of endotoxin-induced

production of inflammatory cytokines and septic shock

(Morrison and Ryan, 1987), AMPs capable of killing

pathogenic Gram-negative bacteria and neutralizing LPS, are

in high demand. Lactoferrin is a perfect example; this is an iron-

binding glycoprotein which is found in most exocrine secretions

(Sinha et al., 2013), and provides a rich source of cationic and

hydrophobic AMPs released upon proteolysis (Farnaud and

Evans, 2003; Lizzi et al., 2009) that neutralize the effect of

LPS-induced toxicity by binding to LPS molecules (Miyazawa

et al., 1991; Appelmelk et al., 1994). Considering that the primary

sequences of these lactoferrin-derived AMPs are rich in

tryptophan, phenylalanine, and lysine residues, we designed a

short AMP named KDEON WK-11 with two of these three

residues consistently repeated in its primary structure

(i.e., WWKKWWKKWWK). KDEON WK-11 was firstly

analysed for its antimicrobial and antibiofilm activity, its

mechanism of action followed by its structural conformation

and cytotoxicity analysis.

2 Materials and methods

2.1 Peptide

KDEON WK-11 was purchased from IDT Inc (Integrated

DNA Technologies Incorporated). KDEON WK-11 was

synthesized by stepwise solid-phase F-moc synthesis with free

ends at the N and C-terminals and a purity greater than 95%.

High performance liquid chromatography (HPLC) spectrum of

the peptide is reported in Supplementary Figure S1. The peptide

was solubilized in PBS at a concentration of 2 mM. Electrospray

ionisation mass spectrometry was performed using

Diphosphoryl Lipid-A (Sigma Aldrich), chloroform (Sigma

Aldrich), methanol (Sigma Aldrich) and diH2O (Sigma Aldrich).

2.2Materials, microbial strains and cell line

The strains used in this study were the Gram-negative

Pseudomonas aeruginosa ATCC 27853, Acinetobacter

baumannii ATCC 19606, Escherichia coli ATCC 25922; the

Gram-positive Staphylococcus aureus ATCC 25923,

Staphylococcus epidermidis ATCC 12228, Bacillus megaterium

Bm11; the yeast Candida albicans ATCC 24433. The clinical

isolates of P. aeruginosa were the strains R1 and 1Rm (Casciaro

et al., 2017); the strains #2 and #3 (Luca et al., 2013); and the

strain 19595 (Terri et al., 2022). Human immortalized

keratinocytes (HaCaT cell line) were purchased from

AddexBio (San Diego, CA, United States) and cultured in

Dulbecco’s modified Eagle’s medium supplemented with

4 mM glutamine (DMEMg), 10% heat-inactivated fetal bovine

serum (FBS), and 0.1 mg/mL of penicillin and streptomycin at

37°C and 5% CO2, in 25 cm2 or 75 cm2
flasks. All the other

reagents used were purchased from Sigma-Aldrich (St. Luis, MO,

United States).

2.3 Antimicrobial activity

The antimicrobial activity of KDEON WK-11 was evaluated

by the microdilution broth method for the minimum inhibitory

concentration (MIC) identification, as previously reported (Luca

et al., 2013; Buommino et al., 2019). Aliquots of 50 μL of bacterial

suspension in Mueller–Hinton broth (MH) in mid-log phase

(concentration of 2 × 106 cells/mL) were added to 50 μL MH

containing serial two-fold dilutions of the peptide (from 0.375 to

100 μM), in a 96-well plate. For the yeast, Winge-broth and 5 ×

104 cells/mL were used (Buommino et al., 2019). The plate was

then incubated for 16–18 h at 37°C (or 30°C for Candida) and the

MIC was defined as the minimal concentration of peptide

capable of visually inhibiting microbial growth (100%

inhibition). MICs are reported as the modal value of at least

three independent experiment. After incubation, for a

representative Gram-positive, Gram-negative and yeast strain

(i.e., S. epidermidis ATCC 12228, P. aeruginosa ATCC 27853 and

C. albicans ATCC 24433), aliquots from the well corresponding

to the MIC, 2 x MIC and 4 x MIC were spread on agar plates for

colony forming unit (CFU) counting (Mangoni et al., 2008b).

The bactericidal activity of KDEON WK-11 was finally assessed

against P. aeruginosa ATCC 27853, in a condition that better

mimics a physiological environment (i.e., the physiological

phosphate buffered saline, PBS). The bacterial culture was

grown until an optical density (O.D.) of 0.8 at λ = 590 nm

was reached and then centrifuged (1,400 × g for 10 min) and
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resuspended in PBS. Aliquots of 100 μL (cell concentration of 1 ×

106 CFU/mL) were incubated with different concentrations of

KDEONWK-11 (MIC, ½ x MIC and ¼ x MIC) for 5, 15, 30 and

60 min. At each time-point, aliquots were spread on agar plates

for the CFU counting. Controls were cells treated with vehicle.

Data are reported as the mean ± the standard error of the mean

(SEM) of three independent experiments.

2.4 Sytox green assay

To assess the ability of KDEON WK-11 to perturb the

cytoplasmic membrane of representative Gram-positive,

Gram-negative and yeast strains (S. epidermidis ATCC

12228, P. aeruginosa ATCC 27853 and C. albicans ATCC

24433), the Sytox Green assay was performed as previously

reported (Islas-Rodriguez et al., 2009). Approximately 1 ×

107 CFU/mL for bacteria and 1 × 106 CFU/mL for yeast were

incubated with 1 μM Sytox Green in PBS or 0.01 M sodium

phosphate buffer (NaPB), respectively, for 5 min in the dark.

After peptide addition, changes in fluorescence intensity

(λexc = 485 nm, λems = 535 nm) caused by the binding of

the dye to intracellular DNA were monitored for 60 min in a

microplate reader (Infinite M200, Tecan, Salzburg, Austria) at

37°C or 30°C for bacteria or yeast. Controls were cells treated

with the vehicle PBS. The experiments were performed three

times.

2.5 Antibiofilm activity

P. aeruginosa ATCC 27853 was grown at 37°C until an O.D.

of 0.8 at λ = 590 nm was reached. Aliquots of 100 µL of bacteria

(concentration of 1 × 106 CFU/ml) in Luria Bertani (LB) were

dispensed into the wells of a 96-multiwell plate, which was

incubated for 20 h at 37°C to allow biofilm formation.

Subsequently, the medium containing planktonic cells was

aspirated from the wells and the wells were rinsed twice with

150 µL of PBS to remove any remaining non-adherent cells. After

washing, each well was filled with PBS supplemented with

different two-fold serial dilutions of KDEON WK-11. The

plate was then incubated for 2 h at 37°C and, after treatment,

the wells were rinsed twice with PBS. Finally, aliquots of 150 µL of

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) (0.5 mg/mL) were dispensed in each well to evaluate

biofilm cell viability after 4 h incubation at 37°C. The reaction

was stopped by adding sodium dodecyl sulfate (SDS) (final

concentration of 5% v/v) and the absorbance of each well was

recorded at 570 nm using the microplate reader. The percentage

of biofilm viability was calculated with respect to the untreated

samples, as previously reported (Luca et al., 2013). Data are

reported as the mean ± standard error of themean (SEM) of three

independent experiments.

2.6 Inhibition of biofilm formation and
pyoverdine production

The capability of KDEONWK-11 in inhibiting P. aeruginosa

biofilm formation was assessed as previously reported, with some

modifications (Casciaro et al., 2019; Corte et al., 2019). P.

aeruginosa ATCC 27853 was grown at 37°C until an O.D. of

0.8 at λ = 590 nmwas reached. Aliquots of 50 µL of bacteria (final

cell concentration of 1 × 106 CFU/mL) in Luria Bertani (LB) were

dispensed into the wells of a 96-multiwell plate cointaining 50 µL

of LB supplemented with different peptide concentrations. The

plate was incubated for 20 h at 37°C to allow biofilm formation.

After incubation, the absorbance of the microbial culture was

read at λ = 590 nm with the microplate reader (Infinite M200,

Tecan, Salzburg, Austria), to exclude that any inhibition of

biofilm formation was simply due to a reduced bacterial

growth at sub-MIC concentrations. The supernatants of the

wells corresponding to 1/2, 1/4 and 1/8 x MIC were collected,

centrifuged for 10 min at 12,000 x g to separate the bacterial

pellet. The obtained supernatants were then analyzed for

pyoverdine quantification by measuring the fluorescence

intensity at 460 nm after excitation at 400 nm with the Tecan

microplate reader, as previously reported (Deziel et al., 2001;

Casciaro et al., 2019). Finally, the biomass quantification was

measured as reported in (Casciaro et al., 2019): the wells were

washed twice, then the biofilm was fixed with 99% methanol in

water and stained with Crystal Violet (0.05% in water) for

biomass evaluation. All the data obtained in these experiments

are reported as mean ± SEM of three independent experiments.

2.7 Induction of resistance

The induction of resistance was conducted as previously

reported (Casciaro et al., 2018). Briefly, multiple exposures of

the bacterial suspension to serial two-fold dilutions of KDEON

WK-11 were performed using a diluted inoculum (1:10,000 in

MH) of the bacterial culture grown at ½ × MIC. After 15 cycles,

bacteria were grown in drug-free LB. Afterwards, the standard

MIC assay was carried out as described above. The final MICs

were compared to the initial ones and graphed as fold increase in

MIC. The polycationic antibiotic colistin was also tested for

comparison. The experiment was conducted in two

independent replicates.

2.8 Electrospray ionisation mass
spectrometry

Electrospray Ionisation (ESI) mass spectrometry was

performed at room temperature. A stock solution of 45%,

chloroform 55% methanol and 0.5% diH2O was made and

aliquots of 1 mL were taken in triplicate, for sample stock
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preparation. Sample stocks containing KDEON WK-11 and

Lipid A were made and mixed in a 1:1 ratio, containing

0.005 mg/mL of peptide and Lipid A. Samples were run on

Micro_TOF ESI-MS (Bruker Daltonics), FT-ICR-MS and

Nanodrop-2000 UV-VIS Spectrometer.

2.9 Cytotoxicity in vitro

Cell viability was quantified by the colorimetric MTT assay

performed as previously reported (Bellavita et al., 2021).

Approximately 4 × 104 cells resuspended in 100 μL of

DMEMg plus 2% FBS were plated in each well of 96-well

plates then incubated at 37°C and 5% CO2 for approximately

24 h. The medium was removed, a wash with 100 μL of serum-

free DMEMg was performed and subsequently, 100 μL of fresh

serum-free DMEMg containing the peptide at different

concentrations was added in each well. As controls,

HaCaT cells were treated with vehicle. After 24 h incubation

at 37°C and 5% CO2, the culture medium was removed, each well

was washed with 100 μL of Hank’s buffer (136 mM NaCl,

4.2 mM Na2HPO4, 4.4 mM KH2PO4, 5.4 mM KCl, 4.1 mM

NaHCO3, pH 7.2, supplemented wih 20 mM D-glucose) which

was then replaced by 100 μL of 0.5 mg/mL MTT prepared in

Hank’s buffer (Cappiello et al., 2016). The plate was incubated for

4 h under these same conditions. Finally, 100 μL of acidified

isopropanol was added to each well, and absorbance was

measured at 570 nm using the microplate reader. HaCaT cell

viability was calculated with respect to the control and expressed

as a percentage. Data are reported as the mean ± SEM of three

independent experiments.

3 Results

3.1 The antimicrobial activity of KDEON

To assess the antimicrobial activity of KDEON WK-11

peptide (Table 1), its MIC values after 18 h of treatment were

determined against a panel of Gram-positive and Gram-negative

bacteria, and yeasts. As reported in Table 2, KDEON WK-11

showed notable antimicrobial activity against all the tested strains

with MICs ranging from 0.75 to 50 μM. Regarding the Gram-

positive bacteria, KDEON peptide had the strongest activity

against B. megaterium Bm 11 (MIC of 0.75 μM) and S.

epidermidis ATCC 12228 (MIC of 3.12 μM) while a weaker

activity was displayed against the human pathogen S. aureus

(MIC of 25 μM). When KDEON WK-11 was tested against

Gram-negative bacteria, the weakest activity was detected

against A. baumannii ATCC 19606 (MIC of 50 μM), while it

showed a potent antimicrobial effect against E. coli ATCC

25922 and the human pathogen P. aeruginosa (MIC of

3.12 μM). A notable antimicrobial efficacy was also detected

against C. albicans with a MIC of 6.25 μM. Considering the

potent activity against P. aeruginosa, the activity of KDEONWK-

11 was also tested against a panel of clinical isolates (Table 2): the

antimicrobial activity of KDEONWK-11 was comparable to that

obtained against the reference strain ATCC 27853 (i.e., MICs

ranging from 1.56 to 6.25 μM).

To verify whether the inhibitory effect of KDEON peptide

was related to microbial killing, after MIC determination,

aliquots from the well corresponding to MIC, 2 × MIC and 4

× MIC of three representative strains were spread onto LB agar

plates for CFU counting. As reported in Figure 1, the strongest

reduction of cell viability (>99%) was detected against S.

epidermidis at the MIC and 2 × MIC, while a total killing

(100%) occurred at 4 × MIC. Analogously, against P.

aeruginosa, there was a reduction of approximately 99% of the

initial inoculum at 2 × MIC, while total killing was recorded at 4

TABLE 1 Primary structure, net charge at neutral pH, grand average of hydropathicity (GRAVY) and theoretical isoelectric point (pI) of KDEONWK-11.

Peptide Sequence Net charge GRAVY Theoretical pI

KDEON WK-11 WWKKWWKKWWK +5 −2.264 10.60

GRAVY and theoretical pI values were provided by https://web.expasy.org.

TABLE 2 Antimicrobial activity of KDEON peptide, expressed as MIC
values.

Strain MIC (μM)

Gram-positives

Staphylococcus aureus ATCC 25923 25

Staphylococcus epidermidis ATCC 12228 3.12

Bacillus megaterium Bm 11 0.75

Gram-negatives

Acinetobacter baumannii ATCC 19606 50

Escherichia coli ATCC 25922 6.25

Pseudomonas aeruginosa ATCC 27853 3.12

Pseudomonas aeruginosa R1 1.56

Pseudomonas aeruginosa 1Rm 3.12

Pseudomonas aeruginosa #2 6.25

Pseudomonas aeruginosa #3 6.25

Pseudomonas aeruginosa 19595 3.12

Yeasts

Candida albicans ATCC 24433 6.25
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× MIC. In comparison, against C. albicans, KDEON peptide

reduced >90% viability of the initial bacterial inoculum (dotted

line) at MIC, 2xMIC and 4 × MIC.

3.2 Permeabilization of cell membrane

To investigate the membrane-perturbing activity of KDEON

WK-11 as a plausible mechanism of antimicrobial action, we

performed the Sytox Green assay. This assay assessed the

capability of the peptide to destabilize the microbial

cytoplasmic membrane, thus leading to the intracellular entry

of the membrane impermeant fluorescent probe Sytox Green,

with consequent increase of fluorescence intensity due to its

binding to intracellular nucleic acids. As reported in Figure 2,

KDEON WK-11 provoked a slow and weak perturbation of the

FIGURE 1
Bacterial cells viability expressed as CFU/mL after 18 h of peptide treatment. Dotted line represents initial inoculum density. Data represent the
mean ± SEM of three independent experiments.

FIGURE 2
Membrane perturbation induced by KDEON as detected by the Sytox Green assay. Time 0 represents peptide addition, after stabilization of the
fluorescence signal of the bacterial suspension in 1 μM Sytox Green. Values correspond to one representative experiment of three.

FIGURE 3
Killing kinetic of KDEON peptide against P. aeruginosa ATCC
27853 evaluated by CFU counting after 5, 15, 30 and 60 min of
peptide treatment. Dotted line represents initial inoculum density.
Data represent the mean ± SEM of three independent
experiments.
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membrane of the Gram-positive S. epidermidis strain, while a

faster and stronger effect was recorded for C. albicans with an

enhanced increase in fluorescence intensity, particularly at

25 and 12.5 μM after ~10 min following peptide addition.

Interestingly, a very fast kinetic was found for KDEON WK-

11 at almost all concentrations used against P. aeruginosa, with

the highest values of fluorescence achieved within the first

minutes of peptide treatment.

To explore whether the fast kinetics of membrane

permeabilization of P. aeruginosa was concomitant with cell

death, a killing kinetics was conducted in PBS by testing three

different peptide concentrations i.e., ¼ x MIC (0.75 μM); ½ x

MIC (1.56 μM) and MIC (3.12 μM). This condition was essential

to evaluate the effectiveness of the peptide in physiological

solution, a remarkably aspect for its potential clinical

application. As reported in Figure 3, KDEON WK-11 caused

a reduction in CFU of more than 90% at ¼ x MIC after 5 min. At

½ x MIC, it provoked a reduction in CFU of more than 99%

within 60 min, while at the MIC, KDEON WK-11 induced a

notable and rapid reduction (approximately 99.9%) already after

5 min with a total killing at 30 min.

3.3 Antibiofilm activity of KDEON WK-11

Considering that P. aeruginosa can easily switch from a

planktonic to sessile life-style and colonise biological and inert

surfaces forming biofilms, the capability of KDEON WK-11 to

disrupt and kill preformed biofilm was evaluated against the

reference ATCC 27853 strain. Preformed biofilm was made as

described in theMaterials &Methods section and the peptide was

tested at different concentrations for 2 h in PBS. As shown in

Figure 4, KDEON WK-11 was active against P. aeruginosa

biofilm and at 6.25 μM, reduced approximately 40% of

biofilm metabolic activity. Of particular significance, when

tested at 25, 50 and 100 μM the percentage of biofilm

metabolic activityy was lower than 20%.

Another important biological property of some

antimicrobials is the ability to inhibit the formation of

biofilms. KDEON WK-11 was tested for this capability against

the reference strain P. aeruginosa ATCC 27853. As reported in

Figure 5, when used at concentrations ranging from 1/2 to 1/32 of

its MIC, KDEONWK-11 was capable of inhibiting the formation

of biofilm after 20 h of treatment, with a reduction in biomass

FIGURE 4
Metabolic activity of P. aeruginosa ATCC 27853 biofilm after
treatment with KDEONWK-11 at concentrations of 3.12, 6.25, 12.5,
25, 50 and 100 μM for 2 h in PBS. Data represent the mean ±
standard error of the mean (SEM) of three independent
experiments.

FIGURE 5
Percentage of biofilm biomass at different sub-MIC
concentration of KDEONWK-11 (gold bars) in comparisonwith the
microbial growth (red bars). Biofilm biomass was quantified by CV
staining, while themicrobial growth was evaluated by reading
the absorbance at 590 nm. Data represent the mean ± SEM of
three independent experiments.

FIGURE 6
Percentage of pyoverdine production at 1/2, 1/4, and 1/8 x
MIC of KDEON WK-11. Data represent the mean ± SEM of three
independent experiments.
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ranging from ~60 to ~40%. No antibiofilm activity was found at

1/64 of the MIC. As reported in Figure 5, at concentrations equal

to 1/2, 1/4 and 1/8 of MIC, the biomass reduction is higher than

50%. Note also that such reduction is not linked to a reduction in

the growth of the planktonic form of the bacterium, as

demonstrated by the invariant absorbance values of the

bacterial culture treated with the peptide at sub-MICs

compared to the untreated control samples.

Finally, we also evaluated the effect of the peptide on the

production of virulence factors i.e., pyoverdine, the primary

siderophore of P. aeruginosa. As reported in Figure 6, at the

concentrations at which the peptide is capable of inhibiting

biofilm formation by more than 50% (i.e., 1/2, 1/4, 1/8 x

MIC), KDEON WK-11 was also capable of reducing the

production of pyoverdine by about 75% at 1/2 and 1/4 of the

MIC and by about 50% at 1/8 of the MIC.

3.4 Induction of resistance by KDEON
WK-11

The induction of resistance was conducted on the clinical

isolate P. aeruginosa 19595, using the antibiotic colistin as a

reference. As reported in Figure 7, KDEON WK-11 did not

provoke any increase in the MIC values after multiple exposures

to the peptide, while colistin MIC became to 4-fold higher than

the initial value after 15-days-treatment.

3.5 Electrospray ionisation mass
spectroscopy

ESI-MS experiments were carried out on lipid A and

KDEON WK-11 under a variety of solution and mass

spectrometry conditions. The results of MS methods showed

binding of diphosphorylated-lipid A to KDEON WK-11, as

significant ion (Lipid A-peptide) complexes were detected

from CHL/MeOH/H2O solution (Figure 8). These peaks were

visible at 1103 and 1173, when compared to peaks representing

the peptide alone, at 573 and 860. This was also supported by

independent structural predictions generated by Mobyle@RPBS

(University of Paris) showing that KDEON WK-11 conforms in

an alpha-helix as its secondary structure when complexed to

Lipid A (Figure 9A). From these structural predictions, we could

also visualize the amphipathic character of the alpha-helix

structure of KDEON WK-11, vital for carrying out its

antimicrobial activity (Figure 9B).

3.6 Cytotoxicity in vitro

Due to the ability of P. aeruginosa to easily infect skin

wounds, we tested the cytotoxicity of the peptide by the MTT

assay against a human cell line of keratinocytes, the principal type

of cell found in the epidermis, the outermost layer of the skin.

As reported in Figure 10, the peptide did not show significant

toxicity at concentrations below 25 μM, with reduction in cell

viability less than 20%. At a concentration of 50 μM (16-fold

higher the MIC against Pseudomonas (3.12 μM), cell viability was

reduced by approximately 25%.

4 Discussion

Naturally-occurring AMPs represent an interesting class of

molecules with different biological functions and can serve as a

template for the “de novo’’ design and development of new

peptides. One such bioactive peptide with multiple functions

is lactoferrin, and several studies have aimed to design

lactoferrin-derived peptides for modulating these activities

(Gifford et al., 2005; Sinha et al., 2013; Kim et al., 2016;

Gruden and Poklar Ulrih, 2021). Many peptides, particularly

those derived from lactoferrin or similar origin, are composed of

sequences that cover two characteristics. They include a

hydrophobic, or lipophilic component, and a cationic charge

(Chen et al., 2003). Previous studies on the sequences required

for efficacious antimicrobial activity have established the

importance of repetitive subunits of residues, and the most

effective number of repeats (Deslouches et al., 2016). While

many studies have described that increasing peptide chain

length corresponded to an increase in antimicrobial activity, it

appears that at a certain length, a threshold is reached, above

which increasing the number of residues in the AMP chain can

hinder activity (Chen et al., 2003; Ahn et al., 2017; Ramamourthy

et al., 2020). Based on these findings, we established that 11-

residues was likely to be an effective chain length for optimum

antimicrobial activity.

FIGURE 7
Fold increase inMIC of KDEONWK-11 and colistin against the
clinical isolate P. aeruginosa 19595 after 15 cycles of treatment.
The experiment was conducted in two independent replicates.
The value represent themean± standard deviation (SD) of the
fold increase in MIC of these two replicates. When SD is 0, the MIC
values of both replicates were the same.
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Taking these considerations into account, we designed an 11-

residue long peptide, named KDEONWK-11 that consists of the

repetition of two residues (Lys and Trp), abundant in the primary

structure of lactoferrin, and assessed its antimicrobial activity,

with particular emphasis on its antipseudomonal properties.

Lysine, as a cationic, basic residue plays a role in the

electrostatic interaction between AMP and anionic cell

membrane (Jin et al., 2016; Arias et al., 2018; Ramamourthy

FIGURE 8
Electrospray ionisation mass spectra showing Lipid A binding to KDEON WK-11 represented by ion complex formation seen as single peaks
expressing the molecular mass of both components. Red circles present at peaks 1103 and 1173 indicate the presence of the peptide-ion complex,
proving the binding of KDEONWK-11. Blue circles at peaks 430, 573 and 860 (m/z), indicate the peptide alone (4+, 3+, 2 + charge state respectively
of WK11), showing the significant difference between the two, in the presence and absence of ion complex formation. The inset indicates the
spectrum of the peptide alone.

FIGURE 9
(A) Predicted LPS-binding of KDEON WK-11; (B) Structural predictions showing the amphipathic character of the helical wheel projection of
KDEON WK-11. Blue and yellow colors indicate basic hydrophilic and hydrophobic residuces respectively.
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et al., 2020). Lys can be commonly found in naturally occurring

AMPs and when contrasted with other basic residues used in

alternative sequences, Lys produces less cytotoxic effects on host

cells which may be due to its improved selectivity, preventing the

haemolysis of healthy red blood cells (Gopal et al., 2013; Jin et al.,

2016). There is some contest between Lys and Arg as to which is

the more favourable cationic residue (Han et al., 2016; Krishnan

et al., 2021). Some authors report that Arg containing peptides

may induce a more potent antimicrobial effect as it can more

easily perturb and incorporate into bacterial cell membranes

(Andreev et al., 2014; Deslouches et al., 2016). These effects can

be attributed to the guanidinium side chain on the structure of

Arg, forming numerous hydrogen bonds with phosphate groups

(Tang et al., 2008; Gopal et al., 2013). However, with increased

antimicrobial activity, there is a corresponding increase in

haemolytic and cytotoxic effects at therapeutic concentrations

(Yang et al., 2003; Nan et al., 2010) and so, in many cases, Lys is

the safer choice. In addition, some studies have speculated that

the Lys residue may play a role in carrying out its antimicrobial

effect by interfering with the phosphodiester bonds of bacterial

DNA, or RNA, through its positively charged side chains. For this

reason, and its improved safety profile, Lys was the more

appropriate amino acid to include, in order to enhance the

AMPs mechanism of antimicrobial activity (Travis et al., 2000;

Nan et al., 2011; Luong et al., 2018).

Tryptophan is a hydrophobic residue involved in the

permeabilization and disruption of the bacterial cell

membrane (Nan et al., 2009; Rajasekaran et al., 2015; Lyu

et al., 2019). Hydrophobic residues can insert into the

hydrophobic core of the lipid bilayer, influencing pore size

and stability of the membrane (Bi et al., 2013; Bi et al., 2014).

The structure of tryptophan contains an aromatic indole side

chain that can improve peptide anchoring and penetration via

hydrogen bonding with phospholipid head groups. (Gopal et al.,

2013; Ramamourthy et al., 2020). AMPs containing Trp residues

near to the N-terminal have a higher propensity to alpha-helix

formation, which can additionally improve interactions with the

hydrophobic core of the lipid bilayer, (Bi et al., 2013; Zhu et al.,

2014; Shagaghi et al., 2016), and was proven by predicted

structural analysis (Figure 9). The role of the Trp residue may

explain the increased potency of bovine lactoferrin, containing

two Trp residues, when compared to human lactoferrin,

containing only one (Vogel et al., 2002).

Previous work has established Trp as an essential residue in

AMP sequences that target P. aeruginosa, capable of perturbing

the inner bacterial membrane and expressing anti-biofilm

properties (Zhu et al., 2014). Based on these findings, we

assessed the antimicrobial activity of KDEON WK-11 against

a variety of Gram-positive and Gram-negative bacterial strains.

KDEON WK-11 has a broad spectrum of activity with MIC

values ranging from 0.75 to 50 μM. As expected, the peptide

showed significant activity against the human pathogen P.

aeruginosa ATCC 27853 (MIC of 3.12 μM, Table 2) and a

panel of clinical isolates (MICs ranging from 1.56 to 6.25 μM,

Table 2). Interestingly, the peptide showed the ability to decrease

the metabolic activity of Pseudomonas preformed biofilm (at

concentrations ranging from 6.25 to 100 μM) and to inhibit its

formation even at concentrations significantly lower than the

MIC (Figures 4, 5), influencing also the production of the

virulence factor pyoverdine (Figure 6). As for many other

AMPs, its antimicrobial activity was expressed through the

destabilization of the plasma membrane of the bacterium,

proved by the Sytox Green assay (Figure 2). In agreement

with the fast membrane perturbation kinetics was the killing

process with a two log reduction in the number of viable bacteria

within the first 5 min of peptide treatment at the MIC, suggesting

membrane perturbation as the plausible mechanism of

bactericidal activity.

When comparing KDEON WK-11 to previously established

AMPs with potent activity against P. aeruginosa, we found that

MIC values were certainly comparable and, in some cases,

superior to alternative sequences. For example, one sequence

created by Bi et al. was developed to emphasise the importance of

the Trp residue in the peptide sequence, and contained both Trp

and Lys in an AMP 13 residues long. It expressed an MIC against

P. aeruginosa of 4.69 μM (Bi et al., 2013). The study concluded

that in addition to the number of Trp residues, the position of

such residues were vital for activity and that by including Trp

residues in pairs, similar to KDEON WK-11, the hydrophobic

face of the sequence could interact more significantly with the

interfacial region of the lipid membrane. The AMP P5 similarly

features Lys in a sequence 13 residues long andexpressed activity

against P. aeruginosa with an MIC of 6.25 μM (Kwon et al.,

2019). The peptide produced a positive safety profile, with no

significant cytotoxicity due to the use of Lys residues and

FIGURE 10
Cytotoxicity of KDEON WK-11 as expressed in percentage
cell viability assessed by the MTT assay testing varying
concentrations of peptide from 1.56 to 50 μM. Data represent the
mean ± SEM of three independent experiments.
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additionally, replicated the KDEONWK-11 peptide in its alpha-

helix formation and in capabilities of binding to LPS or

lipoteichoic acid, on the bacterial membrane of Gram-negative

or Gram-positive bacteria, respectively. Interestingly, another

comparable sequence was developed by repeating the Trp and

Lys residues intermittently, showing similarities to KDEONWK-

11 with multiple analogues created for various numbers of

repeats (Ramamourthy et al., 2020). For chain lengths of

8–10 residues long, these sequences produced MICs between

3.12 and 25 μM. Similarly, one sequence developed by Rosenfeld

et al. intermittently repeated Lys and Leu residues in various

AMPs approximately 12 residues long (Rosenfeld et al., 2010).

The paper demonstrated that the antibacterial activity of the

peptides, correlated directly with hydrophobicity and that the

optimum number of Lys residues contained in a 12 residue

structure, was 5, replicating the presence of Lys residues in

the sequence of KDEON WK-11. By repeating the two

residues, the peptide balances hydrophobic and hydrophilic

characteristics and can optimally interact with the bacterial

membrane to exert its antimicrobial activity. By considering

the mechanisms and underlying principles behind alternative

peptide sequences active against P. aeruginosa, KDEON WK-11

was successfully designed to optimise characteristics of these

peptides and to produce significant antimicrobial effects against

the Gram-negative bacteria.

Considering that bacterial infections such as those induced

by Pseudomonas have started to develop resistance against

traditional antimicrobials, the broader applications of a

successful agent should be considered. Interestingly, when

tested against the clinical isolate P. aeruginosa 19595, KDEON

WK-11 did not elicit resistance against it, when compared against

the conventional antibiotic colistin, after 15 cycle of drug

exposure (Figure 7). Sepsis and septic shock can occur when

bacterial cells are rapidly dividing and during periods of

exponential growth, as well as after death, cells release

endotoxin or LPS, which can bind to the endothelial lining of

the circulatory system (Mangoni et al., 2008a; Gotts andMatthay,

2016). This interaction can trigger an inflammatory reaction,

resulting in sepsis, which without sufficient treatment can

develop into septic shock and in many cases, can be fatal

(Giacometti et al., 2006).

Taking these factors into account, we considered whether

KDEON WK-11 may be an appropriate agent to counter the

immune response that occurs in sepsis, by binding to the portion

of LPS known as lipid A (Schmitt et al., 2016). If KDEONWK-11

reduces the freely circulating LPS, prevening its binding to the

endothelium, it would be possible to reduce the immune

response that drives sepsis and septic shock (Giacometti et al.,

2006; Mangoni and Shai, 2009; Gustafsson et al., 2010; Wei et al.,

2013; Rajasekaran et al., 2015; Kumari et al., 2020; Nagaoka et al.,

2020). Japelj et al. previously designed an 11-residue long

lactoferrin-derived peptide with endotoxin binding abilities

(Japelj et al., 2005). Conforming into a “T” shape, the peptide

consisted of a hydrophobic core and contained two clusters of

basic residues that interact with the two phosphate groups of

lipid A. In addition, previous studies have established a link

between chain length and potential for LPS binding, specifying

the repetition of amino acids (peptide length of 10 residues)

which produced the most favorable LPS-binding activity, when

compared to various alternative chain lengths (Travis et al., 2000;

Gopal et al., 2013). Using Electrospray Ionisation mass

spectrometry, we proved the binding of KDEON WK-11 to

lipid A. Indeed, visible peaks corresponding to the molecular

mass of lipid A, KDEON WK-11 and their complexes were

visible on the mass spectra. The binding was corroborated by

predictive studies showing a secondary alpha helix structure of

the peptide when bound to LPS (Figure 9A) and that is expected

to facilitate the peptide insertion into the lipid bilayer of

membranes (Khara et al., 2017; Smirnova et al., 2020). This is

also in line with previous studies on the LPS-neutralization effect

by the α-helical AMP Esc(1-21) showing its interaction with the

negatively charged phosphate groups of lipid A (Mangoni et al.,

2008a; Ghosh et al., 2016). Note also that the α-helix
conformation is one of the key features of the ability of AMP

to permeabilize biological membranes and to exert bactericidal

but also cytotoxic activity (Oren et al., 2002; Zelezetsky and Tossi,

2006). Nevertheless, KDEONWK-11 showed a safe profile up to

50 μM (cell viability >75%). Overall these results make the

KDEON peptide an attractive lead compound to exhibit both

anti-LPS/anti-sepsis and antibacterial activity.

5 Conclusion

The peptide sequence developed as KDEON WK-11 clearly

expresses antimicrobial and anti-biofilm activity, particularly against

Pseudomonas without provoking cytotoxicity at antibacterial

concentrations. Furthermore, the promising predictive

conformational studies have encouraged continued efforts to

determine its anti-sepsis properties and the future role of

KDEON WK-11 as either an antimicrobial or anti-sepsis agent.
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