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Abstract: Since penicillin was discovered, antibiotics have been critical in the fight against infections.
However, antibiotic misuse has led to drug resistance, which now constitutes a serious health problem.
In this context, antimicrobial peptides (AMPs) constitute a natural group of short proteins, varying in
structure and length, that act against certain types of bacterial pathogens. The antimicrobial peptide
1018-K6 (VRLIVKVRIWRR- NH2) has significant bactericidal and antibiofilm activity against Listeria
monocytogenes isolates, and against different strains and serotypes of Salmonella. Here, the mechanism
of action of 1018-K6 was explored further to understand the peptide–membrane interactions relevant
to its activity, and to define their determinants. We combined studies with model synthetic membranes
(liposomes) and model biological membranes, assessing the absorption maximum and the quenching
of 1018-K6 fluorescence in aqueous and lipid environments, the self-quenching of carboxyfluorescein,
as well as performing lipid sedimentation assays. The data obtained reflect the differential interactions
of the 1018-K6 peptide with eukaryotic and prokaryotic membranes, and the specific interactions
and mechanisms of action in the three prokaryotic species studied: Salmonella Typhimurium2GN,
Escherichia coli3GN, and Staphylococcus aureus3GP. The AMP 1018-K6 is a candidate to prevent (food
preservation) or treat (antibiotic use) infections caused by certain pathogenic bacteria, especially some
that are resistant to current antibiotics.

Keywords: antimicrobial peptide; Salmonella spp.; Staphylococcus spp.; food preservation; membrane
lipid therapy (melitherapy)

1. Introduction

Since penicillin was discovered [1], antibiotics have been critical to fight infection.
Molecules of diverse structure that display selective toxicity to microorganisms but not hu-
mans have saved millions of lives. However, antibiotic misuse has led to the appearance of
drug resistance, which currently constitutes a serious health problem [2,3]. In the past few
years, the lipid bilayer has been used as a target for therapeutic interventions [4], and since
pathogenic bacteria are also bound by a lipid bilayer, this approach could be extended to pro-
tection against these microorganisms. Human cell membranes are characterized by a high
phosphatidylcholine (PC) and sphingomyelin (SM) content, mainly in the outer monolayer,
with relatively high amounts of phosphatidylethanolamine (PE) and phosphatidylserine
(PS) in the inner (protoplasmic) monolayer of the plasma membrane [5,6]. By contrast,
the plasma membrane of many pathogenic bacteria differs markedly from that of human
cells, mainly formed by PE and negatively charged phospholipids (e.g., [PG] or cardiolipin
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[CL], [7]). Therefore, ligands that selectively bind to the membrane of pathogenic organisms
and that have cytocidal effects would be of interest to develop antibacterial compounds.
In this context, antimicrobial peptides (AMPs) constitute a natural group of short proteins
with distinct structures and lengths, each of which acts against certain types of bacterial
pathogen [8–12]. The structures and mechanisms of action of these AMPs differ from those
of more conventional antibiotics, which could allow them to elude the resistance strategies
used by pathogenic microorganisms. In this context, AMPs have been associated with the
immune systems of both prokaryotic and eukaryotic organisms [13,14].

Cationic AMPs (CAMPs) that usually carry a net positive charge (+1 to +9) and several
hydrophobic amino acids are especially important [15–17]. These features allow cationic
AMPs to interact with negatively charged bacterial phospholipids. In eukaryotic cell
membranes, these lipids are mainly found at the inner monolayer of the plasma membrane
(e.g., PS, phosphatidic acid [PA]; phosphatidylinositol [PI]), which might prevent cationic
AMPs from interacting with the plasma membrane of human cells, and that could in part
explain the preference of these peptides for prokaryotic membranes. In addition, the higher
PC and SM content of the outer monolayer produces a densely packed surface that prevents
peptides from binding to the lipid bilayer [4].

The wide range of AMP structures reflect the variation in their length, amino acid
composition, net charge, secondary structure, etc., features that drive their mainly lytic
action against microbes, even though they may display signaling activity when present
below lethal levels [18]. Moreover, as different peptides might interact distinctly with given
types of lipid bilayer, the lipid bilayer composition will also define the preference of AMPs
for any given type of microorganism. AMP-membrane interactions are mainly driven by
electrostatic and hydrophobic forces, and the binding of peptides to membranes changes
their structure [19]. The rational design of such peptides aims to avoid interactions with
human cell membranes while ensuring important interactions with bacterial membranes in
order to compromise their integrity. In the case of an interaction with a bilayer, this could
occur at the polar membrane surface, or it could involve deeper hydrophobic membrane
regions. For example, the interactions of amyloid peptides (Aβ) with neuronal membranes
have been studied in depth [20,21]. These Aβ-membrane interactions greatly depend on
the length of the amyloid peptide, its polymerization status (oligomers, fibrils, or plaques),
and the membrane lipid composition and biophysical properties derived from this [21,22].
Thus, Aβ peptides can extend over the membrane like a carpet, altering the bilayer’s
thickness, or they may form transmembrane pores that affect the composition of the
neuron’s cytoplasm. In both these situations, the neuron’s physiology is altered, and its
survival may be compromised, provoking well-known neurotoxic effects [23]. Similarly,
small changes to the primary structure of AMPs (amino acid sequence) will influence their
interactions with bacterial membranes, those peptides that penetrate the hydrophobic core
of the membrane usually being more disruptive [24].

In general terms, the primary structure of the peptide and the secondary structure
generated from this define the antimicrobial activity of AMPs, the design of which aims
to ensure their differential interaction with the pathogen and human cell membrane and
inducing toxic effects in the former without compromising the integrity of the latter. In this
context, the 1018-K6 peptide (VRLIVKVRIWRR-NH2) has proven to be efficacious against
Salmonella species and it could be used to combat various types of bacteria [25–30]. In the
present study, we investigated the differential interactions between the 1018-K6 AMP
and model membranes (liposomes) formed using (1) commercially available synthetic or
natural lipids, or (2) lipids extracted from eukaryotic or bacterial membranes. These studies
indicate that 1018-K6 specifically binds to bacterial but not eukaryotic cell membranes,
showing specificity for certain bacterial species. In addition, its antibacterial mechanism
of action appears to be associated with its binding and mode of interaction with different
lipid bilayers. Therefore, 1018-K6 could be used to develop antibiotics that elude bacterial
resistance with a view to treat bacterial infections or to preserve food.
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2. Results
2.1. Interaction of the Antimicrobial Peptide 1018-K6 with Model Membranes

The antimicrobial peptide 1018-K6 (VRLIVKVRIWRR-NH2) has significant bacterici-
dal and antibiofilm activity against Listeria monocytogenes isolates and Staphylococcus aureus
isolates, as well as against different Salmonella serotypes bacteria [25–30]. Here, the mecha-
nism of action of 1018-K6 was explored further to better understand how it interacts with
membranes and the relevance of these interactions to the peptide’s activity.

2.1.1. Peptide Binding to Multilamellar Vesicles (MLVs) and Lipid Sedimentation Assays

To define the mode of action of this membrane-bound compound, its interaction
with model synthetic and biological membranes was assessed by determining the ligand
bound to the lipid bilayer or free in the aqueous medium. Model membranes (liposomes)
were prepared as described in the Materials and Methods (Sections 4.2 and 4.3) and the
binding parameters of the peptide to pre-formed membranes was evaluated by separat-
ing the bound and free peptides by ultracentrifugation [31]. This separation allows the
fraction of the peptide partitioned to be calculated, ranging from 0 to 100%. To separate
bound peptide from that not bound to lipid bilayers, the samples were centrifuged at high
speed and pre-formed MLVs (with no peptide inside) were used to study binding as op-
posed to the small unilamellar vesicles (SUVs) commonly used in partitioning studies [32].
A Scatchard analysis [33] was used to describe the interactions between peptide and lipids,
which allows the dissociation constant Kd (binding affinity) and the number of peptide
binding sites, Bmax, to be determined once the bound and the free ligand concentrations
were determined experimentally [34,35]. Since lipid membranes are complex systems
and the peptide-lipid interaction is controlled by the lipidic ensemble [36], the Scatchard
method should be appropriate to analyze this type of interaction if the lipid bilayer is
considered as a receptor and the peptide as a ligand [37]. The ability of 1018-K6 to bind
to phospholipid bilayers was examined in saturation binding experiments, fitting the ex-
perimental data with Equations (1) and (2) described in Section 4.4. The 1018-K6 peptide
contains one Tryptophan (Trp) residue that facilitates its characterization using spectro-
scopic techniques [25]. The concentration of peptides in the aqueous (supernatant-free
ligand) and lipidic (pellet-bound ligand) phases was measured using fluorescence emission
(Figure 1a,b) and UV-Vis(ual) absorption (Figure 1c,d), and based on the analysis of the Trp
signals in both phases.

The behavior of the cationic peptide differed from one type of model membrane to
another (Figure 1e), probably influenced by the distinct lipid compositions and principally
dependent on the membrane’s surface charge. The first step to understand an AMP’s
mechanism of action is to investigate the peptide-lipid binding interactions. Indeed, elec-
trostatic forces attract cationic residues of CAMPs to negatively charged lipids, such as
PS, PG, or CL in the target bacterial membrane [38–41]. 1018-K6 has a net positive
charge [25] and the potential interaction of this molecule with lipids containing net neg-
ative charges has already been hypothesized. This hypothesis was supported by earlier
work [42] in which membranes composed of zwitterionic PC, simulating the bulk fluid
phases in the eukaryotic cell, were compared with those that mimic anionic bacterial
cells. The receptor density assessment supported a very low affinity of 1018-K6 for mem-
branes with a net neutral charge or with a low negative charge (PC and PC40:palmitoyl-
oleoyl-phosphatidylethanolamine[POPE]40:SM15:PS5, respectively). Moreover, the 1018-
K6 peptide was preferentially bound to model membranes resembling that of Salmonella
Typhimurium, reaching its highest Bmax after binding was determined by both spectroscopy
methods (Figure 1f,g). Moreover, it was necessary to increase the maximum peptide dose
more than 5-fold to carry out saturation binding experiments with this type of membrane
(Figure 1f,g). This finding suggests the propensity for the peptide to bind to Gram-negative
bacterial cells much more easily than Gram-positive ones. In terms of interactions, it can be
argued that the Salmonella-like membrane has more binding sites and/or that its affinity
is higher than that of the eukaryotic-like membrane. Nevertheless, the values of binding
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potential (BP = Bmax/Kd) (Table S1) as well as those of Kd (Figure 1e) relative to anionic
model membranes were not found to be in line with Bmax values, which were very encour-
aging. To this end, it is worth considering the low concentration of peptide used in this
study (15.63 to 78.13 µM) and assume that further study by increasing the peptide doses
may be needed to achieve the saturation, where all the binding sites (sites for ligand) of
anionic model membranes are occupied by the peptide. Indeed, as we can see in Figure 1,
all of the binding sites of the zwitterionic model membrane (PC and eukaryotic) were
still fully occupied at ~30 µM. In any case, according to the data obtained in absorbance
(Figure 1e; Table S1), it is possible to affirm that the affinity of the peptide towards the
bacterial model membranes is higher than that obtained towards the eukaryotic model
membrane. Moreover, the BP value referring to the experiments with model membranes of
Salmonella Typhimurium clearly indicate a higher binding of the 1018-K6 peptide toward
these liposomes, confirming the theory that the antimicrobial compound seems to prefer
the Salmonella-like membrane.

The partitioning of the peptide into lipid vesicles was obviously dependent on
the MLV composition since the presence of negatively charged lipids (Table 1), such as
CL and Palmitoyl-oleoyl-phosphatidylglycerol (POPG), and the nonlamellar-prone lipid
dioleoyl-phosphatidylethanolamine (DOPE)/PE, was associated with high Kp values.
Again, there was a significant difference (p < 0.01) between the coefficient values of the
model E. coli membrane when measured with different spectroscopic methods. Inter-
estingly, and unlike previously described datasets that focused on Bmax and Kd values,
the affinity of the 12-mer peptide appeared to be stronger for E. coli MLVs than the other
model bacterial membranes. This observation could be explained by the difference be-
tween Equations (1) and (2). The first method calculates Bmax and Kd values by fitting the
data regarding the concentration of peptides detected in the lipidic environment (pellet),
while the second evaluates the Kp values by fitting the amount of 1018-K6 present in the
aqueous phases (supernatants). Therefore, the absence or a low concentration of lipid in
the supernatants may permit the measurement of Trp residues without interference even in
E. coli MLV samples.

Table 1. Partition constants for AMP 1018-K6 in multilamellar vesicles of model membranes.

Cell Type Lipid Mixture Kp/(×104 M−1)
Fluorescence UV-Vis Absorption

Zwitterionic membrane PC 0.76 ± 0.21 A 0.83 ± 0.22 A

Eukaryotic membrane PC40:POPE40:SM15:PS5 0.37 ± 0.27 A 0.10 ± 0.10 B

Salmonella Typhimurium DOPE78: POPG18:CL4 30.07 ± 4.53 B 26.23 ± 4.87 C

Escherichia coli PE80:CL5:POPG15 36.50 ± 4.67 B 14.65 ± 1.68 C

Staphylococcus aureus CL42:POPG58 19.69 ± 2.90 C 16.11 ± 2.88 C

The data was analyzed using SPSS version 26 (IBM Analytics, Armonk, NY, USA) and the results were analyzed
with generalized linear mixed models (GLMMs), comparing the means using the Tukey test. All data were
presented as the mean (M) ± standard error (SE): A, B, C values that differ at p < 0.01.

Because many models of AMP mechanisms of action lead to membrane rupture [16],
the possible fragmentation of the membrane into peptide-lipid micelles was evaluated.
The same samples used to calculate the parameters of peptide affinity to the model mem-
branes were subjected to the modified Fiske protocol to assess the lipid phosphorus con-
centration (see Section 4.8). Only a very small percentage of the total lipid concentration
could be detected in the supernatant of the control samples (0 µM 1018-K6: Figure S1),
demonstrating the effectiveness of the separation technique. Moreover, it is worth noting
that no significant differences were evident between the MLV samples incubated with
increasing peptide doses for 30 min and the controls. Hence, we propose two different
hypotheses: (1) the mechanism of action of 1018-K6 involves pore formation according
to the “toroidal wormhole” model [16], without causing membrane disruption; (2) an
incubation longer than 30 min is necessary to detect the final effect on the membranes.
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Scatchard plots of the peptide-MLV interactions (b,d,g). The peptide binding affinity for MLVs was 
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Bmax and Kd values (e): ns, unsaturated binding curve). Binding curves (including the Bmax and Kd 
values) and Scatchard analyses of the peptide-DOPE78:POPG18:CL4 interaction with increasing pep-
tide concentrations (f,g). All the measurements are the average of three experiments. 

Figure 1. 1018-K6 binding to multilamellar vesicles (MLVs) of model membranes (a,c,f) and Scatchard
plots of the peptide-MLV interactions (b,d,g). The peptide binding affinity for MLVs was measured
by spectroscopic fluorescence (a,b) and UV-Vis absorption (c,d), and by calculating the Bmax and
Kd values (e): ns, unsaturated binding curve). Binding curves (including the Bmax and Kd values)
and Scatchard analyses of the peptide-DOPE78:POPG18:CL4 interaction with increasing peptide
concentrations (f,g). All the measurements are the average of three experiments.
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2.1.2. Peptide Binding to Multilamellar Vesicles (MLVs) from Biological Membranes

The peptide’s interaction with membrane surfaces involves several events, the first
of which is the attraction of cationic AMP residues to negatively charged lipids in the
bacterial target membrane through electrostatic forces [41]. The resulting approximation
of the peptide to the membrane drives changes in its conformation, commonly through a
coil-helix transition [43,44], although this is not the case for β-sheet AMPs that have more
rigid structures in solution. Following this electrostatic interaction, it is necessary to reach
a critical concentration of peptides to induce self-association and full or partial lipid bilayer
penetration. Once situated in the membrane core, AMPs can exert their action through
different mechanisms [45,46].

We can contemplate the binding of 1018-K6 to the membranes of Gram-positive and
Gram-negative bacteria as a function of the peptide concentration (Figure 2). In order to
simulate these conditions in the MLV studies, the doses of peptide added were calculated
as the ratio of the lipid and peptide concentrations. In these membrane binding saturation
experiments, biological membranes were prepared from bacterial strains and eukaryotic
cells (hepatic rat tissue), with only plasma membranes free of mitochondrial membranes
and nuclei used to construct the MLVs. By maintaining the same lipid-peptide ratio used
with mimetic membranes (CL/CP, the ratio between the lipid phosphorus concentration–
CL– and the peptide concentration–CP), membrane saturation was achieved for hepatocytes,
Salmonella spp. and S. aureus, enabling the maximum receptor density and the dissociation
constant to be calculated. By contrast, the peptide doses used did not saturate the binding
sites of E. coli membranes and, therefore, higher concentrations of AMPs were used to
correctly calculate the Bmax. As already seen for mimetic membranes, 1018-K6 seems
to have greater binding capacity for bacterial compared to eukaryotic cell membranes
(Figure 2e). Specifically, the fluorescence measurements underlined higher binding of the
antimicrobial peptide to the E. coli membranes (Figure 2a), although this observation was
not confirmed by the UV-Vis absorption data (Figure 2c). In the light of the earlier results
and the behavior with E. coli model membranes, the results reinforce the initial hypothesis
that the interaction of 1018-K6 might be stronger for bacterial membranes with some
preference for E. coli lipid bilayers, and the disruption of E. coli membranes through the
quenching of Trp could be detected. Furthermore, the lipid composition of the two Gram-
negative bacterial membranes seems to be more similar than that of the model membranes,
such that a difference between the two spectroscopic methods was also noted for Salmonella
spp. (Figure 2). As far as the Kd and binding potential is concerned (Figure 2e, Table S2),
the obtained results pointed out two important aspects: (i) 1018-K6 peptide showed a higher
binding toward membranes of Gram-positive and Gram-negative bacteria; (ii) the peptide
has higher binding towards biological membranes than those of the model membranes.

These results support the antimicrobial effect of 1018-K6, adding to the bactericidal and
antibiofilm efficacy of the peptide toward strains of Salmonella spp. [29] and Staphylococcus
aureus [28]. In particular, several serotyped wild strains (of Salmonella spp.) were selected for
study based on their resistance to common antibiotics and the antimicrobial efficacy of 1018-
K6 against them was evaluated. Accordingly, this AMP was seen to be able to kill resistant
Gram-positive and Gram-negative microorganisms (5 × 105 cfu/mL) at concentrations
≤ 20 µM [28,29]. Moreover, the possible fragmentation of the biological membranes into
peptide-lipid micelles was evaluated in these studies (Figure S2).
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Figure 2. 1018-K6 binding to multilamellar vesicles (MLVs) formed with lipids extracted from biolog-
ical membranes (a,c) and Scatchard plots of the peptide-MLV interactions (b,d). The peptide binding
affinity for the MLVs was measured using fluorescence (a,b) and UV-Vis absorption (c,d), and by
calculating the Bmax and Kd values (e). All the measurements are the average of three experiments.

2.2. Fluorescence Properties of 1018-K6 in Aqueous and Lipid Solutions
2.2.1. Blue Shifts in Emission Spectra

The peptide 1018-K6 owes its fluorescence to the presence of a Trp residue in its
sequence, the aromatic ring of which is sensitive to the environment. Hence, the intrinsic
steady-state fluorescence can provide information on the organization and position of
peptides in the aqueous environment. As such, an aqueous suspension of 1018-K6 (20 µM)
was titrated with increasing concentrations of MLVs (0 to 2 mM of lipid phosphorus)
and peptide partition into the membrane was recorded. The 12-mer peptide emission
spectra has a characteristic blue shift when titrated with model bacterial membranes
(Figure 3) and this shift in the maximum wavelength of emission (∆λmax) is associated with
the transition of Trp residue from an aqueous to a more hydrophobic environment [36].
The ∆λmax shift was greatest when the peptide interacted with the model membrane
of S. aureus at a lipid phosphorus concentration of 1.8 mM, associated with the specific
maximum shift of ~16.55 (Figure 3a). No significant differences were found between the
shift of the emission maximum between model membranes from Gram-positive and Gram-
negative bacteria, although significant differences among zwitterionic (PC or eukaryotic)
and anionic (prokaryotic) membranes were detected from a MLV concentration of 0.225 mM.
Finally, the observed reduction in the fluorescence maximum emission at increasing lipid
concentrations could be originated by the light scattering caused by the lipid vesicles in
the buffer.
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Figure 3. Blue shift in Trp fluorescence of the 1018-K6 AMP in the presence or absence of MLVs (L,
concentration up to 2 mM) (a) ∆λmax shift of AMP in model membranes of zwitterionic lipids (PC,
pink), eukaryotic cells (PC40:POPE40:SM15:PS5, black), S. Typhimurium (DOPE78:POPG18:CL4, green)
and S. aureus (CL42:POPG58, orange). The data were analyzed with SPSS version 26 (IBM Analytics,
Armonk, NY, USA) and the results were assessed with generalized linear mixed models (GLMMs),
comparing the means with the Tukey test. All data are presented as the mean (M) ± standard error
(SE): A, B values differ at p < 0.01; a, b values differ at p < 0.05. (b–e) Fluorescence emission spectra of
1018-K6 before and after the addition of MLVs simulating (b) zwitterionic membranes, (c) eukaryotic
cells, (d) S. Typhimurium, and (e) S. aureus.
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2.2.2. Fluorescence Quenching of 1018-K6

Fluorescence quenching has been used widely to gain information regarding molecu-
lar interactions and, thus, fluorescence-quenching experiments were performed here using
acrylamide and nitromethane quenchers to detect the relative position of the 1018-K6 pep-
tide in the lipid bilayer. Indeed, given the incapacity of the soluble acrylamide quencher to
penetrate the lipid bilayer, the Trp residue cannot be quenched when the peptide is in the
hydrophobic membrane core. Fluorophore quenching is therefore directly proportional to
the concentration of the quencher added and the exposure of Trp residue to the aqueous
environment. Thus, only the 1018-K6 peptides not inserted into the membrane will be
quenched by acrylamide, which includes free peptide molecules and peptide molecules
adsorbed to the surface of the model membrane. By contrast, Trp residues from the 1018-
K6 molecules inserted into the lipid bilayer will not be accessible to acrylamide and their
fluorescence emission will persist. To evaluate the relative position of the peptide and its
interaction with membranes, the quenching of fluorescence emission after titration with
acrylamide was performed and Stern–Volmer constants (KSV) were calculated [47].

Changes in fluorescence intensity of the peptide-MLV solution were recorded as
the concentration of acrylamide increased (see Figure 4 and Table 2), although the Trp
fluorescence decreased rapidly when the peptide was surrounded by buffer or incubated
with zwitterionic model membranes. Indeed, the fluorescence of the free peptide in the
buffer was almost completely quenched by adding only 0.02 M of acrylamide, while
twice this concentration was needed to quench the Trp emission when the peptides were
incubated with model eukaryotic cell membranes. Hence, when the peptide is located at
the lipid vesicle–water interface or in the absence of interactions of the AMP molecules
with lipids, all the Trp residues appeared to be exposed to quenching. Similarly, the Trp
residue of the peptide is more accessible to quenching in the presence of PC membranes
relative to other model membranes, indicating there are no deep membrane interactions
between 1018-K6 and vesicles resembling eukaryotic membranes.

Table 2. Emission fluorescence quenching of 1018-K6 induced by acrylamide in the presence or
absence of MLVs from model membranes.

Peptide:
Liposome

Incubation (mins)
Cell Type Lipid Mixture

KSV,
Acrylamide

M−1
Equation R Squared

30, 90, 150 Zwitterionic
membrane PC 154.8 ± 8.8 bAB Y = 154.80*X − 0.5730 0.9504

30, 90, 150 Eukaryotic
membrane PC40:POPE40:SM15:PS5 374.0 ± 47.9 acA Y = 374.00*X − 3.1910 0.7925

30, 90, 150 Salmonella
Typhimurium

DOPE78:
POPG18:CL4

14.4 ± 1.0 cC Y = 14.39*X + 0.9384 0.9333

30, 90, 150 Staphylococcus
aureus * CL42:POPG58 55.7 ± 21.2 acBC Y = 55.65*X − 0.3668 0.3020

30, 90, 150 Buffer - 142.7 ± 16.3 a Y = 142.70*X − 1.1240 0.8279

30 * Staphylococcus
aureus CL42:POPG58 132.7 ± 39.1 Y = 132.70*X − 0.6068 0.4183

90 Staphylococcus
aureus CL42:POPG58 21.5 ± 6.1 Y = 21.46*X + 0.8326 0.4347

150 Staphylococcus
aureus CL42:POPG58 12.8 ± 1.0 Y = 12.81*X + 0.8746 0.9089

The KSV were calculated by fitting the results of three independent scans after 30, 90 and 150 min peptide:liposome
incubations to the Stern–Volmer equation. Details of the 1018-K6 fluorescence quenching induced by acrylamide
in the presence of S. aureus model membranes after 30, 90 and 150 min in the presence of the peptide. The data
were analyzed with GraphPad Prism® version 8.0.1 (GraphPad, San Diego, CA, USA), and the results were
assessed by two-way ANOVA and a Tukey’s multiple comparison test. All the data were presented as the mean
(M) ± standard error (SE): A, B, C values within the column differ at p < 0.01; a, b, c values in the columns differ
at p < 0.05.
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Figure 4. 1018-K6 Trp fluorescence quenching by acrylamide in model membranes. (a) Stern-Volmer
plots for acrylamide quenching of Trp fluorescence when 1018-K6 was maintained in aqueous buffer
(1 µM, grey line) or lipidic environments (30 µM): model membranes of zwitterionic lipids (PC, pink
line), eukaryotic cells (PC40:POPE40:SM15:PS5, black line), S. Typhimurium (DOPE78:POPG18:CL4,
green line), or S. aureus (CL42:POPG58, orange line). The results are expressed as the mean and
standard error of three independent scans 30, 90 and 150 min after peptide:liposomes incubation.
(b–f) Fluorescence spectra of the 1018-K6 AMP in (b) buffer, (c) zwitterionic lipid, (d) eukaryotic cells,
(e) S. Typhimurium and (f) S. aureus before and after the addition of acrylamide (up to 0.1 M). Details
of the peptide spectra in liposomes of CL42:POPG58, recording the extent of tryptophan quenching
depending on the incubation time (f.1–f.3). (g) Non-scale schematic drawing.

The quenching efficacy was very low in the presence of DOPE78:POPG18:CL4 mem-
branes, probably due to the deeper insertion of the peptide into the phospholipid bilayer
as soon as 30 min after exposure to the membranes (Table 2). Different dynamics were de-
scribed for S. aureus model membranes, into which peptide insertion appeared to be slower
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than in Gram-negative bacteria. Indeed, 20 min more were previously seen to be required
for peptide binding to S. aureus model membranes than to E. coli model membranes [48].
The importance of the membrane surface potential was also highlighted, such that the
surface potential could interfere with the permeation of the peptide into membranes with
different lipid compositions.

The same quenching behavior induced by acrylamide in model membrane MLVs was
replicated in biological membrane MLVs, particularly for Salmonella spp. and S. aureus
(Figure 5). The KSV values confirmed the higher membrane-binding affinity of 1018-
K6 with anionic membrane and they better described the situation with S. aureus MLVs
(Tables 2 and 3). Indeed, after 150 min, the constant fell more than 100-fold relative to the
first interval, reaching values similar to those for S. Typhimurium.
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Figure 5. Trp fluorescence quenching of 1018-K6 in biological membranes by acrylamide. (a) Stern–
Volmer plots of Trp fluorescence acrylamide quenching for 1018-K6 in aqueous buffer (1 µM, grey line)
or lipidic environments (30 µM): Salmonella spp., E. coli or S. aureus biological membranes. The results
are expressed as the mean and standard error of three independent scans after a 30, 90 or 150 min
peptide:liposome incubation. (b–d) Fluorescence spectra of AMP 1018-K6 partitioned into liposomes
of (b) Salmonella spp., (c) E. coli, or (d) S. aureus before and after the addition of acrylamide (up to
0.1 M). Details of the peptide spectra in liposomes of S. aureus, recording the extent of tryptophan
quenching at different incubation times (d.1,d.2).
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Table 3. Emission fluorescence quenching of 1018-K6 induced by acrylamide in the absence or
presence of several MLVs of biological membranes.

Peptide:Liposome
Incubation (mins) Biological Membranes KSV, Acrylamide

M−1 Equation R Squared

30, 90, 150 Salmonella spp. 11.0 ± 0.5 A Y = 11.01*X + 0.9797 0.9695
30, 90, 150 Escherichia coli 15.2 ± 0.4 A Y = 15.16*X + 1.001 0.9885
30, 90, 150 Staphylococcus aureus * 16.3 ± 4.6 A Y = 16.25*X + 0.9782 0.2666
30, 90, 150 Buffer 142.7 ± 16.3 B Y = 142.70*X − 1.1240 0.8279

30 * Staphylococcus aureus 23.3 ± 8.5 Y = 23.33*X + 0.9695 0.3218
90–150 Staphylococcus aureus 9.2 ± 0.3 Y = 9.17*X + 0.9869 0.9854

The KSV were calculated by fitting the results of three independent scans to the Stern–Volmer equation after
30, 90 or 150 min of the peptide:liposome incubation. Detail of 1018-K6 fluorescence quenching induced by
acrylamide in the presence of S. aureus model membranes at 30, 90 and 150 min of the peptide-lipid incubation.
The data were analyzed with GraphPad Prism®, as outlined previously, and the results were assessed by a
two-way ANOVA and Tukey’s multiple comparison test. All data were presented as the mean (M) ± standard
error (SE). A, B values in the column differ at p < 0.01.

Nitromethane has been used extensively to quench the fluorescence of polycyclic
aromatic hydrocarbons [49] and, thus, it was assessed whether 1018-K6 molecules inserted
into membranes were accessible to quenching by nitromethane. Here again, fluorophore
quenching is directly related to the concentration of the quencher added and the exposure
of the Trp residue to it. Changes in intensity of peptide-MLV fluorescence were recorded by
increasing the concentration of nitromethane (see Figure 6 and Table 4). Indeed, the fluores-
cence results were very similar to those of acrylamide when the peptide was surrounded by
buffer or incubated with zwitterionic model membranes. In this situation, fluorescence was
quenched almost completely by adding only 0.01 M of nitromethane and twice the dose
was needed to quench Trp emission of peptides incubated with eukaryotic cell membrane
models. However, complementary to the results obtained with acrylamide using MLVs
of model S. Typhimurium bacteria, where 0.06 M was needed to reduce the emission by
half (Figure 4e), here, only 0.04 M nitromethane was required to reduce the emission by
two thirds (Figure 6e). Similar results were obtained with both acrylamide (Figure 5b)
and nitromethane (Figure 7b) when MLVs constructed from Salmonella spp. biological
membranes were studied. This reinforces the idea that the association of 1018-K6 with S.
Typhimurium is not merely superficial, but rather, that there is partial internalization of the
peptide into the bacterial membrane.

Table 4. Emission fluorescence quenching by nitromethane of 1018-K6 induced in the presence or
absence of MLVs from model membranes.

Peptide:Liposome
Incubation (mi) Cell Type Lipid Mixture KSV, Nitromethane

M−1 Equation R squared

30, 90, 150 Zwitterionic
membrane PC 130.5 ± 15.8 A Y = 130.50*X + 0.1678 0.7817

30, 90, 150 Eukaryotic
membrane PC40:POPE40:SM15:PS5 107.5 ± 21.0 A Y = 107.50*X + 2.0950 0.5808

30, 90, 150 Salmonella
Typhimurium

DOPE78:
POPG18:CL4

54.7 ± 5.0 aB Y = 54.73*X + 0.8185 0.8626

30, 90, 150 Staphylococcus
aureus CL42:POPG58 54.9 ± 3.2 aB Y = 54.91*X + 0.5856 0.9384

30, 90, 150 Buffer - 117.0 ± 11.0 b Y = 117.00*X − 0.3541 0.8564

The KSV were calculated by fitting the results of three independent scans (after 30, 90 and 150 min incubations with
peptide:liposome) to the Stern–Volmer equation. Detail of the emission fluorescence quenching of 1018-K6 induced
by nitromethane in the presence of S. aureus model membranes after a 30, 90 and 150 min peptide-lipid incubation.
The data were analyzed with GraphPad Prism®, as outlined previously, and the results were assessed using a
two-way ANOVA and Tukey’s multiple comparison test. All the data were presented as the mean (M) ± standard
error (SE): A, B values in the column differ at p < 0.01; a, b values in the columns differ at p < 0.05.
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Figure 6. 1018-K6 Trp fluorescence quenching by nitromethane in model membranes. (a) Stern–
Volmer plots for nitromethane quenching of Trp fluorescence from 1018-K6 in aqueous buffer (1 µM,
grey line) and lipidic environments (30 µM): model membranes of zwitterionic lipids (PC, pink
line), eukaryotic cell (PC40:POPE40:SM15:PS5, black line), S. Typhimurium (DOPE78:POPG18:CL4,
green line) or S. aureus (CL42:POPG58, orange line). The results are expressed as the mean and
standard error of three independent scans after a 30, 90 or 150 min peptide:liposome incubation.
(b–f) Fluorescence spectra of the 1018-K6 AMP in (b) buffer or (c) zwitterionic lipid, (d) eukaryotic
cell, (e) S. Typhimurium and (f) S. aureus membranes before and after the addition of nitromethane
(up to 0.1 M). (g) Non-scale schematic drawing.

The results obtained with nitromethane using MLVs constructed from model and
biological S. aureus membranes were also consistent with those acquired with acrylamide.
Essentially, 0.04 M nitromethane reduced Trp emission by 50% (Figures 6f and 7d,
respectively) while 0.04 M acrylamide reduced its emission by 75% in the first 30 min
of incubation, even if this effect was diluted after 90 and 150 min (Figures 4f and 5d,
respectively). These data confirm the peculiar two-phase interaction of the 1018-K6 peptide
with S. aureus, initially at a superficial level but later deeper inside the membrane. The KSV
values captured further support this conclusion (Tables 4 and 5).
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Figure 7. 1018-K6 Trp fluorescence quenching in biological membranes by nitromethane. (a) Stern–
Volmer plots of Trp fluorescence quenching by nitromethane when 1018-K6 is maintained in aqueous
buffer (1 µM, grey line) or lipidic environments (30 µM): biological membranes of Salmonella spp.,
E. coli or S. aureus. The results are expressed as the mean and standard error of three independent
scans after a 30, 90 or 150 min peptide:liposome incubation. (b–d) Fluorescence spectra of AMP
1018-K6 partitioned into liposomes of (b) Salmonella spp., (c) E. coli, or (d) S. aureus before and after
the addition of nitromethane (up to 0.1 M).

Table 5. Nitromethane quenching of 1018-K6 fluorescence emission in the presence or absence of
MLVs from several biological membranes.

Peptide:Liposome
Incubation (mins) Biological Membranes KSV, Nitromethane

M−1 Equation R Squared

30, 90, 150 Salmonella spp. 50.6 ± 3.1 aA Y = 50.59*X + 0.7656 0.9328
30, 90, 150 Escherichia coli 9.0 ± 2.0 B Y = 8.95*X + 0.9698 0.5179
30, 90, 150 Staphylococcus aureus 55.3 ± 5.0 aA Y = 55.25*X + 0.4668 0.8650
30, 90, 150 Buffer 117.0 ± 11.0 bA Y = 117.00*X − 0.3541 0.8564

The KSV were calculated by fitting the results of three independent scans (after a 30, 90 and 150 min pep-
tide:liposome incubation) to the Stern–Volmer equation. The data was analyzed with GraphPad Prism®, as out-
lined previously, and the results were assessed by two-way ANOVA and Tukey’s multiple comparison test. All the
data were presented as the mean (M) ± standard error (SE): A, B values in the column differ at p < 0.01; a, b values
in the columns differ at p < 0.05.

2.3. The Effect of 1018-K6 on the Permeabilization of Model and Biological Membranes

A fluorescence dequenching assay with 5-carboxyfluorescein (CF) loaded Large Unil-
amellar Vesicles (CF LUVs) was used as a model system to evaluate the potential pore-
forming activity of 1018-K6 [50]. Although the encapsulated CF exhibits fluorescence
self-quenching in these LUVs, we hypothesized that 1018-K6 might permeabilize the LUVs
derived from certain membrane types, driving the release of CF from these structures and
its subsequent dequenching, thereby augmenting the intensity of fluorescence emission in
the model. Thus, CF fluorescence dequenching was used as a measure of permeabilization
as described in Equation (4). This increase in fluorescence will only occur when the interac-
tion of 1018-K6 with lipid bilayers results in pore formation (≥ 1 nm in diameter) and the
vesicle’s contents are released.
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CF fluorescence dequenching occurred rapidly from model bacterial LUVs (CL42:POPG58
and DOPE78:POPG18:CL4) and their respective biological LUVs (Salmonella spp. and S. aureus:
Figure 8) upon addition of 1018-K6. A peptide dose of 15 µM was sufficient to achieve
90% permeabilization of CL42:POPG58 LUVs (S. aureus) and 80% permeabilization of the
DOPE78:POPG18:CL4 LUVs (S. Typhimurium), while 80% permeabilization of the S. aureus
biological LUVs was achieved after 10 min and 65% of the Salmonella spp. LUVs. By con-
trast, zwitterionic membrane (PC) and eukaryotic cell (PC40:POPE40:SM15:PS5) LUVs do
not exceed 40% permeabilization at this peptide dose.
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Figure 8. Permeabilization efficiency of AMP 1018-K6 (15 µM). (a) The kinetic release of car-
boxyfluorescein (CF) from LUVs derived from model zwitterionic (PC, pink line), eukaryotic cell
(PC40:POPE40:SM15:PS5, black line), S. Typhimurium (DOPE78:POPG18:CL4, green line) and S. aureus
(CL42:POPG58, orange line) membranes, and from biological membranes (Salmonella spp. and
S. aureus). All the data correspond to the mean ± standard error (SE) of three independent experi-
ments. (b) Non-scale schematic drawing.

2.4. Effect of 1018-K6 on Vesicle Aggregation

The mechanism of action of 1018-K6 was further investigated by exploring whether
AMPs might interact simultaneously with one or more vesicles. Vesicle membrane surfaces
may move closer together due to membrane-peptide-membrane interactions, leading to
vesicle aggregation. Thus, in contrast to the typical dispersion of the vesicles in solution due
to repulsive electrostatic forces, if 1018-K6 were capable of such simultaneous interactions,
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lipid vesicles would be expected to aggregate. Indeed, 1018-K6 did induce aggregation of all
the model bacterial membrane vesicles, both Gram-negative and Gram-positive (Figure 9).
Even at very low concentrations (Figure 9a), the difference between the zwitterionic and
anionic vesicles was notable, and this significant difference (Figure 9e) was amplified as
the peptide dose increased and as the CL/CP ratio decreased. Furthermore, the peptide
apparently preferred more negatively charged membranes than neutral ones, displaying a
very high affinity for S. Typhimurium model MLVs. The binding of the cationic peptides
to the membranes could disturb their electrostatic forces and affect the stability of the
membrane surface [51], thereby dampening the repulsions between MLVs.
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Figure 9. Kinetics of MLV aggregation in the presence of 1018-K6. (a) 6.25 µM; (b) 12.5 µM;
(c) 20 µM; (d) 25 µM; (e) 50 µM. Model zwitterionic (pink), eukaryotic cell (black), S. Typhimurium
(green), E. coli (blue) or S. aureus (orange) membranes were used at a concentration of 500 µM.
The results are the mean of three independent experiments and the error bars represent the standard
error (SE). In particular, effects of incubation time (peptide:liposomes) and of the lipid mixtures
(different liposomes tested) on vesicle aggregation were statistically evaluated (f). The p-values were
determined by two-way ANOVA analysis, performed using GraphPad Prism® 8.0.1. ns means not
significant; * p < 0.05; ** p < 0.01; **** p < 0.0001.
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3. Discussion

Relevant information is provided here regarding the mechanism of action of the
AMP 1018-K6, in particular enhancing the information available regarding the determi-
nants of peptide–membrane interactions and their involvement in the role of 1018-K6 as a
bactericidal and antibiofilm compound against Listeria monocytogenes and Staphylococcus
aureus isolates, and strains of different Salmonella serotypes [25,28–30]. Indeed, binding
experiments using MLVs from commercially available lipids that mimic cell membranes,
and those with lipids extracted from biological membranes of Salmonella spp., E. coli and S.
aureus (Figures 1 and 2, and Table 1) confirmed the specific binding of 1018-K6 to bacterial
cell membranes and not to eukaryotic plasma membranes.

In this context, centrifugation binding studies showed 10- to 100-fold stronger bind-
ing of 1018-K6 to Salmonella and Staphylococcus model membranes than to eukaryotic
membranes (Bmax values) (Figures 1 and 2, and Table 1). Absorbance and fluorescence
spectroscopy analyses produced similar results, indicating that these approaches were
appropriate to assess this phenomenon. In addition, measuring the distribution of 1018-
K6 with the partition coefficient, Kp, (Table 1) also indicates that the peptide’s binding
capacity to bacterial membranes was up to 10-fold higher than that of model eukaryotic
membranes. Moreover, binding to biological membranes replicated the data obtained in
model membranes. Several conclusions can be drawn from these binding studies. First,
that the use of model membranes formed with commercially available lipids in proportions
that mimic natural bilayers gives similar results to those obtained with membranes formed
from lipids extracted from biological membranes, further validating the models and results
presented elsewhere [52]. Secondly, the 1018-K6 peptide binds strongly to bacterial mem-
branes but not to eukaryotic membranes, specificity that, in part, explains the antibiotic
potential of this peptide. Moreover, 1018-K6 interacts distinctly with membranes of different
bacteria. Regarding the differences in binding to Gram-positive or Gram-negative bacteria,
the results obtained using E. coli model membranes can be confusing, as the Bmax values
better resemble those of S. aureus model membranes than those of the other Gram-negative
bacteria. However, a shift in the SDS content from 1 to 2 % when measuring these model
membranes may explain this result. Difficulties in the spectroscopic measurements of the
Trp residues of peptides in the E. coli model membrane, which required slight increases in
SDS final concentration from 1 to 2 % to fully disrupt the membrane for Trp concentration
determination, might be involved in the inconsistency of this set of data for this model
membrane. It is known that phosphatidylethanolamine (the main constitutive lipid of
this model membrane) isolated from several sources tends to form hexagonal phases (HII)
in vitro below physiological temperature, and that Boggs et al. [53] determined that the
temperature of the lamellar to hexagonal (L-H) phase transition of the bovine white matter
PE is 18 ◦C. Moreover, it has been demonstrated that short peptides are capable of inducing
a reversed hexagonal (HII) phase and, to this purpose, Morein et al. [54] have studied the
effect of hydrophobic peptides at several lengths on the lipid phase behavior of a model
membrane of E. coli (dioleoylphos-phatidylethanolamine (DOPE)/ dioleoylphosphatidyl-
glycerol (DOPG), 7:3 molar ratio). Therefore, since many of the conditions described above
occur in the experimental tests of the present study (the incubation temperature close to
18 ◦C and use of a short peptide), it can be hypothesized that the recorded Bmax and Kd
values measured for E. coli model membranes are influenced by the PE lipid transition to
the hexagonal phase.

In summary, this series of experiments indicate that there could be a huge difference
in 1018-K6 binding to human or bacterial membranes, expressing some specificity for
certain bacteria. These results are based upon specific peptide-lipid interactions and
support the development of different lipids to combat different bacteria. Membrane lipid
therapy (MLT, melitherapy) involves using the plasma membrane as a target for different
interventions [4,55,56]. The relevant differences between human and bacterial membranes
pave the way to develop melitherapy compounds that alter the membrane of specific
bacterial pathogens while not affecting human membranes. These interactions aim to
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kill pathogenic bacteria so as to preserve food from an infection that could threaten the
consumer’s life, or to treat patients infected with bacteria resistant to other antibiotics.
The results obtained here are encouraging and suggest this approach is feasible.

The fluorescence properties of 1018-K6 were used to define the location of the peptide
and its interactions with bacterial membranes (Figures 3–7, Tables 2–5). A blue shift in
emission spectra (Figure 3) suggests integration into the membrane, as further confirmed
in fluorescence quenching experiments with acrylamide (Figures 4 and 5, Tables 2 and 3)
and nitromethane (Figures 6 and 7, Tables 4 and 5). The blue-shift experiments (Figure 3)
indicate that the interaction of 1018-K6 with Staphylococcus membranes differed from other
interactions and the huge shift of the emission maximum of Trp in these membranes
indicates that the peptide was in a highly hydrophobic environment, a situation limited
to the acyl chains of membrane phospholipids. By contrast, peptides may also insert fully
into membranes, with the Trp residue situated close to the interfacial region of the bilayer
polar head or the inter-monolayer space, which also contains the water molecules that give
this membrane region significant polarity.

Fluorescence quenching experiments were also performed (Figures 4–7, Tables 2–5),
first using acrylamide as a water-soluble quenching agent to determine with which mem-
branes 1018-K6 established shallow or deep membrane interactions. In this context,
the quenching of 1018-K6 Trp fluorescence in solution (buffer) (Figures 4b and 5a) was very
similar to that of eukaryotic model membranes, indicating that the peptide does not insert
into eukaryotic membranes. Thus, 1018-K6 should not affect human membranes, as further
supported elsewhere in this study. By contrast, acrylamide did not cause significant quench-
ing of Trp fluorescence in bacterial membranes (Figure 4e,f and Figure 5b–d), indicating
that this hydrophilic quencher could not access the 1018-K6 peptide as it was most likely
inserted into the bacterial membrane. In this context, the KSV value for acrylamide was
one order of magnitude higher for eukaryotic model membrane than for Salmonella or
Staphylococcus and, moreover, in model Staphylococcus membranes there was a 10-fold time-
dependent reduction in the KSV value over 150 min (Tables 2 and 3). This effect, which was
not observed for membranes resembling Salmonella (Figure 4e), indicates that the binding
and internalization kinetics of 1018-K6 differed in these membranes, additional evidence of
the specificity of AMPs for different bacteria. Furthermore, the slow kinetics in Staphylo-
coccus membranes (Figures 4f and 5d), suggests that several units of the 1018-K6 peptide
could assemble as oligomers, a result that merits further study.

The fact that both a zwitterionic membrane formed with the main bulk phospho-
lipid found in eukaryotic membranes (PC) (Figure 4c) and a model eukaryotic mem-
brane (PC40:POPE40:SM15:PS5) (Figure 4d) had a similar KSV to that of 1018-K6 in buffer
(Figure 4a,b, Table 2) clearly indicates that the interaction of this peptide with human
membranes was weak, and that it occurred at the surface of the membrane. Hence, the in-
teraction of this AMP with eukaryotic membranes is very mild and there is no effect on
the integrity of these bilayers (see below), further demonstrating that 1018-K6 should
not affect human cell membranes. This poor binding to eukaryotic membranes suggests
that 1018-K6 could be used to preserve food and to combat bacterial infections in cases of
resistance against available antibiotics. Finally, the KSV values measured in lipids obtained
from bacteria (Salmonella spp., Staphylococcus aureus and Escherichia coli) are almost identical
to those results obtained in model membranes established with commercially available
lipids. Hence, model membranes appear to contribute reliable data regarding the location
of the 1018-K6 peptide in the lipid bilayer.

Nitromethane is a polar/apolar quencher that can insert into membranes [57,58]
and thus, this amphipathic molecule can quench fluorophores in both the aqueous phase
and in membranes. Therefore, the difference between the KSV values for nitromethane
quenching of 1018-K6 Trp fluorescent emission in eukaryotic and prokaryotic membranes
was similar (107 M−1, 55 M−1 and 55 M−1 for eukaryotic, Salmonella and Staphylococcus
model membranes, respectively, Table 3). This similarity in KSV values contrasts with the
quenching obtained with acrylamide, where the KSV value for the model eukaryotic mem-
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branes was ca. 2600% that observed for Salmonella membranes (Table 2). Moreover, the KSV
value in Staphylococcus membranes increased to 4-fold that observed in Salmonella model
membranes after 30 min (Table 3). Together, the quenching of 1018-K6 Trp fluorescence
observed with acrylamide and nitromethane clearly indicates that this peptide inserts into
bacterial membranes, but it interacts poorly with eukaryotic membranes. This selectivity is
a basic aspect required for antibiotic effectivity, and it supports the use of the differences
between eukaryotic and prokaryotic plasma membranes to develop new antibiotics capable
of eluding the conventional mechanisms of resistance developed by bacteria.

The efflux kinetics of a solute encapsulated in a lipid vesicle has been widely used
to study the activity of AMPs [59]. Thus, this type of experiment detects whether pore
opening is maintained and stable or if by contrast, the pores that form are transient and
unstable. CF leakage from unilamellar membranes was used to study the mechanism
of action of 1018-K6 and in these vesicles, external CF molecules were eliminated from
the medium by exclusion size chromatography (see Materials and Methods). CF is a low
molecular-weight, hydrophilic and polar molecule widely used to study the tissue distribu-
tion of liposomes [60,61], and it is retained by the lipid bilayer unless the latter is altered by
discontinuities induced through different factors [62]. The high concentration of CF inside
vesicles induces self-quenching, whereas the release of this molecule into the medium is
associated with increased fluorescent emission. In this scenario, membranes from bacteria
were associated with an increase in fluorescence up to 90% of the maximum fluorescence
(Figure 8), as determined upon total membrane disruption by detergent treatment. By con-
trast, the presence of 1018-K6 was associated with modest CF release in zwitterionic (PC)
and eukaryotic cell membrane (PC40:POPE40:SM15:PS5). These experiments suggest that
CF could induce pores at least 1 nm in diameter in bacterial membranes, pores that would
alter the integrity of the bacterial cell, which in turn might release its content. This bacterial
life-threatening process could underlie the activity of various AMPs against bacteria and
represent an elegant strategy to develop new therapies to fight bacterial infection.

Some hypotheses have been formulated regarding the potential of 1018-K6 to fragment
bacterial membranes [25,28]. The antibiofilm activity of the peptide was demonstrated
by scanning electron microscopy (SEM), providing more information on its potential
mechanism of action. Indeed, treating the preformed biofilm of S. aureus and Listeria
monocytogenes with 1018-K6 at 80 and 50 µM, respectively, largely eradicates the biofilm
within 16 h, with signs of cell membrane damage and blebbing of the membrane surface.
The experimental protocol used here could not define any possible effect of the peptide
on the membrane of bacterial cells, although the difference in the incubation times (only
30 min in the binding studies) could explain the discordance in these results.

For many years the scientific community has been aware of how numerous physic-
ochemical features of AMPs define their general activities. Charge, length, amino acid
composition, hydrophobicity and amphipathicity are some of the main features driving
the activity of AMPs [63,64]. The binding affinity to Gram-positive membranes of an AMP
with an arginine (Arg-R) in its amino acid sequence pointed to an important role of the
guanidinium side chain in the binding process [65]. This may be due to the strong ability
of the guanidinium group to create a solid bidentate H-bond with phosphate moieties
or cation–p interactions with aromatic residues [66]. This hypothesis was based on the
differences observed between the model membranes of Gram-positive and Gram-negative
bacteria. In particular, when the binding properties of three peptides with different amino
acid sequences were compared, the changes in sequence did not affect the affinity of pep-
tides for Gram-negative membranes. However, the replacement of lysine (Lys-K) with Arg
significantly enhanced their affinity for Gram-positive bacteria, marking the difference in
the activity of the peptides. Moreover, the addition of Trp to the peptide sequence confers
greater affinity for lipid membranes [67], improving its insertion into the lipid core by
inducing the penetration of Arg through cation–p interactions [68].

The first barrier that AMPs encounter when in contact with bacteria is the cell wall.
For this interaction, two features are critical: the net charge and the hydrophobicity of the



Int. J. Mol. Sci. 2022, 23, 12392 20 of 29

AMPs. CAMPs can interact electrostatically with negatively charged cell wall components,
such as lipopolysaccharide (LPS), for Gram-negative bacteria, and lipoteichoic acid (LTA),
for Gram-positive bacteria. This initial interaction of AMPs with LPS can lead to membrane
destabilization and permeabilization [69–72]. Although several authors have already
demonstrated the ability of cationic peptides to interact with the polyanionic surface of LPS
and LTA by competitively supplanting the divalent cations that link and partially neutralize
the outer membrane or cell wall, in our previous study we have collected useful information
that has revealed the potential ability of 1018 -K6 to interact with them. The images obtained
by SEM and TEM showed how the peptide is able to alter the bacterial membrane, visible
as a surface swelling, after going through the cell wall (LTA) of Staphylococcus aureus and
Listeria monocytogenes, respectively [26,28]. This result was surprising and encouraging,
being aware of the opinion of the scientific community that considers LTA as a more
complicated challenge than LPS for cationic peptides [71]. Hydrophobic residues, such as
tryptophan, then allow the AMPs to enter the bacterial membrane bilayer.

There are several models of antimicrobial peptide activity [68,73,74]. Three of them
start from the same conformation, with the peptides associating with the bacterial mem-
brane as the barrel-stave model, the carpet model (also causing pore formation), and the
model of toroidal pore, which creates pores in which peptides and lipids are intermingled
and bend into the pore continuously from the surface of the membrane. Other models
include the molecular electroporation model based on an electrical potential generated
by CAMPs [75,76] and the sinking raft model based on a mass imbalance that generates a
local curvature of the membrane. Given the heterogeneity of structures and sizes of AMPs,
each peptide could use one or more of these models in its interactions with membranes.

Several AMPs also exhibit lipid vesicle fusogenic activity [77], so we performed vesicle
aggregation studies with our peptide to obtain additional information on its mechanism of
action. As 1018-K6 promotes vesicle accumulation, it is one of many peptides that have
both mixed pore-forming and membrane fusogenic activities. Thus, this dual effect would
confer the 1018-K6 AMP an additional advantage in terms of its lytic effect that may be
propagated in bacterial populations.

All in all, we show that 1018-K6 binds preferentially to bacterial cell membranes as
opposed to eukaryotic plasma membranes and that this binding displays some species
specificity. When 1018-K6 binds to bacterial membranes, it can disrupt the integrity of
the target cell’s membrane, an effect that propagates to neighboring cells via aggregation.
Although future imaging studies and a better characterization of the pore opening in the
bacterial membrane could provide further information, the data presented here helps
understand the lytic activity of 1018-K6 on bacterial populations.

4. Materials and Methods
4.1. Materials

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), L-α-lysophosphatidy-
lcholine (Egg Lecithin, PC), L-α-phosphatidylethanolamine (Liber Bovine, PE), 1′,3′-bis [1,2-
dioleoyl-sn-glycero-3-phospho]-glycerol (Cardiolipin 18:1, CL), phosphatidyl serine (PS),
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) were purchased from Avanti
Polar Lipids (Alabaster, AL, USA), while 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol
(POPG) and N-Acyl-D-sphingosine-1-phosphocholine (chicken egg yolk, SM) were provided
by Larodan AB (Solna, Sweden) and Sigma-Aldrich (St. Louis, MO, USA), respectively.
Tris-HCl, Tris base, Sephadex G-100, 5-carboxyfluorescein (≥95%, HPLC), nitromethane
(Reagent Plus, ≥99%), Triton™ X-100 and acrylamide were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Sodium Dodecyl Sulfate (SDS, 20% Solution) and Luria Broth (LB)
were purchased from Thermo Fisher (Bremen, Germany). Ammonium heptamolybdate
tetrahydrate ((NH4)Mo7O24·4H2O), di-sodium hydrogen phosphate anhydrous (Na2HPO4),
L(+)-Ascorbic acid and all the other reagents were obtained from Scharlau (Barcelona,
Spain). The derivative 12-mer peptide 1018-K6 was purchased from SynPeptide Co., Ltd.
(Shanghai, China).
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4.2. Preparation of Model Membranes: Multilamellar Vesicles (MLVs)

Model membranes (liposomes) were made using lipid stock solutions of POPE, PE,
DOPE, PC, SM, PS, CL and POPG (10 mM), obtained by dissolving the lipid in chloro-
form:methanol (2:1, v/v). Lipid films were prepared in glass tubes by mixing an appropriate
volume of phospholipids to achieve the desired molar ratio (Table 6). Subsequently, the so-
lutions were dried under argon (Ar) flow and then subjected to a vacuum for at least 3 h to
remove traces of the solvent. A sufficient volume of binding buffer (Tris HCl 50 mM, NaCl
100 mM pH 7.4) was used to resuspend the lipidic film, yielding 2 mM lipid phosphorus.
Fresh lipid suspensions were prepared before each experiment.

Table 6. Membrane lipid composition in eukaryotic and prokaryotic organisms (% mol).

Membrane PC SM PS PE DOPE POPE POPG CL

Eukaryotic membrane 1 40 15 5 40
Zwitterionic membrane 100

Salmonella Typhimurium 2GN 78 18 4
Escherichia coli3GN 80 15 5

Staphylococcus aureus3GP 58 42
1 [78]; 2 [79]; 3 [52]. PC, phosphatidylcholine; SM, sphingomyelin; PS, phosphatidylserine; PE, phosphatidylethanolamine;
DOPE, dioleoyl-phosphatidylethanolamine; POPE, palmitoyl-oleoyl-phosphatidylethanolamine; POPG,
palmitoyl-oleoyl-phosphatidylglycerol; CL, cardiolipin. GN, Gram-negative bacteria; GP, Gram-positive bacteria.

4.3. Preparation of Biological Membranes from Bacterial Strains and Hepatic Rat Tissue

Wild strains of Staphylococcus aureus, Escherichia coli and Salmonella spp. were isolated
from foods and used to evaluate the binding affinity of 1018-K6 to bacterial membrane
lipids. These bacteria belong to the Type Culture Collection of the Laboratory of Food
Microbiology of the Department of Veterinary Medicine and Animal Production (Fed-
erico II, University of Naples). In particular, S. aureus was isolated from buffalo cheese,
while E. coli and Salmonella spp. was obtained from wild boar carcass and other meats,
respectively. Bacterial identification was performed by the “direct colony identification
method” [80] and processed with a MALDI Biotyper® sirius System (Bruker Daltonics,
Bremen, Germany) [81]. Identification was achieved by comparing each bacterial mass
spectra to the Bruker MSP database using Bruker Compass software (Bruker Daltonics).
The bacterial cultures were then freeze-dried in 20% (v/v) glycerol and stored at −80 ◦C.
Cultures of S. aureus, Salmonella spp. and E. coli were grown overnight at 37 ◦C in LB
(formulation for 1 L: 10 g Select Peptone 140, 5 g Select Yeast Extract, and 5 g NaCl). When
the desired cell concentration was reached (exponential phase), the bacterial culture was
separated into 50 mL Falcon tubes and centrifuged (Sigma, 2-16 K, rotor 231/F; Osterode
am Harz, Germany) at 8600× g (9000 rpm) for 10 min at 4 ◦C. The supernatant was then
removed, and the pellet used for lipid extraction.

Eukaryotic plasma membranes were isolated from rat hepatic tissue (2g) homoge-
nized (Homogenizer Polytron PT-310, Kinematica AG, Malters, Switzerland) with 38 mL
of binding buffer supplemented with protease inhibitors (cOmplete™, EDTA-free Pro-
tease Inhibitor Cocktail; Roche, Mannheim, Germany) to a final 20-fold dilution. The ho-
mogenate was transferred to Eppendorf tubes and centrifuged (Thermo Scientific ST 8R,
rotor 75005715, Waltham, MA, USA) at 1000× g for 15 min at 4 ◦C. The supernatant was
then collected and transferred to clean Eppendorf tubes and centrifuged again (Thermo
Scientific ST 8R, rotor 75005715) at 10,000× g for 15 min at 4 ◦C. At the end of the second
centrifugation, the supernatant was collected into polycarbonate tubes (10 mL, 16 × 76 mm:
Beckman Coulter, Pasadena, CA, USA) and centrifuged at ca. 50,000× g (30,000 rpm) for
1 h at 4 ◦C (Beckman LE-80 Ultracentrifuge; rotor type 70.1Ti).

The following lipid extraction steps were the same for both bacterial and eukaryotic
membranes. Lipid extracts of biological membranes were obtained following the exper-
imental protocol of Dennison et al. [82] with some modifications. Briefly, each resulting
pellet was resuspended in 1 mL of Tris Buffer (25 mM, pH 7.5) and the final solution was
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transferred into a 10 mL glass tube, to which 3.57 mL of a 1:2 (v/v) chloroform:methanol
mixture was added, and the cells were vigorously vortexed for 5 min. Then, 1.25 mL of
chloroform and 1.25 mL of distilled water were added, vortexing for 5 min between each
addition. After adding the water, the solution was again vortexed for 5 min and then
centrifuged (Thermo Scientific ST 8R, rotor 75005701) at low speed (1000× g) for 10 min
at 4 ◦C to obtain three separated phases: organic, aqueous and protein (bottom, upper
and center phases, respectively). The organic phase was transferred into a clean 10 mL
centrifuge tube and 4.75 mL of a 1:1 (v/v) methanol-buffer mixture was added, while 500 µL
of chilled chloroform was added to the remaining aqueous phase. The two solutions were
vortexed vigorously for 5 min, centrifuged as described above, and the respective organic
phases were collected. Once the organic phases were unified, the solution obtained was
dried under an Ar flow and then subjected to a strong vacuum for at least 3 h. The lipid
films were resuspended in binding buffer (Tris HCl 50 mM/ NaCl 100 mM; pH = 7.4)
and a Fiske assay was performed to determine the lipid phosphorus concentration (see
Section 4.8).

All animal experiments were carried out in accordance with the animal welfare guide-
lines of the European Union (Directive 2010/63/EU) and the regional government of the
Balearic Islands (Conselleria d’Agricultura, Pesca i Alimentació, code: 2018/09/AEXP, date
of approval: 10 August 2018).

4.4. Lipid Binding Assay

To assess the extent of the peptide-MLV interactions, reaction mixtures were prepared
in Eppendorf tubes combining each lipid solution (at the fixed molar concentration of
1800 µM) with pre-formed liposomes containing different amounts of peptide, ranging
from 15.63 to 78.13 µM (when saturation did not occur, higher peptide concentrations were
tested). The solutions were vortexed vigorously and incubated at room temperature for
30 min to allow binding. As negative controls, analogous samples were made using the
buffer solution vehicle rather than the stock peptide solution. At the end of the incubation
period, the solutions were carefully transferred to polycarbonate centrifuge tubes (1 mL,
8 × 51 mm: Beckman Coulter, USA) and centrifuged at ca. 60,000× g (20,000 rpm, outer
row) for 1 h at 20 ◦C (Beckman LE-80 Ultracentrifuge; rotor type 25 [31]). After centrifu-
gation, the supernatant was removed and mixed with binding buffer in the presence of
SDS to a final concentration of 1–2%. The pellet was washed with binding buffer and
resuspended in the same buffer containing SDS. The binding of the peptide to the model
and biological membranes was assessed by quantifying the amount of 1018-K6 in the pellet
and supernatant using calibration curves generated by adding known amounts of peptide
to control supernatants or pellets of vesicles prepared in the absence of the peptide. Peptide
binding to multilamellar vesicles (MLVs) was measured by absorbance and fluorescence
spectroscopy of the tryptophan residue in 1018-K6.

4.4.1. Steady-State Tryptophan Fluorescence

Tryptophan (Trp) fluorescence spectra were recorded for each supernatant and pellet
sample after 30 min of stirring at 900 rpm in a Thermo-Shaker (TS-100: Biosan) at room tem-
perature. The variation in Trp emission was recorded between 300 and 450 nm excitation,
at λex = 280 nm, using a Cary Eclipse Fluorescence spectrophotometer (Varian, Sydney,
Australia). Slit widths were 5 nm for both excitation and emission, and each spectrum was
corrected by subtracting the liposome background.

4.4.2. UV-Vis Absorption Spectrophotometry

Peptide quantification was also performed by UV absorbance of the Trp residues
at 280 nm using a UV-Vis Cary 300 Bio Spectrophotometer (Varian, Australia). To this
end, the samples were treated as described above for fluorescence measurements and a
saturation binding analysis was performed with GraphPad Prism® using the Scatchard
analysis, estimating the Kd (equilibrium dissociation constant) and Bmax (maximum specific
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binding) values (Equation (1)). Bmax is the total number of binding sites and it is expressed
in the same units as the y values (nmol/mg lipid), while the Kd represents the concentration
of ligand, which at equilibrium occupies 50% of the receptors present in the biological
preparation. It is expressed in the same units as the ligand (peptide, P), [P]total (µM).

[P]bound =
Bmax × [P]total
Kd + [P]total

(1)

Plotting the ratio between the quantity of bound and free ligand ([P]bound/[P]free) with
respect to the amount of bound ligand ([P]bound) gives a straight line with a slope of −1/Kd.
The intercept on the abscissa axis (([P]bound/[P]free = 0) defines the receptor density (Bmax).
In other words, this analysis allows the peptide binding affinity and the density of binding
sites for these peptides in lipid bilayers to be determined.

Furthermore, the partition coefficient (the equilibrium distribution of 1018-K6 between
the membrane and the solution), Kp, was calculated by fitting the experimental data
with Equation (2), as described by White et al. [83]. This equation considers the peptide
distribution between hydrophobic membranes in the pellet (membrane-bound peptide)
and the hydrophilic supernatant (free peptide) upon centrifugation [84]. For this reason,
considering that the amount of peptide bound is the result of subtracting the free peptide
from the total amount of peptide, the partition coefficient can be calculated as:

Kp =

[P]total−[P] f ree
[L]

[P] f ree
[W]

(2)

where [P]total and [P]free are the aqueous peptide concentrations measured before the addi-
tion of the vesicles and after centrifugation, respectively; and [L] and [W] are the molar
lipid concentrations (55.3 M). It must be noted that the model membranes were preformed
before adding the peptide, which prevents 1018-K6 precipitation within liposomes in the
absence of peptide-membrane interactions.

The values of binding potential (BP = Bmax/Kd) were also calculated as described
elsewhere [85,86].

Bacterial lipid extracts were used to prepare model membranes to assess peptide
binding to biological lipid bilayers. This experimental design allowed the binding of 1018-
K6 to real bacterial membranes to be assessed. The reaction mixtures were prepared as
described above for model membranes (MLVs) from synthetic lipids. Thus, lipid solutions
at fixed lipid phosphorus concentrations (µg/µL) were incubated with different amounts
of peptide. Due to the low lipid extraction yield from bacterial cultures, peptide binding
was analyzed to maintain the same lipid:peptide molar ratio. Thus, the ratio between
the lipid phosphorus concentration (CL, µg/µL) for model membranes prepared from
S. aureus, S. enterica or E. coli lipids, and the peptide concentration (CP, µg/µL) were the
same as those used for liposomes formed with synthetic lipids. This approach allowed
binding results from biological membranes to be compared with those of model synthetic
membranes resembling bacterial and human membranes. Spectroscopic Trp measurements
(absorption and fluorescence) were determined for each sample of supernatant and pellet
as described above. The Bmax and Kd values were calculated from a Scatchard analysis of
the data using GraphPad Prism® version 8.0.1 (GraphPad, San Diego, CA, USA).

4.5. Vesicle Aggregation

The ability of the AMP to alter the lipid bilayer surface and induce vesicle aggregation
was followed by optical density measurements at 436 nm (OD436 [87]). Different concen-
trations of the peptide (6.6, 12.5, 20, 25 and 50 µM) were incubated with MLVs at 500 µM.
This assay was performed in flat-bottom 96-well plates and the turbidity variations were
followed over the first 35 min of the peptide-lipid incubation using a FLUOstar Omega
spectrophotometer (BMG LABTECH, Ortenberg, Germany).
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4.6. Absorption Maximum and Quenching of 1018-K6 Fluorescence in Aqueous and
Lipid Environments

Membrane-peptide interactions were also investigated by analyzing the blue shift
in the Trp emission spectra. In particular, insertion of lipophilic fluorophores into hy-
drophobic regions of the lipid bilayer induce a blue shift of the emission maximum. To in-
vestigate membrane-peptide interactions, a fixed amount of the peptide 1018-K6 (20 µM)
was incubated for 30 min at room temperature in the presence or absence of increasing
concentrations of lipids (final lipid phosphorus concentration in the vesicle suspension
ranging from 0–2 mM). Fluorescence was measured in 1 cm path length quartz cuvettes
on a Cary Eclipse Fluorescence spectrophotometer (Varian, Australia). The Trp emission
intensity and wavelength were recorded between 305 and 490 nm, and the integrated area
of each fluorescence spectrum was corrected by subtracting liposome scattering.

In addition, the exposure of the Trp residue in 1018-K6 to the aqueous environment
was evaluated by fluorescence emission quenching upon titration with acrylamide and
nitromethane. Fluorescence quenching was determined using the Stern–Volmer equation
and the Stern–Volmer constants (Ksv) were calculated as described elsewhere [47]. Five
(5) µL aliquots of a 4.0 M stock of the quenching solution (acrylamide or nitromethane)
were added to the cuvette containing samples of phospholipid forming MLVs (30 µM) and
peptide (1 µM) in a total volume of 1 mL. The Ksv values were calculated from the equation
(Equation (3)):

F0/F = 1 + Ksv(Q) (3)

where F0 is the initial fluorescence of the peptide and F is the fluorescence intensity follow-
ing the addition of different concentrations of the quencher, Q.

4.7. Permeabilization of Model and Biological Membranes

Lipid films from model (PC, PC40:POPE40:SM15:PS5, CL42:POPG58, and DOPE78:POPG18:CL4)
and biological membranes (S. aureus and Salmonella spp.) were prepared as described above.
The lipid films were then resuspended in binding buffer containing 5-carboxyfluorescein
(CF, 25 mM) by vigorous vortexing to obtain MLVs at a final concentration of 5 mM in lipid
phosphorus. Large unilamellar vesicles (LUVs) were prepared by extrusion of MLVs by
11 passages through 1 µm pore-size polycarbonate membranes in a miniextruder (Avanti
Polar Lipids, Inc., Alabaster, AL, USA), after six freeze-thaw cycles. Free CF not incor-
porated into the vesicles was removed by exclusion chromatography of the liposome
suspension (200 µL) through a Sephadex G-100 column (10 cm long and 1 cm in diameter).
CF-loaded LUVs were collected in glass vials and their lipid phosphorus concentration was
determined by carrying out the Fiske test (see Section 4.8 below). LUV permeabilization
kinetics were followed by detecting the increase in CF fluorescence emission (λex = 490 nm,
λem = 517 nm; Cary Eclipse Fluorescence spectrophotometer: Varian, Australia) following
release from the vesicles and the ensuing loss of CF self-quenching. In these experiments,
a fixed concentration of LUVs (10 µg/mL of lipid phosphorus, about 125 µM) was incu-
bated with the 1018-K6 peptide (15 µM). To determine the CF loaded in LUVs, 0.25 % Triton
X-100 was added to the cuvette after 30 min of peptide-LUV incubation and the CF release
that corresponded to that of permeabilization, was calculated as described [7]:

Permeabilization (%) = (FPep − FN)/(FP − FN) × 100 (4)

where FN and FPep corresponds to the fluorescence intensity after the addition of the peptide
and prior to adding the peptide, respectively, while FP is the maximum fluorescence
intensity after 100% CF externalization. The experiments were performed at 20 ◦C.

4.8. Lipid Sedimentation Assay

The ability of 1018-K6 to disrupt membranes was evaluated by detecting the presence
of membrane fragments (smaller bilayer structures) in the supernatant after centrifugation.
Thus, the lipid phosphorus concentration (1800 µM initial lipid phosphorus) was assessed
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in the pellets and supernatants after centrifugation. According to the protocol used to study
the binding affinity of the peptide to liposomes (see Section 4.4), reaction mixtures were
prepared by adding a specific amount of peptide (the same concentrations as used for the
binding assay) to each lipid solution (1800 µM). After a 30 min incubation, the reactions
were centrifuged at ca. 60,000× g for 1 h at 20 ◦C (Beckman LE-80 Ultracentrifuge; rotor
type 25, outer row) and the lipid phosphorus concentration of MLVs in the pellets and
supernatants was then determined using the Fiske assay [88–90] with slight modifications.
Briefly, a calibration curve with different volumes of 1 mM Na2HPO4 was generated for
each experiment, with 30 µL of each sample placed in a glass tube, and then 500 µL of
70% perchloric acid was added to each tube. After vortexing, the tubes were incubated
at 180 ◦C for 45 min in a thermoblock (Multiplaces, Selecta, Cham, Switzerland) and at
the end of the incubation period, the tubes were allowed to cool and 4 mL of molybdate
((NH4)Mo7O24·4H2O 1.89 mM and 14.3 mL of H2SO4 at 95–97%, diluted to 1 L with purified
water) and 500 µL of 10% ascorbic acid (w/v) were added to each tube. Vortexed samples
were incubated in boiling water for 5 min, and when the tubes cooled down, 250 µL of each
sample and standard were transferred to 96-well plates to read the absorbance using a UV
Spectrophotometer (FLUOstar Omega, BMG LABTECH, Offenburg, Germany). The optical
density was determined at 800 nm, and the standard’s ODs were plotted against the known
lipid concentration and used as a calibration curve to determine the lipid concentrations in
the samples.

4.9. Statistical Analyses

Statistical analyses were performed using the SPSS software package (version 26,
IBM Analytics, Armonk, NY, USA) and GraphPad Prism®, version 8.0.1 (GraphPad, San
Diego, CA, USA). All experiments were performed at least three times and the data were
presented as the mean (M) ± standard error (SE). GraphPad Prism® was used to perform
Scatchard analyses, student’s t-test (p < 0.05) and two-way ANOVA to assess the data from
the peptide binding analyses, the peptide fluorescence assays (blue shift and quenching
assays) and the vesicle aggregation, respectively. Partition constant values were analyzed
using SPSS with generalized linear mixed models (GLMMs) and the means were compared
using the Tukey test (p < 0.05).

5. Patents

International Patent, Application No. PCT/EP2018/069304Publication Date: 16 July
2018. Antimicrobial peptides. Italian Patent, Application No. 102017000080068 Publica-
tion Date: 14 July 2017. “Peptidi antimicrobici”. Balestrieri M., Palmieri G., Neglia G.,
Anastasio A., Capuano F., de Stefano L., Nicolais L. Granting date 11 October 2019.
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21. Wiatrak, B.; Piasny, J.; Kuźniarski, A.; Gąsiorowski, K. Interactions of Amyloid-β with Membrane Proteins. Int. J. Mol. Sci. 2021,

22, 6075. [CrossRef]
22. Meker, S.; Chin, H.; Sut, T.N.; Cho, N.J. Amyloid-β Peptide Triggers Membrane Remodeling in Supported Lipid Bilayers

Depending on Their Hydrophobic Thickness. Langmuir 2018, 34, 9548–9560. [CrossRef] [PubMed]

http://doi.org/10.1093/clinids/2.1.129
http://doi.org/10.1016/j.plipres.2015.04.003
http://doi.org/10.1016/0005-2736(73)90143-0
http://doi.org/10.1126/science.402030
http://www.ncbi.nlm.nih.gov/pubmed/402030
http://doi.org/10.1016/j.bbamem.2020.183280
http://www.ncbi.nlm.nih.gov/pubmed/32220553
http://doi.org/10.1177/0022034516679973
http://www.ncbi.nlm.nih.gov/pubmed/27872334
http://doi.org/10.1016/j.bbamem.2013.05.027
http://doi.org/10.1007/s00018-008-8188-x
http://doi.org/10.1038/415389a
http://doi.org/10.1038/nrd1008
http://doi.org/10.1371/journal.ppat.1001067
http://www.ncbi.nlm.nih.gov/pubmed/21060861
http://doi.org/10.1002/9783527652853.ch1
http://doi.org/10.3389/fmicb.2017.00051
http://doi.org/10.2174/1568026615666150703121700
http://www.ncbi.nlm.nih.gov/pubmed/26139112
http://doi.org/10.1074/jbc.M104925200
http://doi.org/10.1098/rstb.2007.2044
http://doi.org/10.1021/acs.accounts.6b00074
http://doi.org/10.1016/j.bbamem.2018.03.017
http://doi.org/10.3390/ijms22116075
http://doi.org/10.1021/acs.langmuir.8b01196
http://www.ncbi.nlm.nih.gov/pubmed/30021071


Int. J. Mol. Sci. 2022, 23, 12392 27 of 29

23. Drabik, D.; Chodaczek, G.; Kraszewski, S. Effect of Amyloid-β Monomers on Lipid Membrane Mechanical Parameters–Potential
Implications for Mechanically Driven Neurodegeneration in Alzheimer’s Disease. Int. J. Mol. Sci. 2021, 22, 18. [CrossRef]
[PubMed]

24. Sessa, L.; Concilio, S.; Walde, P.; Robinson, T.; Dittrich, P.S.; Porta, A.; Panunzi, B.; Caruso, U.; Piotto, S. Study of the Interaction of
a Novel Semi-Synthetic Peptide with Model Lipid Membranes. Membranes 2020, 10, 294. [CrossRef] [PubMed]

25. Palmieri, G.; Balestrieri, M.; Capuano, F.; Proroga, Y.T.R.; Pomilio, F.; Centorame, P.; Riccio, A.; Marrone, R.; Anastasio, A.
Bactericidal and Antibiofilm Activity of Bactenecin-Derivative Peptides against the Food-Pathogen Listeria Monocytogenes: New
Perspectives for Food Processing Industry. Int. J. Food Microbiol. 2018, 279, 33–42. [CrossRef] [PubMed]

26. Palmieri, G.; Tatè, R.; Gogliettino, M.; Balestrieri, M.; Rea, I.; Terracciano, M.; Proroga, Y.T.; Capuano, F.; Anastasio, A.;
De Stefano, L. Small Synthetic Peptides Bioconjugated to Hybrid Gold Nanoparticles Destroy Potentially Deadly Bacteria at
Submicromolar Concentrations. Bioconjug. Chem. 2018, 29, 3877–3885. [CrossRef] [PubMed]

27. Agrillo, B.; Balestrieri, M.; Gogliettino, M.; Palmieri, G.; Moretta, R.; Proroga, Y.T.R.; Rea, I.; Cornacchia, A.; Capuano, F.;
Smaldone, G.; et al. Functionalized Polymeric Materials with Bio-Derived Antimicrobial Peptides for “Active” Packaging. Int. J.
Mol. Sci. 2019, 20, 601. [CrossRef]

28. Colagiorgi, A.; Festa, R.; Di Ciccio, P.A.; Gogliettino, M.; Balestrieri, M.; Palmieri, G.; Anastasio, A.; Ianieri, A. Rapid Biofilm
Eradication of the Antimicrobial Peptide 1018-K6 against Staphylococcus Aureus: A New Potential Tool to Fight Bacterial Biofilms.
Food Control 2020, 107, 106815. [CrossRef]

29. Festa, R.; Ambrosio, R.L.; Lamas, A.; Gratino, L.; Palmieri, G.; Franco, C.M.; Cepeda, A.; Anastasio, A. A Study on the
Antimicrobial and Antibiofilm Peptide 1018-K6 as Potential Alternative to Antibiotics against Food-Pathogen Salmonella enterica.
Foods 2021, 10, 1372. [CrossRef]

30. Ambrosio, R.L.; Gogliettino, M.; Agrillo, B.; Proroga, Y.T.R.; Balestrieri, M.; Gratino, L.; Cristiano, D.; Palmieri, G.; Anastasio, A.
An Active Peptide-Based Packaging System to Improve the Freshness and Safety of Fish Products: A Case Study. Foods 2022,
11, 338. [CrossRef]

31. Alvarez, R.; Casas, J.; López, D.J.; Ibarguren, M.; Suari-Rivera, A.; Terés, S.; Guardiola-Serrano, F.; Lossos, A.; Busquets, X.;
Kakhlon, O.; et al. Triacylglycerol Mimetics Regulate Membrane Interactions of Glycogen Branching Enzyme: Implications for
Therapy. J. Lipid Res. 2017, 58, 1598–1612. [CrossRef]

32. Fox, C.F.; Law, J.H.; Tsukagoshi, N.; Wilson, G. A Density Label for Membranes. Proc. Natl. Acad. Sci. USA 1970, 67, 598–605.
[CrossRef] [PubMed]

33. Scatchard, G. The Attractions of Proteins for Small Molecules and Ions. Ann. N. Y. Acad. Sci. 1949, 51, 660–672. [CrossRef]
34. Jain, M.K.; Rogers, J.; Simpson, L.; Gierasch, L.M. Effect of Tryptophan Derivatives on the Phase Properties of Bilayers. BBA

Biomembr. 1985, 816, 153–162. [CrossRef]
35. Ito, A.S.; Castrucci, A.M.d.L.; Hruby, V.J.; Hadley, M.E.; Krajcarski, D.T.; Szabo, A.G. Structure-Activity Correlations of Melan-

otropin Peptides in Model Lipids by Tryptophan Fluorescence Studies. Biochemistry 1993, 32, 12264–12272. [CrossRef]
36. Santos, N.C.; Prieto, M.; Castanho, M.A.R.B. Quantifying Molecular Partition into Model Systems of Biomembranes: An Emphasis

on Optical Spectroscopic Methods. Biochim. Biophys. Acta Biomembr. 2003, 1612, 123–135. [CrossRef]
37. Escriba, P.V.; Ferrer-Montiel, A.V.; Ferragut, J.A.; Gonzalez-Ros, J.M. Role of Membrane Lipids in the Interaction of Daunomycin

with Plasma Membranes from Tumor Cells: Implications in Drug-Resistance Phenomena. Biochemistry 1990, 29, 7275–7282.
[CrossRef]

38. Bessalle, R.; Haas, H.; Goria, A.; Shalit, I.; Fridkin, M. Augmentation of the Antibacterial Activity of Magainin by Positive-Charge
Chain Extension. Antimicrob. Agents Chemother. 1992, 36, 313–317. [CrossRef]

39. Matsuzaki, K.; Nakamura, A.; Murase, O.; Sugishita, K.I.; Fujii, N.; Miyajima, K. Modulation of Magainin 2-Lipid Bilayer
Interactions by Peptide Charge. Biochemistry 1997, 36, 2104–2111. [CrossRef]

40. Dathe, M.; Nikolenko, H.; Meyer, J.; Beyermann, M.; Bienert, M. Optimization of the Antimicrobial Activity of Magainin Peptides
by Modification of Charge. FEBS Lett. 2001, 501, 146–150. [CrossRef]

41. Melo, M.N.; Ferre, R.; Castanho, M.A.R.B. Melo, Ferre, Castanho_2009_Antimicrobial Peptides Linking Partition, Activity and
High Membrane-Bound Concentrations. Nat. Rev. Microbiol. 2009, 7, 245–250. [CrossRef]

42. Matsuno, R.; Ishihara, K. Integrated Functional Nanocolloids Covered with Artificial Cell Membranes for Biomedical Applications.
Nano Today 2011, 6, 61–74. [CrossRef]

43. Bello, J.; Bello, H.R.; Granados, E. Conformation and Aggregation of Melittin: Dependence on PH and Concentration. Biochemistry
1982, 21, 461–465. [CrossRef] [PubMed]

44. Dathe, M.; Wieprecht, T. Structural Features of Helical Antimicrobial Peptides: Their Potential to Modulate Activity on Model
Membranes and Biological Cells. Biochim. Biophys. Acta Biomembr. 1999, 1462, 71–87. [CrossRef]

45. Huang, H.W. Molecular Mechanism of Antimicrobial Peptides: The Origin of Cooperativity. Biochim. Biophys. Acta Biomembr.
2006, 1758, 1292–1302. [CrossRef] [PubMed]

46. Hall, K.; Lee, T.H.; Daly, N.L.; Craik, D.J.; Aguilar, M.I. Gly6 of Kalata B1 Is Critical for the Selective Binding to Phos-
phatidylethanolamine Membranes. Biochim. Biophys. Acta Biomembr. 2012, 1818, 2354–2361. [CrossRef] [PubMed]

47. Lakowicz, J.R. Principles of Fluorescence Spectroscopy, 3rd ed.; Springer: Baltimore, MA, USA, 2006.

http://doi.org/10.3390/ijms22010018
http://www.ncbi.nlm.nih.gov/pubmed/33375009
http://doi.org/10.3390/membranes10100294
http://www.ncbi.nlm.nih.gov/pubmed/33086635
http://doi.org/10.1016/j.ijfoodmicro.2018.04.039
http://www.ncbi.nlm.nih.gov/pubmed/29727856
http://doi.org/10.1021/acs.bioconjchem.8b00706
http://www.ncbi.nlm.nih.gov/pubmed/30352512
http://doi.org/10.3390/ijms20030601
http://doi.org/10.1016/j.foodcont.2019.106815
http://doi.org/10.3390/foods10061372
http://doi.org/10.3390/foods11030338
http://doi.org/10.1194/jlr.M075531
http://doi.org/10.1073/pnas.67.2.598
http://www.ncbi.nlm.nih.gov/pubmed/4943174
http://doi.org/10.1111/j.1749-6632.1949.tb27297.x
http://doi.org/10.1016/0005-2736(85)90403-1
http://doi.org/10.1021/bi00096a041
http://doi.org/10.1016/S0005-2736(03)00112-3
http://doi.org/10.1021/bi00483a017
http://doi.org/10.1128/AAC.36.2.313
http://doi.org/10.1021/bi961870p
http://doi.org/10.1016/S0014-5793(01)02648-5
http://doi.org/10.1038/nrmicro2095
http://doi.org/10.1016/j.nantod.2010.12.009
http://doi.org/10.1021/bi00532a007
http://www.ncbi.nlm.nih.gov/pubmed/7066299
http://doi.org/10.1016/S0005-2736(99)00201-1
http://doi.org/10.1016/j.bbamem.2006.02.001
http://www.ncbi.nlm.nih.gov/pubmed/16542637
http://doi.org/10.1016/j.bbamem.2012.04.007
http://www.ncbi.nlm.nih.gov/pubmed/22538355


Int. J. Mol. Sci. 2022, 23, 12392 28 of 29

48. Tang, Y.L.; Shi, Y.H.; Zhao, W.; Hao, G.; Le, G.W. Insertion Mode of a Novel Anionic Antimicrobial Peptide MDpep5 (Val-Glu-Ser-
Trp-Val) from Chinese Traditional Edible Larvae of Housefly and Its Effect on Surface Potential of Bacterial Membrane. J. Pharm.
Biomed. Anal. 2008, 48, 1187–1194. [CrossRef]

49. Tucker, S.A.; Darmodjo, H.; Acree, W.E., Jr.; Fetzer, J.C.; Zander, M. Spectroscopic Investigation of Fluorescence Quenching
Agents. Part II: Effect of Nitromethane on the Fluorescence Emission Behavior of Thirty-Six Alternant Benzenoid Polycyclic
Aromatic Hydrocarbons. Appl. Spectrosc. 1992, 46, 1260–1265. [CrossRef]

50. Pan, H.; Marsh, J.N.; Christenson, E.T.; Soman, N.R.; Ivashyna, O.; Lanza, G.M.; Schlesinger, P.H.; Wickline, S.A. Postformulation
Peptide Drug Loading of Nanostructures. Methods Enzymol. 2012, 508, 17–39. [CrossRef]

51. Mulgrew-Nesbitt, A.; Diraviyam, K.; Wang, J.; Singh, S.; Murray, P.; Li, Z.; Rogers, L.; Mirkovic, N.; Murray, D. The Role of
Electrostatics in Protein-Membrane Interactions. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2006, 1761, 812–826. [CrossRef]

52. Epand, R.M.; Epand, R.F. Bacterial Membrane Lipids in the Action of Antimicrobial Agents. J. Pept. Sci. 2011, 17, 298–305.
[CrossRef]

53. Boggs, J.M.; Stamp, D.; Hughes, D.W.; Deber, C.M. Influence of Ether Linkage on the Lamellar to Hexagonal Phase Transition of
Ethanolamine Phospholipids. Biochemistry 1981, 20, 5728–5735. [CrossRef] [PubMed]

54. Morein, S.; Koeppe, R.E.; Lindblom, G.; De Kruijff, B.; Killian, J.A. The Effect of Peptide/Lipid Hydrophobic Mismatch on the
Phase Behavior of Model Membranes Mimicking the Lipid Composition in Escherichia Coli Membranes. Biophys. J. 2000, 78,
2475–2485. [CrossRef]

55. Escribá, P.V. Membrane-Lipid Therapy: A New Approach in Molecular Medicine. Trends Mol. Med. 2006, 12, 34–43. [CrossRef]
56. Escribá, P.V.; González-Ros, J.M.; Goñi, F.M.; Kinnunen, P.K.J.; Vigh, L.; Sánchez-Magraner, L.; Fernández, A.M.; Busquets,

X.; Horváth, I.; Barceló-Coblijn, G. Membranes: A Meeting Point for Lipids, Proteins and Therapies. J. Cell Mol. Med. 2008,
12, 829–875. [CrossRef] [PubMed]

57. Gonzalez-Ros, J.M.; Farach, M.C.; Martinez-Carrion, M. Ligand-Induced Effects at Regions of Acetylcholine Receptor Accessible
to Membrane Lipids. Biochemistry 1983, 22, 3807–3811. [CrossRef]

58. Melloni, E.; Pontremoli, S.; Sparatore, B.; Patrone, M.; Grossi, F.; Marks, P.A.; Rifkind, R.A. Introduction of the Beta Isozyme of
Protein Kinase C Accelerates Induced Differentiation of Murine Erythroleukemia Cells. Proc. Natl. Acad. Sci. USA 1990, 87, 4417.
[CrossRef] [PubMed]

59. Almeida, P.F.; Pokorny, A. Interactions of Antimicrobial Peptides with Lipid Bilayers. Compr. Biophys. 2012, 5, 189–222. [CrossRef]
60. Kirby, C.; Gregoriadis, G. Dehydration-Rehydration Vesicles: A Simple Method for High Yield Drug Entrapment in Liposomes.

Nat. Biotechnol. 1984, 2, 979–984. [CrossRef]
61. Senior, J.H. Fate and Behavior of Liposomes in Vivo: A Review of Controlling Factors. Crit. Rev. Ther. Drug Carr. Syst. 1987,

3, 123–193.
62. Tatulian, S.A.; Kandel, N. Membrane Pore Formation by Peptides Studied by Fluorescence Techniques. Methods Mol. Biol. 2019,

2003, 449–464. [CrossRef]
63. Guilhelmelli, F.; Vilela, N.; Albuquerque, P.; Derengowski, L.; Silva-Pereira, I.; Kyaw, C. Antibiotic Development Challenges: The

Various Mechanisms of Action of Antimicrobial Peptides and of Bacterial Resistance. Front. Microbiol. 2013, 4, 353. [CrossRef]
[PubMed]

64. Auvynet, C.; Rosenstein, Y. Multifunctional Host Defense Peptides: Antimicrobial Peptides, the Small yet Big Players in Innate
and Adaptive Immunity. FEBS J. 2009, 276, 6497–6508. [CrossRef]

65. Torcato, I.M.; Huang, Y.H.; Franquelim, H.G.; Gaspar, D.; Craik, D.J.; Castanho, M.A.R.B.; Troeira Henriques, S. Design and
Characterization of Novel Antimicrobial Peptides, R-BP100 and RW-BP100, with Activity against Gram-Negative and Gram-
Positive Bacteria. Biochim. Biophys. Acta Biomembr. 2013, 1828, 944–955. [CrossRef] [PubMed]

66. Gallivan, J.P.; Dougherty, D.A. Cation-π Interactions in Structural Biology. Proc. Natl. Acad. Sci. USA 1999, 96, 9459–9464.
[CrossRef] [PubMed]

67. White, S.H.; Wimley, W.C. Hydrophobic Interactions of Peptides with Membrane Interfaces. Biochim. Biophys. Acta Rev. Biomembr.
1998, 1376, 339–352. [CrossRef]

68. Chan, D.I.; Prenner, E.J.; Vogel, H.J. Tryptophan- and Arginine-Rich Antimicrobial Peptides: Structures and Mechanisms of
Action. Biochim. Biophys. Acta Biomembr. 2006, 1758, 1184–1202. [CrossRef] [PubMed]

69. Shai, Y. Mechanism of the Binding, Insertion and Destabilization of Phospholipid Bilayer Membranes by α-Helical Antimicrobial
and Cell Non-Selective Membrane-Lytic Peptides. Biochim. Biophys. Acta Biomembr. 1999, 1462, 55–70. [CrossRef]

70. Yasir, M.; Dutta, D.; Willcox, M.D.P. Comparative Mode of Action of the Antimicrobial Peptide Melimine and Its Derivative
Mel4 against Pseudomonas Aeruginosa. Sci. Rep. 2019, 9, 7063. [CrossRef]

71. Hancock, R.E.W.; Scott, M.G. The role of antimicrobial peptides in animal defenses. Proc. Natl. Acad. Sci. USA 2000, 97, 8856–8861.
[CrossRef]

72. Zhang, C.; Yang, M. Antimicrobial Peptides: From Design to Clinical Application. Antibiotics 2022, 11, 349. [CrossRef]
73. Pokorny, A.; Almeida, P.F.F. Permeabilization of Raft-Containing Lipid Vesicles by δ-Lysin: A Mechanism for Cell Sensitivity to

Cytotoxic Peptides. Biochemistry 2005, 44, 9538–9544. [CrossRef] [PubMed]
74. Bahar, A.A.; Ren, D. Antimicrobial Peptides. Pharmaceuticals 2013, 6, 1543. [CrossRef] [PubMed]
75. Miteva, M.; Andersson, M.; Karshikoff, A.; Otting, G. Molecular Electroporation: A Unifying Concept for the Description of

Membrane Pore Formation by Antibacterial Peptides, Exemplified with NK-Lysin. FEBS Lett. 1999, 462, 155–158. [CrossRef]

http://doi.org/10.1016/j.jpba.2008.09.006
http://doi.org/10.1366/0003702924123872
http://doi.org/10.1016/B978-0-12-391860-4.00002-1
http://doi.org/10.1016/j.bbalip.2006.07.002
http://doi.org/10.1002/psc.1319
http://doi.org/10.1021/bi00523a015
http://www.ncbi.nlm.nih.gov/pubmed/6271192
http://doi.org/10.1016/S0006-3495(00)76792-0
http://doi.org/10.1016/j.molmed.2005.11.004
http://doi.org/10.1111/j.1582-4934.2008.00281.x
http://www.ncbi.nlm.nih.gov/pubmed/18266954
http://doi.org/10.1021/bi00285a015
http://doi.org/10.1073/pnas.87.12.4417
http://www.ncbi.nlm.nih.gov/pubmed/2352925
http://doi.org/10.1016/B978-0-12-374920-8.00515-4
http://doi.org/10.1038/nbt1184-979
http://doi.org/10.1007/978-1-4939-9512-7_19
http://doi.org/10.3389/fmicb.2013.00353
http://www.ncbi.nlm.nih.gov/pubmed/24367355
http://doi.org/10.1111/j.1742-4658.2009.07360.x
http://doi.org/10.1016/j.bbamem.2012.12.002
http://www.ncbi.nlm.nih.gov/pubmed/23246973
http://doi.org/10.1073/pnas.96.17.9459
http://www.ncbi.nlm.nih.gov/pubmed/10449714
http://doi.org/10.1016/S0304-4157(98)00021-5
http://doi.org/10.1016/j.bbamem.2006.04.006
http://www.ncbi.nlm.nih.gov/pubmed/16756942
http://doi.org/10.1016/S0005-2736(99)00200-X
http://doi.org/10.1038/s41598-019-42440-2
http://doi.org/10.1073/pnas.97.16.8856
http://doi.org/10.3390/antibiotics11030349
http://doi.org/10.1021/bi0506371
http://www.ncbi.nlm.nih.gov/pubmed/15996108
http://doi.org/10.3390/ph6121543
http://www.ncbi.nlm.nih.gov/pubmed/24287494
http://doi.org/10.1016/S0014-5793(99)01520-3


Int. J. Mol. Sci. 2022, 23, 12392 29 of 29

76. Tieleman, D.P. The Molecular Basis of Electroporation. BMC Biochem. 2004, 5, 1–12. [CrossRef] [PubMed]
77. Wadhwani, P.; Reichert, J.; Bürck, J.; Ulrich, A.S. Antimicrobial and Cell-Penetrating Peptides Induce Lipid Vesicle Fusion by

Folding and Aggregation. Eur. Biophys. J. 2012, 41, 177. [CrossRef] [PubMed]
78. Casares, D.; Escribá, P.V.; Rosselló, C.A. Membrane Lipid Composition: Effect on Membrane and Organelle Structure, Function

and Compartmentalization and Therapeutic Avenues. Int. J. Mol. Sci. 2019, 20, 2167. [CrossRef] [PubMed]
79. Barbosa, S.C.; Nobre, T.M.; Volpati, D.; Cilli, E.M.; Correa, D.S.; Oliveira, O.N. The Cyclic Peptide Labaditin Does Not Alter the

Outer Membrane Integrity of Salmonella enterica Serovar Typhimurium. Sci. Rep. 2019, 9, 1993. [CrossRef]
80. Alatoom, A.A.; Cunningham, S.A.; Ihde, S.M.; Mandrekar, J.; Patel, R. Comparison of Direct Colony Method versus Extraction

Method for Identification of Gram-Positive Cocci by Use of Bruker Biotyper Matrix-Assisted Laser Desorption Ionization-Time of
Flight Mass Spectrometry. J. Clin. Microbiol. 2011, 49, 2868–2873. [CrossRef]

81. Peruzy, M.F.; Murru, N.; Yu, Z.; Kerkhof, P.J.; Neola, B.; Joossens, M.; Proroga, Y.T.R.; Houf, K. Assessment of Microbial
Communities on Freshly Killed Wild Boar Meat by MALDI-TOF MS and 16S RRNA Amplicon Sequencing. Int. J. Food Microbiol.
2019, 301, 51–60. [CrossRef]

82. Dennison, S.R.; Howe, J.; Morton, L.H.G.; Brandenburg, K.; Harris, F.; Phoenix, D.A. Interactions of an Anionic Antimicrobial
Peptide with Staphylococcus Aureus Membranes. Biochem. Biophys. Res. Commun. 2006, 347, 1006–1010. [CrossRef]

83. Whitem, S.H.; Wimley, W.C.; Ladokhin, A.S.; Hristova, K. Protein Folding in Membranes: Determining Energetics of Peptide-
Bilayer Interactions. Methods Enzymol. 1998, 295, 62–87.

84. Roussel, G.; White, S.H. Binding of SecA ATPase Monomers and Dimers to Lipid Vesicles. Biochim. Biophys. Acta Biomembr. 2020,
1862, 183112. [CrossRef] [PubMed]

85. Mintun, M.A.; Raichle, M.E.; Kilbourn, M.R.; Wooten, G.F.; Welch, M.J. A Quantitative Model for the in Vivo Assessment of Drug
Binding Sites with Positron Emission Tomography. Ann. Neurol. 1984, 15, 217–227. [CrossRef] [PubMed]

86. Xia, Y.; Zheng, M.Q.; Holden, D.; Lin, S.F.; Kapinos, M.; Ropchan, J.; Gallezot, J.D.; Huang, Y.; Carson, R.E. Measurement of B Max
and K d with the Glycine Transporter 1 Radiotracer 18 F-MK6577 Using a Novel Multi-Infusion Paradigm. J. Cereb. Blood Flow
Metab. 2015, 35, 2001–2009. [CrossRef] [PubMed]

87. Henriques, S.T.; Castanho, M.A.R.B. Consequences of Nonlytic Membrane Perturbation to the Translocation of the Cell Penetrating
Peptide Pep-1 in Lipidic Vesicles. Biochemistry 2004, 43, 9716–9724. [CrossRef]

88. Fiske, B.Y.C.H.; Subbarow, Y. The Colorimetric Determination of Phosphorus. J. Biol. Chem. 1925, 66, 375–400. [CrossRef]
89. BARTLETT, G.R. Phosphorus Assay in Column Chromatography. J. Biol. Chem. 1959, 234, 466–468. [CrossRef]
90. Böttcher, C.J.F.; Van gent, C.M.; Pries, C. A Rapid and Sensitive Sub-Micro Phosphorus Determination. Anal. Chim. Acta 1961,

24, 203–204. [CrossRef]

http://doi.org/10.1186/1471-2091-5-10
http://www.ncbi.nlm.nih.gov/pubmed/15260890
http://doi.org/10.1007/s00249-011-0771-7
http://www.ncbi.nlm.nih.gov/pubmed/22080286
http://doi.org/10.3390/ijms20092167
http://www.ncbi.nlm.nih.gov/pubmed/31052427
http://doi.org/10.1038/s41598-019-38551-5
http://doi.org/10.1128/JCM.00506-11
http://doi.org/10.1016/j.ijfoodmicro.2019.05.005
http://doi.org/10.1016/j.bbrc.2006.06.181
http://doi.org/10.1016/j.bbamem.2019.183112
http://www.ncbi.nlm.nih.gov/pubmed/31676370
http://doi.org/10.1002/ana.410150302
http://www.ncbi.nlm.nih.gov/pubmed/6609679
http://doi.org/10.1038/jcbfm.2015.163
http://www.ncbi.nlm.nih.gov/pubmed/26198176
http://doi.org/10.1021/bi036325k
http://doi.org/10.1016/S0021-9258(18)84756-1
http://doi.org/10.1016/S0021-9258(18)70226-3
http://doi.org/10.1016/0003-2670(61)80041-X

	Introduction 
	Results 
	Interaction of the Antimicrobial Peptide 1018-K6 with Model Membranes 
	Peptide Binding to Multilamellar Vesicles (MLVs) and Lipid Sedimentation Assays 
	Peptide Binding to Multilamellar Vesicles (MLVs) from Biological Membranes 

	Fluorescence Properties of 1018-K6 in Aqueous and Lipid Solutions 
	Blue Shifts in Emission Spectra 
	Fluorescence Quenching of 1018-K6 

	The Effect of 1018-K6 on the Permeabilization of Model and Biological Membranes 
	Effect of 1018-K6 on Vesicle Aggregation 

	Discussion 
	Materials and Methods 
	Materials 
	Preparation of Model Membranes: Multilamellar Vesicles (MLVs) 
	Preparation of Biological Membranes from Bacterial Strains and Hepatic Rat Tissue 
	Lipid Binding Assay 
	Steady-State Tryptophan Fluorescence 
	UV-Vis Absorption Spectrophotometry 

	Vesicle Aggregation 
	Absorption Maximum and Quenching of 1018-K6 Fluorescence in Aqueous and Lipid Environments 
	Permeabilization of Model and Biological Membranes 
	Lipid Sedimentation Assay 
	Statistical Analyses 

	Patents 
	References

