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ABSTRACT

Antimicrobial peptides (AMPs) are considered an attractive generation of novel antibiotics due
to their advantageous properties such as a broad spectrum of antimicrobial activity against
pathogens, low cytotoxicity, and drug resistance. Although they have common structural
features and it has been widely demonstrated that bacterial membranes represent the main target
of the peptide activity, the exact mechanism underlying the membrane perturbation by AMPs
is not fully understood. Nevertheless, all the proposed modes of action implicate the preliminary
interaction of AMPs with the negatively charged lipids in bacterial membranes. Recently, the
structural and functional characterization of two AMPs, RiLK1 and RiLK3, was reported.
Specifically, both peptides were revealed to be multitalented compounds capable of binding
Gram-positive and Gram-negative liposome models with high affinity, but their mechanism of
action remains elusive. In this paper, the effects of RiLK1 and RiLK3 on vesicles mimicking
prokaryotic and eukaryotic cell membranes were further examined by using different
approaches. Fluorescence and quenching assays either by acrylamide or lipophilic probes
suggested that the peptides were mainly located at the interface of the negatively charged
membranes that mimicked those of Salmonella Typhimurium and Staphylococcus aureus,
possibly oriented in a parallel manner. Furthermore, RiLK1 and RiLK3 caused a significant
leakage of carboxyfluorescein from bacterial liposomes, demonstrating that they can
permeabilize the target membranes at high doses. Conversely, both peptides appear to behave
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like cell penetrating peptides (CPPs) at concentrations near their MIC values evaluated against
the bacterial targets. Moreover, Dynamic Light Scattering provided further insights on the
mechanisms of antimicrobial peptide against the bacterial liposomes. Conclusively, in vitro
experiments indicated that RiLK1 and RiLK3 displayed potent bacteriostatic efficacy at low
micromolar concentrations against an antibiotic-resistant ESKAPE pathogen, making them a
valuable tool in preventing and treating infections caused by such bacteria.

Keywords: Antimicrobial peptide; Fluorescence spectroscopy; Liposome; ESKAPE pathogen; Dynamic
Light Scattering

T Abbreviations: PC, phosphatidylcholine; SM, sphingomyelin; PS, phosphatidylserine; DOPE, dioleoyl-
phosphatidylethanolamine; POPE, palmito-yl-oleoyl-phosphatidylethanolamine; POPG, palmitoyl-oleoyl-
phosphatidylglycerol; CL, cardiolipin



1. Introduction

Antimicrobial peptides (AMPs) are amino acid sequences, belonging to the innate immune
system [1-2] of animals and plants and are promising candidates for new antibiotic therapeutics
[3-6]. Although AMPs are characterized by no conserved sequence motifs, most of them are
short, cationic, and amphipathic, with a large conformational flexibility and an undefined
secondary structure in water. These compounds have a broad spectrum of activity against
pathogens such as bacteria, viruses, fungi, and parasites and show diverse mechanisms of action
that may help to prevent the development of resistance processes, making them attractive
candidates to fight antibiotic-resistant infections [7,8]. Therefore, naturally occurring AMPs,
their mutants, and newly designed peptides are intensively screened as potential therapeutic
agents [4,5,7].

AMPs generally target and bind bacterial membranes via peptide-lipid interactions or, in a few
cases, cross the cell membrane and access intracellular compartments, interacting with
intracellular molecules (RNA, DNA, and proteins) [9]. Several studies have shown that AMPs
can disrupt cell membranes by different mechanisms, leading to membrane permeabilization
and cell death [9-11]. The membrane AMP interaction mostly involves electrostatic potentials,
secondary structures, and lipid bilayer insertion, which can be affected by the lipid chain length
and saturation. The composition of lipid membranes can significantly impact the secondary
structures of AMPs, stabilizing a-helical conformations, B-sheet, or extended secondary
structure motifs in specific lipid environments [12]. The peptides typically cause leakage of the
cell membranes by accumulating on their external surface, inserting below the lipid headgroups
parallel to the membrane surface, and perturbing the surface tension of the outer lipid leaflet
[13]. When the bound peptide exceeds a critical value, defects are formed to release the
accumulated stress. This mechanism of action is identified as the “carpet” model considering
that the threshold for defect formation requires a high coverage of the bilayer surface by bound
peptides [14]. In the barrel-stave alternative model of transmembrane pores formation, peptides
first bind to the membrane surface, then insert in a trans bilayer orientation combining like the
staves in a barrel and forming a channel in the bilayer. In this case, the threshold of membrane-
bound peptides required for pore formation can be lower than that needed for AMPs according
to the carpet model mechanism [13,15].

Model membrane systems, including liposomes, have been used to study mechanisms of action
and explore the effect of peptides on the structure of the lipid bilayers [9]. Although they are
less complex than bacterial membranes, model membranes are suitable for investigating
specific cell wall components and membrane-lipid interaction of AMPs, which is crucial for
developing alternative antimicrobial strategies to counteract bacterial resistance to antibacterial
drugs [16,17]. Liposomes are considered versatile, easy to prepare, and very useful model
membranes, as they can be obtained with well-defined lipid compositions, biophysical
properties, and conditions lowering the variables existing in biological assays.

This work was focused on two short cationic and amphipathic peptides, RiLK1
(RLKWVRIWRR-NH,) and its derivative RiLK3 (RLRWVRIWRR-NH,), where the lysine is



replaced with an arginine residue, which can represent simple models of AMPs to gain insights
into the mechanisms of membrane permeabilization and antibacterial activity.

The two 10-amino acid molecules were previously designed based on the bactericidal and
antibiofilm peptide 1018-K6 [18,19], derived from a bovine HDP (host defense peptide)
bactenecin belonging to the cathelicidins’ family [20]. Previous structural and functional
investigations revealed that RiLK1 and RiLK3 were multitalented compounds, being active
against fungi, viruses, Gram-positive and Gram-negative bacteria at low micromolar ranges,
with no cytotoxic effects on human cells [21-23]. Moreover, results evidenced that in aqueous
solutions, the two peptides adopt a random coil conformation, while in micellar solutions they
aggregate showing a conformational propensity to self-assemble in regular structures and
providing a possible explanation for their potent bactericidal, antifungal, and anti-biofilm
activities [21-23]. Recently, it has been also demonstrated that RiLK1 and RiLK3 can bind
Gram-positive and Gram-negative liposome models, nevertheless, the mechanistic basis of their
bactericidal action against these bacteria is still not understood [23].

In this study, heterogeneous liposomes of two representative Gram-negative and Gram-positive
bacteria, Salmonella Typhimurium, and Staphylococcus aureus, were used for in-
depth analysis of RiLK1 and RiLK3 cell membrane interactions underlying their bactericidal
activity. Specifically, by combining Dynamic Light Scattering (DLS) and fluorescent
spectroscopy assays, the membranolytic action of the two peptides was explored to get a better
understanding of the antimicrobial process and to evidence their differences in terms of
selective properties and behaviours towards lipid vesicles, which mimic the outer surface of the
bacterial and mammalian cell membranes.

In addition, both peptides were preliminary tested against the clinically isolated ESKAPE
pathogen Enterococcccus faecium, a worldwide recognized Gram-negative antibiotic-
resistance bacterium, which can lead to severe diseases in susceptible individuals, often
associated with urinary tract infections, endocarditis, and bacteraemia although it is naturally
part of the microbiota. E. faecium has revealed resistance to a panel of antibiotics commonly
used such as penicillin, fluoroquinolones, macrolides, and tetracyclines. The development of
vancomycin-resistant strains of E. faecium is also of considerable concern to healthcare
specialists due to their excessive persistence in hospital locations and limited treatment options.
In this scenario, the design of novel and alternative treatment strategies, which include the use
of antimicrobial peptides to counter the global threat of multi-resistant enterococci is a serious
challenge.

This work opens a promising road to discover the relationship among the sequences of
antimicrobial peptides, the mechanism, and their target specificity, which is one of the key
factors in the race to develop a suitable peptide-based antibiotic therapy, especially for
combating drug-resistant bacterial infections.

2. Results and Discussion

2.1. Interaction of AMPs with the bacterial membranes



The interaction of antimicrobial peptides (AMPs) with lipid bilayers has been attracting the
attention of a growing community of scientists for several years. The mode of action of these
membranolytic peptides includes two main stages: first, the cationic AMPs selectively bind
onto the surface of the negatively charged cell membranes and then disrupt bacterial membranes
through different mechanisms. The binding event is considered the primary step involved in the
mechanisms exhibited by most AMPs for killing and inhibiting the growth of bacteria [24,25].
Hence, to gain insight into the ability of our designed peptides (RiLK1 and RiLK3) to
selectively target phospholipid membranes of differing compositions and to study their
interaction with bacterial/mammalian membrane mimics, fluorescence spectroscopy was
employed tacking advance the presence of two Trp residues in the peptide sequences [21-23].
Indeed, it is known that the fluorescence intensity of tryptophan and the shift to the lower
wavelength (blue shift) are significantly increased when it is immersed into a more hydrophobic
environment as occurs upon binding of Trp-containing peptide to lipid membranes [26].

In a preliminary study, it was demonstrated that RiLK1 bound to the negatively charged lipid
vesicles of Salmonella Typhimurium (DOPE;5:POPG5:CL,) [27,28] and Staphylococcus
aureus (CL4:POPGsg) [29,30]. with an affinity higher than that observed for its derivative
RiLK3, while no binding for the uncharged lipids such as those of zwitterionic (PC) and
eukaryotic (PC4:POPE4:SM;5:PS5) membranes was detected with both molecules [23]. Based
on these results, a more in-depth investigation of mechanisms by which RiLK1 and RiLK3
induced bacterial membrane perturbation was performed in this study.

Firstly, the changes in fluorescence intensity of the Trp residues of RiLK1 and RiLK3 as a
function of lipid concentration were monitored. Concerning RiLK1, upon titrating with
increasing micromolar concentrations of Staphylococcus-like vesicles, a detectable increase in
the emission intensity was observed (the fluorescence emission increases 2.4 times to the free
peptide), accompanied by a clear blue shift of the emission maxima of Trp (up to 14 nm),
indicating that these residues were buried in a more hydrophobic environment preventing
solvent exposure (Fig. 1A). A similar result was obtained upon the addition of increasing
concentrations of Salmonella vesicles, although the fluorescence enhancement was less strong,
and the blue shift went to saturation more slowly than that observed for Staphylococcus (Fig.
1B). These data suggested that RiLK1 was able to interact with both model membranes,
although with different affinity and/or binding modes. Conversely, no significant variations
(ranged from 2 nm to 4 nm) in the emission maxima (Amax) of Trp were observed upon titration
with increasing concentrations of zwitterionic and eukaryotic mimicking model membranes
(Fig. 1C,D), confirming the preference e selectivity of RiLK1 for the negatively charged
membranes over the uncharged ones, probably because the mammalian membranes are
deficient in anionic lipids, thus preventing AMPs to undergo a proper initial electrostatic
interaction with them. The changes in the tryptophan fluorescence emission were plotted as a
function of lipid concentration and reported in Fig. 1E. Similar trends and results were observed
in the case of RiLK3-binding (Fig. 2).

2.2. Fluorescence quenching experiments

The titrations described above indicate that the peptides under investigation can interact with
lipid membranes; however, another key factor in the determination of the mechanisms of
membrane destabilisation by AMPs consists in their position inside the phospholipid bilayer
architecture. In this regard, fluorescence quenching experiments can provide important



information on the insertion depth of peptides as changes in their orientation in the lipid bilayer
can impact the fluorescence properties. To this aim, MLVs were used as model systems that
could better represent the complexity of natural membranes, showing a structure like
a matryoshka doll of concentric bilayers. Firstly, Trp fluorescence quenching experiments by
the neutral water-soluble molecule acrylamide were conducted for RiLK1 and RiLK3, in the
absence and presence of mammalian and bacterial mimetic membranes, and at increasing
concentrations of the quencher (Fig. 3). Acrylamide has the advantage of no charge interactions
with the headgroups of negatively charged lipids and it is often used to study the accessibility
of peptide fluorophores in aqueous environments. If the fluorescent probe is fully shielded in
the membrane, it becomes inaccessible to this aqueous quencher, possessing a low penetration
capacity into lipid bilayers [31].

Data are reported in a so-called Stern—Volmer plot and the extent of quenching in fluorescence
of the free peptides as well as the peptide-membrane mimic mixtures was expressed in terms
of Stern-Volmer Constant (Kgsy), whose reduction implies that the fluorophore is buried within
the hydrophobic lipid core of the bilayer and indicates the extent of Trp’s exposure to solution.
As shown in Fig. 3, the tryptophan residues of both peptides were readily quenched in the
buffer, evidencing that they are easily accessible in the aqueous solution such as in the presence
of mammalian membranes. When RiLK1 (Fig. 3A) and RiLK3 (Fig. 3B) were in complex with
bacterial mimicking MLVs, the tryptophan fluorescence was less affected by the acrylamide
and decremented in a dose-dependent manner (Fig. S1).

From the quenching profiles, the Kgy constants were obtained as described in the Methods
section. As reported in Table 1, the values of Ky for both peptides are significantly lower in
the presence of S. aureus and S. Typhimurium lipid vesicles than those in buffer solution,
demonstrating that Trp residues become inaccessible for quenching by acrylamide, being buried
into lipid bilayers. The linear behaviour of Stern-Volmer curve observed with both peptides and
bacterial liposomes suggested also the existence of fluorescence populations oriented parallel
to the membranes and then with the same accessibility to the quencher of Trp residues.
Furthermore, the NAF (normalized accessibility factor), defined as the ratio between the Stern—
Volmer constant in the presence and absence of MLV, was calculated to compare the peptides
(Table 1). Specifically, an increased NAF value corresponds to higher Trp exposure to solvent,
and inversely, a lower NAF value relates to its insertion in the lipid bilayer. The NAF of RiLK3
in both bacterial vesicles was lower than that observed for RiLK1 (Table 1), highlighting that
RiLK3 is inserted deeper in the bilayer than RiLK1, whilst the tryptophan residues of RiLK1
can be located closer to the surface of bacterial membranes, resulting more accessible to
acrylamide quenching. This behaviour could be explained by the increased number of Arg
residues in RiILK3 respect to RiLK 1, considering that the guanidinium group can form stronger
and more extensive hydrogen bonds and electrostatic interactions with the negatively charged
components of bacterial membranes.

These results also support the blue shifts observed for these peptides in the presence of the two
bacterial lipid environments. In contrast, the higher Kgy values, calculated in the presence of
vesicles with lipid compositions mimicking those of mammalian membranes (zwitterionic and
eukarya), evidenced that RiLK1 and RiLK3 do not interact with the mammalian MLVs,
consistently with the results obtained from the blue shift experiments (Fig. 1 and Fig. 2). It is
worth noting that the Kgy values in the buffer solution were smaller than those detected with
mammalian membranes, possibly due to the propensity of both peptides to self-assembling in
regular structures, which strongly affected the quenching by acrylamide [21-23].

The decreased access of the aqueous quencher acrylamide to Trp upon the interaction of the
peptides with lipid vesicles should be accompanied by increased accessibility to quenchers



present in the hydrocarbon phase of the bilayers. Therefore, to get more information on the in-
depth location of RiLK1 and RiLK3 in the lipid membranes, the relative quenching of the Trp
fluorescence was monitored by the lipophilic spin probes 5-doxyl-stearic acid (5-NS) and 16-
doxyl-stearic acid (16-NS). These two derivatized stearic acids differ in the position of the
quencher moiety (doxyl) along the hydrocarbon chain, thus allowing the assessment of the
relative deepness of a peptide in the membrane. Specifically, the 5-NS probe is a better quencher
for molecules near or to the membrane interface, whereas the 16-NS is more useful for
molecules buried deeply in the bilayer [32].

The variation in the fluorescence intensity as a function of the concentration of both 5-NS and
16-NS quenchers is shown in Fig. 4 and Fig. S and the corresponding Kgy values are presented
in Table 2. Results evidenced that 16-NS quenched RiLK1 (Fig. 4A,B) and RiLK3 (Fig. 5A,
B) less efficiently than 5-NS (Fig. 4C,D and Fig. 5C,D) in presence of both bacterial
membranes, consistently with the location of the Trp residues near the membrane lipid/water
interface in a shallow position. These findings agree with the results obtained using acrylamide,
where it was found that a fraction of the peptide population was buried in the bilayer. The Stern—
Volmer plots of RiLK1 and RiLK3 quenching resulting from the two lipophilic probes in the
presence of S. aureus and S. Typhimurium MLVs are reported in Fig. 4E,F and Fig. SE,F,
respectively. It is worth noting that the Stern-Volmer curves are linear when 5-NS or 16-NS
were used as quenchers with both peptides and bacterial membranes, revealing that RiLK1 and
RiLK3 were oriented parallel to the surfaces.

2.3.  The effects of RiLK1 and RiLK3 on membrane permeability

Bilayer disruption is commonly proposed to play a key role in the mechanism of action of many
antimicrobial peptides [25,33]. Therefore, to evaluate if RiLK1 and RiLK3 could permeate
bacterial membranes, their effects on the release of the encapsulated fluorophores 5-
carboxyfluorescein (CF) were studied. To this aim, large unilamellar vesicles (LUVs), whose
lipid composition mimics Salmonella and Staphylococcus, were prepared with 25 mM CF, a
concentration at which the dye fluorescence is self-quenched. Thus, the bilayers' liposomal
leakage and membrane permeability upon interaction with RiLK1 or RiLK3 at 15 yM and 30
MM concentrations were followed through the increase in the fluorescence intensity of CF
released to the surrounding medium. Full release (100%) was established by adding the
detergent Triton X-100 to the mixture after the 30-minute course.

As shown in Fig. 6, RiLK1 and RiLK3 exhibited permeabilization properties against both
LUVs mimicking Salmonella (Fig. 6A) and Staphylococcus (Fig. 6B) membranes at 30 yM
concentration, as evidenced by the induced CF release, although with different extents.
Specifically, RiLK1 caused a very fast CF leakage and showed a higher membrane perturbation
potency with almost a complete release of the content from Salmonella (95%) LUVs (Fig. 6A)
compared to Staphylococcus membranes (54%) (Fig. 6B).This different behaviour could be due
to the distinct lipid compositions and surface charge of the two membrane models [23].

The partial de-structuration, evidenced by RiLK1 following the interaction with Staphylococcus
membranes, may be due to a competition between electrostatic and hydrophobic forces. Indeed,
in the case of membranes consisting of zwitterionic phospholipids such as those of Salmonella,



RiLK1 could be inserted more deeply into the hydrophobic part of the bilayer (through the
hydrophobic peptide face containing the Trp residues) causing a severe leakage. In contrast, the
negatively charged lipids such as those of Staphylococcus, could exert an electrostatic attraction
versus the peptide, inhibiting its deeper insertion and resulting “blocked” into the lipid
headgroup region. This is in line with the data obtained by the fluorescence quenching
experiments with the lipophilic spin probes 5-NS and 16-NS. On the other hand, the effects
observed for RiLK3 were comparable when both bacterial model membranes (maximum
leakage 74%) were used, thus suggesting that this peptide could damage the membranes of
Gram-positive and Gram-negative bacteria via similar mechanisms (Fig. 6A,B).

Conversely, the behaviour of both peptides against Staphylococcus-like membranes appeared
different at lower concentrations (near their MIC values), evidencing that these AMPs did not
induce cell membrane damage under these conditions (Fig. 6B). Therefore, RiLK1 and RiLK3
could also translocate across lipid bilayers as cell-penetrating peptide (CPP)-type.

These results supported the results obtained in a previous study, in which the Kd and Bmax
values evidenced a better affinity of RiLK1 to the bacterial membranes than RiLK3 and tightly
higher bound to Sa/monella model membranes [23].

2.4. Dynamic light scattering and (-potential analysis

To evaluate the perturbation in specific membrane compositions, physical changes in our
membrane mimetic systems promoted by RiLK1 were assessed by Dynamic Light Scattering
(DLS) and C-potential measurements (Fig. 7). Firstly, the contribution of the electrostatic forces
in peptide-biomembrane model interaction, was analysed in control tests by zeta-potential
measurements on Salmonella- or Staphylococcus-like liposomes at 0.2 mM concentration
without the addition of the peptide but in the presence of different concentrations of Ca?". The
obtained results suggested a concentration-dependent trend for both the bacterial vesicles,
which were completely shielded at the highest concentration of Ca?* (passing from -70 + 6 mV
to -18 £ 4 mV for Salmonella and from -105 = 10 mV to -28 = 6 mV for Staphylococcus),
leading to the neutralization of the negatively charged lipids (Fig. 7C,F). Moreover, DLS
measurements did not reveal variations in size distribution of liposomes at all the Ca?*
concentrations tested, showing an average hydrodynamic diameter (d) of 500 + 250 nm for
Salmonella and different populations with mean sizes of 100 £ 20 nm (d1) and 900 + 450 nm
(d2) for Staphylococcus, with polydispersity indexes (PDI) of 0.3 (Fig. 7B) or 0.5, respectively
(Fig. 7E). Therefore, it seems that the neutralization process was not sufficient to induce
aggregation and/or fusion of liposomes investigated. Intriguingly, a different behaviour for the
tested membrane mimetic systems was detected upon addition of RiLK1 at different
concentrations ranging from 0.0025 to 0.1 mM. Specifically, DLS measurements at low peptide
concentrations (below 0.010 mM) showed a homogeneous distribution of the Salmonella
particle sizes with diameters corresponding to those of the liposomes alone (Fig. 7A), resulting
only partially neutralized by RiLK1 (-65 + 7 mV at 0.0025 mM and -37 + 8 mV at 0.005 mM)
(Fig. 7C). Conversely, at higher peptide concentrations (0.010 and 0.1 mM), where the C -
potentials reached their maximal values (about -16 + 6 mV at 0.01 mM and -12 +4 mV at 0.1
mM) (Fig. 7C), the bacterial vesicles distribution remained unimodal but characterized by a
population of much larger sizes (d= 2300 = 800 nm, PDI= 0.65 at 0.1 mM), indicating that
RiLk1 promoted a cooperative and massive liposome aggregation, leading increased turbidity,
flocculation and, finally, precipitation due to membrane disruption (Fig. 7A). Concerning
Staphylococcus, again the interaction with RiLK1 at low concentrations (0.0025 and 0.005 mM)
did not induce significant variations in the mean size, but only a broadening of the curve peaks
due to the interaction of the peptides with the membranes (Fig. 7D). Differently from
Salmonella-like liposomes, the solution became opalescent at 0.01 mM of RiLK1, thus
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hindering the correct measurement of the hydrodynamic size (Fig. 7D). Flocculation of the
membranes was observed after the interaction with RiLK1 at the highest concentration (0.1
mM) due to membrane disruption and aggregation, where the DLS size distribution was found
to be 2500 = 900 nm, and the PDI increased up to 0.8. These results were not in parallel with
the C-potential values, showing that the strongly negative Staphylococcus-like membranes (-
105 = 10 mV) were not neutralized by RiLK1 at all the tested concentrations, reaching the
maximum at 0.1 mM (-45 = 5 mV) (Fig. 7F).

In the light of the analyses carried out, different mechanisms could be invoked to account for
the mode of action of RiLK1 on bacterial liposomes. Specifically, our experimental conditions
suggest a general CPP-internalization mechanism through multiple pathways for RiLK1 against
Staphylococcus-like membranes although a bridging phenomenon among the liposomes could
drive their aggregation observed at higher concentrations of RiLK1 (0.01 and 0.1 mM)
following the peptide-peptide interactions. On the other hand, RiLK1 induces a
permeabilization mechanism concerning Sa/monella-like membranes above a threshold
concentration as well as increased particle sizes. However, further studies will be necessary to
investigate the mechanistic details undelight the antibacterial activity of our peptides.

2.5. Bacteriostatic activity of RILK1 and RILK3 against a MDR Enterococcus faecium

The human and animal microbiota are normally composed of numerous bacteria whose
harmlessness/pathogenicity is strictly dependent on intestinal health. Enterococci are
commensal bacteria and represent approximately 1% of microbiota [34]; among these,
Enterococcus faecium (E. faecium; Efm) and Enterococcus faecalis (E. faecalis; Efs) are
equally abundant in the gastrointestinal tract of healthy individuals [35]. Some authors have
described their role as protector against invasions of pathogens [36], however various intestinal
imbalances can upset the organisation and transform these commensal bacteria into pathogenic
bacteria [37]. Indeed, they have the potential to cause invasive infections thanks to their ability
to both colonise surfaces and resist many antibiotics [38]. Efm and Efs are the most frequently
isolated species in nosocomial settings [39]. Nonetheless, Efm is the most feared species due to
its intrinsic or acquired resistance to many antibiotics which causes therapeutic failures in long-
term hospitalised patients whose microbiota is dominated by it. Resistance to vancomycin
(Vancomycin-Resistant Enterococci (VRE); VREfm strains) is widely reported, and its
involvement in episodes of serious infections in hospital settings has alarmed the scientific
community. The World Health Organization (WHO) has listed VREfm as a high-priority
pathogen requiring timely research and drug development [40]. In this contest, antimicrobial
peptides could represent potential candidates in the fight against these dangerous bacteria. To
demonstrate this hypothesis, a strain of Efm, belonging to the Strains Collection of the
Department of Veterinary Medicine and Animal Production of the University of Naples, was
used to evaluate its susceptibility to both antibiotics and peptides.

In agreement with the scientific community and the surveillance report on “Antimicrobial
resistance in the EU/EEA (EARS-Net)” for the year 2022 [41], the strain of Efm was found to
be resistant to vancomycin (R < 12 mm; EUCAST breakpoints). Furthermore, a high level of
resistance has also been described against Ampicillin (R < 8 mm; EUCAST breakpoints),
Ciprofloxacin (R < 15 mm; EUCAST breakpoints) and Levofloxacin (R < 15 mm; EUCAST
breakpoints). These results are consistent with those of other authors. Specifically, Ayobami et
al. [42] demonstrated that 99.4% of VREfm strains analysed exhibited co-resistance to



ampicillin. Resistance to antibiotics of the fluoroquinolones class (ciprofloxacin and
levofloxacin) is not uncommon, and high-level ciprofloxacin resistance (HLCR) have been
increasingly described [43, 44]. Fortunately, no resistance was found against Imipenem (50
mm; R < 21 mm; EUCAST breakpoints), Eravacycline (30 mm; R < 24 mm; EUCAST
breakpoints) and Tigecycline (24 mm; R <22 mm; EUCAST breakpoints). This last data was
not obvious considering that resistance to this antibiotic, considered among those with the
highest therapeutic efficacy, is increasing [45]. Overall, since bacteria resistant to at least three
classes of antibiotics have been defined as Multidrug-Resistant (MDR), the Efm strain can be
considered MDR-bacterium and its use in susceptibility testing against RiLK1 and RiLK3
peptides makes the experiment challenging.

E. faecium strain showed a high sensitivity towards both peptides, even at the lowest
concentrations tested (Table 3). Although differences have been found concerning the peptide
used and the starting inoculum concentration, the MIC values recorded were never higher than
2.5 uM. Interestingly, an almost negligible difference was found between the MIC values
obtained with inoculum at different concentrations (differences less than 1 uM). However, there
seems to be a correlation between peptide dose (uM) and bacterial load (Log (cfu/mL)) which
could be expressed as ~0.6 for RiLK1 and ~0.4 for RiLK3 (mean of MIC values/Log (cfu/mL)
of starting inoculum); it means that for each bacterial Log (cfu/mL), 0.55 uM or 0. 35 uM of
RiLK1 and RiLK3, respectively, would seem necessary to inhibit replication.

In more detail, the "daughter" peptide, developed from the RiLK1 sequence, showed greater
bacteriostatic efficacy. Looking at the graphs in Fig. 8, it is possible to see how bacterial
replication was interrupted when the Efm strain was treated with the RiLK3 peptide at the
concentration of the MIC values; the bacterial load after incubation was the same as the starting
inoculum.

Both peptides showed bacteriostatic action at very small doses, suggesting their use in
combined treatments with a low-dose antibiotic of choice. Aware of the negative effects of the
improper use (high doses and/or long-term treatment) of antibiotics on the development of
resistance phenomena, their combined use with natural molecules with high bacteriostatic
efficiency could allow the treatment doses to be reduced and, therefore, contain the
development of resistance phenomena. Several authors have recently demonstrated the
potential synergistic or additive effects of a drug cocktail, composed of antimicrobial peptides
and antibiotics [8, 46]. By combining AMPs and antibiotics, both additive and synergistic
effects on MDR isolates make it possible to achieve important objectives such as the use of
antibiotics currently set aside due to therapeutic failures resulting from their use. In fact, by
adding AMPs to antibiotics it is possible to make these antibiotics effective, even if used in the
same doses [46]. As previously mentioned, VREfm bacteria constitute a serious public health
concern and alternative treatment protocols must be developed. Further studies will thoroughly
investigate the effect of adding RiLK 1 and RiLK3 to common antibiotics used to treat infections
caused by VREfm bacteria.

3. Conclusions

The interaction of the lytic peptides with model membranes is an important way to understand
the physicochemical bases of the mechanism and selectivity of this class of molecules. So far,
several different modes of action have been predicted for antimicrobial peptides, but their



partition to the water-lipid bilayer interface is common to all these compounds [33]. However,
despite extensive studies, the mode of action of these antimicrobials is not fully understood and
the basis for their selectivity towards specific target cells
has been only partially clarified.

In our previous work, the peptide RiLK3 was designed by substituting a Lys residue in the
parental decapeptide RiLK1 with Arg, to investigate the effects of this modification on the
structural properties and antimicrobial activity. Indeed, the relationship between chemico-
physical features and biological functions of AMPs is often nonlinear as small changes in
peptide structure can lead to disproportionate effects on activity and toxicity, complicating the
establishment of straightforward correlations, which remain elusive due to the complex and
multifaceted nature of these antimicrobials.

In the current study, fluorescence spectroscopy and Dynamic Light Scattering was used to
obtain further information about the interaction of these compounds with the bacterial lipid
bilayer.

It has been reported that the mechanism of action of AMPs involves two stages, initial
electrostatic interaction of the cationic residues of the peptides with the anionic lipids of the
bacterial membrane [47,48] followed by hydrophobic interaction of the aromatic side chains of
amino acids with the lipid bilayer, that is crucial for membrane disruption [49-51]. Consistent
with this behaviour, fluorescence assays (blue shifts, fluorescence quenching by water-soluble
and membrane-embedded quenchers) and Kgy values demonstrated that RiLK1 and RiLK3
interact tightly with liposomes mimicked the membranes of S. Typhimurium or S. aureus,
locating close to the lipid/water interface region. Moreover, peptide-induced liposome leakage
was observed, suggesting that RiLK1 and RiLK3 can cause instability of membranes at high
concentrations inducing a transient increase of membrane permeation by altering the fluidity
properties of lipid bilayers and showing no formation of stable pores. However, both peptides
could also behave as CPP-like against Staphylococcus liposomes at concentrations near to their
MIC values without causing membrane damage. Most importantly, both molecules were found
to show potent bacteriostatic efficacy against MDR-resistant E. faecium strain, suggesting that
RiLK1 and RiLK3 can be used in combination with known antibiotics in the treatment of
infections caused by VREfm bacteria offering a new approach to combat antibiotic resistance.

4. Methods

4.1. Synthesis of peptides

Both antimicrobial peptides RiLK1 (RLKWVRIWRR-NH,) and RiLK3 (RLRWVRIWRR-
NH,) were purchased from GenScript Biotech (Leiden, Netherlands) at >95% purity. They were
stored as a lyophilized powder at -20 °C. Analysis by mass spectrometry confirmed the identity
of peptides.

4.2.  Preparation of multilamellar vesicles



Model lipid membranes (liposomes) were prepared as reported in Agrillo et al [23].

4.3. Fluorescence Spectroscopy studies

Fluorescence measurements were carried out with a Shimadzu RF-6000 spectrofluorometer
(Kyoto, Japan), at 25 °C using a 1-cm path-length quartz cell (Hellma Analytics, Milan, Italy).

Trp emission fluorescence spectra were recorded from 300 to 500 nm using a 280 nm excitation
wavelength, setting the slit widths at 5 nm. Each fluorescence spectrum of peptide was corrected
by subtracting the baseline for the same concentration of lipid vesicles in buffer solution.

For the blue-shift fluorescence spectroscopy studies, peptide solutions (20 pM) in 10 mM
HEPES (Sigma-Aldrich) containing 100 mM NacCl (Sigma-Aldrich), pH 7.2, were incubated
for 30 min at 25 °C in the absence or presence of increasing concentrations of lipid vesicles
(ranging from 0 to 2 mM).

4.4. Fluorescence Quenching of Trp Emission by Water-soluble and Lipophilic Probes

Acrylamide quenching assays were conducted via addition of increasing concentrations of the
water-soluble quencher acrylamide (from 0 to 200 mM). A 4.0-M stock solution of acrylamide
was prepared in 10 mM HEPES (Sigma-Aldrich) and NaCl 100 mM (Sigma-Aldrich), pH 7.2.
Aliquots of this solution were added to 1.0 uM solution of Trp-containing peptides in the
absence and presence of 30 uM lipid vesicles at 25 °C after 30 min incubation. To reduce
absorbance by acrylamide, excitation of tryptophan at 295 nm instead of 280 nm was used. The
effect of the quencher on the fluorescence of each peptide was analysed according to the Stern—
Volmer equation,

FO/F=1+Ksv [Q] (1)

where FO and F represent the fluorescence intensities in the absence or presence of the quencher
(Q), respectively, Ksv is the Stern—Volmer quenching constant, which is a measure of the
accessibility of Trp to acrylamide, and [Q] is the concentration of the quencher.

Quenching studies with lipophilic probes 5-NS or 16-NS were conducted by adding increasing
concentrations of the quenchers (from 2.5 to 40 uM). 100 mM-stock solutions of the lipophilic
probes were prepared in ethanol. Small aliquots of these solutions were added to the samples
of 2 uM peptide incubated with 60 uM lipid vesicles in 50 mM Tris-HCI containing 50 mM
NaCl, pH 7.2, after 30 min incubation. The final ethanol concentration was kept below 2% (v/v)
to avoid lipid bilayer perturbations [52]. The fluorescence quenching data were analysed
according to the Stern-Volmer equation. All experiments were performed in triplicate and the
Ksv values were calculated from the slopes of the plots obtained by linear regression analysis.



4.5. Lipid vesicle leakage assays

Perturbation of membrane permeability was determined by measuring the release of a
fluorophore 5-Carboxyfluorescein (CF) (Sigma-Aldrich) entrapped inside large unilamellar
vesicles (LUVs). Lipid films were prepared as described as above for a final concentration of 5
mM. After being dried under vacuum at least for 3 h, the lipids were hydrated with 10 mM
HEPES and 100 mM NaCl, pH 7.2, containing 25 mM CF by vigorous vortexing. At this
concentration, the fluorescence of CF was self-quenched. The suspension was extruded through
polycarbonate filters (1 um pore-size filters, 11 times) by a mini-extruder (Avanti Polar Lipids
Inc., Alabaster, AL, USA) to create LUVs. Free CF was removed by gel filtration
chromatography, passing the extruded LUVs through a Superdex 30 Increase 10/300 GL
column (GE Healthcare, Milan, Italy) connected to an AKTA FPLC system (GE Healthcare,
Milan, Italy) eluted with 10 mM HEPES, pH 7.2, containing 100 mM NaCl. Liposomes
containing entrapped CF were incubated with RiLK1 or RiLK3 at 15 pM and 30 pM
concentration in 10 mM HEPES, pH 7.2, containing 100 mM NaCl at 20 °C for 30 min. The
fluorescence intensity of the CF released from the liposomes was recorded at 25 °C every 3 min
until 30 min using an excitation wavelength of 490 nm and an emission wavelength ranging
from 500 to 600 nm. At the end of each experiment, the maximum fluorescence intensity
corresponding to 100% leakage was determined by the addition of the detergent Triton X-100
(0.25 %) to the sample.

The percentage of CF leakage caused by the peptide was calculated in accordance with the
following equation,

% CF leakage = (Ft-Fi) x100 / (Fd-Fi) )

where Ft and Fi are the fluorescence intensities in the presence and absence of peptides,
respectively, before the addition of Triton X-100, and Fd is the fluorescence measured after
disruption with Triton X-100. All experiments were performed in triplicate.

4.6.  Antibacterial susceptibility testing to antibiotics

Antimicrobial susceptibility testing of Enterococcus faecium was performed using the disk
diffusion method following the recommendations of the European Committee for
Antimicrobial Susceptibility Testing (EUCAST, 2024). The antimicrobials used were
ampicillin (2 pg), vancomycin (5 pg), ciprofloxacin (5 pg), levofloxacin (5 pug), imipenem (10
ug), eravacycline (20 pg), and tigecycline (15 pg). The inhibition zones were measured and the
results were interpreted in accordance with the EUCAST breakpoints specific for Enterococcus
spp. Thereby, E. faecium isolates were classified as resistant (R) and sensitive (S), according
to EUCAST breakpoints, and as MDR using the criteria of Magiorakos et al. [54].



4.7. Antimicrobial susceptibility testing to AMPs: Minimum inhibitory concentration (MIC)

The AMP susceptibility assay was carried out using the broth microdilution method in 96-well
microplates, according to the guidelines of the European Committee for Antimicrobial
Susceptibility Testing (EUCAST, 2024) [55] and ISO 20776-1.

The method was based on the preparation of working solutions of antimicrobial agents, in
volumes of 100 pl per well (with the addition of a maximum of 10 pl inoculum volume). At
least one well, containing 100 pl of medium free of antimicrobial agents, must be included as a
growth control for each strain tested. Similarly, a well containing 100 pl of medium free of
antimicrobial agents should be included as an uninoculated negative control well for each
organism tested.

Bacterial inoculum was prepared by revitalizing the strains in 10 mL of Muller Hilton Broth
(MHB, Oxoid Ltd, Wade Road, Basingstoke, Hants, RG24 8PW, UK), incubated for 18+2 h at
37°C, until a turbidity equal to or greater than 0.5 McFarland, which correspond to 1 x 103
cfu/mL; if necessary, the culture was adjusted. The final concentration of inoculum tested was
of 5 x 103 cfu/mL (target range, 2 % 103 cfu/mL to 8 x 10° cfu/mL), in agreement with EUCAST
guidelines [55]. Furthermore, experiments were also conducted with inoculum of 5 x 103
cfu/mL. Each strain was exposed to different concentrations of RiLK 1 and RiLK3. The peptide
stock solutions (5SmM) were obtained by dissolving them in distilled water; meanwhile, the
intermediate peptide solutions were produced daily by sonicating the frozen stock solution and
diluting it with MHB. Briefly, each well of the microplate was filled with 10 pL of bacterial
suspension (5 x 103 cfu/mL or 5 x 103 cfu/mL) and 90 pL of peptide solutions at decreasing
concentrations from 140 pM to 1 uM. Then, the microplates were incubated at 37 °C for 18+2
hours. The MIC was defined as the lowest concentration of an antimicrobial agent at which no
growth was detected. Furthermore, viable bacterial counts were determined.

4.8. Morphological characterization and surface charge measurements

The hydrodynamic size and {-potential of Sa/monella-like or Staphylococcus-like liposomes
were measured by Zetasizer Nano-ZS instrument (Malvern Instrument Ltd., Cambridge, United
Kingdom) equipped with a He—Ne laser (633 nm, fixed scattering angle of 173°, 25°C). The
size (d) and the polydispersity index (PDI) of the obtained liposomes (at an initial concentration
of 2 mM) were measured by diluting them down to 0.2 mM in MilliQ water. The liposome
suspensions (1 mL) were inserted in a standard disposable cuvette and three measurements (n
= 3) of their size and PDI were performed. The hydrodynamic size measurements were
performed after 30 min interaction with RiLK1 peptide at different concentrations (0.0025,
0.005, 0.01, 0.1 mM). The (-potential of the bacterial-mimic liposomes and the peptides (before
and after their interaction with them) was measured in triplicate (»=3) by using disposable zeta-
potential cuvettes (1 mL). (-potential measurements were performed for liposome:peptide
interaction monitoring in suspensions of Salmonella-like or Staphylococcus-like liposomes
with RiLK1 (0.0025, 0.005, 0.01, 0.1 mM mM). Analogously, a control with CaCl, was
performed by measuring DLS and { -potential before and after incubations with 0.1, 1.0, and
4.5 mM concentrations.



4.9. Statistical Analyses

Statistical analyses were performed using 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 assess the data
from the fluorescence assays (blue shift, quenching and leakage assays).
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Figure Legends

Fig. 1. Changes in Trp fluorescence emission spectra upon the interaction of RiLK1 with
MLYVs. Fluorescence emission spectra of RiLK1 in the absence (buffer) and presence of
increasing concentrations of (A) S. aureus (CL4:POPGsg), (B) S. Typhimurium
(DOPE+5:POPG5:CLy), (C) zwitterionic (PC) and (D) Eukaryotic (PCyp:POPE4:SM;5:PSs)
multilamellar vesicles (MLVs) obtained upon excitation at 280 nm. (E) Blue shifts of
tryptophan fluorescence emission determined as the difference among the wavelengths at the
maximum emission in the absence and presence of lipids (Ady.x= Ao — A) plotted as a function
of lipid concentration. Measurements were performed in 10 mM HEPES, 100 mM NaCl pH 7.2
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at 25 °C, using a peptide concentration of 20 pM. All data are presented as the mean (M) +
standard deviation (SD).

Fig. 2. Changes in Trp fluorescence emission spectra upon the interaction of RiLK3 with
MLVs. Fluorescence emission spectra of RiLK3 in the absence (buffer) and presence of
increasing concentrations of (A) S. aureus (CL4:POPGsg), (B) S. Typhimurium
(DOPE-5:POPG5:CLy), (C) zwitterionic (PC) and (D) Eukaryotic (PCyo:POPE(:SM;5:PS5s)
multilamellar vesicles (MLVs) obtained upon excitation at 280 nm. E) Blue shifts of tryptophan
fluorescence emission determined as the difference among the wavelengths at the maximum
emission in the absence and presence of lipids (AAn.x= Ao — A) plotted as a function of lipid
concentration. Measurements were performed in 10 mM HEPES, 100 mM NaCl pH 7.2, using
a peptide concentration of 20 uM. All data are presented as the mean (M) + standard deviation
(SD).

Fig. 3. Acrylamide quenching and Ksv determination. (A) Stern-Volmer plots for the
quenching of the Trp fluorescence emission of RiLK 1 by acrylamide (Q) in aqueous buffer and
in the presence of differently charged multilamellar vesicles. (B) Stern-Volmer plots for the
quenching of the Trp fluorescence emission of RiLK3 by acrylamide in buffer and in the
presence of differently charged multilamellar vesicles. 1.0 uM of RiLK1 and RiLK3
wasincubated in the absence and presence of 30 uM lipid vesicles. The spectra were acquired
after 30 minutes of peptide-ML Vs incubation. Experimental data was fitted to the Stern-Volmer
equation.

Fig. 4. Emission fluorescence quenching by 16-NS e 5-NS of RiLK1 in bacterial MLVs.
Tryptophan fluorescence emission spectra of RiILK1 with increasing concentrations of 16-NS
(2.5-40 puM) in the presence of (A) S. Typhimurium (DOPE;5:POPG5:CL,), or (B) S. aureus
(CL4:POPGsg). Tryptophan fluorescence emission spectra of RiLKI1 with increasing
concentrations of 5-NS (2.5-40 pM) in the presence of (C) S. Typhimurium
(DOPE5:POPG5:CLy) or (D) S. aureus (CL4,:POPGsg). Stern-Volmer plots of the quenching
of the Trp fluorescence emission of RiLK1 by 5-NS and 16-NS in (E) S. Typhimurium or (F)
S. aureus MLVs. Q: quencher

Fig. 5. Emission fluorescence quenching by 16-NS e 5-NS of RiLK3 in bacterial MLVs.
Tryptophan fluorescence emission spectra of RiLK3 with increasing concentrations of 16-NS
(2.5-40 uM) in the presence of (A) S. Typhimurium (DOPE;5:POPG 5:CL,), or (B) S. aureus
(CL42:POPGsg). Tryptophan fluorescence emission spectra of RiLK3 with increasing
concentrations of 5-NS (20-100 uM) in the presence of (C) S. Typhimurium
(DOPE5:POPG 5:CLy), or (D) S. aureus (CL4:POPGsg). Stern-Volmer plots of the quenching
of the Trp fluorescence emission of RiLK3 by 5-NS and 16-NS in (E) S. Typhimurium or (F)
S. aureus MLVs. Q: quencher

Fig. 6. Kinetics of leakage for CF encapsulated in LUVs in response to RiLK1 or RiLK3
addition. The vesicles simulating (A) S. Typhimurium (DOPE5:POPG5:CLy), and (B) S.
aureus (CL4:POPGsg) were prepared containing 25 mM CF by extrusion, using a
polycarbonate porous membrane to render vesicles of 100 nm in size. The removal of free CF

outside the vesicles was performed through size-exclusion chromatography (Superdex 30
Increase 10/300 GL column) using 10 mM HEPES, 100 mM NaCl pH 7.2. The fluorescence



emission of CF was monitored in the range from 500 to 600 nm with excitation at A=490 nm.
After 30 min, Triton X-100 (1%) was added to induce complete leakage of CF.

Fig. 7. Dynamic light scattering and {-potential analysis of bacterial membrane liposomes.
(A) Hydrodynamic size distribution of Salmonella-like liposomes (0.2 mM) alone (black curve)
or interacting with RiLK1 (0.0025, 0.005, 0.01, and 0.1 mM, red, blue, green, and purple curves,
respectively). (B) Hydrodynamic size distribution of Salmonella-like liposomes (0.2 mM) alone
(black curve) or interacting with CaCl, (0.1, 1, and 4.5 mM, red, blue, and green curves,
respectively). (C) (-potential histograms of Salmonella-like liposomes (0.2 mM) alone (orange
bar), interacting with RiLK1 (0.0025, 0.005, 0.01, and 0.1 mM, green bars), or with CaCl, (0.1,
1, and 4.5 mM, violet bars). (D) Hydrodynamic size distribution of Staphylococcus-like
liposomes (0.2 mM) alone (black curve) or interacting with RiLK1 (0.0025, 0.005, 0.01, and
0.1 mM, red, blue, green, and purple curves, respectively). (E) Hydrodynamic size distribution
of Staphylococcus-like liposomes (0.2 mM) alone (black curve) or interacting with CaCl, (0.1,
1, and 4.5 mM, red, blue, and green curves, respectively). (F) (-potential histograms of
Staphylococcus-like liposomes (0.2 mM) alone (orange bar), interacting with RiLK1 (0.0025,
0.005, 0.01, and 0.1 mM, green bars), or with CaCl, (0.1, 1, and 4.5 mM, violet bars).

Fig. 8. Bacteriostatic effect of RILK1 and RiLK3 against a MDR Enterococcus faecium.
Bar graph showing the antibacterial activity of RiLK1 (green bars) and RiLK3 (red bars) against
MDR Enterococcus faecium at two different starting inocula: (A) 5 x 103 cfu/mL and (B) 5 x
103 cfu/mL. The bacterial load was recorded at the end of the 18 hours of incubation. The
experiment was done in triplicate, and the error bar represents standard deviation of the mean.
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Fig. 1. Changes in Trp fluorescence emission spectra upon the interaction of RILK1 with
MLVs. Fluorescence emission spectra of RiLK1 in the absence (buffer) and presence of
increasing concentrations of (A) S awenws (CLygPOPGs), (B) S Typhimurium
(DOPE 5. POPG5:CLy), (€C) zwitterionic (PC) and (D) Eukarvotic (PCy:POPE:SMs:PSs)
multilamellar vesicles (MLVs) obtained upon excitation at 280 nm. E) Blue shifts of tryptophan
fluorescence emission determined as the difference among the wavelengths at the maximum
emission in the absence and presence of lipids (A} .= X — X) plotied as a function of lipid
concentration. Measurements were performed in 10 mM HEPES, 100 mM NaCl pH 7.2 at 25 °C,
using a peptide concentration of 20 uM. All data are presented as the mean (M) * standard
deviation (SD).
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Fig. 2. Changes in Trp fluorescence emission spectra upon the interaction of RiLK3 with
MILVs. Fluorescence emission spectra of RiLK3 in the absence (buffer) and presence of
increasing concentrations of (A) & aguwrens (CLgpPOPGs), (B) S, Typhimurum
(DOPE 5. POPG 5 CLy). (€C) zwitterionic (PC) and (D) Eukarvotic (PCy:POPE . SM;sP5S5)
multilamellar vesicles (MLV's) obtained upon excitation at 280 am. E) Blue shifts of tryptophan
fluorescence emission determined as the difference among the wavelengths at the maximum
emission in the absence and presence of lipids (Ah,..= *y — ) plotied as a function of lipid
concentration. Measurements were performed in 10 mM HEPES, 100 mM NaCl pH 7.2, using a
peptide concentration of 20 pM. All data are presented as the mean (M) * standard deviation
(SD).



—— Buffer
E ubaryotic mendhrane
Zwritt erionic membrane
& - 5. Trphinmrium membrane T
— 5. qurens mewhrane r
T T
4 .
s,
=] e -
21 . u; i
o T
0 T T T T
0.00 0.05 0.10 0.15 0.20
Q[M]
B
—— Buffer
Eubarvotic menbrane
Zwritt erionic membrane
6 - 5. Typhinmorium membrane
5. r s membrane F
=
E 4 o
£
21 S — t ]
‘:, ‘ B —
U T T T T
0.00 0.05 0.10 0.15 0.20

Q[M]

Fig. 3. Acrvlamide quenching and Ksv determination. (A) Stern-Volmer
plots for the gquenching of the Trp fluorescence emission of RiLK1 by
acrylamide (QQ) in buffer and in the presence of differently charged multilamellar
vesicles. (B) Stern-Volmer plots for the quenching of the Trp fluorescence
emission of RiLK3 by acrylamide in buffer and in the presence of differently
charged multilamellar vesicles. 1.0 pM of RiLK1 or RiILK3 was incubated in the
absence and presence of 30 uM lipid vesicles. The spectra were acquired after
30 minutes of peptide-MLV's incubation. Experimental data was fitted to the
Stern-Volmer equation .
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Fig. 7. Dynamic light scattering and I-potential analysis of bacterial membrane liposomes. (A)
Hydrodynamic size distribution of Salmonella-like liposomes (0.2 mM) alone (black curve) or interacting
with RiLK1 (0.0025, 0.005, 0.01, and 0.1 mM, red. blue, green, and purple curves, respectively). (B)
Hvdrodynamic size distribution of Salmonella-like liposomes (0.2 mM) alone (black curve) or interacting
with CaCl; (0.1, 1, and 4.5 mM, red, blue, and green curves, respectively). (C) {-potential histograms of
Salmonella-like liposomes (0.2 mM) alone (orange bar), interacting with RiLK1 (0.0025, 0.005, 0.01, and
0.1 mM, green bars), or with CaCl, (0.1, 1, and 4.5 mM, violet bars). (D) Hydrodynamic size distribution of
Staphyloceccus-like liposomes (0.2 mM) alone (black curve) or interacting with RiLEK1 (0.0025, 0.005, 0.01,
and 0.1 mM, red. blue, green, and purple curves, respectively). (E) Hydrodynamic size distribution of
Staphviocoecus-like liposomes (0.2 mM) alone (black curve) or interacting with CaCl, (0.1, 1. and 4.5 mM,
red, blue, and green curves, respectively). (F) {-potential histograms of Srapiiococcus-like liposomes (0.2
mM) alone (orange bar), interacting with RiILK1 (0.0025, 0.005, 0.01, and 0.1 mM, green bars), or with
CaCl, (0.1, 1, and 4.5 mM, violet bars).
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Fig. 8. Bacteriostatic effect of RILK]1 and RiLK3 against a MDR
Enterococcus faecium. Bar praph showing the antibacterial activity of
RiLK1 (green bars) and RiLK3 (red bars) against MDR Enferococcus
faeciion at two different starting inocula: (A) 5 x 10° cfu/mL and (B) § x
107 cfu/mL. The bacterial load was recorded at the end of the 18 hours of
incubation. The experiment was done in triplicate, and the error bar
represents standard deviation of the mean

Table 1. Stern—Volmer constants (Ksv) and Normalized Accessibility Factor (NAF) obtained from
acrylamide quenching studies of Trp fluorescence of RiLK-peptides in the absence or presence of
differently charged vesicles. NAF is defined in the text and the Ksv values were calculated using
the Stern-Volmer equation (1).



Zwitterionic Eukaryotic S. S.
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_ riekr T0F 262+ 1.4 222418 43£01  45%0.1
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2. 172%
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RilL K3 1 1.3£0.1 1.3+0.1 0.3+0.0 0.3+0.0




Table 2. Stern—Volmer constants (K, ) obtained for the RiLK-peptides in bacterial MLV,

quenched by 16-NS and 5-NS, using Equation (1). Data are presented as the best-fit value from
three independent experiments + SD.

RiLK1| Lipid vesicles System Kgsy (mM1) 16-NS Kgy (mM-1) 5-NS

S. Typhimurium DOPE-5:POPG3:CL, 394+1.3 809.3 +27.4

S. aureus CL4:POPGsg 20.0 0.7 622.2 £19.1

RiLK3| Lipid vesicles System Kgv (mM™1) 16-NS Kgy (mM-1) 5-NS

S. Typhimurium DOPE-5:POPG;5:CL4 39.8+1.0 693.4 +16.8

S. aureus CL4:POPGsg 20.5+0.6 810.2 +£29.5




Starting inoculum RiLK1 RIiLK3

5x10° cfw/mL  1.8uM 1.0 pM

5x10° cfmL  2.5uM 1.8 uM

Table 3. MIC values of RiLK1 and RiLK3 against Enterococcus faecium at two
starting inoculum concentrations

Bacterictdal
peptide

r *

Bacterial LE:posome

Highlights
e RiLK1 and RiLK3 belong to the class of membrane-active antimicrobial peptides

e RiLK-peptides have the potential to combat MDR Enterococcus faecium strain.



Journal Pre-proofs

e RiLK-peptides are mainly located at the interface of the negatively charged membranes.



