biomolecules

Article

Membrane Activity of LL-37 Derived Antimicrobial Peptides
against Enterococcus hirae: Superiority of SAAP-148

over OP-145

Paulina Piller !, Heimo Wolinski 23, Robert A. Cordfunke #, Jan Wouter Drijfhout 4, Sandro Keller 1-2-50,

Karl Lohner 5 and Nermina Malanovic

check for
updates

Citation: Piller, P.; Wolinski, H.;
Cordfunke, R.A ; Drijfhout, JW.;
Keller, S.; Lohner, K.; Malanovic, N.
Membrane Activity of LL-37 Derived
Antimicrobial Peptides against
Enterococcus hirae: Superiority of
SAAP-148 over OP-145. Biomolecules
2022, 12,523. https://doi.org/
10.3390/biom12040523

Academic Editor: Francesc Rabanal
Anglada

Received: 1 March 2022
Accepted: 27 March 2022
Published: 30 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2,%

1 Biophysics, Institute of Molecular Biosciences (IMB), University of Graz, Humboldstr. 50/111,

8010 Graz, Austria; paulina.piller@uni-graz.at (P.P.); sandro.keller@uni-graz.at (5.K.);
karl.lohner@uni-graz.at (K.L.)

Field of Excellence BioHealth, University of Graz, 8010 Graz, Austria; heimo.wolinski@uni-graz.at
Biochemistry, Institute of Molecular Biosciences (IMB), University of Graz, Humboldstr. 50/1I,
8010 Graz, Austria

Department of Immunology, Leiden University Medical Center, 2300 RC Leiden, The Netherlands;
r.a.cordfunke@lumc.nl (R.A.C.); j.w.drijfhout@lumc.nl (. W.D.)

5 BioTechMed-Graz, 8010 Graz, Austria

*  Correspondence: nermina.malanovic@uni-graz.at

Abstract: The development of antimicrobial agents against multidrug-resistant bacteria is an impor-
tant medical challenge. Antimicrobial peptides (AMPs), human cathelicidin LL-37 and its derivative
OP-145, possess a potent antimicrobial activity and were under consideration for clinical trials. In
order to overcome some of the challenges to their therapeutic potential, a very promising AMP,
SAAP-148 was designed. Here, we studied the mode of action of highly cationic SAAP-148 in
comparison with OP-145 on membranes of Enterococcus hirae at both cellular and molecular levels
using model membranes composed of major constituents of enterococcal membranes, that is, anionic
phosphatidylglycerol (PG) and cardiolipin (CL). In all assays used, SAAP-148 was consistently more
efficient than OP-145, but both peptides displayed pronounced time and concentration dependences
in killing bacteria and performing at the membrane. At cellular level, Nile Red-staining of enterococ-
cal membranes showed abnormalities and cell shrinkage, which is also reflected in depolarization
and permeabilization of E. hirae membranes. At the molecular level, both peptides abolished the
thermotropic phase transition and induced disruption of PG/CL. Interestingly, the membrane was
disrupted before the peptides neutralized the negative surface charge of PG/CL. Our results demon-
strate that SAAP-148, which kills bacteria at a significantly lower concentration than OP-145, shows
stronger effects on membranes at the cellular and molecular levels.

Keywords: antimicrobial peptides (AMPs); membrane-peptide interaction; antimicrobial activity;
phospholipids; membrane permeability; membrane depolarization; electrostatic interaction;
phosphatidylglycerol (PG) and cardiolipin (CL)

1. Introduction

Membrane disruption mediated by antimicrobial peptides (AMPs) represents an alter-
native strategy to eradicate bacteria more efficiently than conventional antibiotics [1]. Such
a non-specific mode of action caused by a disruption of fundamental barrier function [2-5]
leads to cell death within minutes and a killing rate faster than the bacterial growth rate,
which makes resistance less likely to occur [6]. As effector molecules of the innate im-
munity [5] AMPs are widely conserved through humans, animals, plants, bacteria, fungi,
protists, and archaea [7,8]. Their research in the antimicrobial field markedly expanded
with more than 3000 peptides of natural or synthetic origin reported to date by the AMP
Database [7]. However, only a few peptides thus far have been used in clinical trials.
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Several reports summarize limitations of AMPs as therapeutic agents mainly focusing
on their bio-incompatibility, safety, high production costs, or inefficient activity in respective
environment and lack of superiority over conventional treatment [9,10]. Usually, further
evaluation of the peptide sequence led to design of novel peptides with improved activities.
The same was applied to human cathelicidin LL-37 [3,11-13], one of the most studied
AMPs which, amongst others, due to its proteolytic instability was not suitable for further
clinical studies. Indeed, development of OP-145 by removing the proteolytically instable
N-terminal part of the first 12 residues (Figure 1) led to improved activity compared with
LL-37 [13]. Although OP-145 exhibited valuable antimicrobial activity against pathogenic
bacteria such as methicillin-resistant Staphylococcus areus (MRSA) [11,13-15] and has proven
to efficiently treat chronic otitis in patients [16], clinical phase II trials were not continued.
Follow-up modifications resulted in a peptide, termed SAAP-148 [3] (Figure 1). Interest-
ingly, SAAP-148 possesses an activity profile better than that of any other AMP, which is
currently under preclinical investigation [3,17]. Until now, some peptides, such as nisin,
daptomycin, and polymyxin, have been approved for clinical use, but they all have specific
membrane targets, such as lipopolysaccharides or phosphatidylglycerol and, therefore, are
active against only one of the bacterial classes. However, compared with classical AMPs,
these peptides have different structural properties, being circular or negatively charged
in the case of daptomycin. LL-37 derived peptides are linear alpha-helical peptides and
exhibit a wide spectrum of bactericidal activities against Gram-positive as well as Gram-
negative bacteria including biofilms [3,11,15]. This points to a more general mechanism,
which might cover a broad range of bacterial envelopes.

Different kinds of modes of action have been proposed for LL-37, ranging from classi-
cal membrane disruption into small vesicles to pore-forming mechanisms [18,19]. These
conclusions were drawn mainly from experiments on simple model systems—that is,
lipid-only systems resembling the bacterial cytoplasmic membrane—which do not account
for initial interactions with a bacterial cell such as its surface or cell-wall components,
e.g., peptidoglycan (PGN), LPS, or (lipo)-teichoic acid (LTA/TA). Basically, explanations
included the following arguments: depending on the lipids” and peptide’s nature (for
review see [20]), the association of the peptides with lipids destabilizes the membrane and
leads to a loss of membrane integrity and final collapse of the membrane. Major charac-
teristics of the peptides and bacterial components, which strongly affect the antimicrobial
activity [8,15,20], especially in selecting between different bacteria through binding to dif-
ferent targets [2,5,21] involves their capability for electrostatic and hydrophobic interaction.
Besides the overall amphipathicity, other physicochemical properties, such as H-bonding
capacity and structural flexibility are important.

Earlier studies from our group showed that the parent peptide LL-37 [22,23], as well
as OP-145 [15], interact differently with the phospholipid (PL) matrix. Interactions of LL-37,
OP-145, as well as SAAP-148, with one of the major bacterial PLs, phosphatidylglycerol
(PG), result in a thinning of the bilayer, which is further associated with permeabilization
of such membranes [3,15,23]. At the cellular level, it has been shown that SAAP-148
permeabilizes the cytoplasmic membrane of Gram-positive bacterium S. aureus as well as
of the Gram-negative bacterium A. baumannii [3]. Further, cryo-electron micrographs of
S. aureus exposed to SAAP-148 clearly showed ruptured membrane zones. In some areas,
invaginations of cytoplasmic membranes were observed, whereby the cell wall remained
always intact. Electron micrographs of LL-37 treated bacteria [24-26] showed damaged
membranes, but, primarily, effects on the cell wall of E. coli [25] as well as S. aureus [26].
Recently, LL-37 has been crystalized in the presence of detergents, and a structure of a
narrow tetrameric channel with a strongly charged core was observed pointing to pathways
for the passage of water molecules [24]. However, it is unclear how formation of such
a channel in bacteria might induce marked cell wall lysis and formation of extracellular
vesicles observed for bacteria exposed to LL-37 [24,25].
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Figure 1. Structural properties of AMPs. (A) amino acid sequence. Cationic residues are shown in

blue, anionic in red, aromatic in purple, aliphatic in green, and polar in yellow; (B) PEP-FOLD alpha-
helix prediction obtained from mobile server (https://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/
portal.py#forms::PEP-FOLD); (C) helical-wheel projection provided by Membrane Protein Explorer
MPEX (https:/ /blanco.biomol.uci.edu/mpex/); (D) charge, hydrophobic and acidic residues, Wimley—
White partitioning parameters (amphipathicity = hydrophobic moment, p; AGw.ocr, free energy
transfer from water to bilayer); and (E) schematic illustration of the proposed partitioning of the
peptides into the membrane.

In this study, we aimed to assess differences in the mode of action of OP-145 and
SAAP-148 on the basis of their physicochemical properties (Figure 1). Both peptides have
the same length of 24 amino acid residues, whereby at physiological pH SAAP-148 has a
higher net charge (+11) as compared with OP-145 (+6). In addition, SAAP-148 does not
contain any acidic residues. Although the total hydrophobicity and amphiphathicity did
not differ between the peptides, helical wheel projections indicate a larger hydrophobic
region in the SAAP-148 sequence (Figure 1C). In silico studies of membrane partitioning
revealed that SAAP-148 needs less free energy to transfer from water to the hydrophobic
area, the bilayer. In this context, higher membrane destabilization could be expected as
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SAAP-148 can penetrate more easily and deeper into the membrane (Figure 1E). Thus, we
tested the potential of these two peptides for membrane activity on Gram-positive E. hirae
and model membranes composed of the major PLs of enterococcal membranes, PG and
cardiolipin [27].

2. Experimental Procedures
2.1. In Silico Evaluation of the Peptide’s Structural Properties

Primary single amino acid sequences of the peptides were uploaded on an online
tool available at PEP-FOLD server @ the RPBS Mobyle Portal (https:/ /bioserv.rpbs.univ-
paris-diderot.fr/services/PEP-FOLD /), whereby all atoms were generated by applying
the coarse-grained force field approach [28,29]. Generated models for prediction of 3D
secondary structure were clustered using Apollo [30]. The basic structural parameters, hy-
drophobicity, acidity, and charge of the peptides were calculated by the peptide hydropho-
bicity /hydrophilicity analysis tool from Peptide 2.0 (https://www.peptide2.com/N_
peptide_hydrophobicity_hydrophilicity.php). Helical wheel projections, hydrophobic mo-
ment (), and bilayer partitioning free energy (AG) were obtained from Totalizer, a tool pro-
vided by Membrane Protein Explorer, mPEX ([31], https:/ /blanco.biomol.uci.edu/mpex/).
Totalizer calculates the hydropathy plot of the peptides based on whole-residues hydropho-
bicity Wimley—White scales [32]. This allows evaluation of the exact costs of partitioning
the H-bonded peptide bonds of alpha-helices into the membrane. Bilayer partitioning free
energy was measured using the octanol scale, describing residue’s free energy of transfer
from water to bilayer hydrophobic core/to octanol.

2.2. Materials

Unless otherwise indicated, all solutions were prepared in Napi buffer pH 7.4, contain-
ing 20 mM NaPi and 130 mM NaCl. NaCl and disodium phosphate (water-free) were ob-
tained from Carl Roth and disodium phosphate monohydrate from Merck (Vienna, Austria).
For leakage assays, HEPES buffer pH 7.4 was used; composed of 10 mM HEPES and
140 mM NaCl. The 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES, >99.5%)
was acquired from Sigma-Aldrich (Vienna, Austria). PLs (>99% purity) 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-1'-rac-glycerol) (POPG; MW =771 g/mol), 1,2-dimyristoyl-
sn-glycero-3-phospho-(1’-rac-glycerol) (DMPG; MW = 689 g/mol), 1’,3’-bis[1,2-dioleoyl-
sn-glycero-3-phospho]-glycerol (TOCL; MW = 1808 g/mol) and 1’,3"-bis[1,2-dimyristoyl-
sn-glycero-3-phospho]-glycerol (TMCL; MW = 1275 g /mol) were purchased from Avanti
Polar Lipids (Alabaster, AL, USA). The peptides OP-145 and SAAP-148 were synthesized
as described previously [3,15]. Peptide purity was >95%. E. hirae ATCC10541 was obtained
from LGC Standards (Wesel, Germany).

2.3. Methods
2.3.1. Growth Conditions of Enterococcus hirae

For overnight cultures, Brain-Heart-Infusion Broth (BHIB) (Carl Roth, Graz, Austria;
Beef heart 5 g/L, calf brains 12.5 g/L, disodium hydrogen phosphate 2.5 g/L, D (+)-glucose
2g/L, peptone 10 g/L, NaCl 5 g/L, final pH 7.4 & 0.2 (25 °C)) was inoculated with E. hirae
cells of a single colony placed at 37 °C under shaking conditions overnight. After that, the
main culture was inoculated starting with OD = 0.01 and incubated in fresh BHIB medium
to mid-logarithmic phase for 3 h 30 at 37 °C by shaking (OD is approximately 1).

2.3.2. Preparation of Model Membranes

Lipid films were prepared by using an appropriate amount of PL dissolved in chlo-
roform/methanol (9:1 v/v) (Carl Roth, Graz, Austria), followed by evaporation under a
stream of nitrogen for 30 min at 35 °C and storage in vacuum overnight [15]. After the
addition of NaPi buffer or fluorophore buffer for leakage assays, lipid vesicles were formed
by intermittent vigorous vortexing at 65 °C. For (-potential measurements or leakage as-
says, large unilamellar vesicles (LUVs) were obtained by extrusion of multilamellar vesicles
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through a polycarbonate filter (Millipore-Isopore, Sigma Aldrich, Vienna, Austria) with
a pore size of 0.1 um. Vesicle size was measured using a Zetasizer Nano (ZSP, Malvern
Panalytical, Prager Electronics, Wolkersdorf, Austria)).

2.3.3. Antimicrobial Activity of OP-145 and SAAP-148

After culturing the cells in BHIB, they were washed once with NaPi buffer. 1 x 10°-
1 x 10° CFU/mL E. hirae in NaPi buffer were incubated for 15 min with the defined peptide
concentration. Antimicrobial activity can be determined by plating a 100-uL sample on
diagnostic-sensitivity Brain-Heart-Infusion agar (BHIB + 2 w% agar (Carl Roth, Graz,
Austria)) and subsequent establishing of the number of viable bacteria after incubation at
37 °C overnight. The 99.9% lethal concentration (LCqg 9¢;) is defined as the lowest peptide
concentration that killed >99.9% of bacteria.

2.3.4. Depolarization of E. hirae Membrane and Fluorescence Microscopy

Membrane depolarization, similar to [33], was performed by using E. hirae cells in
mid-logarithmic phase, which were collected by centrifugation, washed twice, and then resus-
pended in NaPi buffer to an OD of 0.0125 (1 x 107 CFU/mL). To investigate the cytoplasmic
membrane depolarization by OP-145 and SAAP-148 1 uM cyanine dye DiSCs(5) were applied.
To allow dye uptake, cells were incubated for 30 min in the dark. Before the measurement,
100 mM KCl was added. The desired AMP was added gradually to yield a final concentration
of 51.2 uM peptide. As positive controls, 3.5 tM Melittin (Sigma-Aldrich, Vienna, Austria) and
1% Triton 100 (Carl Roth, Graz, Austria) were used. The fluorescence intensity was recorded
on a VARIAN Cary Eclipse Fluorescence Spectrophotometer at an excitation wavelength of
622 nm and an emission wavelength of 685 nm with a bandwidth of 5 nm. High-precision QS
cuvettes (10 mm x 10 mm) with a volume of 2 mL (Helma Analytics, Sigma Aldrich, Vienna,
Austria) were used for all measurements.

2.3.5. Membrane Permeabilization of E. hirae and Flow Cytometry

Cells were washed with NaPi buffer twice (5 min, 5100 x g), diluted to 1 x 10° CFU/mL
with NaPi and stored on ice. In total, 600-1200 puL of the cell suspension were incubated
with propidium iodide (PI, 1 pg/mL final concentration) followed by the fluorescence
measurement in polystyrene tubes with the flow cytometer BD LSR Fortessa using the
BD FACSDiva Software (Version 8.0.1, Beckton Dickinson, San Hose, CA, USA; excita-
tion: 488 nm, emission: 695/40 nm, PerCP-Cy5.5 channel). To distinguish between PI-
positive and Pl-negative cell populations, selective gating was used. The scan rate was at
300-400 events per second. After 30 s, the appropriate peptide amount has been added to
the labeled bacterial cells, followed by the fluorescence measurement for 10 min for OP-145
and SAAP-148 treated cells. For the analysis of PI-positive cells, the fcs-files from the BD
FACSDiva Software had to be extracted into csv-files by using open-source FCSExtract
Utility (version 1.02). The percentage of PI-positive cells was calculated at different time
intervals in Microsoft Excel.

2.3.6. Staining of E. hirae Membranes and Fluorescence Microscopy

E. hirae cells were washed with NaPi buffer twice (5 min, 5100x g) and diluted to
2.5 x 108 CFU/mL. The incubation of the cells with the appropriate peptide concentration
was accomplished for 10 min at RT. Afterwards, the cells were treated with Nile Red (Sigma
Aldrich, Vienna, Austria.) for 1 min at RT (final concentration: 10 pg/mL). Subsequently,
the cells were centrifuged and 2 pL of the cell pellet was mounted on an agar-coated
microscope slide for cell immobilization [34].

Microscopy was performed using a Leica SP5 confocal microscope (Leica Microsys-
tems, Vienna, Austria) with spectral detection and a Leica HCX PL APO CS 63x NA 1.4 oil
immersion objective at 47 x 47 nm sampling (x/y). Nile Red was excited at 561 nm, fluo-
rescence emission detected between 570 to 750 nm. Fluorescence and transmission images
were recorded simultaneously.



Biomolecules 2022, 12, 523

60of 17

2.3.7. Permeability of Model Membrane and Fluorescence Spectroscopy

As previously described [15,35], leakage of the aqueous content from LUVs composed
of POPG/TOCL (80:20 mol/mol) upon incubation with the peptide was determined by
using 20 mg/mL lipid vesicles of defined size loaded with 8-aminonaphthalene-1,3,6,-
trisulfonic acid /p-xylene-bis-pyridinium bromide (ANTS/DPX). Separation of LUVs from
free fluorescent dye was performed by size exclusion chromatography using a column
filled with Sephadex G-75 (Amersham Biosciences, Vienna, Austria) fine gel swollen in an
iso-osmotic buffer (20 mM HEPES, 140 mM NaCl, pH 7.4). The PL concentration was deter-
mined as described below. Fluorescence emission spectra were obtained using an excitation
wavelength of 360 nm, an emission wavelength of 530 nm, and a bandwidth of 10 nm. The
fluorescence measurements were performed in quartz cuvettes (10 mm x 10 mm, high-
precision cells, Helma Analytics, Sigma Aldrich, Vienna, Austria) with an initial lipid
concentration of 50 uM in 2 mLL HEPES buffer. Fluorescence emission was recorded as
a function of time before and after the addition of gradual amounts of the peptide. Be-
cause of leakage and subsequent dilution of dye, the observed fluorescence increase was
measured after peptide addition ranging from 0.25 pM up to 8 uM, which corresponds to
0.5 to 16 mol% peptide. The measurements were carried out on a VARIAN Cary Eclipse
Fluorescence Spectrophotometer combined with Cary Eclipse Win FLR Software (Agilent,

Vienna, Austria). The percentage of leakage was calculated as Ir = %,
is the measured fluorescence, F is the initial fluorescence without peptide, and Fnay is
the fluorescence corresponding to 100% leakage achieved by the addition of 1% Triton

X-100 [15,36].

where F

2.3.8. Phosphate Determination

To determine the phosphate content in the LUVs (nominal concentration: 20 mg/mL)
for subsequent fluorescence measurement, the standard protocol by Broekhuyse [37] was
taken as a basis. Lipid samples were heated first for about 1 min at 180 °C in an electrically
heated metal block. To each tube, 0.4 mL acid mixture (conc. HySO4/HCIOy, 9:1 (v/v)) was
added, and the mixture was heated for another 30 min at 180 °C. After cooling, 9.6 mL of an
ANSA-molybdate mixture was added. ANSA-molybdate mixture was prepared by mixing
of 11 mL reagent A (10.5 mM ANSA (1-amino-2-hydroxy-naphthalin-4-sulfonic acid),
0.7 mM Na;5,0s5, 40 mM Na,SO3) with 250 mL reagent B (ammonium heptamolybdate
tetrahydrate (0.26%)). After mixing, the tubes were placed in a sand bath at 90 °C for
20 min. The extinction of the cooled samples was measured on a Spectrophotometer Onda
V-10 Plus at 830 nm. The PL concentration was calculated by using the calibration curve
(3.2 mM KH,POy as phosphate-standard-solution containing 1—14 ug phosphor). In total,
H,S04 (96% (v/v)), NapS;05, and Nap;SO3 were purchased from Carl Roth (Graz, Austria),
HClO4 and ammonium heptamolybdate tetrahydrate (2.60 g/L) from Sigma-Aldrich, and
ANSA and KH,POy (0.0997 mg/mL) from Merck (Vienna, Austria).

2.3.9. Surface Charge Neutralization of Model Membranes and (-Potential Measurements

The C-potential measurements were carried out on a Zetasizer Nano (ZSP, Malvern
Panalytical, Prager Electronics, Wolkersdorf, Austria) using disposable folded polycar-
bonate capillary cells (Malvern), according to the previously described procedure [38—40].
HEPES bulffer was filtered by using a syringe filter with 0.02 pm pore size (AnotopTM,
Sigma Aldrich, Vienna, Austria). In total, 50 uM of LUVs composed of POPG/TOCL or
DMPG/TMCL at 80:20 molar ratio were mixed with the appropriate peptide amount that
varied from 0.125 to 8 uM, which corresponds to 0.25 to 16 mol% peptides.

2.3.10. Thermotropic Phase Behavior of Model Membranes and Differential Scanning
Calorimetry (DSC)

DSC measurements were performed on binary mixture DMPG/TMCL (80:20 mol/mol)
using a Nano-DSC high-sensitivity differential scanning calorimeter (Waters, Eschborn,
Germany). Pure DMPG and TMCL were recorded as controls. Scans of 1 mg/mL lipid
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concentration were recorded at a constant heating rate of 0.5 °C/min. Data were analyzed
using Launch NanoAnalyze. After normalization to the mass of PL and baseline correction,
calorimetric enthalpies were calculated by integration of peak areas. The temperature of
the peak maximum was taken as the main phase transition temperature.

3. Results
3.1. OP-145 and SAAP-148 Kill E. hirae in a Concentration and Time-Dependent Manner

First, we determined the antimicrobial activities of SAAP-148 and OP-145 against
E. hirae during exposure for 5-120 min (Table 1). After 5 min, 0.4 uM SAAP-148 was
necessary to kill 99.9% of bacteria, whereas an eightfold higher concentration of 3.2 uM
was required in the case of OP-145 to induce the same effect. The time required for killing
strongly depended on concentration. Lower concentrations of peptides, 0.2 uM and 0.1 uM
of SAAP-148 and 1.6 uM of OP-145, induced cell death after 10 min. The most dramatic
time-dependent effect was observed for OP-145 at 0.8 uM, where the activity was reduced
to an incubation time of 60 min.

Table 1. Antimicrobial activity of SAAP-148 and OP-145 against E. hirae. In total, 1 x 106 CFU/mL
of E. hirae was exposed to 0.1-0.4 pM of SAAP-148 and 0.8-3.2 uM of OP-145. After 5, 10, 20, 30, 60,
and 120 min of incubation, numbers of viable bacteria were determined by counting CFUs. Lethal
concentrations (LCog g¢,) at which peptides killed 99.9% cells are indicated in grey. Data are averages
of three independent experiments.

Time (min)

10 20 30 60 120

Peptide Concentration (uM)

0.1

SAAP-148 0.2
0.4

0.8

OP-145 1.6
32

3.2. SAAP-148 Affects Membrane Integrity of E. hirae More Significantly Than OP-145

Next, we stained E. hirae with the fluorescent membrane dye Nile Red in order to detect
changes at the membrane of E. hirae exposed to our peptides (Figure 2). The staining of the
bacterial membrane by Nile Red is sensitive to the polarity and fluidity of the membrane.
The septum of dividing cells and areas around the connection zones of two cocci [41] are
also intensely stained, as it is the case for diplococci E. hirae in our experiment.

Nile Red staining of untreated wild-type cells was more homogenous across the cell
membrane compared with treatment with peptides. With increasing peptide concentration,
Nile Red started to accumulate at different membrane areas and appeared first as visible
foci in the membrane, before it markedly was detected in cytosol. This indicates that
significant membrane damage occurred, thereby facilitating penetration of Nile Red into
the cytosol. Those cells were markedly smaller than less affected cells indicating significant
membrane leakage. In comparison with the diameter of wild-type cells of about 2 pm,
SAAP-148-treated cells shrank to 0.98 um at the highest applied concentration (6.4 uM), and
OP-145-treated cells shrank to a diameter of 1.5 um (25.6 uM). In conclusion, morphological
effects on the membrane were more pronounced for SAAP-148 than for OP-145.
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+SAAP-148

control

Figure 2. Fluorescence and bright-field images of E. hirae cells stained with Nile Red untreated and
after incubation with indicated concentrations of OP-145 and SAAP-148.

3.3. SAAP-148 Depolarizes E. hirae Cytoplasmic Membranes More Efficiently Than OP-145

We used membrane-depolarization assays to detect peptide-induced changes in the
membrane potential of E. hirae. To this end, we used the voltage-sensitive fluorescent dye
DiSC;3(5). DiSC3(5) is a cationic dye that translocates into the cytoplasmic membrane of
energized cells and accumulates in the bilayer via self-association into a non-fluorescing
oligomer [42]. If the membrane is depolarized, the dye will be released and its fluorescence
de-quenched. Therefore, the depolarization of the membrane can be followed by the
increase of the fluorescence intensity of DiSC3(5)-stained cell suspension. As shown in
Figure 3, SAAP-148 was significantly more efficient in depolarizing E. hirae membranes
than OP-145. To induce ~50% depolarization of E. hirae membranes required only 0.8 uM
of SAAP-148, but 3.2-6.4 uM of OP-145. This is a 4-8-fold difference between the peptides.
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Figure 3. Effect of SAAP-148 and OP-145 on E. hirae membrane potential. Membrane depolarization
of E. hirae at indicated peptide concentrations of SAAP-148 (triangles) and OP-145 (circles) in the
range of 0.8 to 51.2 uM. Dashed line represents membrane depolarization induced by 3.5 uM melittin
and set at 50% and 100%. Data points are averages of three independent experiments, with standard
deviations indicated by error bars.

3.4. SAAP-148 Permeabilizes E. hirae Cytoplasmic Membrane More Efficiently Than OP-145

Further, we tested OP-145 and SAAP-148 for their ability to permeabilize cytoplasmic
membrane of E. hirae. For that purpose, we used flow-cytometric analysis and followed the
influx of membrane-impermeable propidium iodide (PI) into the cytosol. In case of severe
membrane damage, such as induced by AMPs, PI can penetrate into the cytosol, resulting
in a fluorescence change upon binding to DNA and detection of PI-positive cells.

In order to compare the permeabilizing effects of the two peptides in the same time
frame, PI entrance was followed upon exposure to peptides above their killing concen-
trations, that is, 0.8 uM SAAP-148 and 6.4 uM OP-145, over a period of 10 min (Figure 4).
As expected, both peptides permeabilized the membrane of E. hirae in a time-dependent
manner. Permeabilization started similarly for both peptides, but after ~3 min, it increased
from 30% to 80% and from 20% to 60% of Pl-positive cells for E. hirae exposed to SAAP-148
and OP-145, respectively. In accordance with the above results, this indicates that SAAP-
148 induced a significantly stronger damage of the bacterial cytoplasmic membrane than
OP-145.

3.5. SAAP-148 Interacts More Avidly with Membranes at the Molecular Level Than OP-145

In order to gain information on lipid-specific interactions of OP-145 and SAAP-148,
model membrane systems composed of PG/CL resembling the membrane composition of
E. hirae were used. The impact of the peptides on surface charge and thermotropic behavior
and their membrane-disruption capability were assessed by (-potential measurements,
DSC, and leakage assays.

First, we performed (-potential measurements on PG/CL in the presence and absence
of SAAP-148 and OP-145 (Figure 5). The (-potential of PG/CL assumed a value of -30 mV
in the absence of peptide. The addition of the peptide changed the (-potential towards
neutralization and led to an overcompensation at higher peptide concentrations, especially
for SAAP-148. As expected, SAAP-148 is the peptide with the higher neutralization
potential (~4 mol%) as compared with OP-145 (>8 mol%).
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1009_,_ 48 uM SAAP-148
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Figure 4. Membrane permeabilization of E. hirae by the peptides OP-145 and SAAP-148. The
percentage of PI-positive E. hirae cells was calculated at different time intervals after the addition of
0.8 uM SAAP-148 and 6.4 tM OP-145. Results are averages of three independent experiments. Only
the data for the two lethal concentrations are shown.

409 _s—sAAP-148
|—e—0P-145
o 201 A—7nk
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é | o
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Figure 5. Neutralization of the surface charge of PG/CL membranes by SAAP-148 and OP-145.
The ¢- potential measurements of PG/CL in the presence of SAAP-148 (triangles) and OP-145
(circles) at indicated concentrations ranging from 1 mol% to 16 mol%. Data are summary of three
independent experiments. Measurements were performed on the POPG/TOCL mixture as well as
on the DMPG/TMCL mixture. There was no difference between POPG/TOCL and DMPG/TMCL
measurements in the presence of OP-145. Although a slight difference in concentration dependency
is noticed for SAAP-148, the neutralization trend between POPG/TOCL and DMPG/TMCL is similar.
Here, only measurements for POPG/TOCL are shown.

Next, in analogy to (-potential experiments, we examined the permeability of the
model membranes by performing fluorescence-based leakage experiments (Figure 6).
The peptides were added in incremental amounts ranging from 0.5 mol% to 8 mol%
to LUVs composed of PG and CL. The release of enclosed fluorescence dye molecules from
PG/CL vesicles was observed already at the lowest concentration for both peptides tested
(0.5 mol%). Full leakage was reached at 0.5 mol% SAAP-148, while 8 mol% OP-145 was
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needed for the same effect. This is a 16-fold difference between the peptides. By comparing
these results with leakage data from pure PG membranes [3,15], it is evident that a lower
peptide concentration of SAAP-148, but not of OP-145, is necessary for permeabilizing
PG/CL membranes than for PG membranes. Although both peptides completely neutral-
ized the surface charge of PG/CL membranes, disruption of these membranes occurred at
concentrations lower than those required for neutralization.

p—

(o]

=
I

—a=SAAP-148
1=e=0P-145
100] A—3—A—b—0—»

80- ,/

(=)
=
1 2

40, P
oA ,/}
0 ' y ———

%ANTS/DPX leakage of PG/CL

05 1 2 4 8 16
peptide content (mol %)

Figure 6. Permeability of PG/CL membranes induced by SAAP-148 and OP-145. Leakage of LUVs
composed of PG/CL at indicated peptide concentrations of SAAP-148 (triangles) and OP-145 (circles)
in the range of 0.5 mol% to 16 mol%. The full leakage is represented by 100% dye release upon
addition of 1% (v/v) triton X-100. Data are the summary of three independent experiments.

To assess how the peptides OP-145 and SAAP-148 interact with the lipid membrane,
DSC was performed using the model membranes PG/CL (Figure 7). Measurements were
done before and after exposure to the peptides at concentrations of 1 mol% and 4 mol%.
Transition temperatures and melting enthalpies are summarized in Table 2.

-*? PG JL
o
2 Lo B e N
or ]
S | poicL /
= L
2 PG/CL + SAAP-148
[ 23
£ 23
i PG/CL + OP-145
pe —_‘_/\_/\
ok
I i I I i
15 20 25 30 35 40 45
Temperature (°C)

Figure 7. Thermotropic behavior of PG/CL membranes upon exposure to SAAP-148 and OP-145.
DSC graphs show curves recorded for PG, CL, and PG/CL membranes and peptide-dependent
curves for PG/CL in the presence of SAAP-148 and OP-145 as observed in heating scans. Grey lines
indicate treatment with 1 mol%, black lines with 4 mol% peptide. For each sample, three heating and
three cooling scans were performed between 1 °C and 75 °C with a scan rate of 0.5 °C/min. Here,
the third heating scan of each measurement is shown, which is representative of all six scans.
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Table 2. Thermodynamic parameters (low-temperature transition, pretransition, and main transition
temperature (Tigy / Tpre/ Tm) and corresponding enthalpies (AHqy / AHpre / AHm)) of PG, CL, and
PG/CL membranes in the presence and absence of the 1 mol% and 4 mol% SAAP-148 and OP-145.

Tlow AHlow Tpre AHpre Tm AHn
() (kcal/mol) O (kcal/mol) QO (kcal/mol)
PG 12.0 1.0 22.9 7.9
CL 17.9 4.7 27.9 3.8 41.0 17.3
PG/CL 244 9.9
PG/CL + SAAP-148
1 mol% 24.8% 10.1*
4 mol% 28.3 2.1
PG/CL + OP-145
1 mol% 25.0* 10.1 *
4 mol% 24.3;29.1 16.1*

* Total enthalpy. Because of peak overlap, only the total enthalpy could be determined accurately. # Transition
with overlapping shoulder.

In accordance with the reported data [43,44], three well-separated phase transitions
could be observed for CL. The low-temperature transition (T)o,,) from the subsubgel
phase (metastable gel phase with tilted fatty acids) to the lamellar gel phase occurred at
17.9 °C. The pre-transition temperature (Tpre) from the lamellar gel to the ripple phase
was at 27.9 °C. The main transition (Tr,) to the fluid phase occurred at 41.0 °C. PG [44]
showed two transitions, the pre-transition at 12.0 °C and the main transition at 22.9 °C. The
mixture of PG/CL [44] at a molar ratio of 80/20 revealed a phase transition temperature
at 24.4 °C located near the temperature of pure PG. Very small pre- and low temperature
transitions were detected for PG/CL. The two peptides had different disordering effects on
the model membrane PG/CL. However, both peptides induced a slight shift of the main
transition to higher temperature at 4 mol%. According to Lohner [45], a shift in transition
temperature is a result of tighter lipid packing. This is observed, for example, for peptides
inducing “quasi interdigitation” of the hydrocarbon chains within the bilayer, which has
been shown for OP-145 [15] and also deduced for SAAP-148 [3] in the presence of PG
membranes. Indeed, also for PG/CL, at a concentration of 1 mol%, SAAP-148 led to slightly
increased transition temperature to 24.8 °C, whereas the total enthalpy of 10.1 kcal/mol
was almost indistinguishable from that of untreated membranes (AHy, = 9.9kcal/mol). A
broad shoulder underlying the main transition was also detected, which may result from
the formation of small vesicular structures [45]. By increasing the peptide concentration
of SAAP-148 to 4 mol%, the main transition disappeared and a transition could hardly be
detected, which may correlate with the detected shoulder at lower peptide concentration.
This transition at higher temperatures (28.3 °C) was characterized by an enthalpy of
2.1 kcal/mol. OP-145 showed a similar profile to SAAP-148, whereby the main transition
was overlapping with a distinct broad transition at 1 mol% (T, = 25.0 °C) being stronger
pronounced at 4 mol%. Interestingly, this new phase transition resulted in an increase of
the enthalpy and temperature shift to higher temperatures of 29.1 °C, in the direction of
that from pure CL. This might be indicative for separation of the PG/CL membranes into
peptide-enriched and poor CL domains. OP-145’s ability to induce the formation of lipid
domains has previously been observed also for PG membranes [15].

4. Discussion

As part of the human microbiota, pathogenic Gram-positive Enterococci strains have
attained important clinical significance as they can cause urinary-tract infections, endo-
carditis, and bacteremia [46]. In addition, enterococcal bacteria are on the list of the
multidrug-resistant (MDR) strains with critical treatment that belong to the so-called
ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
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baumannii, Pseudomonas aeruginosa, and Enterobacter species) panel [3]. Enterococcus faecium
(10%) and E. faecalis (80%) species are the major enterococcal isolates in humans [47]. Ac-
cording to Dicpinigaitis et al. [48], infections with E. hirae have rarely been reported in
humans, but they are not that uncommon in other mammals and in birds. Some cases
have been described with E. hirae bacteremia associated with acute cholecystitis, acute
pancreatitis, and septic shock, as well as endocarditis [47,48]. Both peptides, especially
SAAP-148, show a very promising activity against these ESKAPE pathogens.

The question then arose which components build up the cell envelope of Enterococci
and which target may be important for AMP’s interaction? Basically, the enterococcal
membrane architecture follows the structure of other Gram-positive bacteria [2], with
a single PL membrane surrounded by a thick cell wall composed of PGN and LTA/TA
acid [49]. Both contribute largely to the overall negative charge of enterococcal cell en-
velopes. Due to presence of L-lysine with a missing carboxyl group, PGN also confers a
single negative net charge. Gram-positive cytoplasmic membranes are negatively charged
due to the presence of anionic PLs: mainly phosphatidylglycerol (PG), cardiolipin (CL), or
lysyl-PG [2,21]. E. hirae also contains small amounts of glycolipids [27]. In addition, pro-
teins, such as autolytic enzymes (e.g., murimidases), are associated with the cell wall [50]
and are responsible for the degradation of PGN, while inhibiting cell-wall growth and cell
division [51].

Taken together, on their way across the cell wall, AMPs might interact with several
targets and end up also influencing autolytic degradation of PGN. In our previous work
on OP-145, we clearly demonstrated that membrane permeabilization is not hindered by
the presence of LTA and PGN [15], which is also true for SAAP-148 (data not shown).
It seems plausible that peptides might induce cell wall autolysis as Nile Red staining of
the E. hirae membranes in the presence of our AMPs first showed changes at the poles
and the septum. It has already been reported that cell wall autolysis, cell division, and
inhibition of cell growth of B. subtilis are related to bilayer defects and changes in membrane
fluidity induced by the AMP ¢cWFW [33]. Indeed, some changes in membrane fluidity
and permeabilization have been observed in B. subtilis also treated with SAAP-148 [52].
However, with increasing concentrations of our peptides, the membrane could not resist
changes in turgor, and E. hirae cells shrank to a considerably lower size. This also further
points to peptide’s action at the cytoplasmic membrane.

Interestingly, staining of the membranes and cell shrinkage clearly showed concentration-
dependent differences between peptides. Thus, SAAP-148 is not only more effective
than OP-145 in killing E. hirae, but also in performing at the membrane level. This was
further supported by the potent depolarization and permeabilization of the membrane
through SAAP-148 action. For better comparison we summarized all effects as observed in
experiments performed within 5 min exposure of the peptides to E. hirae (Table 3). After
5 min exposure to E. hirae, antimicrobial activity is 8-fold higher for SAAP-148 than for OP-
145. Indeed, such a high difference was also observed for membrane activity. The clearest
evidence for SAAP-148 superiority over OP-145 is reflected in the increase of membrane
permeability, which is more than 16-fold in model membranes and >32 fold in E. hirae.

Table 3. Comparison of peptide activities after 5 min of incubation.

E. hirae E. hirae Membrane Model Membranes
99.9% half-maximal | half-maximal nslii(fl:g:l maximal
killing depolarization | permeability neutralization permeability
SAAP-148 0.4 uM 0.8 uM 0.8 uM >4 mol% 0.5 mol%
OP-145 3.2 uM 6.4 UM >25.6 uM >8 mol% 8 mol%

It is always a question if this potency can be ascribed to the higher positive net charge
of SAAP-148 of +11, whereas OP-145 has a net charge of only +6. Thus, electrostatic
interactions might be the dominant force in killing bacteria by SAAP-148 due to enhanced
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interaction with anionic lipid headgroups. Although SAAP-148 exhibited 16-fold higher
membrane disruption potential than OP-145, our results from membranes composed of
anionic PG/CL mixtures showed no evidence for electrostatic action during membrane
disruption. Both peptides dose-dependently neutralized the surface of PG/CL membranes,
but neutralization occurred at peptide concentrations higher than those required for leakage.
At concentrations where membranes became completely leaky, the surface charge was only
beginning to change. This suggests that the larger hydrophobic region of SAAP-148 might
contribute to its superiority, which in particular might facilitate stronger partitioning and
insertion into the membrane. Further, this may be indicative for a pore-forming mechanism
or, at least, local accumulation of the peptide on a membrane, which might eventually
result in the thinner membrane. In this case, no coverage of the membrane surface by the
peptides is necessary for induction of the transmembrane pore formation and can emerge
below the threshold concentration [20]. The same would be true if peptides align parallel to
the membrane surface, inducing a void in the hydrophobic core, which can be compensated
by chain interdigitation. Indeed, results obtained from DSC measurements (Figure 7,
Table 2) hint for peptide induced thinning of the membrane. Usually, membrane thinning
is observed by peptides exhibiting an ideal lateral amphipathicity [20], which is the case
for our peptides. Such effects were observed on PG/CL, as well as PG-only membrane
for both peptides, which do not differ in their amphipathic character (Figure 1). This
kind of action contributes significantly to the destabilization of the membranes, however,
being again more pronounced for SAAP-148. The induction of “quasi-interdigitated”
membrane domains is accompanied by a slight increase in phase transition temperature
and usually ~20% higher enthalpy of the membrane. Such a behavior was observed at
4 mol% OP-145 or 2 mol% SAAP-148 on PG [3,15]), and 1 mol% OP-145 or SAAP-148
on PG/CL membranes. The fact that stronger effects were observed on PG/CL than on
PG-only membrane (see our previous work for both, OP-145 [15] and SAAP-148 [3]), points
also to some differences in structure of the peptides and membranes, which might be
related to other differences than the larger hydrophobic angle and smaller AG of SAAP-148.
Both membranes are anionic, whereby CL, in addition, may induce membrane curvature
and may undergo hydrogen bonding with the peptides side chain groups. Membrane
curvature might affect peptides’ insertion into the membrane, and finally result in different
local deformation of the bilayer [20]. Given the fact that electrostatic interactions are not
necessary for induction of membrane thinning, most probably hydrogen bonding activity
to CL may potentiate the actions of the peptides. Here again, more favorable contacts to
CL-head groups for SAAP-148 due to the presence of Q18 and Y15 in the hydrophobic
region. As such contact sides are missing in OP-145 sequence, OP-145 might not interact
efficiently with CL, which also can explain the remarkable phase separation of PG/CL
(Figure 7) and similar membrane disruption potential compared to that induced on PG
membrane [15]. Besides the larger hydrophobic face, SAAP-148 bears W5 and W16 in
close proximity to the hydrophobic/hydrophilic interface of the peptide. It is known that
W resides preferentially in the membrane interface [53] and has a significant role in the
interfacial membrane anchoring. This further points to differences in insertion of both
peptides into the membrane.

Hence, SAAP-148 might also show higher activity towards eukaryotic membranes.
Although the therapeutic potential of SAAP-148 is very promising, it induces some hemol-
ysis of red blood cells at higher concentrations [54]. However, the tolerated 5% hemolysis
does not exceed at the concentration where SAAP-148 exhibits antimicrobial activity. So far,
SAAP-148 was well tolerated in topical treatments on the murine skin in vivo and human
skin, but was cytotoxic at relatively low concentrations in human skin cells in 2D culture [9].
A similar scenario also holds for OP-145. Its lack of in vivo toxicity was demonstrated
in guinea pigs, rabbits, and rats [13] as well as in clinical trials on patient with chronic
otitis media [16], but it showed some cytotoxicity against human cells [15]. Nevertheless,
these observations emphasize the complexity at the cellular level, and hence it is one of the
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biggest challenges in the antimicrobial peptide research to develop peptides with a high
therapeutic index.

In summary, our results demonstrate that OP-145 and SAAP-148 are effective in killing
E. hirae, with SAAP-148 being effective at a significantly lower concentration than OP-145.
Both peptides target the cytosolic membrane of E. hirae, with SAAP-148 again inducing
significant effects on the membrane at markedly lower concentrations. The same holds
true for the capability of the two peptides to disrupt membranes. Thus, we can conclude
that the potency of SAAP-148 to kill bacteria derives from its superior ability to disrupt the
bacterial membrane.
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