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ARTICLE INFO ABSTRACT
Keywords: The mutant selection window (MSW) is a range of antimicrobial concentrations, where some bacteria are killed,
Peptide-membrane association while others survive. Within this interval resistance may develop. Antimicrobial peptides (AMPs) are a promising
Phospholipid membranes class of antimicrobials that generally act by perturbing the integrity of bacterial membranes. Their MSW is

Pore formation

typically narrower than that of traditional antibiotics, but it still encompasses about one order of magnitude of
Fluorescence spectroscopy

peptide concentrations. Phenotypic or genetic differences between individual cells may cause this heterogeneous
bacterial response to AMPs. Therefore, we minimized the system complexity by investigating pore formation in
liposomes with homogeneous size and composition. Surprisingly, the AMPs novicidin, P9-4, and Sub3 formed
pores only in a fraction of vesicles, over a wide range of total peptide concentrations. By characterizing the
water/membrane partition equilibrium of these three AMPs, we were able to report the vesicle-perturbing ac-
tivity as a function of the membrane-bound peptide concentration. In this case, the curves became essentially
step functions with well-defined (bound) concentration thresholds at which pores were formed in all liposomes.
Therefore, the apparent heterogeneous effects of AMPs on vesicles were actually determined by variations in the
fraction of membrane-bound peptides under different conditions, due to water-membrane partition. Unexpect-
edly, the thresholds coincided for all peptides in terms of bound amino acids per lipid (~0.4), suggesting that the
mechanism of pore formation primarily depends on the surface coverage by the AMPs.
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F. Carneri et al.
1. Introduction

Antimicrobial resistance (AMR) is a rapidly escalating global issue,
where pathogenic bacteria evolve towards declining susceptibility to
antibiotics, making infections difficult to treat or even untreatable [1].
Without intervention, it is estimated that global deaths attributable to
AMR could reach 10 million annually by 2050 (which is a 10-fold in-
crease from the current situation) [2]. Amidst the AMR crisis, antimi-
crobial peptides (AMPs) have emerged as promising alternatives to
conventional antibiotics [3]. These natural cationic, amphipathic pep-
tides play a crucial role in the innate immunity of multicellular organ-
isms and in bacterial interspecies competition. They target bacterial
pathogens through multiple mechanisms, but most importantly by dis-
rupting their membranes by a purely physico-chemical process, due to
their amphipathic properties. AMPs are receiving considerable attention
for their clinical potential, due to their very limited propensity to induce
bacterial resistance [3]. This characteristic is linked to their mechanism
of action (which does not target a specific protein and does not require
entry into the cytosol), their fast killing kinetics, but also their phar-
macodynamic properties [3-4].

Inappropriate dosing of antibiotics is an important cause of AMR [5].
Resistance can evolve when drugs are used at concentrations of inter-
mediate efficacy, where some bacteria are killed, while others survive,
thus creating a selection pressure [3]. This antimicrobial concentration
range, in which resistant mutants can be selected for, has been termed
the “mutant selection window” (MSW) [4,6]. Interestingly, the typical
MSWs for AMPs are narrower than those seen for traditional antibiotics,
and combinations of different AMPs may further reduce this unsafe
concentration range [3-4,7-11]. All the same, even AMPs have MSWs
that span several orders of magnitude of concentrations [4,12].

A more complete understanding of the determinants for the MSW is
fundamental to enable design of novel antimicrobials with improved
properties and to establish the optimal dosing of currently available
drugs. Traditionally, partial killing of a bacterial population has been
attributed to genetic differences between individual cells. However,
heterogeneities in drug activity within a population of genetically
identical bacteria have been demonstrated by single cell experiments
[13-14]. In principle, this observation might have several possible ex-
planations, including phenotypic cell-to-cell differences (such as
different stages in the cell cycle) and variations in the amount of drug
accumulating in each cell [13-14]. Fortunately, the distinct physico-
chemical mechanism of action of AMPs allows for a significant simpli-
fication of the problem, since the membrane-perturbing activity of these
molecules may be approximated by assays on artificial vesicles, e.g. by
following the release of a fluorophore entrapped in the aqueous lumen of
liposomes [13,15-16]. Liposomes can be produced with extremely ho-
mogeneous size and lipid composition, thus ruling out most possible
causes of variability [13,15]. Therefore, it is quite puzzling that AMPs
often only perturb a fraction of the vesicle population, causing release of
their contents over a wide range of peptide to lipid ratios [17-24] even
in single-liposome studies [13]. This range is typically about one order
of magnitude when the lipid concentration is fixed, while the peptide
concentration is varied [17-20,22-24]. It becomes significantly wider
(2-4 orders of magnitude), when the peptide to lipid ratio is varied by
changing the lipid concentration (keeping the AMP concentration fixed)
[21-22].

The goal of the present study is to understand the origin of the het-
erogeneous effects of AMPs on a liposome population over a significant
range of peptide to lipid ratios. To this end, we selected three model
membrane-active antimicrobial peptides (novicidin, P9-4, and Sub3; see
Table 1) that are quite different in terms of sequence, charge and activity
[25-34] and contain at least one fluorescent amino acid (required for
our spectroscopic studies) in their sequences. Their main properties are
summarized in Table 1. Novicidin [25-28]and P9-4 [29] are known to
be membranolytic, and they were among the peptides previously
investigated in our study on the inoculum effect [30]. The mechanism of
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action of Sub3 involves membrane targeting too, albeit intracellular
effects might contribute to bacterial killing by this AMP [34]. We
focused on membrane-active peptides in order to ensure that peptide-
induced pore formation would occur in vesicle mimics of cell
membranes.

2. Materials and methods
2.1. Materials

Lipids were purchased from Avanti Polar Lipids (Alabaster, Al, USA).
Spectroscopic grade solvents were obtained from Carlo Erba Reagenti
(Milano, Italy). 5(6)-Carboxyfluorescein (CF), Triton-X 100 and
Sephadex-G50 were purchased from Sigma Aldrich (St. Louis, MO,
USA). Peptides were synthesized on a CEM Liberty™ microwave peptide
synthesizer by using microwave-assisted Fmoc-based solid-phase pep-
tide synthesis, as previously reported [35]. An H-Rink-Amide resin from
Matrix Innovation (loading 0.50 mmol/g; 0.1 mmol; 100-200 mesh)
was used as solid support. Coupling of Na-Fmoc-protected amino acid
building blocks (5.0 equiv for the CEM™ Liberty Blue, with acid-labile
tBu/Trt/Boc/Pbf as side-chain protecting groups) in dimethylforma-
mide (DMF) were performed with diisopropylcarbodiimide (DIC, 0.5 M
in DMF; 5.0 equiv) and ethyl (hydroxyimino)cyanoacetate (Oxy-
maPure®, 0.5 M in DMF, 5.0 equiv) in a 0.10 mmol scale. Each residue
was inserted via double-coupling (each at 75 °C for 10 min). Fmoc
deprotection: 20 % (v/v) piperidine in DMF (2 x 3 min at room temp.).
Side chain deprotection and cleavage were performed simultaneously
with trifluoroacetic acid (TFA), HO and triisopropylsilane (95:2.5:2.5;
2 x 30 min, each with 5 mL, while shaking at rt). Filtrates were
collected, and the resin was then eluted with CH,Cl, (2 mL). The filtrates
were combined and concentrated in vacuo, and then co-evaporated with
toluene (2 x 5 mL). Preparative HPLC of crude peptides was performed
on a Phenomenex Luna Omega Polar C18 column (250 x 30 mm; par-
ticle size: 5 pm; pore size: 100 A), using a Shimadzu Prominence system.
Eluting with HyO-acetonitrile (MeCN) gradients with 0.1 % trifluoro-
acetic acid (TFA) added to the eluents (A: 5:95 MeCN-H20 + 0.1 % TFA;
B: 95:5 MeCN-H50 + 0.1 % TFA) with UV detection at A = 220 nm. The
purity of each peptide was determined by analytical HPLC using a
Phenomenex Luna C18 Omega Polar column (4.6 x 150 mm; particle
size: 3 pm; pore size: 100 A) using the same eluents as for preparative
HPLC in a linear gradient from 0 % to 60 % during 15 min (flow rate: 0.5
mL/min) and UV detection at 220 nm.

Peptide purity and HPLC retention times are reported in Table S1 in
the Supporting Information. Further details on peptide characterization
are provided in the original references [28-31,33,36].

2.2. Liposome preparation

Large unilamellar vesicles (LUVs) composed of POPE (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylethanolamine) and POPG (1-palmitoyl-
2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)) (7:3 M ratio) were
prepared by dissolving the lipids in a 1:1 (v/v) CHCl3/MeOH (methanol)
solution. The solvent was then evaporated in a rotary vacuum system,
until a thin film was formed. Complete evaporation was ensured by
applying a rotary vacuum pump for at least 2 h. Then, the lipid film was
hydrated with a 10 mM phosphate buffer (pH = 7.4), prepared by using

Table 1
Peptides investigated in the present study.
Sequence AA? Q° Q/AA
Novicidin KNLRRIIRKGIHIIKKYF-NH, 18 +8 +0.44
Po-4 KWRRWIRWL-NH, 9 +5 +0.56
Sub3 RRWRIVVIRVRR-NH, 12 +7 +0.58

# Number of residues.
b Flectrostatic charge (under physiological pH).
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ultrapure water and containing 140 mM NaCl and 0.1 mM ethyl-
enediaminetetraacetic acid (EDTA) (buffer A). The liposome suspension
was vigorously stirred, and, after 10 freeze and thaw cycles, it was
extruded through two stacked polycarbonate membranes with 100 nm
pores, for 31 times. In CF leakage experiments, the lipid film was hy-
drated with a CF solution at a self-quenching concentration (30 mM)
[19], titrated to pH 7.4 with NaOH, and containing 10 mM phosphate
buffer and 80 mM NaCl to make it isotonic to dilution buffer A (270
mOsm) [37]. Liposomes were separated from the unencapsulated dye by
gel filtration on a 40 cm Sephadex G-50 column, and liposomes were
kept at room temperature during the time required for the experiments.
The final lipid concentration was determined with the Stewart phos-
pholipid assay [38].

2.3. Membrane-perturbing activity experiments

Perturbation of membrane permeability was determined by
measuring the release of the CF fluorophore. These experiments were
performed on an Infinite M200 Pro (Tecan, Salzburg, Austria) micro-
plate reader. Dye release was measured by the increase in fluorescence
intensity caused by the reduction in self-quenching when the CF leaked
from the liposomes and was diluted in the outer solution [39]. A black
96-well, flat-bottom polystyrene, nonbinding plate (Model 655900,
Greiner bio-one, Germany) was filled first with liposome solutions of
different lipid concentrations in a total volume of 154 pL per well. In
these conditions the initial fluorescence (Fy) was measured in all wells.
Then a fixed concentration of peptide (10 uM) was added in each well,
and the signal was recorded for 20 min. The fluorescence intensity after
total leakage (F1o0) was measured in all wells, after adding Triton X-100
(1 mM). Each measure was repeated three times using the following
instrumental settings: Aexc = 450 nm, Aeyy, = 560 nm, number of flashes
= 25, integration time = 20 ps, settle time = 10 ms, lag time = 0 ps,
mode = top, z position (manual) = 17750 pm, shaking mode = orbital,
shaking duration = 3 s, shaking amplitude = 2.5 mm, number of kinetic
cycles = 5. The temperature of instrument was set at 25 °C for all ex-
periments. The gain was optimized for each liposome concentration in
separate wells, where vesicles had been directly lysed by Triton addi-
tion, to obtain the maximum intensity value. The fraction of liposome
contents released 20 min after peptide addition (RF) was determined as:

_F-F
FlOO_FO

2.4. Water-membrane partition experiments

Water-membrane partition experiments of P9-4 were performed on a
Fluoromax 4 spectrofluorimeter (Horiba, Edison, NJ) and those of
novicidin and Sub3 on a Fluoromax 2 spetrofluorimeter (Horiba, Edison,
NJ). Experiments with P9-4 were repeated also using fluorescence
anisotropy on a Fluoromax 4 spectrofluorimeter (Horiba, Edison, NJ)
and fluorescence-lifetime on a Lifespec-ps (Edinburgh Instrument Ltd,
Livingston, Scotland).

The membrane-bound peptide fraction (f,) was calculated from the
fluorescence intensity at fixed wavelengths (330, 340 and 305 nm for
P9-4, Sub3 and novicidin, respectively) according to the following
equation [16]:

(F — Fy)

fo= Fn—Fy)

where F,, and F,, represent the fluorescence intensities of the peptides
in water and in the membrane, respectively. The latter was determined
by fitting the following equation (describing the partition equilibrium),
directly to the raw data (F vs [L]):
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where [L] and K, represent the lipid concentrations and an apparent
dissociation constant, while n is a parameter taking into account de-
viations from an ideal partition [40-41]. The above equation (which is
derived from the well-known Hill equation) was used here only as a
phenomenological description of the partition curve to enable extrapo-
lation of the value of F,,. The other fitting parameters (K; and n) were not
further employed in our analysis, which is independent of a specific
model for the partition equilibrium.

In fluorescence anisotropy and fluorescence lifetime experiments we
used the same equation but replacing fluorescence intensities with
fluorescence anisotropy and average fluorescence lifetime signals
[23,40].

2.5. Steady-state fluorescence experiments

Steady-state fluorescence experiments were performed with a fixed
peptide concentration (10 pM) and titrating with increasing lipid con-
centrations in a 10 mm x 4 mm fluorescence cuvette, exciting along the
shorter path length. After each addition, the fluorescence spectra were
recorded repeatedly until no further changes were observed (about
5-10 min). For P9-4, the following experimental conditions were
employed: Aexe = 280 nm, Aey, = 300-470 nm, integration time 0.4 s,
bandwidth of 2 nm both in excitation and emission and a cut-off filter at
295 nm in the emission channel. For Sub 3 the conditions were Aexe =
280 nm, Aey = 300-470 nm, integration time 0.7 s, bandwidths of 2 and
2.5 nm in excitation and emission, respectively. In the case of novicidin,
we used Aexe = 270 nm, Aey = 290-400 nm, integration time 1 s,
bandwidths of 3 and 5 nm in excitation and emission. The temperature
was controlled with a thermostatted cuvette holder set at 25 °C for all
experiments. Control experiments to check for possible effects of sample
turbidity on the fluorescence signal were performed by repeating the
same titration with NATA (N-acetyl-i-tryptophan amide: Ac-Trp-NH,),
which demonstrated that no significant scattering artifacts were present
(data not shown) [40].

2.6. Fluorescence anisotropy experiments

Fluorescence anisotropy experiments were performed with a fixed
P9-4 concentration (10 uM) and titrating with increasing lipid concen-
trations in a fluorescence black bottom cuvette 10 mm x 4 mm, exciting
along the shorter path length, using a magnetic stirrer and the following
experimental conditions: Aexe = 280 nm, Aem = 350 nm, cut-off filter
along the emission pathway at 305 nm, bandwidths of 4 and 5 nm in
excitation and emission, respectively. The temperature was controlled
with a thermostatted cuvette holder set to 25 °C for all experiments.

2.7. Time-resolved fluorescence experiments

Time-resolved fluorescence experiments for measuring peptide/
membrane association were performed with the time-correlated single-
photon counting technique in a LifeSpec-ps fluorometer (Edinburgh
Instruments, UK). A fixed P9-4 concentration (10 uM) was titrated with
increasing concentrations of liposomes in a fluorescence black-bottom
cuvette, 10 mm x 4 mm, exciting along the shorter path length, using
a magnetic stirrer, and the following experimental conditions: excitation
with a pulsed light-emitting diode (Horiba NanoLED-280) with emission
peaked at Aexe = 282 nm, ey, = 350 nm, cut-off filter in the emission
channel at 305 nm, emission monochromator bandwidth = 8 nm, pulse
repetition frequency = 1 MHz, acquisition time range = 50 ns, 1024
channels, 10.000 peak counts. The temperature was controlled with a
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thermostatted cuvette holder set to 25 °C for all experiments. A biex-
ponential curve was fitted to all fluorescence decays, and the values of
the average lifetime were calculated from the two lifetimes and pre-
exponential factors.

Time-resolved measurements were also employed to determine the
leakage mechanism (all or none, or graded), according to [42]. In this
case, vesicle leakage was induced by adding the peptide (at 10 uM final
concentration) to a liposome suspension 37 uM in lipid. The process was
stopped after different times (from 30 s to 5 min), when varying frac-
tions of released dye had been reached in each sample (approx. in the
range from 0.3 to 0.8 in the various samples). Leakage was stopped by
addition of trypsin (to final concentration 75 pg/mL), which rapidly
digested the peptide, and completely stopped the dye release within the
few seconds needed for sample mixing (data not shown) [19]. Subse-
quently, the self-quenching of entrapped CF was determined by using
time-resolved measurements. In this case, excitation was obtained with
a pulsed diode laser (M89903-29, Hamamatsu Photonics K.K.,
Hamamatsu-City, Japan), with emission peaked at Aexe = 440 nm (peak
power 78 mW, pulse duration 95 ps (full width at half maximum).
Emission was collected at A, = 520 nm, through a cut-off filter at 495
nm, using emission monochromator bandwidth = 16 nm. A biexpo-
nential function was fitted to the fluorescence decays, obtaining two
lifetimes (corresponding to free and entrapped CF) and the relative
preexponential factors.

3. Results

3.1. Only a fraction of vesicles is perturbed over a wide range of peptide to
lipid ratios

The membrane-perturbing activity of the three peptides was studied
by analyzing their interactions with synthetic vesicles. The simple bi-
nary POPE/POPG 7:3 mol/mol mixture represents the main components
of many bacterial membranes, and therefore it is commonly used to
mimic them: for instance, E. coli bilayers contain 70-80 % neutral
(zwitterionic) phosphatidylethanolamine (PE) lipids, 10-20 % nega-
tively charged phosphatidylglycerol (PG) lipids, and 5-15 % anionic
cardiolipin [43-44]. While the membranes in bacteria are much more
complex than these simple vesicles (for instance, due to the presence of
proteins, or lipopolysaccharides), our goal was to verify and charac-
terize the presence of a heterogeneous response to the action of peptides
when studied in an extremely simplified system. Liposome leakage was
determined as a function of the ratio between the (total) peptide
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concentration [P],,, (Which was kept fixed) and the lipid concentration
[L] (which was varied). To this end, the peptide-induced release of a
fluorophore entrapped inside vesicles at a self-quenching concentration
was followed spectroscopically (Figs. S1 and 1A). Differences in the
activities of the three peptides are apparent, with P9-4 being the least
membrane-active (Fig. 1A). As expected, the released fraction of fluo-
rophore increased with increasing [P],,,/[L]. However, in an extremely
wide range of [P],,,/[L] values (1072 to 1, or 10 in the case of P9-4), only
a fraction of the liposome contents was released, for all peptides
investigated.

3.2. Leakage in vesicles is an “all or none” process

In principle, when a global leakage lower than 100 % is observed,
two different scenarios are possible. In the so-called “all or none”
mechanism, some vesicles are completely full, while others have
released completely all their contents, or have been destroyed. In
contrast, in the mechanism that has been termed “graded”, all vesicles
have released only part of their contents [45,16,19]. The behavior fol-
lowed by a specific peptide depends on the time required for emptying a
vesicle as compared to the lifetime of the peptide-induced pores [15].
For instance, if, once a pore is formed, a vesicle empties completely
before the defect closes/heals, the “all or none” mechanism is a valid
model. This is often the case for AMPs acting on large unilamellar ves-
icles (LUVs): simple calculations show that, in the case of 100 nm li-
posomes, the time required to empty a vesicle through a single
peptide-induced pore is in the ms time range [15]. The mechanism
can be defined experimentally by controlling the self-quenching effi-
ciency of the fluorophore remaining inside the vesicles after partial
leakage occurs. In the “all or none” mechanism, fluorescence remains
self-quenched as in untreated vesicles, since a fraction of the vesicles is
essentially unperturbed. In contrast, in the graded mechanism, the flu-
orophore concentration inside the vesicles decreases with an increased
leaked fraction, and thus self-quenching is progressively reduced. The
self-quenching efficiency can be tested by steady-state measurements
[45,16,19] or by time-resolved experiments [42], which have the
advantage of not requiring physical separation of the unentrapped dye.
The fluorescence decay of the vesicle sample can usually be described by
a biexponential decay, where the longer lifetime corresponds to the
leaked, unquenched fluorophore, while the shorter lifetime is associated
with the fluorophore still entrapped inside the vesicles. If the shorter
lifetime does not change with the extent of global leakage, the mecha-
nism is “all or none”. Such experiments were performed on the three

o
)

[P],,/IL]

tot

Fig. 1. Membrane-perturbing activity and membrane affinity of peptides. (A) Fraction of liposome contents (i.e., 5/6-carboxyfluorescein) released 20 min after

peptide addition, as a function of the

[}Bf]'" ratio. (B) Membrane-bound peptide fraction, as a function of the

[P[]‘“‘ ratio. Green circles: P9-4; blue diamonds: Sub3; red

L]

squares: novicidin. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

1081



F. Carneri et al.

peptides (Fig. 2) and demonstrate that this was indeed the case.
Therefore, the partial leakage observed in Fig. 1 indicates that the AMPs
caused the complete release of contents in some vesicles, leaving others
completely unaffected.

Such heterogeneity in the response by individual liposomes under
the same conditions is a common observation, which nonetheless is
extremely puzzling. Significant differences between individual vesicles
appear unlikely, due the narrow size distribution obtained by preparing
liposomes by the extrusion method [15]. Another possible origin of
heterogeneity is a variability in the number of peptides bound to each
vesicle [15]. Simple geometrical considerations allow the calculation of
the average number of lipids per vesicle in the [P],,, /[L] range 102to 10.
The total surface area (outer plus inner surface of the liposome) of a 100
nm diameter vesicle (formed by a bilayer about 4 nm thick) is approx-
imately 6 x 10* nm?. Considering that the area occupied by each lipid
molecule is about 0.6 nm?> [44], each vesicle is formed by ~ 10° lipid
molecules. Therefore, in the [P],,/[L] range investigated, ~ 10°-10°
peptide molecules were present per vesicle (at low versus high ratios).
According to the Poisson distribution, these numbers should make
vesicle-to-vesicle fluctuations in the number of bound peptides negli-
gible (e.g., for 1000 bound peptides, the relative standard deviation
would be 3 %).

3.3. Fluorescence spectroscopy allows the determination of the water-
membrane partition equilibrium

Obviously, membrane perturbation is caused only by peptides bound
to the liposomes. In order to consider the water-membrane partition
equilibria of the three peptides, and thus the variation in the membrane-
bound fraction with the lipid concentration, we characterized peptide
association to liposomes. This was measured by following the change
induced in the intrinsic fluorescence by the transition from the aqueous
phase to the hydrophobic lipid environment (Figs. S2 and 1B): when the
peptide binds to the membrane, its intrinsic fluorescence increases; in
addition, for Trp-containing peptides, it shifts to shorter wavelengths.
These data provide the membrane-bound peptide fraction as a function
of the lipid concentration (f;,,nq([L] ). For one of the peptides (P9-4) the
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Fig. 2. CF fluorescence lifetimes after peptide-induced partial leakage of ves-
icles. Green circles: P9-4; blue diamonds: Sub3; red squares: novicidin. Full
symbols: lifetimes of CF entrapped inside vesicles. Empty symbols: lifetimes of
free dye. Peptide concentration = 10 pM. Lipid concentration: 37 uM. Vertical
bars indicate the standard deviations on the lifetimes (as derived from the decay
fits). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.).
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partition isotherm was determined independently by two additional
approaches (time-resolved fluorescence and emission anisotropy), and
the three methods were in complete agreement (Fig. S3). Significant
differences in membrane affinity were observed for the three peptides
(Fig. 1B). Importantly, over the range of [P],,/[L] (also used in the
leakage experiments) the fraction of membrane-bound peptides varied
from O to 1. Therefore, in this range, the concentration of peptide cor-
responding to the liposome-bound fraction ([P];,,nq) Was significantly
different from the total peptide concentration ([P],,,).

3.4. All vesicles are perturbed at a similar, well-defined critical threshold
of membrane-bound peptide concentration

The peptide water/membrane partition data (Fig. 1B) allowed the
calculation of [P]y,,nq/ L] values under all experimental conditions used,
and in particular at the [P],,,/[L] ratios used in the leakage experiments
(Fig. S4), according to the following equation:

[P}bound/[l‘] = [P]tot/[l‘} beound([l'] )

When the leakage data are depicted as a function of the peptide
fraction actually bound to the membranes (Fig. 3A), rather than as a
function of the total peptide concentration, the curves become extremely
steep, changing from a negligible perturbation to a total release within a
very narrow range of [P, .. /L] values. In fact, within the experimental
error, the perturbation of all vesicles in the sample occurs around a
critical threshold for [P],,,.4/[L]. The specific [P, .4/ L] values resulting
in leakage of liposome contents were approximately 2 % for novicidin
and Sub3, and 6 % for P9-4. Due to the relatively large experimental
errors on the data in Fig. 3 these values should be considered as order of
magnitude estimates only. These findings show that, in terms of bound
peptides, the transition from a state where all liposomes are unperturbed
to a state where all vesicles release their contents, actually takes place at
a well-defined threshold ratio, as expected for a system where all lipo-
somes possess essentially identical physico-chemical properties.

3.5. When the peptide size is taken into account, the threshold ratio for
pore formation is coincident for all peptides investigated

The threshold ratios (i.e., [P]y,,nq/[L] values) for pore formation are
somewhat different for the peptides investigated in the present study.
This finding is not unexpected, since they differ in amino acid sequence,
length and charge. To take into account at least the differences in length
between the three AMPs, we plotted the fraction of liposome contents
released as a function of membrane-bound amino acids, rather than
bound peptide molecules (Fig. 3B). Rather surprisingly, in this case the
threshold became even more similar for all three peptides, equal to 0.4
bound amino acids per lipid, suggesting that the mechanism of pore
formation, once the peptides are inside the bilayer, is the same for all
peptides investigated here.

4. Discussion and conclusion

The existence of a range of antimicrobial concentrations, where some
bacteria are killed, while others survive is usually attributed to genetic
differences between individual cells, leading to selection of resistant
strains [6-8]. However, a similar behavior is observed even in clonal
bacterial populations and in single-cell experiments, indicating that
additional causes of heterogeneity must be at play [13]. For AMPs acting
on bacterial membranes, a further level of simplification can be made,
since their membrane activity can be approximated by testing on vesi-
cles, identical in size and lipid composition. Nevertheless, even in this
case, only a fraction of liposomes releases their contents over several
orders of magnitude of peptide to lipid ratios [17-24].

The present findings demonstrate that the apparent heterogeneous
response to AMPs actually arises from the water-membrane partition
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Fig. 3. Leakage curves reported as a function of the peptides or of the amino acids actually bound to the membranes rather than of the total peptide concentration.

(A) Fraction of liposome contents released 20 min after peptide addition, as a function of the [P]f’T"]“"d ratio. (B) Fraction of liposome contents released 20 min after

peptide addition, as a function of the AmN0%iS uung

T —— ratio. Green circles: P9-4; blue diamonds: Sub3; red squares: novicidin. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.).

equilibrium of the peptides. When varying the lipid concentration [L]
(while keeping the peptide concentration fixed), the membrane-bound
fraction of peptide f, (that can form pores) is strongly affected, too
[30,40,46]. For instance, in the simplest possible case of an ideal
partition equilibrium, the fraction of membrane bound peptide can be
expressed as f, = Kp[L]/[W]/(1 +K,[L]/[W]), where K, is the ideal
partition constant, and [W] is the concentration of pure water [17]. In
this model, f;, depends on [L] only, and when this variable is increased, f;
increases, too. Consequently, what appears to be a wide range of total
peptide to lipid ratios, in fact corresponds to an extremely narrow range
of bound peptide to lipid ratios. Hence, there exists a well-defined
threshold for the bilayer-associated peptide content, which results in
pore formation.

In other studies of AMP-induced pore formation, the lipid concen-
tration was kept fixed, while the peptide concentration was varied. In
this case, it was commonly observed that partial leakage occurred over a
narrower range of total peptide to lipid ratios, that however still spanned
about one order of magnitude [17-24]. In the ideal partition equilibrium
discussed above, f, depends on [L] only, and therefore should be constant
when the liposome concentration is kept constant. If this was the case,
total and bound peptide would simply be proportional to each other, and
the same heterogeneous response would be expected, regardless of the
independent variable used in plotting the membrane activity of the
peptide. However, non-ideal phenomena cannot be neglected. Inciden-
tally, this is the reason why we used the phenomenological Hill equation
reported in the methods section to extrapolate our data. In particular,
water-membrane partition often depends on the peptide concentration,
too [17,40]. Therefore, even in experiments performed at a constant
lipid concentration, variations in the fraction of membrane-bound
peptide may be invoked to explain the puzzling finding that the total
AMP concentration causing complete leakage of all vesicles is signifi-
cantly higher than the concentration, where initial liposome perturba-
tion is observed. The variations in f, when varying total peptide
concentration, rather than total lipid concentration, can only be caused
by non-idealities in the partition equilibrium, and therefore are expected
to be smaller than those linked to changes in [L], which directly affects
the bound fraction. For instance, for the peptide DNS-PMAP23, we
observed a variation in the apparent partition constant of just a factor of
2, when varying the peptide concentration tenfold [46]. Therefore, this
interpretation also explains the different intervals of heterogeneous
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response observed in the two types of experiments.

Peptide-membrane association is an important determinant of
membrane activity of AMPs against bacterial cells [30,40-41,46-47].
Our previous studies have indicated that water/membrane partition
experiments performed on model vesicles represent a good model of the
interaction of pore-forming AMPs with bacterial cells [40]. Therefore,
the findings reported here constitute a relevant model for antimicrobial
activity of AMPs, suggesting that partition between aqueous phase and
membranes is an important phenomenon that is a contributing cause of
the MSW. Even peptides that act intracellularly, rather than by forming
pores (or via other membrane-disruptive processes), have an initial
interaction with bacterial membranes in order to facilitate access to the
cytosol. Therefore, water-membrane partition effects might be relevant
also in these cases. However, a priori it is difficult to assess its signifi-
cance as compared to genetic or phenotypic differences between cells. In
this respect, a recent study demonstrated that even the heterogeneous
AMP-sensitivity of individual bacteria that is caused by phenotypic
differences, is mediated by differential peptide/membrane binding [14].
Experiments performed at high cell densities, where all the peptide
molecules are bound to bacteria [30,40-41,46-47] may eliminate the
partition effect, and allow for an evaluation of its relevance in causing
the MSW. Quantification of peptide-cell binding is another possibility to
verify the influence of this partition on the MSW.

The main strategy proposed to reduce the MSW is combination
therapy with antibiotics having different modes of action. The basic idea
behind this approach is that bacteria, which are not killed by one drug
(due to their genetic or phenotypic properties) will be susceptible to the
other antibacterial component(s) [48]. However, clinical experience
shows that resistance may develop even during combination therapy
[48]. Regarding the specific case of AMPs, it is important to note that in
nature organisms usually synthetize several peptides [3]. Since the
production of many AMPs is metabolically costly, this observation
supports the advantage of combination therapy also in the case of these
antimicrobials. Indeed, it has been shown that the combination of
several AMPs does result in a reduced MSW, even when random mix-
tures of artificial peptides are employed, and even when all AMPs share
the same mode of action (membrane perturbation) [7]. Consistently,
AMP combinations have been demonstrated to hinder development of
resistance as compared to the use of a single peptide, and the use of
random combinatorial AMP libraries (containing more than 1 million
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sequences) resulted in no detectable resistance [10-11]. Specific effects
might be at play, too, since several AMP combinations exhibit synergy
[3], and it has been shown that synergistic combinations have a nar-
rower MSW than the individual peptides [9]. While the mechanism of
synergy is debated, it is interesting to note that in the specific case of
magainin and PGLa, synergy and MSW narrowing are accompanied by
an increased membrane binding of the peptides [9,49], so that water-
membrane partition could play a role in this case too.

The findings presented here indicate an additional possible strategy
to reduce the MSW, by predicting that AMPs with a high affinity towards
bacterial membranes will have a narrower MSW. For such AMPs most
peptide molecules will be bound to bacteria under the standard condi-
tions used in susceptibility assays or present in clinically relevant in-
fections. Therefore, total and bound peptide concentrations will
coincide, and the effect of water-membrane partition on the MSW will be
eliminated. Peptides with high membrane affinity would be desirable
also because a higher membrane-bound fraction would result in higher
activity. Unfortunately, it must be considered that decades of experience
with rational design of AMPs have shown that the driving forces for
peptide-membrane binding (electrostatic attraction, and hydrophobic
effect) can be increased only up to a certain point without compromising
activity and cell selectivity [43]. For instance, a peptide that is too
highly charged may remain on the surface without causing extensive
perturbation, while excessively hydrophobic peptides usually become
toxic to the host cells [43].

Our data showed that the thresholds for pore formation coincide for
the three AMPs investigated, in terms of bound amino acids per lipid. In
general, the membrane activity of a specific AMP depends at least on two
phenomena: how efficiently it binds to lipid bilayers, and its ability to
perturb them once it becomes inserted. By determining the membrane-
bound peptide concentration, we separated these two effects. Membrane
affinity can be determined in water-membrane partition studies, and it is
strongly influenced by the peptide sequence, particularly by the overall
charge and hydrophobicity. The specific amino acid composition of an
AMP can also affect its location and depth of penetration into the
bilayer, and thus influence its membrane-perturbing effects. The
threshold of membrane-bound peptide causing pore formation, as
determined in the present study, quantifies the second aspect, i.e., the
bilayer-destabilizing ability of an AMP. The fact that the three peptides
investigated here share a similar threshold might arise from a similar
charge density (Table 1). In any case, this finding provides strong sup-
port for the so-called “carpet” mechanism of pore formation [50]. Ac-
cording to this model, formation of defects in the bilayer is caused by the
perturbation of the surface tension of the outer leaflet, due to the
accumulation of peptides below the lipid head groups [40]. Therefore,
AMPs act essentially by a mechanism, where the bulk of the inserted
peptides perturbs the packing of the lipid tails. The specific sequence
and physico-chemical properties of each peptide determine its affinity
for the membrane, selectivity for different lipid compositions, and depth
of insertion into the bilayer [43]. However, once the AMPs are
membrane-bound at a proper depth, only the total volume of accumu-
lated peptide determines the threshold required for pore formation.
Incidentally, in this picture the slightly lower activity of P9-4, compared
to the other peptides (Fig. 1A) can be explained by its smaller size
(Table 1). The threshold identified here (approximately 0.4 amino acids
per lipid) corresponds to a high coverage of the membrane surface, as
predicted by the carpet model, and demonstrated experimentally by our
previous studies on peptide/cell interactions [30,40-41,46-47]. Our
data on the cell-density dependence of the activity of peptides [30,46]
indicated that this state always requires micromolar concentrations of
AMPs, even at very low bacterial cell densities. Some exceptions of
AMPs active in the nM range do exist [51-52]. However, an analysis of
the GRAMPA database (Giant Repository of AMP Activities) [53]
showed that activities below 0.1 uM account for less than 2 % of the
minimum inhibitory concentration (MIC) data in the database, and in
many cases are related to peptides that act on specific targets (rather
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than on membranes). Therefore, the questions might arise whether these
conditions are attainable in vivo. Micromolar concentrations are
reached physiologically in the granules of leukocytes, on the skin of
frogs, and in the hemolymph of infected insects [30,43,54-55]. In
addition, most animal hosts elicit the production of several AMPs, often
acting synergistically, lowering the required concentration of each
peptide in the mixture. Where the physiological concentrations of AMPs
are lower than the threshold values for pore formation, other functions,
particularly immunomodulation, might be more important than direct
bacterial killing.
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Table S1. Characterization of peptide purity

Name Molecular weight Purity HPLC
(including TFA) retention time
(min.)
Novicidin 3322.09 95% 10.41
P9-4 1968.85 98% 10.44
Sub3 2462.26 99% 8.50
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Figure S1. Kinetics of peptide-induced membrane leakage.

(A) P9-4; (B) Sub3; (C) Novicidin. The kinetic tracers are colored from red to blue with decreasing
lipid concentration. Peptide concentration = 10 uM. Lipid concentrations: 1.0-10° uM (dark red)
1.1-10% uM (orange), 37 uM (yellow), 12 uM (light green), 4.1 uM (green), 1.4 uM (blue) for P9-
4 (A); 1.0-10° uM (dark red), 3.3-10% uM (red), 1.1-102 uM (orange), 37 uM (yellow), 12 pM
(light green) for Sub3 (B) and Novicidin (C).

The curves reported in the plot are representative of measurements repeated in triplicate.
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Figure S2. Emission spectra of peptides in the presence of increasing lipid concentrations.

Spectra are colored from red to violet with increasing lipid concentration. (A) P9-4; (B) Sub3; (C)
Novicidin. Peptide concentration = 10 uM; Lipid concentrations: 0, 2.0, 5.0, 10, 20, 50, 75, 1.0 x
102, 1.5 x 102, 2.0 x 107, 3.5 x 102, 5.0 x 102 uM for P9-4 (A) and Sub3 (B). Lipid concentrations:
0, 2.0, 5.0, 10, 20, 50, 75, 1.0 x 10%, 1.5 x 102, 2.0 x 10% 3.5 x 102, 5.0 x 10?,7.5 x 10%, 1.0 x 10°
M for novicidin (C). The spectra reported in the plot are representative of measurements repeated

in triplicate.
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Figure S3. Comparison of membrane-bound P9-4 fractions as a function of increasing lipid
concentration obtained with three different spectroscopic techniques.
Circles: steady-state fluorescence; squares: fluorescence anisotropy; triangles: time-resolved

fluorescence. P9-4 concentration: 10 uM.
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Figure S4. Comparison of peptide binding and membrane leakage experiments.

(A) P9-4; (B) Sub3; (C) Novicidin. Full circles: Membrane-bound peptide fraction as a function

]tot

of the [IIT] ratio (lower x-axis). Empty circles: Fraction of liposome contents released 20 min after

peptide addition, as a function of the % ratio (lower x-axis). Full black circles: Fraction of

bound

liposome contents released 20 min after peptide addition, as a function of the [P]T ratio (upper

X-axis).
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The arrows in the first graph represent the shift of released fraction when plotted vs % or vs

[P ]bound
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