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ABSTRACT Cyclic lipopeptides (CLiPs) have many biological functions, including the selective permeabilization of target
membranes, and technical and medical applications. We studied the anionic CLiP viscosin from Pseudomonas along with a
neutral analog, pseudodesmin A, and the cationic viscosin-E2K to better understand electrostatic effects on target selectivity.
Calcein leakage from liposomes of anionic phosphatidylglycerol (PG) and phosphatidylethanolamine (PE) is measured in com-
parison with net-neutral phosphatidylcholine by time-resolved fluorescence. By contrast to the typical selectivity of cationic pep-
tides against anionic membranes, we find viscosin more active against PG/PE at 30 uM lipid than viscosin-E2K. At very low lipid
concentration, the selectivity is reversed. An equi-activity analysis reveals the reciprocal partition coefficients, 1/K, and the CLiP-
to-lipid mole ratio within the membrane as leakage after 1 h reaches 50%, R.>°. As expected, 1/K to PG/PE is much lower (higher
affinity) for viscosin-E2K (3 uM) than viscosin (15 uM). However, the local damage to the PG/PE membrane caused by a viscosin
molecule is much stronger than that of viscosin-E2K. This can be explained by the strong membrane expansion due to PG/vis-
cosin repulsion inducing asymmetry stress between the two leaflets and, ultimately, transient limited leakage at R.°° = 0.08. PG/
viscosin-E2K attraction opposes expansion and leakage starts only as the PG charges in the outer leaflet are essentially
compensated by the cationic peptide (R.>° = 0.32). In the high-lipid regime (at lipid concentrations ¢, > 1/K), virtually all
CLiP is membrane bound anyway and R.>° governs selectivity, favoring viscosin. In the low-lipid regime at ¢, < 1/K, virtually
all CLiP is in solution, 1/K becomes important and the “cation attacks anionic membrane” selectivity gets restored. Overall, ac-
tivity and selectivity data can only properly be interpreted if the lipid regime is known and predictions for other lipid concentrations
or cell counts require knowledge of 1/K and Rg>°.

SIGNIFICANCE The study demonstrates that the electrostatic selectivity of membrane-active peptides is much more
complex than the simple rule of thumb that cationic peptides act selectively against negatively charged, bacterial
membranes. Instead, this selectivity can be reversed and changes with the absolute lipid concentration that is present in
the assay. Opposite charge enhances membrane partitioning but may also inhibit the permeabilizing activity of the
membrane-bound peptide simultaneously. While the first effect may dominate selectivity in the low-lipid regime, the latter
governs the high-lipid regime. Understanding this concept is crucial for the interpretation of leakage and minimum inhibitory
concentrations activity data and hence, helps a great deal to support a more rational design of new, highly active, and
selective membrane-active peptides.

INTRODUCTION tential new antimicrobial drugs to fight infections of bacte-
rial, viral, or fungal origin, and cancer for decades (1-6).
Nevertheless, with rare exceptions like daptomycin (e.g.,
Cubicin) or polymyxins (e.g., Colistin, Neosporin), their
medical application is still failing on a large scale due to
lacking stability, selectivity, or activity; toxic side effects;
solubility issues; and inexplicable modes of action (7).

Cyclic lipopeptides (CLiPs) targeting the cell membrane,
like other antimicrobial peptides, have been discussed as po-
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harmful pesticides (8—10). Several already-registered micro-
bial plant protection products such as Serenade ASO (Bacil-
lus subtilis, S: QST 713), DiPel DF (Bacillus thuringiensis
subspecies kurstaki ABTS-351 (strain HD-1)), or Cedemon
(Pseudomonas chlororaphis MA 342) (11) successfully
exploit the plant-beneficial ability of biodegradable,
membrane-active cyclic lipopeptides by acting as bio-
surfactants. Attacking membranes of plant pests or inducing
plant immune responses are general modes of action of
these substances (12,13).

CLiPs are secondary metabolites produced by bacteria,
e.g., Bacillus, Streptomyces, Paenibacillus, or Pseudomonas
(4,14), and synthetized via non-ribosomal peptide synthe-
tases. This synthesis pathway enables a wealth of structural
diversity in terms of number and type of amino acids (L/D
configuration, proteinogenic/non-proteinogenic, modifica-
tions) making them less vulnerable by peptidases, as well
as in the properties of the fatty acid moiety (degree of unsa-
turation, carbon chain length). They possess an amphiphilic
oligopeptide structure, which is partially cyclized via an
ester bond, attached to a fatty acid moiety at its N terminus
(2,15-20). Recent progress in the total synthesis of such
CLiPs (21-29) allowed us to tackle the issue of electrostatic
effects on lipid-CLiP-interactions by comparing the three
almost identical CLiPs viscosin, pseudodesmin A, and
viscosin-E2K (see Fig. 1 and section “materials” for de-
tails). These CLiPs differ primarily with respect to their
amino acids at position two of the peptide sequence, result-
ing in different net charges at pH 7.4. Viscosin is negatively
charged, pseudodesmin A is neutral, and viscosin-E2K is
positively charged. Viscosin and pseudodesmin A are two
natural CLiPs of the viscosin group produced by Pseudo-
monas. Viscosin-E2K is a synthetic analog of viscosin in
which glutamic acid (E) is exchanged for lysine (K) and bet-
ter mimics, with its cationic charge and partially hydropho-
bic residues, the properties of typical antibacterial AMPs
(30-32).

Most antimicrobial peptides acting selectively against
bacteria are cationic. Their selectivity is explained by the
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Structure and peptide sequence of viscosin (A), pseudodesmin A (B), and viscosin-E2K (C). Differences between the three CLiPs are high-

electrostatic attraction to the anionic lipids present in the
outer leaflet of bacterial membranes, whereas mammalian
or plant membranes expose rather neutral cell surfaces. In
contrast, the hydrophobicity of an antimicrobial peptide pro-
motes overall membrane partitioning but does not contribute
to selectivity (32,33).

Up to now, most studies focused on dose-response
curves with different model membranes or cells at arbi-
trary concentrations to elucidate CLiP selectivity and ac-
tivity. However, there are cases where a more detailed
characterization of the system is essential to avoid
misleading conclusions. Here, we demonstrate an example
of very unusual and counterintuitive electrostatic target-
ing: an anionic cyclic lipopeptide that is more active
against an anionic lipid membrane than its cationic
analog. Furthermore, this selectivity is switched as the
lipid concentration used in the assay is lowered from stan-
dard, 30 uM, to 1 uM.

This potentially counterintuitive finding can be explained
considering that membrane partitioning governs the activity
of any membrane-active compound only in a regime of low
absolute lipid concentration; i.e., well below the membrane
dissociation constant of the CLiP. Note that the active CLiP
concentration in this regime, where only a minor fraction of
the CLiP is actually localized within the membrane, is inde-
pendent of the actual lipid concentration and, hence, not
equivalent to a characteristic lipid-to-CLiP ratio. As
described for liposome leakage (34), membrane receptor
binding of hydrophobic or amphiphilic ligands (35) and,
in great detail, for the inoculum effect on the minimum
inhibitory concentrations (MICs) of membrane-active pep-
tides (36,37), partitioning loses its selectivity effect in a
high-lipid regime where most of the compound is membrane
bound anyway. Moreover, changing the lipid concentration
does not simply shift critical concentrations but reverts elec-
trostatic selectivity. This suggests that electrostatics affect
partitioning and the local activity of the membrane-bound
peptide oppositely additionally to changing lipid concentra-
tion regimes.
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lighted by colored rectangular frames. This color code is used in all subsequent figures. Red stands for viscosin, black for the neutral pseudodesmin A,
and blue for viscosin-E2K. Furthermore, the configurational change of leucine at position 5 between pseudodesmin A and viscosin or viscosin-E2K is high-

lighted in bold print. To see this figure in color, go online.
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MATERIALS AND METHODS
Materials

The phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
was kindly provided by Lipoid (Ludwigshafen, Germany). The phospholipid
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) and the
phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
sodium salt (POPG) were purchased from Avanti Polar Lipids (Alabaster,
AL, USA). We chose liposomes of a mixture of POPG and POPE in a 7:3
mole ratio to mimic the highly negatively charged membrane of gram-pos-
itive bacteria (due to high POPG and cardiolipin proportions) but also re-
flecting the reduced amount of POPE in their membrane compared with
many gram-negative bacteria of interest (38,39). POPC liposomes were
used as a negative control lacking a significant overall surface charge.

Ammonium molybdate tetra-hydrate, calcein, ethylenediaminetetraacetic
acid (EDTA), Fiske-Subbarow reducer, hydrogen peroxide solution 30 wt %,
and Ludox HS-40 colloidal silica were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Chloroform, dimethyl sulfoxide (DMSO), NaCl,
NaOH, HCI and Tris(hydroxymethyl)aminomethane (Tris) were purchased
from Carl Roth (Karlsruhe, Germany). K,HPO, was bought from VWR
(Leuven, Belgium). Ultrapure water used for the preparation of all solutions
was prepared by the Arium pro system (Sartorius, Gottingen, Germany).

The cyclic lipopeptides viscosin and pseudodesmin A were extracted as
previously described (18). The viscosin-E2K analog was obtained using
the total synthesis approach developed for viscosin and other Pseudo-
monas lipopeptides as previously described (27,29). All cyclic lipopepti-
des were solubilized in DMSO and quantified by NMR spectroscopy
(ERETIC methodology based on PULCON as described by Wider and
Dreier (40)). Table 1 shows the amino acid sequence of the cyclic lipopep-
tides and Fig. 1 illustrates their structure.

Liposome preparation

POPC or POPG/POPE (7:3 mole ratio) liposomes encapsulating the self-
quenching fluorescence dye calcein (calcein-LUV) were prepared accord-
ing to an adapted procedure of the thin lipid film hydration method followed
by extrusion (41,42). Doing so, lipids were dissolved in chloroform to pre-
pare suitable lipid stock solutions and subsequently pipetted in desired ra-
tios into 1.5-mL high-pressure liquid chromatography vials (VWR
International, Darmstadt, Germany) utilizing positive displacement pipettes
(Eppendorf, Hamburg, Germany). Chloroform was removed via vacuum
centrifugation at 36°C (RVC 2-18 CDplus, Martin Christ, Osterode am
Harz, Germany) and lipid films were placed under high vacuum overnight.
Next, vials with lipid films were weighed to double-check pipetting
accuracy (Sartorius R180D analytical balances by Sartorius, Gottingen,
Germany), the contained air replaced by inert argon gas, and vials sealed
with parafilm. Lipid films were stored at —20°C or immediately used for
the preparation of large unilamellar liposomes (LUV) loaded with the
self-quenching fluorescence dye calcein.

To this end, lipid films were hydrated with 70 mM calcein buffer (70 mM
calcein, 10 mM Tris, 0.5 mM EDTA, pH 7.4) at room temperature and four
freeze-thaw cycles (dry ice and 50°C water bath) were performed. The lipo-
some dispersion was extruded through a 200-nm polycarbonate membrane
(Whatman Nuclepore) (30x) and then through a 100-nm (51 x) polycarbonate
membrane (Whatman Nuclepore) with a LiposoFast hand extruder (Avestin,

Electrostatics and selectivity of CLiP

Ottawa, Ontario, Canada). To eliminate free calcein, the external calcein buffer
was exchanged for isotonic Tris buffer (10 mM Tris, 110 mM NaCl, 0.5 mM
EDTA, pH 7.4) using a PD-10 desalting column (GE Healthcare, Little Chal-
font, UK). The Z-average of the hydrodynamic diameter (170-140 nm) and the
polydispersity index (<0.1) were measured by dynamic light scattering (DLS)
using a Zetasizer Nano ZS (Malvern Panalytical, Worcestershire, UK). The
final phospholipid concentration was determined according to the Bartlett
assay (43) by the colorimetric determination of inorganic phosphate. The cal-
cein-LUVs were stored at room temperature to avoid phase transition.

Quantification of calcein leakage by TCSPC

Calcein release from calcein-LUVs (i.e., membrane permeabilization)
triggered by the CLiP viscosin, pseudodesmin A, or viscosin-E2K was
measured via time-correlated single-photon counting (TCSPC) with a
FluoTime 100 spectrometer (PicoQuant, Berlin, Germany) as described
(44,45). The fundamentals of TCSPC are discussed comprehensively else-
where (46).

Briefly, the instrumental setup consisted of a 467-nm pulsed-laser diode
(LDH-P-C-470, PicoQuant, Berlin, Germany) operated by a PDL 800-D
laser driver (pulse width, 20 ps; repetition rate, 20 MHz) for excitation.
Emitted photons were detected at >530 nm (OGS530 longpass filter
included) by a PMA 175-N detector (PicoQuant, Berlin, Germany) and at-
tenuators set to ensure a detection rate of <200 kHz (1% of excitation
pulses). The fluorescence decay of the fluorophore calcein was acquired
for 30 s (resolution of 25 ps per bin). The instrument response function
(IRF) was measured using a Ludox HS-40 scattering standard and reconvo-
luted with bi- or triexponential decay functions to fit the experimental data.

Due to the self-quenching properties of calcein, the fluorescence lifetime
of calcein depends on its concentration. The presence of two distinct calcein
populations with different local dye concentrations was assumed for data
evaluation. The first calcein population is represented by the calcein entrap-
ped inside the liposomes (i.e., high local calcein concentration) and charac-
terized by a shorter fluorescence lifetime due to collisional and static
quenching effects. At our experimental conditions (70 mM calcein buffer),
samples with no calcein release yielded lifetimes of =0.4 ns for this
population. The second calcein population is the free calcein (i.e., less
concentrated) displaying a longer fluorescence lifetime due to low or no
self-quenching effects. In our case, full calcein leakage (i.e., 100% mem-
brane permeabilization) corresponded to a calcein concentration of about
5 uM and thus to a fluorescence lifetime of =4 ns for this free population,
whereas partially diluted entrapped calcein yielded intermediate lifetimes
between 0.4 and 4 ns. Obviously, it is a marked simplification to assume
that there are only two calcein populations present in a sample, as the cal-
cein-LUVs are most likely to leak to varying extents. However, the free
biexponential data modeling yielded the best and most stable fits over triex-
ponential data evaluation. Therefore, the fluorescence lifetime decays were
fitted biexponentially according to Eq. 1, including reconvolution of the
IRF with the FluoFit software by PicoQuant (Berlin, Germany), and good-
ness of fit was judged by calculating reduced .

B(t) = Bp+e %+ Bpee (1)

The fitted pre-exponential factors Bg and B correlate with the amount of
entrapped and free calcein, and the corresponding fluorescence lifetimes are

TABLE 1 Amino Acid Sequence of the Cyclic Lipopeptides

CLiP FA Amino Acid Sequence

Viscosin B-OH Cq L-L D-E* D-aT D-V L-L* D-S L-L D-S L-I
Pseudodesmin A B-OH C,q L-L D-Q* D-aT D-v D-L* D-S L-L D-S L-I
Viscosin-E2K B-OH Cq L-L D-K* D-aT D-V L-L* D-S L-L D-S L-I

Asterisks (*) indicate changes in the sequence.
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denoted by Tg and T, respectively. Therefore, we may quantify the amount
of released calcein, denoted as calcein leakage L, upon addition of the
membrane-active CLiP to the sample by the following Eq. 2:

Br — Brg

L =
Br — Bro + Osiar * B

(@)

Bro represents the amount of free calcein in a given batch that is found in
samples without any leakage due to incomplete removal of free calcein by
size exclusion chromatography. The self-quenching properties of calcein
are mostly determined by dynamic (collisional) quenching as the Stern-
Volmer constant of static quenching with Kg = 0.005 mM " is significantly
lower compared with that for collisional quenching, K, = 0.13 mM ™' (44).
Static quenching is considered by a small empirical correction factor
Qstar = 1.2 = 0.2 (44).

Sample preparation for leakage experiments with viscosin and viscosin-
E2K followed a lipid-into-peptide mixing protocol (34,47-49). If appli-
cable, this protocol is preferred since it avoids the possibility of irreversible
binding or leakage effects due to transient, higher peptide concentrations in
the process of mixing of liposome and peptide samples. To be precise, Tris
buffer and CLiP were pipetted into disposable fluorescence cuvettes
(Sarstedt, Niimbrecht, Germany), mixed, and small volumes of a calcein-
LUV suspension were subsequently added to the peptide solution.

Sample preparation for leakage experiments with pseudodesmin A had to
be adjusted to a reversed, peptide-into-lipid mixing protocol due to its low
solubility in buffer, as described (18,45). Here, buffer and calcein-LUV
were pipetted and mixed in disposable fluorescence cuvettes first, followed
by the addition of pseudodesmin A to the lipid dispersion. This protocol re-
quires a validation because it does not a priory eliminate the possibility of
transient local peptide concentration differences, which might cause
enhanced leakage or equilibrate only slowly once the peptide is bound
anywhere. Fortunately, for pseudodesmin, this validation excluding mixing
errors has been carried out already in a previous study (45), showing
leakage errors due to slow peptide redistribution (occurring on a minute
timescale (<30 min)) to be of maximum = 10%.

Performing an equi-activity analysis

The procedure is described in detail elsewhere (41,44,45,50,51). Briefly, cal-
cein-LUVs (POPC or PG/PE) at varying lipid concentrations of 30, 100, 200,
and 300 uM were incubated with respective amounts of membrane-active
CLiP (i.e., either viscosin, pseudodesmin A, or viscosin-E2K). Doing so,
the mass of lipid was kept constant for all samples, only the amount of buffer
and CLiP, respectively, were adapted to create different lipid and peptide
concentrations during the incubation time. All samples were incubated under
the exclusion of light in disposable fluorescence cuvettes (Sarstedt,
Niimbrecht, Germany) on a rotating shaker (400 rpm, 25°C) for 1 h. Subse-
quently, buffer was added to each sample to reach a total volume of 1.4 mL
prior to TCSPC measurement, resulting in a consistent final lipid concentra-
tion of 30 uM, also rendering calcein concentration and turbidity effects con-
stant for all measurements. Moreover, a sample series containing only 1 puM
lipid in 1.4 mL was investigated without top-up containing only a third of
lipid and of the fluorophore calcein.

The data are then analyzed via an equi-activity analysis determining uni-
versal leakage curves and partitioning isotherms. The following five steps
briefly summarize the procedure.

First, calcein leakage for each lipid concentration series is plotted versus
its corresponding CLiP concentration, just like in standard dose-response
curves. Second, the CLiP amount needed to trigger a certain leakage
(L) at a certain lipid concentration (c ), can be read from the plot by inter-
polation. If there is no third compartment where peptide could be localized
(e.g., precipitates), the mass balance of the peptide requires the total pep-
tide, cp to represent the sum of the free peptide, cp*?, and the membrane-
bound peptide, cp” with ¢cp? = Reecy:
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CP(L) = Re(L) ccp+ Cpaq(L) (3)

R. describes the effective molar ratio of peptide per lipid within the membrane.

The argument (L) reminds one that, in the equi-activity plot, all data
pairs cp, ¢, of one line were selected to correspond to the same leakage,
L. Under the fairly robust assumption that leakage is a property of the
membrane composition, i.e., each L within the sensitive range, say
10%-80%, corresponds unequivocally to an (unknown but specific) R,
Eq. 3 represents a straight line with a slope R. and ordinate intercept
cp™ for any L selected.

Third, plotting leakage as a function of R, yields a universal leakage
curve describing a compound’s local damage contribution to the overall
membrane permeabilization independently of its partitioning behavior.
Fourth, the y intercept of the linear regression yields the concentration of
the not-membrane-bound CLiP (cp'?) and can be used to calculate the
apparent membrane-water partition coefficient, K:

b
c R,
P e
K=—"72==% “4)
cL e Cp Cp

Of the several definitions of partition coefficients (52), the most suitable
one for this study is the apparent mole-ratio-based value (see Eq. 4) in a
reciprocal form, which practically represents a dissociation constant in a
concentration unit. That means, at the lipid concentration cp that
is equal to K~!, just half of the overall peptide is membrane bound
(5 = 0.5cp). Additionally, at ¢;, > K~ !, virtually all peptide resides
in the membrane.

Table 2 provides an overview of all variables and their meaning.

Cumulative leakage kinetics

TCSPC measurements were carried out to quantify CLiP-induced calcein
leakage of neutral POPC calcein-LUV or negative PG/PE calcein-LUV
over a time period of 24 h.

The final lipid concentration in all leakage kinetics samples was 30 M.
All samples were kept on a rotary shaker (400 rpm; 25°C), always pro-
tected from light. TCSPC measurements were performed immediately
upon addition of calcein-LUV and after 10 min, 30 min, 1 h, 2 h, and
24 h. For controls, samples containing only buffer and calcein-LUV but
no CLiP were prepared. The final DMSO concentration never exceeded
3 vol %. Reference experiments (tested DMSO concentrations from
1-20 vol %) indicated that <5 vol % DMSO did not affect calcein
leakage significantly.

TABLE 2 List of all Variables Used in Equi-Activity Analysis

Variable Unit Meaning
cp M total peptide concentration
e’ M concentration of membrane-bound peptide
cpd uM concentration of free, not membrane-bound peptide
in aqueous solution
L % calcein leakage: fraction of dye having leaked out
after a defined time
cp (L) M total concentration of peptide needed to trigger a
given leakage L
cL M lipid concentration
R. effective molar ratio of membrane-bound peptide per
membrane lipid
RS° R, to cause 50% leakage
K pM! apparent membrane-water partitioning coefficient
K™ M reciprocal of K representing a dissociation constant
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RESULTS overall neutral membrane surface, as controls (Fig. 2 C and
D).

Surprisingly, Fig. 2 A reveals that anionic PG/PE mem-
First, we recorded typical dose-response curves of the neutral branes are preferably attacked and damaged by the anionic
CLiP pseudodesmin A, and of its anionic (viscosin) and  peptide viscosin over the cationic peptide analog viscosin-
cationic (viscosin-E2K) analogs against PG/PE calcein- E2K at 30 uM lipid. The trivial explanation that the E2K-ex-
LUV (Fig. 2 A and B), whose net surface charge (i.e., what change renders the molecule generally inactive, for example
the membrane-active CLiP “encounters” first) is negative. by a change in structure, is ruled out by the finding that vis-
PG/PE calcein-LUYV represent a basic model for the plasma cosin-E2K is, in fact, the most active analog in the control
membrane of gram-positive bacteria. The experiments experiment with zwitterionic POPC liposomes (Fig. 2 C).
were carried out at two fixed lipid concentrations, 30 pM Instead, it appears that, in this case, electrostatic attraction
and 1 uM, after 1-h incubation time. As the main focus in has an inhibitory effect, whereas electrostatic repulsion as
this research is to elucidate the influence of charge of a mem- in the viscosin-PG/PE system boosts activity.
brane-active compound on its membrane activity, we addi- Moreover, the data in Fig. 2 A and B show that changing
tionally included simple POPC calcein-LUYV, presenting an the lipid concentration of the anionic PG/PE LUV does not

Counterintuitive dose-response curves
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FIGURE 2 Calcein leakage as percentage shown as a function of increasing CLiP concentrations (uM) after 1-h incubation time of 30 uM and 1 uM PG/PE
calcein-LUV (A and B) and of 30 uM and 1 uM POPC calcein-LUV (C and D). Red minuses represent viscosin-triggered (negatively charged), black circles
pseudodesmin A-triggered (neutral), and blue crosses viscosin-E2K-triggered (positively charged) calcein leakage in PG/PE calcein-LUYV, respectively. Sym-
bols (red minuses, open black circles, and blue pluses) in circles represent CLiP-triggered calcein leakage in POPC calcein-LUYV, respectively. Lines are to
guide the eye. To see this figure in color, go online.
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simply shift the dose-response curves along the concentra-
tion scale, as would be expected and is demonstrated by
the POPC control (Fig. 2 C and D), but switches their order.
Although, at 1 pM lipid, the cationic peptide viscosin-E2K
is more active against the anionic membrane as one tends to
expect, this selectivity is reversed at 30 pM.

The membrane activity of the neutral compound pseudo-
desmin A remains virtually the same against both lipid bila-
yers at 30 uM but is more active against PG/PE membranes
at 1 M.

So what interactions are responsible for a CLiP’s mem-
brane activity and selectivity? Merely increased partitioning
with the target bilayer due to electrostatic attraction forces or
hydrophobicity is not enough, as demonstrated by the mem-
brane activity data of these three almost identical CLiPs.

Equi-activity analysis to separate partitioning
from local activity effects

The widespread assumption that membranes containing
anionic lipids such as POPG are preferably permeabilized
by cationic peptides is of course based on the effect of elec-
trostatic attraction; i.e., a stronger partitioning of the peptide
from the aqueous solution into the membrane.

To consider partitioning effects explicitly, we have run
more experiments at additional lipid concentrations and per-
formed an equi-activity analysis (see supporting material).
This procedure provides the 1) active peptide contents
within the membrane (i.e., after eliminating partitioning ef-
fects, see next section), and 2) the partitioning isotherm of
the peptide into the membrane, as long as partitioning is
not too strong and aqueous peptide concentrations can be
quantified well.

Partitioning isotherms

Fig. 3 shows the resulting membrane dissociation isotherms
of the three CLiP analogs with negatively charged PG/PE
calcein-LUV (A) and neutral POPC calcein-LUV as control
(B). For proper statistics, only truly independent points are
shown, typically the ones corresponding to 20%, 40%,
60%, and 80% leakage. As is expected for compounds
with very high membrane affinity (49), i.e., aqueous concen-
trations of a few micromolar or less at given leakage levels,
the equi-activity fits (see supporting material) yield R, with
very low, but cp*® with very large, errors (see Y error bars in
Fig. 3).

Generally, one should expect such an isotherm to show a
linear range at low effective mole ratios of membrane-bound
peptide per lipid, R, (i.e., dilute peptide in membrane). The
slopes of straight lines through the origin represent K. At
high R., the slopes may increase due to electrostatic repul-
sion of the peptide by pre-bound peptide or from a general
destabilization of the membrane; the latter effect also
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FIGURE 3 Membrane partitioning of viscosin (red minuses), pseudodes-
min A (black circles), and viscosin-E2K (blue crosses) with negatively
charged PG/PE calcein-LUV (A) and neutral POPC calcein-LUV (B, sym-
bols in circles). Error bars for the CLiP-to-lipid mole ratio in the membrane,
R., and the concentration of the non-membrane-bound CLiP, cp*? (uM), are
standard errors of the equi-activity analysis. Note that cp™ (uUM) are very
small (<3 uM) and therefore error bars appear large. On the contrary, error
bars for R, are very small and therefore hardly visible. The error-weighted,
linear fits yield K" as shown in Table 3. Gray dotted lines depict cp*? and
R. at arbitrarily chosen K" values to make errors of equi-activity analysis
tangible in the sense of their significance for K. To see this figure in color,
go online.

applying to non-ionic amphiphiles (52). As long as electro-
static effects govern the shape of the isotherm, this can be
modeled quantitatively in terms of the Gouy-Chapman
model and the Stern equation (53-56). For this study, such
a fit was neither needed nor realistic, and so we simply focus
on estimates of the initial slopes.

To begin with, let us have a closer look at Fig. 3 A depict-
ing the partitioning behavior of viscosin, viscosin-E2K, and
pseudodesmin A with the PG/PE calcein-LUV. Table 3 lists
corresponding K~ values. The presence of anionic lipid en-
hances membrane binding of the cationic viscosin-E2K sub-
stantially, illustrated by the decrease in K™' from 9 + 1 uM
for POPC to 2.2 + 0.8 uM for PG/PE. The membrane inser-
tion of the anionic viscosin (Ki1 increased from 3.0 = 0.1
to 15 = 2 uM) is opposed by the anionic lipid.

The neutral pseudodesmin A showed intermediate K '
with a somewhat preferred binding to charged membranes,
which can at least qualitatively be explained by the fact
that insertion of the peptide reduces PG-PG contacts and
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TABLE 3 Membrane Partitioning Described by the Reciprocal
Apparent Mole-Ratio Partitioning Coefficient K~' (uM)

K™ (uM)
Type of Vesicle Viscosin (—) Pseudodesmin A Viscosin-E2K (+)
PG/PE calcein-LUV 15 £2 22 + 0.5 22 £ 0.8
POPC calcein-LUV 3.0 + 0.1 7.8 + 0.6 9 +1

Errors are standard errors of the error-weighted fits of partition isotherms in
Fig. 3 at R, < 0.2 (except for viscosin-E2K-PG/PE: R, < 0.3). To relate
K ! errors to individual error bars of measured cpd(R.), see grid lines in

Fig. 3.

lowers the charge density of the PG/PE membrane, thereby
relaxing electrostatic repulsion between the lipids. All these
findings are therefore perfectly in line with common expec-
tations for electrostatic interactions.

The systematic differences between K~' of the different
peptides for POPC are expected to result from minor differ-
ences in the primary and secondary structure of the peptides,
their positioning within the membrane, and their effect on
neighboring lipids.

Universal leakage curves

The equi-activity analysis also produces a so-called univer-
sal leakage curve. It visualizes membrane leakage as a func-
tion of the local content of membrane-inserted peptide per
lipid in the membrane (mole ratio R,), and, hence, it is inde-
pendent of partitioning effects. To give one example, a
CLiP-to-lipid mole ratio of R.>* = 0.1 means that 10 mem-
brane-bound CLiP molecules per 100 lipids are needed to
cause 50% membrane leakage of the vesicle after a defined
time. The term “universal” indicates that this curve (and,
e.g., R.>") does not depend on the lipid concentration
used in the assay. The universal leakage curves of POPC
calcein-LUV and PG/PE calcein-LUV are shown in Fig. 4
and the R.>° values for each system are given in Table 4.

First of all, it is striking that CLiP charge has opposing
effects on CLiP partitioning and CLiP-triggered local mem-
brane damage. The open-circled plus symbols in Fig. 4 indi-
cate that, in the absence of electrostatic interactions between
net-charged lipids and peptides, i.e., for POPC, viscosin-
E2K needs the lowest content in the membrane to initiate
leakage, followed by the neutral pseudodesmin and the
anionic viscosin. Strong electrostatic lipid-CLiP repulsion
as for viscosin-PG boosts the permeabilizing activity of
membrane-inserted CLiP (bold red minus signs). Electro-
static attraction between viscosin-E2K and PG substantially
inhibits activity (bold blue plus signs). The value of R.>° =
0.32, needed for viscosin-E2K to finally leak PG/PE 7:3
membranes, converts (as long as all CLiP remains in the
outer leaflet) to a charge ratio of viscosin-E2K:PG of
0.91. This suggests that viscosin-E2K remains essentially
inactive until the membrane surface eventually loses its
negative surface potential.

Electrostatics and selectivity of CLiP

Universal leakage curves
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FIGURE 4 The universal leakage curves depict CLiP-induced membrane
leakage (%) of the negatively charged PG/PE calcein-LUV (viscosin, red
minuses; pseudodesmin A, filled black circles; viscosin-E2K, blue pluses)
and of the neutral POPC calcein-LUV (viscosin, red minuses in circles;
pseudodesmin A, open black circles; viscosin-E2K, blue pluses in circles)
as a function of the respective CLiP-to-lipid ratio in the membrane, R.. Er-
ror bars for R, are standard errors derived by the equi-activity analysis and
hardly visible. Lines are to guide the eye. To see this figure in color, go
online.

Leakage kinetics

Different leakage kinetics have been assigned to principal
modes of action (57-61). Therefore, we tracked calcein
leakage of POPC calcein-LUV and PG/PE calcein-LUV
induced by viscosin, pseudodesmin A, and viscosin-E2K
for 24 h. To facilitate data analysis in terms of charge
impact, we chose a set lipid concentration of 30 uM for
all leakage kinetics experiments.

The key outcome of this experiment is the presence of
fast but limited leakage (i.e., a fraction of dye leaking
out within a few minutes or less, often within the dead
time of our experiment), whereas the other, significant frac-
tion of dye is leaking at a much slower rate, by a different
process.

Let us now examine 1) the fast but limited and 2) the slow
but probably continuous contributions to the traces collected
in Fig. 5. Insertion of, for example, 4 1M anionic viscosin
into anionic PG/PE membranes (A) causes 66% leakage
within 30 min. After 1 day (1400 min), leakage has hardly
increased any further, reaching 71%. In the absence of elec-
trostatic repulsion between the CLiP and a net-negative
lipid, 4.6 uM viscosin (D) causes only 8% leakage after
30 min but the slow progress increasing leakage to 15%
within the following 23 h is slightly stronger than in (A).
Similar observations are obtained at other concentrations,
implying that the electrostatic repulsion within the mem-
brane enhances, in particular, the transient, limited leakage
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TABLE 4 R.5° Values Derived by Equi-Activity Analysis after
1 h of Incubation Time

R.>® Values

Type of Vesicle Viscosin (—) Pseudodesmin A Viscosin-E2K (+)

0.32
0.09

0.08
0.22

0.17
0.18

PG/PE calcein-LUV
POPC calcein-LUV

The standard errors of the equi-activity fit are all below 0.01.

component (1). This is supported by the finding that, in the
case where neither CLiP nor lipid carry any net charges
(pseudodesmin A and POPC membrane, E), the contribution
of the fast component at a comparable concentration of
5 pM (blue line at 24% after 30 min) to the long-term
leakage (60% after 1400 min) gets even lower. Considering
the trace for 6 pM viscosin-E2K in PG/PE membranes, elec-
trostatic attraction appears to inhibit fast, transient leakage
even more strongly than slow leakage. Summarizing, the
long-term kinetic data appear to be consistent in indicating
that the effects of electrostatics on the local damage of the
CLiPs within the membranes, as quantified by Reso, result
primarily from the fast and limited leakage mechanism.
The principal leakage kinetics triggered by the negative
CLiP viscosin seen in Fig. 5 A and D also apply to experi-
ments carried out at 1 uM (see Fig. S13 in supporting mate-

Cumulative leakage of PG/PE calcein-LUV

rial), where we had found selectivity effects to be altered
(see Fig. 2 A and B).

DISCUSSION

Fundamental differences between the high- and
low-lipid regimes

We have demonstrated that the selective action of a given
CLiP against a certain membrane may depend on 1) parti-
tioning and 2) local damage, and that, in the case of viscosin
and its analogs interacting with PG/PE membranes, strong
partitioning (low K™ ') of a CLiP was accompanied by
weak local damage (high R.>®) and vice versa. The balance
between these two effects depends on the lipid concentra-
tion, as demonstrated in Fig. 2 A and B by the reversed mem-
brane activity of viscosin and viscosin-E2K at 1 pM and
30 uM lipid. The dose-response curve at 1 M was found
to be more affected by the electrostatic repulsion of viscosin
and attraction of viscosin-E2K (i.e., partitioning effects) to
the anionic PG lipid in the membrane than at 30 pM lipid.

This phenomenon can quantitatively be explained by the
influence of the two parameters, K 'and Reso’ on the active
peptide concentration causing 50% leakage, cp ', after
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FIGURE 5 The upper row shows cumulative leakage of 30 uM PG/PE calcein-LUYV as a function of time triggered by viscosin (A), pseudodesmin A (B),
and viscosin-E2K (C). The lower row shows cumulative leakage of 30 tM POPC calcein-LUYV as a function of time triggered again by viscosin (D), pseu-
dodesmin A (E), and viscosin-E2K (F). Color code of lines represent tested CLiP concentrations (0 uM CLiP, purple line; highest concentration, red line).

Lines are to guide the eye.
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FIGURE 6 Effect of changing lipid concentration on membrane-active peptide concentration, cp>° (A), and on corresponding total CLiP-to-lipid mole ra-
tios inducing 50% leakage, R>°(B), as a function of the lipid concentration, ¢y . Simulated for the parameters in Tables | and 2. Note that y and x axis are both
on a double logarithmic scale. Vertical bars in (A) indicate K~ values. The cartoons illustrate that, in the low-lipid regime, virtually all peptide is in solution
and the local concentration of cationic peptide (blue dots, D) in anionic membranes (orange circles) is larger than that of anionic peptides (red dots, C) due to
electrostatic attraction. In the high-lipid regime, virtually all peptide is membrane bound anyway and differences between the affinities of cationic

and anionic peptides have no effect on membrane composition (£ and F). Further detail is not required; specific numbers and dimensions are not

meaningful.

standard incubation for 1 h. To recall, Reso describes the
necessary ratio of membrane-bound peptide molecules per
lipid in the membrane to cause 50% vesicle leakage.

50 _ ps0, -1, o
¢ =R°-K <1+K1) ®)

Eq. 5 is a transformation of Eq. 3 and describes the linear
relationship, to which we refer to as equi-activity line, for
the common peptide activity to induce 50% leakage after
1 h.

For discussing the effects of changing the lipid concentra-
tion over orders of magnitude on 1) partitioning (K1) and
2) local damage (ReSO), we plotted the simulated CPSO as a
function of the lipid concentration, ¢, on a double logarith-
mic scale in Fig. 6 A. Fig. 6 B shows the corresponding total
CLiP-to-lipid mole ratios inducing 50% leakage, RSO, after 1
h, with R® = ¢3°/ ¢y, as a function of c.. The curves illus-
trate the reversal of selectivity with increasing lipid concen-
tration: viscosin (red curve) is least active (highest CPSO) at
low lipid concentrations.

The mass balance (Eq. 3) requires that all peptide is either
in aqueous solution (superscript aq) or membrane bound
(superscript b). With the definition of K~ ! given by Eq. 4
used to eliminate either cp” or cp™, it yields:

K71
T <1+%> = (1+T> ©
L

As explained for model membrane leakage (34), ligand
binding to membrane receptors (35), and the MIC assays
of antimicrobials (36,37,62), we may distinguish three
characteristic lipid concentration ranges: 1) the low-, 2)
the high-, and 3) the intermediate-lipid regime.

1. The low-lipid regime: ¢c; < K~ !, see cartoons Fig. 6 C
and D. This applies at lipid concentrations well below
the K~' of a given CLiP so that ¢;/K~' < 1. For
this case, Eq. 6 implies that cp = ¢!, meaning that virtu-
ally all peptide is in aqueous solution and the mem-
brane-bound fraction of the peptide is negligible. In
other words, since there are so few target membranes,
they do not significantly compete for the peptide but
each liposome binds the peptide to a characteristic R,
which solely depends on the strength of peptide parti-
tioning K™', independently of the presence of other
liposomes (i.e., of c). The equi-activity line in Eq. 5
then becomes:

o <K '->=RP K (7)
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Thus, the active, total CLiP concentration (specified, for
example, as cp ") approaches a constant value that scales
linearly with K~'. In this range, preferred partitioning
renders the cationic viscosin-E2K more active against
PG/PE membranes than the negative viscosin, as indicated
by the blue line being lower than the red line in Fig. 6 A
for low ¢y, and illustrated by the cartoons Fig. 6 C and D.

2. The high-lipid regime: ¢ > K1, see cartoons Fig. 6 E
and F. Then cr /K1 >> 1 and, in this case, Eq. 6 implies
that cp =}, and that ¢’ =0. Thus, virtually all peptide is
membrane bound and a further increase in membrane af-
finity would not have any effect on membrane permeabi-
lization. The equi-activity line in Eq. 5 in this case
becomes:

e > K '->c?=R" . )
and R*° = R.*°. Since cp’° (and R*) in this regime do not
depend on K™!, electrostatic attraction of a cationic peptide

to an anionic membrane or the repulsion of an anionic pep-
tide do not affect leakage; i.e., compound selectivity due to
partitioning is lost at high lipid concentrations (see cartoons
Fig. 6 E and F). Only the local damage imposed by a mem-
brane-bound peptide (represented by R, or, more gener-
ally, the universal leakage curve) controls selectivity. This
is the reason for the, at first glance, counterintuitive selec-
tivity of the CLiPs viscosin and viscosin-E2K seen at
30 uM (Fig. 2 A).

3. The intermediate-lipid regime: ¢; = K~ '. This apphes if
cp is within the same order of magnitude as K™ ; i.e., to
the curves in Fig. 6 in the vicinity of the vertical bars.
Given practicable protocols for leakage measurements
(typically, ¢;, > 10 pM) and MIC assays (5x 107 colony
forming units per milliliter according to EUCAST guide-
lines) and common values of K~!, this must be consid-
ered a common case.

The effect of electrostatics on the local leaking
activity of a membrane-permeabilizing peptide

The reversal of peptide selectivity for negative PG/PE
membranes in the high-lipid regime where the effect of
partitioning becomes negligible implies that electrostatic in-
teractions with anionic PG render the membrane-bound,
countercharged viscosin-E2K substantially less active to
leak the membrane. This effect of electrostatics is visualized
in Fig. 7, showing the ratio between R.*° against PG/PE
(electrostatic lipid-CLiP interactions) and against PC (no
such interactions). R ratios were calculated on the basis of
the data in Table 4. For viscosin, the local action is boosted
about threefold (to 36% of the Re5 0) compared with that in
POPC, and, for viscosin-E2K, it is inhibited by about the
same ratio. For R.>® of the neutral pseudodesmin A, it
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FIGURE 7 The effect of electrostatic lipid-CLiP interactions on the
leakage-inducing activity of bound CLiP as quantified in terms of the ratio
between the 50%-leaking mole fractions in anionic and neutral membranes,
R.50 (PG/PE)/R.50 (POPC). Calculations are based on the data in Table 4;
see also lipid-induced shifts in universal leakage curves in Figure 4. The
minus signs in the cartoons represent the negative charges of the peptide
or lipid. The negative CLiP viscosin is shown in red, the positive viscosin
E2K in blue, and the neutral pseudodesmin A in black. A larger area expan-
sion by the peptide causes larger asymmetry stress.

does not matter whether the membrane contains anionic
lipid or not (ratio = 1).

The most prominent, and probably relevant, mode of
action of the peptide shows fast yet limited leakage, which
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is generally accepted to indicate a mode of action based on
asymmetry stress (60). Alternative explanations are ruled
out in a separate section below. As illustrated by the car-
toons in Fig. 7, asymmetry stress builds up as the outer
leaflet is expanded by asymmetrically inserting molecules,
and the inner layer gets stretched to match this expansion.
As the stress reaches a critical level depending on the stabil-
ity of the membrane, the latter undergoes a transient rupture
that causes a translocation of lipid and peptide to the under-
populated inner leaflet, along with a transient leakage of the
membrane. Hence, R, needed for this mode of action de-
pends on 1) the amount of stress induced per molecule, and
2) on the threshold stress needed to activate leakage
(45,63,64). The stress itself is trivially related to the area in-
crease of the leaflet per molecule inserted and, as depicted,
stronger for a peptide repelling its neighbors than for one
attracting them. Furthermore, we may also speculate (45)
that a tightly packed, very cohesive membrane as for visco-
sin-E2K/PG can tolerate more asymmetry stress before
rupturing, an effect that would further increase R.>°.

On longer time scales (hours) and at higher CLiP concen-
trations, other modes of action can come into play, observed
as slow, apparently unlimited leakage processes. Such
phenomena can arise from toroidal pores or pore-forming
oligomers of the CLiP. Both mechanisms would probably
also be affected by electrostatic lipid-CLiP interactions,
but since limited leakage dominates here and gets even
more dominant in the charged membranes, we will not
discuss these in more detail.

The proper way of specifying leakage-inducing
peptide concentrations

The above discussion answers the question regarding the
quantity that should be used to specify the leakage-inducing
concentration and represent, practically, the “canonical” ab-
scissa for dose-response curves. Some authors assume that
the effect of varying lipid concentrations can generally be
limited by normalizing active concentrations to the lipid,
specifying, e.g., the total peptide-to-lipid mole ratio
inducing 50% leakage, R>’. Inspection of Fig. 6 reveals
that this only applies in the high-lipid regime, where R
indeed becomes a characteristic constant, independently
of the lipid concentration. In the low-lipid regime, normal-
ization is misleading and the characteristic property of a
peptide is the absolute concentration at 50% leakage, cp '
If the dissociation constant of the peptide is unknown and,
hence, it is not a priori known whether an assay is carried
out under high- or low-lipid conditions, an experiment
should be repeated at sufficiently different c showing
whether CPSO or R is conserved. In the general case,
providing R.>° and K™™' gives a complete description and
permits predicting R and ¢p°° at any ¢, selected.
Overall, it should be emphasized that, since K de-
pends on the CLiP, the lipid, and the aqueous medium,

Electrostatics and selectivity of CLiP

comparing results for different peptides or membranes
and interpreting in vitro data in view of biological systems
may suffer from the cases representing different regimes.
For example, the bacterial load in clinical infections may
vary over several orders of magnitude (37). This has also
been demonstrated in cell viability studies finding that
the active concentration remains a constant for low-cell-
density experiments but the MIC significantly changes
(up to 100 times) with increasing inoculum density (i.e.,
high cp) (36,37,62).

The mode of action responsible for limited
leakage in the light of the lipid regimes

As for many other AMPs studied before, we have observed
fast leakage of a limited fraction of the dye (see Fig. 5).
Different scenarios have been considered to account for
this phenomenon:

1) Inactive fraction: technically, a fraction of peptide might
become unavailable for leakage of a particular liposome
because it is practically irreversibly bound (slow off-
rate) to another one, precipitated, micellized or whatever.

2) Dilution from outer to inner leaflet: Matsuzaki and co-
workers (57) have shown that limited leakage could
result if leakage needs a threshold value of peptide in
the outer leaflet (e.g., in order to assemble to a pore-
forming oligomer). Then, peptide redistribution to the
inner leaflet after some leakage, or, simply, after some
time (65), could render the local content subcritical for
continued leakage.

3) Leakage by asymmetry stress: the initial preferential
insertion of the peptide into the outer bilayer leaflet
causes an imbalance between the optimal areas of the
outer (expanded) and inner (unchanged) leaflets, result-
ing in mechanical stress and, finally, transient leakage
that disseminates the asymmetry.

An inactive fraction as in 1) would, in particular, be
feasible for a peptide-into-lipid titration as done here for
pseudodesmin A, where liposomes encountering the added
peptide stock first could bind considerably more than their
equilibrium share of peptide, leak accordingly, and poten-
tially retain this peptide. For pseudodesmin A (45) (and
earlier for fengycin (66)), this has been ruled out by testing,
for example, the effect of administering the peptide in
several consecutive steps. Recalling the discussion of the
lipid regimes above, we should add that irreversible binding
should essentially be limited to the high-lipid regime since,
at low lipid, virtually no peptide is bound (and could thus be
immobilized) in the first place. A consistent equi-activity
curve reaching into the intermediate- and/or low-lipid
regime rules out such hidden peptides playing a substantial
role.

The scenario 2 of peptide concentration in the outer
leaflet being diluted below a threshold by peptide
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redistribution to the inner leaflet must be limited to the high-
lipid regime. In the low-lipid regime, the peptide flipping to
the inner leaflet would simply be replaced by peptide bind-
ing from the aqueous solution, so that the local content in
the outer leaflet would not decrease. The finding of limited
leakage at c;, = 1 uM for viscosin/PG, which is clearly in the
low-lipid regime (K~' =15 uM), rules out scenario 2 for
this system.

Of all the modes of action and phenomena that were
described to potentially allow for limited leakage, only the
one based on asymmetry stress as described above can
explain all observations made here.

CONCLUSIONS

Electrostatic attraction between a membrane-active peptide
and the membrane lipid enhances membrane affinity
(reducing the membrane dissociation constant K" but
may, as in the example of viscosin-E2K and POPG studied
here, inhibit the permeabilizing activity per membrane-
bound peptide.

It is crucial for the interpretation of leakage (and antimi-
crobial activity) data to distinguish between low-lipid, inter-
mediate-lipid, and high-lipid regimes. In the high-lipid
regime at ¢;, > K™, virtually all peptide is membrane
bound anyway and partitioning loses its selectivity effect.
This accounts for the counterintuitive observation that the
anionic viscosin is more active against anionic membranes
than its cationic analog viscosin-E2K at 30 pM. In the
low-lipid regime, selectivity is governed by both partition-
ing and local membrane damage.

Electrostatic repulsion in a membrane leaflet increases
the effective lateral area required by the polar groups
and, hence, it increases asymmetry stress (causing tran-
sient leakage) and the spontaneous curvature within a
leaflet (promoting equilibrium leakage). Electrostatic in-
teractions may also interfere with the self-association of
peptides, which might be important for their permeabiliz-
ing activity.
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