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ABSTRACT: It has previously been shown that an amphipathic de novo designed peptide made of 10 leucines and four
phenylalanines substituted with crown ethers induces vesicle leakage without selectivity. To gain selectivity against negatively
charged dimyristoylphosphatidylglycerol (DMPG) bilayers, one or two leucines of the peptide were substituted with positively
charged residues at each position. All peptides induce significant calcein leakage of DMPG vesicles. However, some peptides do
not induce significant leakage of zwitterionic dimyristoylphosphatidylcholine vesicles and are thus active against only bacterial
model membranes. The intravesicular leakage is induced by pore formation instead of membrane micellization. Nonselective
peptides are mostly helical, while selective peptides mainly adopt an intermolecular f-sheet structure. This study therefore
demonstrates that the position of the lysine residues significantly influences the secondary structure and bilayer selectivity of an
amphipathic 14-mer peptide, with S-sheet peptides being more selective than helical peptides.

Because of the increase in bacterial resistance against
conventional antibiotics, the development of new anti-
biotics with novel modes of action is needed to fight against
microbial infections. Ideally, these molecules should act against
a wide range of pathogens and should not induce resistance.
Antimicrobial peptides (AMPs) meet these criteria and thus
are promising candidates. Moreover, several AMPs have shown
antiviral, >™* antifungal,s_7 antitumor,® *° and immunomodula-
tory”' "> activities in addition to important antibacterial
activity.> '

Natural AMPs are secreted by several living organisms and
serve as the first line of defense of the organisms by killing the
pathogens. Even if other mechanisms of action are proposed in
the literature, it is widely accepted that cationic AMPs interact
strongly with bacterial cytoplasmic membranes.'®™"® This
interaction can induce membrane permeabilization responsible
for cell death. Several modes of permeabilization have been
suggested in the literature.'>'>'*7%* In the carpet-like model,
AMPs disrupt the membrane curvature, inducing formation of
micelles in a detergent-like manner.'® The other proposed
models involve pore formation, with differences in the
composition and lifetime of the pores, and in the orientation
of the peptides. The formation of pores in bacterial cytoplasmic
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membranes causes dissipation of the electrochemical gradient
across the membrane, and therefore loss of cell content.>>**
Despite their structural differences (f-sheet, S-turn, or helical
structures), most AMPs have common features."” They are
short (12—50 residues) and possess a net positive charge
(generally +2 to +9), as well as an amphipathic character. In
addition, most linear AMPs adopt a helical structure. AMPs
initially bind to plasma membranes before perturbing the normal
phase behavior of the membrane.*> AMPs bind preferentially to
anionic bacterial membranes instead of zwitterionic eukaryotic
membranes because of the overall cationic character of these
peptides.*® Other factors, such as hydrophobicity and flexibili
are also involved in membrane interaction and selectivity.'”
Despite this selectivity, natural AMPs are often hemolytic and are
therefore not suitable as drugs. It is therefore of great interest to
increase the selectivity of natural AMPs or to synthesize de novo
peptides with enhanced selectivity compared to natural AMPs.
Several studies clearly show that AMP activity against
zwitterionic and negatively charged model vesicles reflects
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Figure 1. (A) Sequences of the neutral base 14-mer peptide and examples of positively charged analogues used in this study. The sequences of other
positively charged analogues are designed using the same concept used for K4 and K4K11. (B) f-Strand diagram and (C) helical wheel projections
showing the distribution of amino acid side chains of the base 14-mer peptide.

activity against humans and bacterial cells.**™* Vesicles
composed of only phospholipids are thus frequently used to
analyze the activity of AMPs and to better characterize their
modes of membrane destabilization because other membrane
or nonmembrane constituents present in biological cells do not
interfere.*

The main approach used in the literature to characterize the
importance of each major factor (hydrophobicity, structure,
flexibility, and position of the positive charge) in the membrane
activity of AMPs is to mutate or change one or several residues
of natural AMP peptides.%’47 However, when the effect of
charged residues is being analyzed, this approach can be skewed
by the presence of other (negatively or positively) charged
residues in the peptide sequence.

In this work, an amphipathic globally neutral peptide (net
charge of 0) was used as a template to study and characterize
the effect of the position of one or two charged residues on its
membrane interaction and selectivity. The base peptide
(hereafter 14-mer) is a non-natural peptide composed of 10
leucines and four phenylalanines substituted with a 21-crown-7
macrocycle (Figure 1A).**7>° This 14-mer peptide is shorter
than the analogous 21-mer peptide, composed of 15 leucines
and six 21-crown-7-phenylalanines. These two peptides adopt
an amphipathic helical structure with the hydrophobic and
hydrophilic sides composed of the leucine side chains and the
crown ethers, respectively. The longer 21-mer peptide is long
enough to span membranes and act as a synthetic ion channel
where crown ethers allow ion relays.51 However, the 14-mer
peptide is too short to span lipid bilayers, and several
biophysical results suggest that this peptide adopts a parallel
orientation at the surface of the bilayers.**™>° This orientation
could cause the nonspecific perturbation of bilayers, inducing
calcein leakage of both zwitterionic and negatively charged
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vesicles, in contrast to the longer 21-mer peptide.** " The
14-mer peptide induces intravesicular leakage by forming pores
according to the sinking raft model mechanism, like many
AMPs.'>*>>* This 14-mer peptide is thus a good template for
characterizing the relationship between the position of
positively charged residues and the selectivity against
zwitterionic and negatively charged vesicles. Peptides with
one leucine residue replaced with a lysine, arginine, or histidine
residue or with two leucine residues replaced with two lysine
residues were synthesized. Analogues with all possible substi-
tutions were synthesized, giving a collection of 75 peptide
analogues. The bilayer destabilizing properties of each peptide
were first analyzed by measuring the calcein leakage of
eukaryotic and prokaryotic mimicking vesicles, i.e., dimyristoyl-
phosphatidylcholine (DMPC) and dimyristoylphosphatidylgly-
cerol (DMPG) unilamellar vesicles. Results show selectivity for
some peptides toward DMPG vesicles. Dynamic light scattering
results indicate that intravesicular leakage is not induced by
micellization, suggesting pore formation. The peptide structure
in the presence of vesicles was then determined by Fourier
transform infrared (FTIR) spectroscopy. The results clearly
indicate a relationship among the position of charged residues, the
secondary structure of the peptides, and their membrane activity.

B MATERIALS AND METHODS

Materials. DMPC and DMPG were purchased from
Avanti Polar Lipids (Alabaster, AL) and used without
purification. Calcein, HEPES [4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid], EDTA (ethylenediaminetetraacetic acid
disodium), TFE (trifluoroethanol), and PMMA [poly(methyl
methacrylate)] cuvettes were purchased from Sigma-Aldrich
(St. Louis, MO). Water used for buffer preparation was distilled
and deionized using a Barnstead (Boston, MA) NANOpurll
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system (resistivity of 18.2 MQ/cm) with four purification
columns. Deuterium oxide was obtained from CDN isotopes
(Pointe-Claire, QC). Sephadex G-50 was purchased from GE
Healthcare Biosciences AB (Uppsala, Sweden). All solvents
were of reagent grade or HPLC (high-performance liquid
chromatography) grade, purchased commercially, and used
without any further purification except for dimethylformamide
(DMF) (degassed with N,) and dichloromethane (distilled).
Fmoc (fluorenylmethyloxycarbonyl)-protected amino acids
were purchased from Matrix Innovation (Quebec, QC). All
other chemicals were of reagent grade.

Peptide Synthesis. The 14-mer peptides (Figure 1) were
prepared by solid-phase synthesis using the Wang resin as a
solid support and N-Fmoc-protected amino acids. N-Fmoc-
21-crown-7-phenylalanine was synthesized as previously
described.>® Coupling of all amino acids was conducted using
HBTU/HOBt [2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethy-
luronium hexafluorophosphate/hydroxybenzotriazole] after a
deprotection with piperidine (20% in DMF). Peptide purity
was checked by reverse-phase HPLC using an Agilent 1050
chromatograph (Agilent Technologies, Santa Clara, CA), with a
gradient of solvents A [90% H,0/5% CH;CN/5% 2-propanol/
0.1% trifluoroacetic acid (TFA)] and B (50% CH,CN/50%
2-propanol/0.1% TFA) over 45 min. Final characterization was
conducted using a model 6210 Agilent time-of-flight mass spectro-
meter (Agilent Technologies) with electrospray ionization.

Peptides are N-terminally free in contrast to the previously
synthesized 14-mer, which was Boc (butoxycarbonyl)-protected
at the N-terminus.****** The effect of N-terminal deprotection
on the leakage properties of the 14-mer peptide was analyzed
with a calcein leakage assay at a peptide/lipid molar ratio of
1/60. No significant difference was measured.

Calcein Leakage Assay. Vesicle leakage was monitored
using an assay based on the dequenching of the water-soluble
and membrane-impermeable dye calcein.’**¥*® DMPC or
DMPG powders were hydrated with 120 pL of buffer containing
100 mM HEPES, S mM EDTA, and 80 mM calcein (pH 7.4) to
give a 40 mM liposomal suspension. This suspension was then
submitted to five freeze—thaw cycles from liquid nitrogen temp-
erature to 37 °C to ensure good lipid hydration. The suspension
was passed 15 times through a polycarbonate membrane
(0.1 ym diameter pores) using a mini-extruder (Avanti Polar
Lipids). Unencapsulated calcein surrounding calcein-containing
LUVs (large unilamellar vesicles) was removed by size exclusion
chromatography at 37 °C using a column filled with Sephadex
G-50 gel swollen in the external buffer [100 mM HEPES and
S mM EDTA (pH 7.4)]. Lipid concentrations were quantified
by the Bartlett phosphate method.®” Vesicles were then kept at
37 °C before their use in leakage assays. The diameter of the
calcein-entrapped vesicles was measured at 37 °C by dynamic
light scattering at a fixed angle (173°) using a laser particle sizer
(Malvern Zeta-Sizer Nano Series, Malvern, Worcestershire, U.I.).

Leakage of calcein from vesicles was followed by measuring
the dequenching of calcein released into the medium.
Fluorescence was recorded using a 4. of 490 nm and a 4.,
of 515 nm on a Varian Cary Eclipse spectrometer (Varian Inc.,
Palo Alto, CA). The temperature was set to 37 °C. In a 1 cm
PMMA cuvette, 3.4 mL of external buffer solution and 50 uL of
vesicle solution were introduced. Stirring and acquisition were
then started. After 1 min, an appropriate amount (10—20 uL)
of TFE or peptide previously solubilized in TFE (at 1 mg/mL)
was added. After 25 min, 10 4L of a 10% Triton X-100 solution
were added to completely solubilize vesicles, and the
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fluorescence intensity after the release of all calcein, I, was
measured at 30 min.

The percentage of calcein leakage was calculated according to
the following equation:

Lnepe = Io — (Irpg — L)

% leakage =
Inax — Io

where I, is the fluorescence intensity at time ¢ after addition
of peptide, I, the fluorescence intensity before addition of
peptide, Irpp the fluorescence intensity at time ¢ after addition
of TFE, I, the fluorescence intensity before addition of TFE,
and I, the fluorescence intensity after addition of Triton
X-100 at 30 min.

Dynamic Light Scattering. DMPC and DMPG vesicles
for these studies were prepared in the same way as for the
calcein leakage assays. However, no calcein was used during
the preparation. The hydrodynamic diameter of DMPC and
DMPG vesicles at 37 °C in the presence or absence of peptides
(added as a TFE solution) was measured by dynamic light
scattering (DLS) with a Zetasizer Nano ZS instrument
(Malvern). The light source was a 4 mW He—Ne laser (633
nm), and the scattered light was measured at an angle of 173°
to the incident beam using an avalanche photodiode detector.

Infrared Studies. Multiple lyophilizations in 10 mM HCl
were first performed on the peptide powder to remove all traces
of TFA.>® Then, dry lipids (2.5 mg) and peptides at a peptide/
lipid molar ratio of 1/60 were codissolved in a chloroform/
methanol mixture (1/1) to ensure thorough mixing. The solvent
was removed under a stream of nitrogen, followed by storage
under vacuum overnight to remove all traces of organic solvent.
The dry sample was hydrated with 10 yL of 100 mM HEPES,
5 mM EDTA (pH 7.4) buffer with 20% (w/w) lipids in
deuterium oxide. The resulting suspension underwent at least
five freeze (liquid N,)—thaw (37 °C)—vortex shaking cycles to
ensure the formation of multilamellar vesicles. For the last cycle,
samples were thawed at room temperature and then placed
between CaF, windows (BioTools Inc., Wauconda, IL).

All spectra were recorded with a Nicolet Magna 560
spectrometer (Thermo Fisher Scientific Inc., Waltham, MA)
equipped with a nitrogen-cooled MCT (mercury—cadmium—
telluride) A detector. A total of 128 scans were averaged at
each temperature with a resolution of 2 cm™. For recording
transmission spectra, the CaF, windows containing the samples
were inserted in a thermoelectrically regulated homemade cell.
All data manipulations were performed with Grams/Al 8.0
(Galactic Industries, Salem, MA). The spectra were corrected
for the water vapor and CaF, contribution by subtraction of a
reference spectrum. The 1790—1550 cm™ spectral region was
baseline-corrected using a cubic function. Non-amide I
contributions (ester carbonyl and 1610—1550 cm™" regions)
were subtracted using a peak fitting procedure.

Spectral decomposition was conducted in such a way that the
number of components was minimized, with a result of four to
six bands, and the observations made from the second-
derivative spectra were respected. Spectra were decomposed
using mixtures of Lorentzian and Gaussian line shapes. The
limits for the different amide I’ components and their structural
assignments were chosen according to Goormaghtigh et al.*®
and were 1612—1626 and 1682—1695 cm™" for intermolecular
P-sheets, 1627—1638 cm™ for f-sheets, 1650—1659 cm™" for
a-helices, and 1660—1682 cm™! for turns.
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Figure 2. Percentage of calcein leakage from DMPG (left) and DMPC (right) vesicles as a function of peptide/lipid ratio (top). The percentage is
calculated from the fluorescence intensity measured after 25 min (just before the addition of Triton X-100). Percentage of calcein leakage from
DMPG (left) and DMPC (right) vesicles at a peptide/lipid ratio of 1/60 as a function of time (bottom). The peptide was added at 1 min. Triton X-
100 was added at 25 min. Legends for the four panels: base 14-mer peptide (black), 14-mer with lysine in position 4, K4 (green), and 14-mer with

lysine in position 5, KS (red).

B RESULTS

Calcein Leakage. Calcein leakage is a well-established
assay for studying vesicle permeabilization.*® In this assay, a
change in the fluorescence of self-quenched vesicle-entrapped
calcein is related to calcein release in the external medium. We
used this assay to measure the propensity of the base peptide
14-mer and its derivatives bearing one or two positively charged
residues depicted in Figure 1 to induce leakage of DMPC and
DMPG vesicles. The base 14-mer peptide induces significant
calcein leakage of DMPC and DMPG vesicles even at a peptide/
lipid ratio of 1/1000 (Figure 2, top). The leakage percentage
increases up to a peptide/lipid molar ratio of 1/60, where a
plateau is observed. The maximum levels of intravesicular
calcein release of DMPC and DMPG vesicles are 95 and 98%,
respectively. The 14-mer peptide with lysine at position §, i.e.,
KS, also induces significant calcein leakage of DMPC and
DMPG vesicles (more than 99% at a peptide/lipid ratio of
1/60). At a lower peptide/lipid molar ratio (between
1/1000 and 1/100), the extent of leakage induced by KS is
larger than that induced by the base 14-mer peptide with a more
pronounced effect on DMPC vesicles. The larger difference
observed is confirmed by the study of the rate of leakage at a
peptide/lipid ratio of 1/60 (Figure 2, bottom). Indeed, the
leakage of DMPC vesicles in the presence of KS is faster than in
the presence of the base 14-mer peptide, while no significant
effect on the rate of leakage with DMPG vesicles is noted.

The peptide with the lysine residue at position 4, i.e., K4, also
induces a large amount of leakage of anionic DMPG liposomes
(97% of calcein release at a peptide/lipid molar ratio of 1/60).
The leakage induced by K4 is similar to that of KS (maximum
leakage obtained within S min), indicating a fast perturbation
of DMPG bilayers (Figure 2, bottom). However, K4 has no
significant effect on zwitterionic DMPC vesicles even at a
peptide/lipid molar ratio of 1/60 (5% of calcein release).

Calcein leakage of DMPC and DMPG vesicles induced
by other peptides containing one positively charged residue
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(Lys, Arg, and His) was also studied at a peptide/lipid molar
ratio of 1/60. Figure 3 clearly shows that peptides containing
a positively charged residue near a crown ether phenylalanine

100
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% leakage
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Position of the positively charged amino acid
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Figure 3. Percentage of calcein leakage of DMPG (top) and DMPC
(bottom) vesicles induced by 14-mer with one charged residue at a
peptide/lipid ratio of 1/60 as a function of the charged residue
position. Leakage is shown with respect to the positively charged
residue position when the peptide is in its helical form: red for the
14-mer with lysine, yellow for the 14-mer with arginine, and blue for
the 14-mer with histidine.

dx.doi.org/10.1021/bi201335t1Biochemistry 2011, 50, 9409—9420



Biochemistry

residue when the peptides adopt a helical conformation
(positions 3, 5, 10, and 12) induce significant leakage of both
DMPC and DMPG vesicles. However, the farther the charged
residue is from the crown ether phenylalanine side of the helix
(Figure 1C), the lower the percentage of leakage of DMPC
vesicles. Peptides inducing the least leakage are those in which
the charged residues are located on the opposite side of the
crown ether phenylalanine residues when the peptide adopts a
helical conformation (positions 4, 7, 8, and 11). This relation-
ship between the position of the positively charged residue and
the leakage percentage of DMPC vesicles is observed whatever
the nature of the charged residue. Interestingly, the charged
residue position has no significant effect on the leakage of
DMPG vesicles. Indeed, all peptides induce a significant leakage
(>90%) at a peptide/lipid molar ratio of 1/60 (Figure 3). For
the rest of this study, only peptides with lysine residues as
positively charged residues were used.

Tables 1 and 2 compare the calcein leakage of DMPG and
DMPC vesicles induced by peptides containing one or two

Table 1. Percentages of Calcein Leakage of DMPG Vesicles
Induced by 14-mer Peptides with or without Lysine Residues”

position of first lysine

position of
second lysine 1 3 4 S 7 8§ 10 11 12 14

no lysine 94 98 97 >99  >99 >99 >99 93 99 94

1 - - = — - — - - - -
3 98 - - - - - - - - -
4 98 95 - - - - - - - -
S >99 90 99 - - - - - - -
7 92 98 98 98 - - - - = -
8 >99 99 98 92 98 - - - - -
10 >99 99 98 96 9 93 - - - -
11 94 91 >99 95 92 9 95 - - -
12 >99 90 98 92 >99 >99 91 95 — -
14 >99 90 99 93 >99 96 98 >99 >99 —

“The measurements were performed at a peptide/lipid ratio of 1/60.
The percentage of calcein leakage induced by the base 14-mer peptide
without lysine is 96%.

Table 2. Percentages of Calcein Leakage of DMPC Vesicles
Induced by 14-mer Peptides with or without Lysine Residues”

position of first lysine

position of
second lysine 1 3 4 S 7 8 10 11 12 14

no lysine 96 97 S >99 41 76 >99 30 99 >99

1 — - - - - - - - -
3 9% - - - - - - - - -
4 99 95 - - - - - - - -
S >99 >99 94 - - - - - - -
7 18 94 3 23 - - - - - =
8 94 59 7 92 3 - = - - -
10 97  >99 84 99 97 §§ - - - -
11 14 48 7 45 3 6 77 - - -
12 9% 98 87 96 64 96 98 98 - -
14 97 96 68 96 97 83 97 st 97 -

“The measurements were performed at a peptide/lipid ratio of 1/60.
The percentage of calcein leakage induced by the base 14-mer peptide
without lysine is 96%.

lysine residues at all possible positions. All peptides, regardless
of the number and position of lysine in their sequence, induce

strong DMPG vesicle leakage [>90% (Table 1)]. However,
leakage of DMPC vesicles is highly dependent on the number
and position of lysines (Table 2). Indeed, even if the majority
of the peptides induce >90% leakage, some peptides induce
much lower levels of calcein leakage of DMPC vesicles. Peptides
such as K4K7, K4K8, K4K11, and K7K11 do not induce
significant leakage. Peptides with one or two lysine residues at
positions 4, 7, 8, and 11, induce the least leakage of DMPC
vesicles. It is important to note that peptides with two lysine
residues at positions 4, 7, 8, and 11 induce less leakage than
peptides with only one lysine residue at those positions,
indicating a cumulative effect. Hereafter, peptides inducing little
leakage of DMPC liposomes are coined selective peptides, while
the others are coined nonselective peptides.

Vesicle Integrity. In this study, DLS was used to investigate
the effect of the peptides on the morphology of the lipid vesicles.
The preparation of the lipid vesicles was the same as that
used for the calcein experiments except that the intravesicular
milieu was devoid of calcein. The results indicate that DMPG
and DMPC vesicles have a diameters of ~111 and ~155 nm,
respectively (Figure 4 and the Supporting Information). Triton
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Figure 4. Size distribution of DMPG (top) and DMPC (bottom)
vesicles without peptides (black) and with K4 (green) and KS (red)
peptides at a peptide/lipid ratio of 1/60.

X-100 is known to induce micellization of vesicles. This
detergent was thus used as a control to mimic membrane
disintegration induced as in the carpet-like model. Addition of
Triton X-100 decreases the signal intensity at values below the
detection limit, indicating formation of small vesicles and
micelles that cannot be detected by DLS (data not shown).
After the addition of selective or nonselective peptides, a peak
corresponding to large unilamellar vesicles is still observed with
only small changes in the corresponding diameter. No peak with
a smaller diameter is noted. These results indicate that the
peptides do not induce intravesicular leakage by micellization of
the vesicles. The change in the diameter of the vesicles, more
often observed as an increase in diameter, can be explained by
the adsorption of peptides on vesicles. This observation can also
be explained by the increase in the dispersity of diameters
observed for some peptide/vesicle samples.

For some samples, a second peak is observed at a higher
diameter (Figure 4 and the Supporting Information). This peak
represents 1—5% of the intensity for DMPG samples and can
represent 20% of the intensity for DMPC samples, as in the
case of K4 (Figure 4). This second peak is observed after the
addition of selective peptides and never after the addition of

dx.doi.org/10.1021/bi201335t|Biochemistry 2011, 50, 9409-9420
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Figure S. Infrared spectra of K4 (green) and K5 (red) peptides in the
presence of DMPC (solid lines) or DMPG (dashed lines) vesicles.
Only the amide I' band (1600—1700 c¢m™) is shown. The
measurements were performed at 37 °C.

nonselective peptides. This peak can be due to vesicle aggrega-
tion and/or fusion® or peptide aggregation.’®

Peptide Secondary Structure. Calcein leakage studies
clearly indicated a relationship between the location of the
positively charged residue or residues and the ability of the
peptide to induce leakage of zwitterionic DMPC vesicles. To
determine if the location of the charged residue or residues has
an effect on the peptide structure, we used FTIR spectroscopy.
The amide I' band is highly sensitive to the secondary structure
of peptides and can be used as an indicator of peptide
structure.®"%>

The structures of peptides with one or two lysine residues
at positions 3, S, 10, and 12 (nonselective peptides) and at

positions 4, 7, 8, and 11 (selective peptides) in the presence of
DMPC and DMPG were thus analyzed through the amide I
band. Figure S shows that the shape of the amide I' band is
different between selective and nonselective peptides. Indeed,
the maximum of the amide I’ band is centered at ~1652 =+
2 em™ for nonselective peptides, which is indicative of a helical
structure. Curve-fitting methods were used to quantify the
proportion of each secondary structure adopted by the
peptides.®® Figure 6 shows that all studied nonselective peptides
are mainly structured as a-helices (50—75%). The structure of
the base 14-mer peptide, which is also a nonselective peptide,
is mainly helical, as well. No significant difference is observed
when the peptides are in the presence of DMPC or DMPG
vesicles. This indicates that the nature of the lipid does not have
a significant effect on the secondary structure of the peptides.

Selective peptides have a different amide I’ band: it is centered
around 1623 + 2 cm™!, which is indicative of an intermolecular
P-sheet structure. The presence of a second peak, around 1690
cm™', confirms the presence of an intermolecular S-sheet
structure. Measurements of each structural component confirm
that selective peptides are mainly structured as intermolecular
P-sheets (40—75%) whatever the nature of the lipid vesicles

(Figure 6).

B DISCUSSION

AMPs constitute a promising way of fighting against multi-
resistant bacteria. Indeed, AMPs have many advantages,
including their broad-spectrum activity (antibacterial, antiviral,
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Figure 6. Percentage of secondary structure adopted by nonselective (left) or selective peptides (right) in the presence of DMPG bilayers at a
peptide/lipid ratio of 1/60 (top). Percentage of secondary structure adopted by nonselective (left) or selective peptides (right) in the presence of
DMPC bilayers at a peptide/lipid radio of 1/60 (bottom). The measurements were performed at 37 °C.
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and antifungal), their rapid and potent bactericidal activity, and
their low level of induced resistance.®* However, despite many
efforts to increase bacterial activity and selectivity, non-natural
or modified AMPs have received Food and Drug Admin-
istration approval for medical applications, and to date, only
one cationic synthetic antimicrobial peptide has demonstrated
efficacy in phase 3a clinical trials.'*'®> A better understanding
of each parameter involved in the activity of antimicrobial
peptides is thus crucial for the development of new AMPs or
peptidomimetics with increased efficiency and selectivity.

The base 14-mer peptide investigated in this study is a good
template for studying the effect of charges and their position on
the activity of a mimic AMP peptide. Indeed, this short peptide
is amphiphilic in its helical form and induces membrane
destabilization, like AMPs. The influence of a positive charge
and its position on its bilayer activity and selectivity is thus not
“perturbed” by the presence of other charged residues.

Only One Positively Charged Residue Can Induce
Selectivity. Our fluorescence results indicate that substitution
at specific locations of only one leucine with a positively charged
residue, namely, lysine, arginine, or histidine, is sufficient to
make the nonselective base 14-mer peptide become selective,
ie., active against negatively charged DMPG vesicles but not
against zwitterionic DMPC vesicles. These results confirm that
cationic character is an important parameter for selective
targeting of AMPs. % Leakage results also show that the 14-mer
peptides with two lysine residues located at positions 4, 7, 8, and
11 have greater bilayer selectivity against bacterial mimic
membranes than analogous peptides with only one lysine at
those positions (Tables 1 and 2). However, previous studies
showed that there is no linear relationship between the number
of cationic charges in peptides and their antibacterial
activity.”***”” Indeed, magainin 2 analogues having a net
charge of +6 to +7 possess stronger hemolytic activity but lower
antibacterial activity than those with a net charge of +3 to +5.%
Therefore, for several antibacterial peptides, an optimum
number of cationic charges was found for selectivity. For the
14-mer peptides, further studies at lower peptide/lipid molar
ratios and with more leucine to lysine substitutions will have to
be performed to determine the optimum number of positively
charged residues for bilayer selectivity.

Importance of the Lysine Position with Respect to the
Secondary Structure of Peptides. Our FTIR results
indicate that the base 14-mer peptide is mainly structured as
an a-helix in the presence of lipid vesicles. This result is in
agreement with previous CD (circular dichroism) experi-
ments.* However, substitution of one or two leucine residues
with lysines can induce important conformational changes in
the peptide. Indeed, the peptide can adopt an intermolecular
P-sheet structure instead of a helical structure, a dramatic change
taking into account modifications made in the amino acid
content. These data indicate that the structure of the 14-mer
peptides is highly sensitive to their sequence. This is mainly due
to their short size and the simplicity of their sequence.

Other peptides with antimicrobial properties also show
structural changes after only one amino acid substitution.*®~”°
For example, a glycine to arginine substitution in a synthetic
ESF1 peptide induces a large increase in the level of f-sheet
structure in the presence of SDS (sodium dodecyl sulfate).%®
In the case of the lysine-modified 14-mer peptides, the fact
that only one substitution can switch the secondary structure
completely suggests that the stabilization energy for helical or
intermolecular f-sheet structures is similar. However, whatever
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the secondary structure adopted, the stability of peptides with
this structure is high enough to sustain a noticeable
temperature variation [infrared results indicate no structural
change for helical and intermolecular f-sheets peptides between
12 and 70 °C (data not shown)].

The formation of intermolecular f-sheet structures is
observed for specific substitutions at positions 4, 7, 8, and 11,
while the peptide remains helical for substitutions at positions
3, 5, 10, and 12. The p-strand diagram and the helical wheel
projection of 14-mer peptides (Figure 1B,C) allow a better
understanding of the role of lysine positions in the peptide
structure. Indeed, leucine to lysine substitutions supporting a
helical structure are close to the hydrophilic side composed of
crown ether phenylalanine residues, therefore increasing the
amphipathic character of the peptides. On the other hand,
substitutions disfavoring a helical structure are located on the
opposite side of crown ether phenylalanine residues when
considering the peptide as helical. However, with these peptides,
lysine residues are close to crown ether phenylalanine residues
when the peptide adopts a f-strand structure. Crown ethers are
known to bind primary ammonium ions quite signiﬁcantly by
hydrogen bonds and electrostatic interactions.’"”" Therefore,
interactions between the side chain of lysines and the crown
ether phenylalanines residues can stabilize structures when in
their proximity. This is the case with the helical form when
lysine residues are at positions 3, 5, 10, and 12 and with the
p-strand structure when lysine residues are at positions 4, 7, 8,
and 11.

Importance of the Peptide Structure with Respect to
Membrane Activity. The combination of our fluorescence
and infrared results indicates that peptides adopting a f-sheet
structure are selective, i.e., inducing leakage of DMPG vesicles
but not of DMPC vesicles. Several natural -sheet peptides are
registered as AMPs. These peptides contain a S-hairpin and are
stabilized by one or several disulfide bonds between cysteine
residues. Few f-sheet peptides having antimicrobial activities
without cysteine (and, so, without disulfide bonds) have been
reported. To the best of our knowledge, only some derivatives
of the natural AMPs lactoferricin and tachyplesin I and the
synthetic 18-residue peptide (KIGAKI);-NH, are linear f3-sheet
peptides with antimicrobial activities.”*~”> Thus, with these
peptides, the p-sheet 14-mer peptides constitute a new class
of linear peptides lacking disulfide bonds selective against
negatively charged membranes. On the other hand, our
fluorescence and infrared results indicate that the helical
14-mer peptides are nonselective. Several other studies show
evidence that helicity of AMPs is more important for activity
against zwitterionic membranes than against negatively charged
membranes.”*’*™7® For example, derivatives of cytolysin,
pardaxin, and melittin with a lower helical content show a
decreased hemolytic activity without a significant change in
antibacterial activity.”””® This relationship between the helical
content and the lytic activity of these derivatives on zwitterionic
membranes was confirmed by lipid vesicle leakage assays.”””
Similar results were also observed for analogues of magainin 2,
crabolin, and model peptides mimicking AMPs 8708081 1y 5
recent paper, Blazyk and colleagues clearly show that positively
charged amphipathic S-sheet peptides display enhanced
selectivity in targeting bacterial cells compared to amphipathic
a-helical peptides, despite the fact that both t};pes of peptides
contain the same number of charged residues.”*

When the peptides adopt an intermolecular -sheet structure,
the hydrophobicity of the AMP accessible surface is smaller
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than when they are helical. Indeed, the oligomerization limits
exposure of hydrophobic areas, while in the helical amphipathic
structure, all hydrophobic residues are concentrated on one
side. Several studies clearly show that an increase in the
hydrophobicity of AMPs induces an increase in the hemolytic
activity and/or of the level of intravesicular leakage of
zwitterionic vesicles.'%*”%%%1755 For example, Wieprecht and
colleagues have shown that most hydrophobic peptides derived
from magainin are more active against zwitterionic vesicles than
less hydrophobic peptides, but that both types of peptides have
no significant activity difference on negatively charged
vesicles.** Other studies have also shown that the influence
of hydrophobicity is stronﬁer for the hemolytic activity than for
the antibacterial activity."”*"*>% Therefore, the relationship
between the helical content of AMPs and their hemolytic
activity can be explained by the hydrophobicity of the peptide
accessible surface. This relationship can also be explained by
a change in the mode of membrane destabilization induced by
f-sheet and helical peptides because of their hydrophobic
accessible surface and/or their length. Whatever the cause, our
results are consistent with those of Shai and Oren,*” suggesting
that peptides inducing membrane leakage via contact with the
acidic phospholipid headgroups do not require a preferable
structure, as long as a certain level of hydrophobicity and a
number of positive charges are preserved.

Is Amphipathicity Necessary? Many studies suggest that
an amphipathic arrangement is important for the activity of
AMPs. Indeed, changing the amino acid distribution to disrupt
the hydrophilic—hydrophobic segregation decreases the
activity against bacteria or bacterial-mimic vesicles of many
a-helical®**>** ™ and p-sheet’>”* structured AMPs. The base
14-mer peptide is amphipathic in its active form, i.e., the helical
form. This amphipathicity is reinforced for a-helical 14-mer
peptides containing one or two positively charged residues
when these residues are located in the hydrophilic side com-
posed of the synthetic crown ether phenylalanines (Figure 1C).
However, 14-mer peptides in their f-sheet conformation are
not amphipathic because each fJ-sheet side contains two crown
ether phenylalanine residues (hydrophilic residue) (Figure 1B).
Because f-sheet peptides are active against only DMPG vesicles
while a-helical peptides are active against both DMPG and
DMPC bilayers, the amphipathicity does not seem to be a
prerequisite for the activity of 14-mer peptides on bacterium-
mimicking membranes. Our results are thus in contradiction
with results obtained in previously cited studies. Interestingly,
other results in the literature are in agreement with ours. More
specifically, it was shown that scrambling the sequence of
natural melittin, model amphipathic a-peptides, or unnatural
oligomers to form nonamphipathic structures produced no
significant change or led to a stronger antibacterial activity,
while decreasing the hemolytic activity.”' ~*

More recently, a new type of AMP, called temporin-SHf, was
demonstrated to have activity against bacteria and yeast but no
hemolytic activity by adopting a nonamphipathic a-helix.”®
Therefore, as already suggested by Blondelle and Houghten,”
the amphiphatic character is more important for hemolytic
potency than for the inhibition of bacterial growth. This could
be explained by the fact that the interaction between
amphipathic peptides or polymers and membranes is favored
for peptides in a surface orientation in which hydrophilic
groups are exposed to the aqueous buffer or lipid headgroups,
while hydrophobic groups are buried in the membrane core.
Electrostatic interactions between the positively charged
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residues of the peptide and the negatively charged headgroups
of negatively charged bilayers could then be less important than
hydrophilic and hydrophobic interactions. However, these
electrostatic interactions are more important in the interaction
of nonamphipathic peptides with membranes. Therefore, as
suggested by Schmitt and colleagues,” it does not seem necessary
to design an amphiphilic secondary structure to generate
oligomers with favorable antibacterial—hemolytic activity profiles.
Our results with 14-mer analogues support this hypothesis.

Mode of Action of Cationic 14-mer Peptides. Previous
fluorescence and solid-state nuclear magnetic resonance
(NMR) studies on the neutral base 14-mer peptide suggested
that this peptide destabilizes the target bilayers not by barrel-
stave or detergent-like mechanisms, but by a pore formation
mechanism similar to the “sinking raft” model."*****>* The
peptide inserts into the bilayer interface to destabilize the lipid
headgroups and induces the formation of torus-shaped pores.

In this study, DLS results indicate that the bilayer destabili-
zation induced by cationic peptides designed from this base
14-mer is not accompanied by the formation of small micelles.
Fluorescence results also show that the critical threshold peptide/
lipid molar ratio for significant leakage is very low (around
1/10000) and is consistent with pore formation, where the
amount of peptide molecules required to disrupt membranes is
smaller than that for peptides acting by a carpet-like mechanism.”®
Thus, as for the base nonselective peptide, selective and non-
selective cationic peptides appear to induce calcein leakage by
formation of pores in the target bilayers, instead of micellization.

In a helical conformation, the 14-mer peptides exhibit a cone
shape because of the presence of the large crown ethers on one
side of the helix. The insertion of these cone-shaped molecules
in the lipid headgroup region can induce a positive curvature of
the bilayer and then increase the formation propensity of
sinking raft pores in DMPC and DMPG bilayers. Even if the
spatial arrangement of aggregated f-sheet 14-mer peptides is not
known, the cone shape of 14-mer peptides is reduced in this
conformation. These differences in the molecule shape suggest
that the mechanism of action of f-sheet 14-mer selective
peptides for inducing torus-shaped pores in DMPG bilayers
could be different from those of the a-helical nonselective
peptides. However, further experiments are required to confirm
this hypothesis.

Are fp-Sheet 14-mer Peptides Good Candidates for
Antibiotics? Previous scattering, calorimetric, and fluores-
cence experiments on natural and non-natural AMPs have
shown that the usual critical threshold peptide/lipid molar ratios
for significant leakage vary from 1/260 to 1/S for different
natural and non-natural AMPs.'”**°~'% This threshold is
1/1000 for monosubstituted active 14-mer peptides in
interaction with DMPG or DMPC vesicles (Figure 2). This
result indicates that, compared to previously studied peptides,
fewer positively charged 14-mer peptides are needed to induce
leakage of lipid bilayers. Moreover, the mode of action of
14-mer peptides is fast. Indeed, the complete leakage of calcein
from DMPC vesicles occurred rapidly [<S min after peptides are
injected (Figure 2)].

The low critical threshold and the fast kinetics suggest that
cationic selective 14-mer peptides may be candidates for develop-
ment of therapeutically useful antimicrobial agents. Moreover,
cationic 14-mer peptides contain non-natural residues, and it
was reported that non-natural molecules mimicking AMPs offer
significant advantages over classic AMPs as therapeutical
agents.104
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