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We report a theoretical and experimental study on a new series of small-sized antibacterial peptides. Synthesis
and bioassays for these peptides are reported here. In addition, we evaluated different physicochemical pa-
rameters that modulate antimicrobial activity (charge, secondary structure, amphipathicity, hydrophobicity and
polarity). We also performed molecular dynamic simulations to assess the interaction between these peptides and
their molecular target (the membrane). Biophysical characterization of the peptides was carried out with
different techniques, such as circular dichroism (CD), linear dichroism (LD), infrared spectroscopy (IR), dynamic
light scattering (DLS), fluorescence spectroscopy and TEM studies using model systems (liposomes) for
mammalian and bacterial membranes. The results of this study allow us to draw important conclusions on three
different aspects. Theoretical and experimental results indicate that small-sized peptides have a particular
mechanism of action that is different to that of large peptides. These results provide additional support for a
previously proposed four-step mechanism of action. The possible pharmacophoric requirement for these small-
sized peptides is discussed. Furthermore, our results indicate that a net +4 charge is the adequate for 9 amino
acid long peptides to produce antibacterial activity. The information reported here is very important for
designing new antibacterial peptides with these structural characteristics.

separating the organism from the environment. They do not have a
specific molecular target or process (as antibiotics), but act on cell

1. Introduction

The increasingly serious problem of resistance to many antibiotics of
medicinal use has reduced the effectiveness of these essential thera-
peutic agents [1-4]. An example is the appearance of resistance to
methicillin and vancomycin [5-8], an increasingly serious worldwide
problem that requires an immediate solution. Many organisms,
including humans, produce a number of broad-range antimicrobial
peptides (AMPs). When these peptides are secreted on the surface of the
epithelium they mount a powerful defense, providing a physical barrier
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membranes leading to cell lysis and death through rupture or alteration
of the membrane topology. Thus, AMPs are highly effective ancient
weapons used by different organisms to combat microbial infections
[9,10]. There is a vast number of AMPs reported to date, with more than
5000 characterized sequences [11]. Having membranes as a molecular
target has some advantages over standard antibiotics, but also entails
some disadvantages. The main advantage is the great structural variety
of these peptides that can produce antibacterial effects which
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subsequently reduces the possibility of developing resistance [9,12].
Regarding the disadvantages, some AMPs suffer from a variety of
pharmacokinetic shortcomings, including poor bioavailability, low
metabolic stability and formulation difficulties due to their size. Addi-
tionally, in the case of long peptides, the process of synthesis is a sig-
nificant problem when trying to convert them into commercial agents.

Due to the great structural variety of AMPs it is very difficult to make
a single classification or categorization. However, there are common
structural characteristics that deserve to be highlighted. In general, they
have a net positive charge of at least +2 (and usually ranging between
+3 to +5), amphipathic chains, residues with a length ranging between
10 and 40 [4] and many have secondary structures type a-helices or
B-sheet, although extended and loop structures have also been deter-
mined in some cases. A wide spectrum of short cationic AMPs, defined as
intrinsically disordered (ID), have no distinct secondary structure in
aqueous solution due to electrostatic repulsion between charged resi-
dues [13-15]. However, when interacting with negatively charged
natural or model membranes, they fold into p-sheets or amphiphilic
helical structures and this conformational transition is often crucial for
destabilizing the membrane and thus executing their biological activity
[16,17]. Moreover, it has been suggested that membrane insertion of
small-size peptides occurs above a critical concentration threshold and
peptide self-assembly is an essential requisite for pore formation [18].
Structural diversity indicates that the mechanism of action of these
peptides on the membrane is complex and goes beyond the mechanism
of pore formation produced by helical structures or the so-called carpet
mechanism [19,20].

On the other hand, from a practical point of view, one limitation for
the therapeutic use of antibacterial peptides is the high costs associated
with the synthesis of long-sized peptides. In addition, their well-known
pharmacokinetic problems seriously reduce their potential therapeutic
utility. An alternative is the development of peptides with 9-11 residues
with antibacterial activity. Indeed, numerous studies have been carried
out on the efficacy of short-sized peptides which have led to the dis-
covery of several short active cationic antimicrobial peptides [21]. Our
research group has reported a number of short-sized peptides with sig-
nificant antimicrobial activities, both antibacterial [22,23] and anti-
fungal [24-28].

Regarding the possible mechanisms of action, there are numerous
studies and reviews on the mechanism of action of large AMPs such as
defensin [29-31], melittin and other peptides of similar size [19,32].
There are also widespread mechanistic studies on peptides with an
“intermediate” size such as protegrin-3 [33]. Penetratin is also included
within this group of intermediate-sized peptides. Although penetratin is

Table 1
Antibacterial activity of peptides 1-9.
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a well-known cell-penetrating agent, antifungal [34,35] as well as
antibacterial activity have been also reported for this peptide [36,37]. In
contrast, there are very few studies on the possible mechanism of action
of peptides with less than 11 amino acids [38]. It is important to note,
that the results of Liu et al. [38] suggest that these short peptides
probably do not share the same mode of action as for large peptides. Our
research group has previously reported a possible mechanism of action
for these short-sized peptides based on molecular dynamics simulation
(MDS) [39]. In the present paper, we report a theoretical-experimental
study on a new series of small-sized AMPs (Table 1), focusing espe-
cially on their mechanism of action at the molecular level. Different
physicochemical parameters modulating antimicrobial activity (charge,
secondary structure, hydrophobicity, amphipathicity and polarity) were
evaluated. The biophysical characterization of peptides was carried out
using different techniques, such as circular dichroism (CD), linear di-
chroism (LD), infrared spectroscopy (IR), dynamic light scattering (DLS)
and fluorescence spectroscopy, as well as model systems for mammalian
and bacterial membranes.

2. Methods
2.1. Peptide synthesis

Synthesis of peptides 1 and 2 was already reported in our previous
works, details about synthesis procedures can be obtained from refer-
ences [24] and [26], respectively. Synthesis of peptides 3-9 was carried
out as follows: solid phase synthesis of the peptides was carried out
manually using an Fmoc Rink Amide AM resin (100-200 mesh, 0.71
mmol/g) with standard Fmoc-strategy. Side chain protecting groups
were the following: Arg (Pbf), Lys (Boc) and Gln (Trt), while the other
amino acids were unprotected. All amino acids were coupled by DIC (N,
N’-Diisopropylcarbodiimide)/HOBt (Hydroxybenzotriazole) agents in
DMF (Dimethylformamide) with a threefold excess of reagents. After 3 h
of coupling, Fmoc-deprotection was performed by piperidine/DMF, 1:4
(V/V) mixture for 5 min then repeated for 25 min. After the last
deprotection step, a mixture of 93% TFA (trifluoroacetic acid), 2.5%
H30, 2.5% TIS (triisopropylsilane), 2% DTT (dithiothreitol) was applied
for the cleavage during 3 h at 0 °C. After the removal of TFA, crude
peptides were precipitated with diethyl ether, dissolved in 50% aqueous
acetic acid and lyophilized.

Purification of crude peptides was carried out using a Phenomenex
Jupiter C18 column with a gradient of H20:ACN 100:0 v/v to H20:ACN
50:50 in the presence of 0.1% TFA at a flow rate of 0.5%/min. Analytical
HPLC measurements of the purified peptides were performed with a

Peptides MIC?/MBC” (ug/ml) (n = 3)
MSSA MRSA EC. LM1-EC LM2-EC PL-YE. MI-SE LM-S. sp
1RQWRRWWQR-NH, (+4) 50/>50 25/50 25/50 12.5/25 12.5/50 25/50 12.5/25 25/50
2 RKFRRKFKK-NH, (+7) >50 >50 >50 >50 >50 >50 >50 >50
3 RQIRRWWM(O)R-NH, (+4) 50/50 50/50 25/50 6.25/25 12.5/25 12.5/25 12.5/25 12.5/25
4 RKIRRKWKR-NH (+7) >50 >50 >50 >50 >50 >50 >50 >50
5 RKIKKRRKKWR-NH, (49) >50 >50 >50 >50 >50 50 >50 >50
6 RQIKIRRMKWR-NH, (+6) >50 >50 >50 >50 >50 50 >50 >50
7 RWKMRRIKIQR-NH, (+6) >50 >50 >50 >50 >50 50 >50 >50
8 RQPRRWPM(O)R-NH,, (+4) >50 >50 >50 >50 >50 50 >50 >50
9 >50 >50 >50 >50 >50 50 >50 >50
RQPKIPRMPWR-NH;, (+4)
Cefotaxime 0.5 0.5 0.5 5 0.5 0.5 12.5 0.5

MSSA: methicillin-sensitive Staphylococcus aureus; MRSA: methicillin-resistant Staphylococcus aureus; ATCC 43300; EC: Escherichia coli ATCC 25922; LM1-EC: LM1-
Escherichia coli; LM2-EC: LM2-Escherichia coli; PI-YE: PI-Yersinia enterocolitica; MI-SE.: MI-Salmonella enteritidis; LM -S. sp.: Salmonella sp.; Cefotaxime: positive control.
The net atomic charge of each peptide is shown in brackets. M(O): methionine sulfoxide.

@ MIC: minimal inhibitory concentration.

> MBC: minimal bactericidal concentration.
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Phenomenex Jupiter C18, column, using different gradient elution
protocols, with a mobile phase 80% acetonitrile, 0.1% TFA, at a flow
rate 1.2 ml/min.

2.2. Antibacterial activity

2.2.1. Microorganisms and media

The strains from the American Type Culture Collection (ATCC),
Laboratorio de Microbiologia (LM), Facultad de Ciencias Médicas,
Universidad Nacional de Cuyo, Mendoza, Pasteur (PI) and Malbran In-
stitutes (MI), Argentina were used: methicillin-sensitive Staphylococcus
aureus ATCC 29213 (MSSA), methicillin-resistant Staphylococcus aureus
ATCC 43300 (MRSA), Escherichia coli ATCC 25922 (EC), LM1-E. coli
(LM1-EC), LM2-E. coli (LM1-EC), PI-Yersinia enterocolitica (PI-YE), MI-
Salmonella enteritidis (MI-SE) and LM-Salmonella sp.(LM-Ssp). Each
strain was cultivated overnight in Miieller-Hinton broth. To obtain the
inocula, adjusted to 1-5 x 105 CFU/ml (colony forming units), we used
the guidelines of the Clinical and Laboratory Standards Institute [40].

2.2.2. Antibacterial susceptibility testing

Minimal Inhibitory Concentration (MIC) to the peptides was deter-
mined by broth microdilution technique [40]. Stock solutions in DMSO
of each peptide were prepared and diluted to give serial twofold di-
lutions that were added to each medium to obtain final concentrations
ranging from 1.56 to 50 pg/ml. The final concentration of DMSO in the
assay did not exceed 1%. Antimicrobial agent Cefotaxime® (Argentia
Pharmaceutica) was included in the assays as a positive control. The
plates (96 wells) were incubated for 24 h at 37° and the effect was
evaluated with a spectrophotometer at 620 nm (Multiskan FC
instrument).

The Minimum Bactericidal Concentration (MBC) test was performed
via inoculation of MIC broth (5 pL) on culture plates containing nutrient
agar. The MIC and MBC values were defined as the lowest peptide
concentrations showing no bacterial growth after the incubation time.
Tests were carried out by triplicate. MIC and MBC values were expressed
in pg/ml.

2.3. Liposome preparation

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-
sn-glycero-3-[phosphorac-(1-glycerol)] (DOPG) were purchased from
Avanti Polar Lipids Inc. and NOF Europe GmbH.

Liposomes of DOPC and DOPC/DOPG (80:20, n/n%) were prepared
by lipid thin-film hydration technique. The required amount of lipids
was first dissolved in a chloroform (LabScan, Hungary)/methanol
(Reanal, Hungary, 50 vol%) solution, and subsequently evaporated
using a rotary evaporator. The resulting lipid film was kept under vac-
uum overnight to ensure the evaporation of residual traces of solvent
and then hydrated with a 10 mM, pH = 7.4 phosphate buffered saline
solution (PBS, Sigma-Aldrich, Hungary) to prepare a 13 mM vesicle
suspension. After freeze-thaw cycles (at least 10 cycles) using liquid
nitrogen and a warm water bath (~40 °C), the sample was extruded (for
at least 11 times) through 200-nm polycarbonate filters (Nuclepore,
Whatman Inc.) with a LIPEX extruder (Northem Lipids, Inc., Canada).

2.4. Circular dichroism (CD) spectroscopy

CD measurements were conducted using a JASCO J-715 spec-
tropolarimeter at 25 + 0.2 °C and a 0.1 cm path length rectangular
quartz cuvette (Hellma, USA). Temperature was controlled by a Peltier
thermostat. CD data were collected by a continuous scanning mode
between 190 and 270 nm for the peptides in buffer and between 199 and
270 nm in the presence of liposomes, at a rate of 100 nm/ min, with a
step size of 0.1 nm, response time of 4 s, four accumulations, and 1 nm
bandwidth. The obtained CD curves were corrected by the spectral
contribution of the blank buffer solution. For the measurements,
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samples were dissolved in 10 mM, pH 7 phosphate buffer. Note that for
samples containing liposomes and/or higher aggregates, signals at low
wavelengths are not reliable due to light scattering, thus these regions
were truncated in the corresponding figures.

2.5. Dynamic light scattering (DLS)

The measurement of the average size and size distribution of lipo-
somes was performed at 20 °C using a W130i dynamic light scattering
device (DLS, Avid Nano Ltd., High Wycombe, UK) provided by a diode
laser (660 nm) and a photodiode detector. A 80 pL sample was dissolved
in PBS and measured in a disposable low-volume cuvette with 1 cm
pathlength (UVette, Eppendorf Austria GmbH). The time-dependent
autocorrelation functions were obtained measuring the samples 10
times (each measurement for 10 s) and were analyzed with the iSize 3.0
software, supplied with the device.

2.6. Attenuated total reflection Fourier-transform infrared spectroscopy
(ATR-FTIR)

ATR-IR measurements were performed with a Varian 2000 FTIR
Scimitar Series spectrometer (Varian Inc., USA) equipped with a liquid
nitrogen cooled mercury-cadmium-telluride (MCT) detector and a
‘Golden Gate’ single reflection diamond ATR accessory (Specac Ltd.,
UK). A 5 pL sample dissolved in PBS was mounted onto the ATR crystal
and spectra were collected from the dry film obtained by slow evapo-
ration of the buffer under ambient conditions. For the measurements, 64
scans were co-added at a nominal resolution of 2 cm™!. After each
measurement, ATR correction was performed. Spectral analysis was
performed using Origin software package (OriginLab, Northampton,
MA, USA). Spectra were smoothed applying the Savitzky-Golay algo-
rithm. Buffer subtraction and baseline correction were also performed.
Peak positions were determined from the second derivative spectra. For
the second derivative analysis spectra were normalized by the area.

2.7. Fluorescence spectroscopy

Spectra were collected using a Jobin Yvon Fluoromax-3 spectroflu-
orimeter at 25 °C in PBS. Spectra were recorded three times, averaged,
and corrected by subtracting a matching blank. For measuring the
intrinsic fluorescence of the peptides, fluorophore Trp was excited at
280 nm and its emission was monitored from 300 to 400 nm. Peptides
alone were tested at 2.5 pM, 5 pM and 7.5 pM, upon consecutive addi-
tion from the stock solution (1 mM in water). Probing liposome binding
of the peptides, the same setup was used in the presence of 100 pM PC or
PC/PG.

2.8. Flow-linear dichroism spectroscopy (flow-LD)

LD spectra were recorded using a JASCO-1500 spectrometer equip-
ped with a Couette flow cell system (CFC-573 Couette cell holder). The
spectra were collected between 190 and 300 nm in 1 nm increments at a
scan speed of 50 nm/min with a total path length of 0.5 mm. The
samples were oriented under a shear gradient of 2270 s!. Baselines at
zero shear gradients were measured and subtracted. Samples containing
60 pM peptides and 800 pM liposomes were measured in 10 mM sodium
phosphate buffer (pH 7.0) containing 45% sucrose. Sucrose can reduce
the light scattering of liposomes by matching their refractive index [41].

2.9. TEM experiments

A 2 pL sample containing 2.54 mM lipid and 195 pM peptide,
respectively, in PBS, was placed onto a golden sample holder, frozen in
liquid Freon at —194 °C and stored in liquid nitrogen. A Balzers freeze
fracture device (Balzers BAF 400D, Balzers AG, Liechtenstein) was used
to fracture the samples at —100 °C. From the fractured surfaces, replicas
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were obtained by carbon-platinum shadowing followed by washing with
surfactant solution and distilled water. The replica was transferred to a
200 mesh copper grid and subjected to TEM imaging.

TEM images were taken on a JEOL JEM-1400 transmission electron
microscope (JEOL Ltd., Japan) operating at 120 kV. Images were
captured routinely at magnifications of x 15,000, x 30,000, and x
60,000, and analyzed with a SightX Viewer Software (EM-15300SXV
Image Edit Software, JEOL Ltd., Tokyo, Japan).

2.10. Molecular simulations

In order to compare the results obtained in these simulations with
those previously reported for peptides 1 and 2, all simulations were
carried out using the same steps and applying the same techniques as
used in references [39] and [42]. A brief description of the methodology
is presented below as well as in Section 3.3 However, a more detailed
description can be obtained the aforementioned references.

2.10.1. Cell membrane model for simulations

A zwitterionic phospholipid bilayer of DPPC composed of 648 DPPC
molecules (324 per leaflet) and 28,526 water molecules of the single
point charge (SPC) [43] was considered the cell membrane model in our
simulations. The reason for choosing a zwitterionic bilayer for the
simulations is based on the results previously obtained for the dynamics
action mechanism [39]. This study demonstrated how small cationic
peptides induce phospholipid segregations of lipid domains prior to
showing lytic activity, when they reach a threshold concentration on the
surface of the cell membrane and then penetrate into the membrane of
the domains that are rich in zwitterionic phospholipids.

2.10.2. MD simulations

GROMACS 4.5.3 [44,45] was the package used to carry out the MD
simulations. All simulations were performed in NPT conditions, using
the algorithm proposed by Berendsen [46] with coupling constants of
0.1 and 1 ps for temperature and pressure, respectively. The simulation
temperature was 350 K, which is above the transition temperature of
314 K of DPPC bilayers [47]. Long-range interactions were simulated
using the Lennard-Jones potential, and the electrostatic interactions
were calculated using the particle Mesh Ewald method [48,49] with a
cut-off 1 nm. Molecular bonds were restrained using LINCS algorithm
[50]. The SPC water model [43] was considered in all our simulations. A
trajectory length of 200 ns was simulated in all the cases studied here.
The force field used in this study was the same as described previously
[39] using the GROMOS 54A7 force field [51] implemented in the
GROMACS package.

3. Results and discussion

3.1. Design strategy, synthesis, and antibacterial activity of new short
cationic antibacterial peptides

The main objective of this work is to understand the mechanism of
action of these short-sized antibacterial cationic peptides (SACP). The
peptides studied in this work have been designed in order to evaluate
different structural properties such as charge, secondary structure, hy-
drophobicity and amphipathic characteristics that allow us to further
understand the interactions with their target (i.e. biomembranes). When
designing the modifications, we only considered the sequence of the
peptides. Hence, the size and type of sequence of the peptide was taken
into account as well as how the replacement of different amino acids
could alter the biological effect of each compound. Table 1 shows the
synthesized peptides and details of their synthesis process are described
in the methods section.

There are previous reports on attempts to determine the possible
mechanism of action of these SACPs by using molecular dynamics sim-
ulations [39]. More recently, the influence of charge on the
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antimicrobial activity of small cationic peptides was evaluated [42]. In
this last study, peptide 1 showed a significant antibacterial activity;
moreover, this peptide has previously been reported as a potential
antifungal agent [24]. However, peptide 2 was found to be inactive
against bacteria [42] and fungi [26]. Consequently, in the present study
peptide 1 and 2 are ideal as reference sequences in antibacterial activity,
and therefore have also been tested under the same conditions as the
other peptides in this study (see Table 1).

Some amino acids have been found to increase activity in general;
among them Lys, Arg and Trp are the most cited [52-54]. It also has
been observed that arginine and lysine substitutions are more effective
when complemented with tryptophan (W) because it can act as hydro-
phobic counterpart, balancing the cationic charge provided by Arg (R)
and Lys (K). On the other hand, it is well-known that Pro (P) has the
characteristic to alter the secondary structure of peptides. Thus, the
structural changes performed in peptides evaluated have been mainly
carried out adding or changing the above-mentioned residues.

Peptide 3 is an analogue of 1, in which two amino acids have been
replaced, namely Ile (I) by Trp (W) and Met (O) by Gln (Q). As expected,
this peptide showed significant antibacterial activity (Table 1). In fact,
its activity is very similar to that of peptide 1. It should be noted that
peptide 3 has a net charge of +4 and the same number of hydrophobic
residues as peptide 1. In general, the MBC values were about 2-fold
higher than the final MIC of each active peptide.

Peptides 4-9 are analogues of 3 with different modifications in their
sequences. Peptide 4 is an analogue of 3 in which three amino acids (Gln,
Trp and Met (O)) have been replaced by lysine residues in order to in-
crease their positive charge increase from +4 to 47, while in Peptide 5
we added two additional Lys (K) residues giving it a +9 charge. We also
synthesized peptide 6, which is structurally related to peptides 1 and 3,
in which two Lys (K) residues have been added into the central portion
of its sequence giving it a charge of +6. It should be noted that peptides 5
and 6 have eleven residues instead of nine as in peptides 1 and 3. These
peptides have been designed in order to gradually increase their cationic
charge: +6 (peptide 6), +7 (peptide 7) and +9 (peptide 5). In peptide 8,
two residues (Ile and Trp) have been replaced by Pro (P), whereas in
peptide 9, three Pro residues have been included in its structure. Our
main objective when making these changes was to alter the secondary
structure of these peptides.

Once we synthesized these peptides, our next step was to evaluate
their antibacterial activities. These results are shown in Table 1. Some of
the results obtained here were expected, such as the lack of activity of
peptide 5 due to its excessive positive charge (+9). Similarly, the lack of
activity of peptides 8 and 9 was also somewhat predictable due to the
presence of Pro residues affecting their respective secondary structures.
However, the lack of activity of peptides 4 (+7), 6 (+6) and 7 (+6) was
an unexpected result, because there are many peptides reported as
antibacterial compounds that have a net charge +6 or +7. The impor-
tance of net charge in the antibacterial activity of these peptides is well-
known. However, for these short-sized peptides the load-hydrophobicity
ratio as a function of the number of residues seems to be even more
delicate than in the case of long-sized peptides. To further understand
these results, we carried out more specific structural studies including
experimental techniques and molecular simulations, for which the four
most characteristic peptides of this series were selected (compounds 1,
2, 5 and 6). It should be noted that for this study we chose an active
peptide (compound 1) and three inactive ones (peptides 2, 5 and 6).

3.2. Structure, morphology and membrane affinity of SACPs

3.2.1. Peptide structural changes assessed by circular dichroism
spectroscopy

Some active peptides change their secondary structures upon inter-
action with the lipid bilayer [55]. CD spectroscopy was used to monitor
the peptide secondary structure both in buffer solution and in the
presence of dioleoylphosphatidylcholine (PO) and
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dioleoylphosphatidylglycerol (PG) liposomes, as simple models of
mammalian and bacterial membranes, respectively. As mentioned
above, selected peptides 1, 2, 5 and 6 can be considered the most
representative of the series, according to their number of residues,
charge and biological activity. The 9-mer peptides 1 (+4) and 2 (+7) are
regarded as references for active and inactive peptides, respectively. The
11-mer peptide 5 is characterized by its highest positive charge (+9)
which could be the cause of the expected lack of antimicrobial effect. On
the other hand, peptide 6 (+6) resulted surprisingly inactive, even
though it is structurally closely related to peptides 1 and 3. The CD
spectra of peptides 1, 2, 5 and 6 are shown in Fig. 1a-d. Peptide 1 has
distinctive spectral features compared to the other studied peptides. The
CD spectrum of peptide 1 (Fig. 1a) dissolved in buffer is constituted by
two negative bands with a minima located near 200 nm and 225 nm and
a maxima around 215 nm. These spectral features have been attributed
to the stacking of adjacent Trp residues or their interaction with the
peptide backbone [56]. Indeed, aromatic side chain chromophores have
non-negligible contributions in the range 180-230 nm due to the intense
n-n* transitions and their closer vicinity to the peptide backbone
compared to other amino acids. This strong contribution from the aro-
matic side chains impeded the estimation of the peptide's secondary
structure and only qualitative information could be deducted. CD
spectra showing this spectral profile have been interpreted as p-turn
structures in Trp-rich peptides which, however, also contain proline
residues that are more likely to fold [57-59]. CD spectra of the inves-
tigated peptides were also recorded in the presence of liposomes. To
retain a consistent peptide to lipid ratio for all methods employed, to
maximise spectral intensities and to simultaneously avoid high light
scattering due to liposomes, the peptide to lipid ratio of 1:13 was
determined as a compromise and used throughout the study unless
noted otherwise. The spectrum obtained for peptide 1 after adding
neutral PC vesicles is slightly shifted to lower values, probably indi-
cating weak electrostatic interactions with the zwitterionic lipid bilayer.
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Note that different spectral variations were observed upon addition of
PC/PG liposomes. In this case, the significant decrease in intensity of the
minima at ~226 and ~199nm and the increase of the maxima at ~212
nm, which also slightly shifted downwards, is suggesting a stronger
interaction with the negatively charged membrane and possible aggre-
gation (Fig. 1a). In this case, structural variations could be determined
by electrostatic attractions between the basic residues and the nega-
tively charged PG head groups, together with hydrophobic interactions
between the aromatic side chains and the bilayer non-polar central
portion [60].

The CD spectra for peptides 2, 5 and 6 displayed a similar spectral
profile characterized by a single negative band around 197-200 nm,
which is characteristic in disordered peptides [61] (see Fig. 1b-d).
Peptide 2 is also characterized by a positive band at ~220 nm that could
be due to the aromatic Phe side chains [62] and is slightly shifted to
lower values in the presence of PC/PG (Fig. 1b). In contrast to peptide 1,
peptides 2, 5 and 6 did not show significant variations in the presence of
lipid membranes compared to the buffer solution. However, in the case
of peptide 5 the spectral intensity slightly reduced with the addition of
PC/PG, probably suggesting moderate aggregation (Fig. 1d).

Results from CD investigations revealed remarkable spectral changes
for peptide 1 in the presence of lipid membranes, especially for the
negatively charged PC/PG vesicles. Conversely, spectral profile of pep-
tides 2, 5 and 6 did not experience significant variations in the presence
of lipid vesicles, although minor changes were observed for peptides 2
and 5 upon addition of negatively charged membranes. It is noteworthy
that peptide 1 is the only tested compound active against several bac-
terial strains (Table 1), most likely due to its peculiar ability to interact
with negatively charged membranes, as suggested by CD investigations.

3.2.2. Peptide-induced liposome aggregation
The aggregation propensity observed for peptide 1 and, to a lesser
extent, for peptide 5 (Fig. la and c) was also monitored by DLS
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measurements. In the case of neutral PC vesicles (Fig. 2a), the correla-
tion functions were comparable for all the studied peptides and indi-
cated an average diameter of ~160 nm, the size of the liposome.
Conversely, a significant shift toward higher decay times can be
observed for PC/PG vesicles in the presence of peptides 1 and 5 (Fig. 2b),
indicating the formation of larger assemblies. Indeed, hydrodynamic
diameter values in the low-micrometer range were calculated for pep-
tides 1 and 5 (Table 1 SI). Based on the calculated size distribution,
however, the peptide-induced-effect on liposome size is the most pro-
nounced for peptide 1. Thereby, DLS results support the formation of
molecular aggregates upon interaction of peptide 5 and particularly for
peptide 1 with negatively charged membranes. To further investigate
the effect of the peptides on liposome size and integrity, we utilized
TEM, which provides information about the morphology of particles,
too. In contrast to vesicle control where only isolated liposomes were
observed (Fig. 2c), bigger vesicle-agglomerates could be imaged for each
peptide-PC/PG mixture (Fig. 2c, peptide 1 is taken as a reference),
although to a different extent. Based on thorough visual inspection, the
tendency to induce liposome aggregation was as follows: peptide 5 >
peptide 1 ~ peptide 6 >> peptide 2. For peptide 2, intact liposomes
dominated and only a few aggregated clusters were detected. To
compare, the reference peptide 1 was also tested with PC vesicles. In this
case, higher sized agglomerates were not found, but the peptide could
connect a few bilayers. This is in line with the ability of peptide 1 to
perturb neutral membranes as indicated by IR data, although through a
mechanism other than the effect exerted on anionic bilayers.

3.2.3. Peptide-vesicle interactions studied by infrared spectroscopy

The secondary structure of the investigated peptides and their
mechanism of interaction with lipid membranes have been further
analyzed by means of ATR-IR spectroscopy (Fig. 3). The infrared signal
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is, indeed, not affected by aggregation and the presence of aromatic side
chains, permitting the study of the peptide structure together with in-
teractions involving the polar and apolar moieties of lipid membranes.
The amide I region profile of the peptides in buffer (Fig. 3a) denoted, in
general, the prevalence of turns (1668 em™!, 1675 em™!) and random
coils (1647 cm’l), while small contributions from inter-molecular in-
teractions and oligomerization (1616 cm_l, 1627 cm_l) can be observed
for peptides 5 and 6. In the presence of zwitterionic PC liposomes the
amide I of peptides 2, 5 and 6 shifted toward higher wavenumbers with
the main contribution at 1683 cm™! (Fig. 3b, left panel). This latter can
be commonly assigned to turns, aggregated strands/intra-molecular
B-sheets [63,64] and but it has also been attributed to peptide
extended conformations located at the membrane surface [65]. In
addition, peptide 5 and 6 exhibited a less intense shoulder at 1625 cm™*.
Among the studied compounds, the spectral profile of peptide 1 differed
from the others, showing a more intense peak at 1676 cm™! and a
shoulder at 1628 cm ™! (Fig. 3b, left panel), which are consistent with
unordered conformations and aggregation of the peptide chains [66-68]
respectively. In the presence of PC/PG negatively charged membranes
(Fig. 3b, right panel), it is possible to observe modest shifts of the peaks
at 1676 and 1683 cm™!, especially in the case of peptide 1. For this
latter, the increased intensity of the shoulder at ~1626 cm™! suggests
more extensive aggregation in the presence of negatively charged
membranes. In order to better quantify aggregate formation study
spectral alterations related to the formation of aggregates compared to
other structures, peptide spectra were curve fitted in the region
1800-1460 cm ! and the area ratio of the two main spectral components
located at ~1625 ¢cm ™! (aggregates) and ~1675 cm ! (non-associated
random coils and turns) calculated and displayed in Fig. 1a SI. Notably,
in the case of peptide 1 results indicated approximately a three-fold
increase of aggregated over non-aggregated mainly disordered
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Peptide concentration is 160 uM and peptide-to-lipid ratio is 1:13.

structures upon interaction with PC/PG liposomes. For the other pep-
tides, variations of the 1625/1675 cm ™! ratio were less pronounced,
however, higher values can be observed in the presence of PC liposomes.

The analysis of the amide I band revealed that the structure of the
studied peptides is mostly unordered in buffer while in the presence of
lipid membranes the contribution from aggregated conformations be-
comes more prominent, especially upon interaction of peptide 1 with
negatively charged membranes. Notably, peptide 1 exhibited peculiar
features, suggesting a different mechanism of interaction compared to
the other studied peptides.

The interaction between the studied peptides and lipid membranes
was further explored by analysing the vibrational modes in the infrared
spectral regions that are characteristic for phospholipid molecules
(Fig. 3c). Results show that the methylene stretching of acyl chains
(sym(CH2) and ,45ym(CH2)) was not affected by the presence of the
peptides in both lipid systems (Fig. 3c). On the contrary, relevant
spectral modifications can be observed in the polar head group region
(1300-900 cm 1), suggesting potential interactions with the membrane
surface. In the case of PC liposomes, it is worth noting that only the
addition of peptide 1 caused a red shift of the phosphate asymmetric and
symmetric stretching (JasymPO2, vsymPO2) (Fig. 3c, left panel), denoting
more established interactions with phosphate groups. The interaction of
peptide 1 with phosphate groups is reflected in the alteration of the
environment around the choline group, as suggested by the shift of the
V(NT-(CH3)3) band. Moreover, variations in the relative intensity of the
shoulder at ~1060 cm ™! (R-O-P-O-R' stretching of phosphate diester)
indicate an altered internal packing of lipid head groups upon the
addition of all the studied peptides. More complex spectral modifica-
tions can be observed for PC/PG membranes, where all the peptides

altered the spectral profile of the phosphate groups. A particularly
remarkable alteration is the red shift of ,,5y,PO> caused by peptides 1
and 2, whereas peptides 5 and 6 induced a shift of ,5ynPO2 in the
opposite direction. Additionally, analysis of the carbonyl band (Fig. 1 SI)
revealed a small red shift in the presence of peptide 6, suggesting a
moderate interaction with the lipid polar/non-polar interface.

It has been shown that the mechanism of action of small cationic
peptides and their toxicity toward bacterial cells considerably depends
on their concentration [39,69]. Higher lipid content can affect the
peptide secondary structure and, consequently, its interaction with the
membranes. Since intensities arising from the peptide in the IR spectra
were sufficiently high, here we also employed measurements where the
lipid-to-peptide ratio was changed to 65:1. By increasing the lipid-to-
peptide ratio (Figs. 2-3 SI), the amide I band of all the investigated
peptides showed an additional component at ~1655 cm ™! (Figs. 2-3a
SI), commonly assigned to a-helical structures [70]. Moreover, the
phospholipid head groups were less affected by the presence of the
peptides and only moderate variations were induced by peptide 5 and 6.
Nevertheless, these have not resulted in drastic changes in the observed
spectra.

In summary, IR investigation revealed that the studied peptides
preferentially interact with the membrane surface, rather than the
centre of the lipid bilayer. Indeed, all peptides perturbed the membrane
hydrophilic region, especially the negatively charged PC/PG mem-
branes, but only peptide 1 showed an interaction with the phosphate
groups of both PC and PC/PG vesicles. Furthermore, the increase of the
lipid content affected peptide structure, and the effect on membrane
polar head-groups was subsequently reduced considerably.
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3.2.4. Lipid partition of tryptophan-containing peptides detected via
intrinsic peptide fluorescence

In order to explore additional peptide interactions with lipid bi-
layers, peptide intrinsic fluorescence was monitored for peptides 1, 5,
and 6, containing Trp residues. Trp fluorescence is a useful tool to probe
the polarity of the Trp microenvironment, which can change upon
peptide interactions [71]. In the absence of model membranes, an
emission maximum of ~357 nm (Fig. 4 and Fig. 3 SI) indicated fully
water accessible Trp side chains of a presumably unordered conforma-
tion in all three peptides at each concentration studied. A threefold
higher intensity measured for peptide 1 compared to peptides 5 and 6 is
consistent with the presence of three Trp residues in the former
compared to the one only Trp in the latter two peptides. Upon the
addition of neutral PC liposomes, no change in the emission signal was
detected for any of the peptides compared to the lipid-free state, sug-
gesting the absence of any significant interaction between the peptides
and the zwitterionic lipids, at least regarding the detectable partition of
the Trp side chains. In contrast, a blue shift of the emission maximum,
concomitant with an enhancement of the intensity, was observed when
negatively charged PC/PG liposomes were added (Fig. 4b, d and Fig. 4b
SI). The effect was most remarkable with peptide 1, considerably present
for peptide 5 and less pronounced for peptide 6. To address the effect of
peptide to lipid ratio, beside 1:13, we have also investigated 1:20 and
1:50 ratios, while keeping the lipid concentration constant (Fig. 4).
Moreover, the extent of the blue shift was shown to depend on the
peptide-to-lipid ratio as the highest shift was observed in the case of the
lowest peptide concentration applied. This indicated that a less crowded
condition allows a binding mode where the Trp indole rings can be more
separated from the solvent. However, the position of even the most
significantly shifted maximum, 347 nm for peptide 1 at the highest lipid-
to-peptide ratio, is indicative of partially water-exposed Trp residues.
These findings are consistent with peptide binding to PG lipids resulting
in a more hydrophobic Trp environment of a partially buried Trp side
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chain localized near the bilayer surface rather than fully inserted into
the membrane. Note, that the highest effect observed for peptide 1 over
peptides 5 and 6 is in agreement with their antibacterial efficacy
(Table 1) and suggests a mechanism for peptide 1 where the biological
effect is linked to its membrane association ability.

3.2.5. Orientation of liposome-bound peptides suggested by flow-LD
spectroscopy

Changes induced on the model membrane systems by peptides were
also investigated by linear dichroism spectroscopy. LD is defined as the
difference in absorption of linearly polarized light oriented parallel and
perpendicular to a macroscopic orientation axis (Eq. (1)).

LD=A—-A (@)

Coupled to a Couette flow cell, where shear force can be created, the
lipid vesicles can be distorted from spherical shape to a more ellipsoid
prolate spheroid [72].

As a consequence, the lipid bilayer phase will be oriented and thus
LD can give both qualitative and quantitative information about mem-
brane insertion and orientation angles of the associated molecules
[73-76]. Moreover, the LD signal depends on the secondary structure of
the peptide, and while the signal is very informative for e.g. a-helix, in
contrast for peptides with unordered structure no LD signal is observed.
To monitor the orientation of peptides on or in the membrane we have
focused mainly on the tryptophan side chain orientation. The indole ring
of tryptophan has three main transition moments, one at 225 nm cor-
responding to the Bb absorption; the broad La band with maxima ~270
nm and the Lb absorption band with two peaks at 290 nm (see Fig. 5).

The LD spectrum of peptide 1 in the presence of PC liposomes (Fig. 5)
exhibited a positive band of peptide bond n-n* origin at ~210 nm, a
negative peak at 225 nm corresponding to tryptophan Bb and n-n*
transitions of each peptide bonds, where the latter one being much
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Fig. 5. LD spectra of the peptide 1 in the presence of PC and PC/PG liposomes.
Schematic illustration of the average orientation of Trp relative to the lipid
bilayer. The electronic transition moment directions in the indole chromophore
of tryptophan are also depicted and described in the text. Peptide concentration
is 80 pM and peptide-to-lipid ratio is 1:13.

weaker than the Bb transitions. Considering that there are only a few
peptide bonds present together with three tryptophans and while nor-
mally this spectral region reflects to peptide or protein secondary
structure, in the current case it is dominated by the contribution from
the Trp transition moments similarly to the case of gramicidin [77]. In
addition, two weak, positive peaks around 270 and 290 nm were
detected, similar as for penetratin derivatives which indicate an average
orientation of the indole plane parallel to the membrane surface
[78,79]. Upon addition of peptide 1 to PC/PG liposomes, a significant
enhancement in peak intensities was observed (Fig. 5). These suggest a
stronger interaction with the negatively charged lipid components
driven by electrostatics and also show a preferentially more perpen-
dicular orientation of the Bb transition in the indole chromophore of Trp
relative to membrane surface. In contrast, for peptides 2, 5 and 6 in the
presence of PC or PC/PG liposomes very weak LD signals were detected
(Fig. 5 SI), which is in line with expectations based on CD and fluores-
cence measurements (Fig. 4a and b, SI). The only exception to be noted
is peptide 6, where in the presence of PC/PG a similar, though lower
intensity, LD spectrum occurs as for peptide 1, indicating that the single
Trp in 6 has a side chain orientation comparable to those of peptide 1.

In summary, the highest spectral contribution of the peptide 1 is in
line with observations by IR and fluorescence spectroscopy and the LD
signal suggest that the three tryptophans have an anchoring role in
fixing the peptide on the surface of PC/PG bilayers.

3.3. Molecular dynamics simulations

Molecular dynamics (MD) simulations have been accepted as a
valuable complementary tool in experimental studies to understand
complex systems. In our study, Gromacs package 4.5.3 [44,45] was used
to carried out our simulations. A time step of 2 fs was used in all sim-
ulations. Long range interactions were simulated using the Lennard
Jones potential, and electrostatic interactions were calculated using the
Particle Mesh Ewald method [48,49], with a cut-off of 1 nm. Molecular
bonds were restrained using the Lincs algorithm [50] and simulations
were carried out under NPT thermodynamic conditions, with a weak
temperature and pressure coupling bath algorithm [46] to the temper-
ature and pressure of 310 K and 1 atm, with coupling constants of 0.1
and 1 ps for temperature and pressure, respectively. Under these
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conditions, 100 ns of trajectory length were simulated for different
numbers of peptides adsorbed on the surface of the lipid bilayer. All
simulations were carried out at 350 K, a temperature chosen because it is
above the transition temperature of 314 K [47] for pure bilayers of
DPPC.

Bilayers of different DPPC were simulated using the force field
described in previous studies [80], and the peptide was simulated using
the GROMOS 54a7 forcefield [51]. Finally, the single point charge [43]
(SPC) was the water model considered in all our simulations.

In this context, we have recently reported results for peptides 1 (+4)
and 2 (+7) using the MD methodology described above [42], and in this
study we extended this analyses to peptides 3, 4 and 5, with charges +3,
+7 and +9, respectively.

3.3.1. Thermodynamic study of peptide insertion in the lipid bilayer. Free
energy associated with peptide insertion into the lipid bilayer

The partition function of a certain species between two mediums is
directly related with the difference of free energy associated with this
process, as follows:

C(z)
c

AG(z) = —RT In

where C(z) corresponds to the species concentration at a certain position
z perpendicular to the interface and C* its concentration in the bulk
solution. For the simulations, we used the same approaches previously
reported [39] by using Umbrella [81] and PMF was estimated with
WHAM [82] computational tools.

As expected, the results obtained for peptide 3 are very similar to
those previously reported for peptide 1. In turn, the results obtained for
peptide 4 are very similar to those observed for peptide 2 [42]. For
increased simplicity in the discussion, we refer to pep + 4 for the results
obtained for peptides 1 and 3, pep + 7 for the results of peptides 2 and 4
and pep +9 for those of peptide 5. Fig. 6 shows AG(z) values corre-
sponding to the insertion into the DPPC bilayer of the three type of
cationic peptides studied here. Fig. 6 shows how the adsorption of
peptides into a lipid bilayer is a spontaneous process for these peptides,
which corresponds to the negative values of AG(z).

Previous studies allow us to propose a mechanism of action for this
type of small-size peptides. Our model for antimicrobial activity depends
on a combination between electrostatic peptide-peptide interactions and
peptide-membrane interactions. Our simulations show that all the
simulated peptides have minor tendency to penetrate the bilayer, where
the observed affinity order is peptides 1 and 3 (charge +4) = peptide 5
(charge +9) >> peptides 2 and 4 (charge +7). This indicates that it is
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Fig. 6. (a) Free-energy profile associated with the insertion of cationic peptides
into a DPPC bilayer. (b) Atomic phosphorous distribution across the
DPPC bilayer.



B. Lima et al.

very difficult for a pep + 7 to penetrate the bilayer, and therefore has
hardly no tendency to break the lipid bilayer structure. Likewise, it is
also very important to consider the proclivity each peptide has of
interacting with the surface of the lipid bilayer. In this case, the order of
affinity for the surface is the following: pep + 7 > pep + 4 > pep + 9,
where the highest affinity is for pep + 7, and the lowest for pep + 9.
Thus, these simulations indicate that pep + 7 has the greatest affinity for
the surface of the lipid bilayer, but the lowest tendency to penetrate it
due to its high peptide-peptide repulsion, and in turn low antibacterial
activity is to be expected. Results of our simulations might explain the
lack of activity observed for these peptides supporting the experimental
studies discussed in the previous sections Peptide 5 has the lowest af-
finity for the bilayer surface and the highest peptide-peptide repulsion
(which prevents reaching a critical concentration of peptide on the
bilayer surface). It also shows a low tendency to penetrate the bilayer
(similar to peptide 1). Therefore, low antimicrobial activity can also be
expected for the peptide 5.

It is interesting to note that peptides 1 and 3 have an intermediate
affinity for the membrane surface and a lower charge than pep + 7 and
pep + 9, which allows achieving a higher concentration of peptide on
the surface of the membrane. Furthermore, peptides 1 and 3 show an
acceptable tendency to penetrate the membrane. As a consequence, as
peptides 1 and 3 present an intermediate situation between surface af-
finity, lower peptide-peptide interaction and a higher tendency to insert
themselves in the membrane, it is reasonable to expect that they present
greater antimicrobial activity, as was observed in the experimental data.

In summary, our simulations suggest that for a small-size peptide to
have antibacterial activity it must hold a delicate balance between af-
finity for the bilayer surface, low peptide-peptide repulsion (in order to
reach the threshold concentration) and an acceptable tendency to
penetrate the bilayer. Considering the interaction energies and critical
density of the peptide on the bilayer surface, it is clear that peptides 1
and 3 are the only ones in this series with the adequate structural
characteristics to produce antimicrobial activity.

4. Discussion

As the molecular connections between bacterial membranes and
short AMPs are based on nonspecific interactions such as hydrophobicity
and electrostatics different sequences and structures can be effective as
antimicrobial agents. It seems that the order of amino acids in these
short peptides is not always essential for their antibacterial activity.
However, the total amount and type of cationic and lipophilic residues
seems to be more important, with Arg and Trp being the most relevant of
the natural amino acids. For example, the guanidinium group of Arg has
a more disperse positive charge than the single amine of Lys which
possibly enhances electrostatic interactions between peptides and
membrane surface [78,79]. Moreover, the side chain of Arg can interact
both electrostatically and by hydrogen bond formation with the nega-
tively charged surface of bacteria membranes rendering a beneficial
characteristic to this amino acid. In the case of Trp, its relevance might
be attributed to its preference for the water-phospholipid interface re-
gion when the peptide is incorporated into membranes [78,79]. Current
results from structural investigations on selected peptides also support
the important role of tryptophans in anchoring the peptide backbone to
the bilayer surface. The size of the aromatic residues is also essential in
the disruption of membrane integrity and can explain the increased
performance of Trp compared to Tyr. Based on our results, the combi-
nation of four Arg and at least two Trp residues (as in peptides 1 and 2)
constitutes an efficient motif in short antimicrobial peptides. Our results
are fully in agreement with previous works showing that the order of
amino acids in short peptides is not as important as the overall
composition regarding cationic and lipophilic residues [83,84].

It has been proposed that membrane perturbation by cationic anti-
microbial peptides takes place via membrane destabilization or trans-
membrane pore formation [85]. Considering the short lengths of the
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peptides reported here, it seems reasonable that these compounds attack
bacteria via membrane disruption rather than end-to-end pore assembly
as in the case of gramicidins. Our experimental results, as well as the
molecular simulations, support this hypothesis. Both the experimental
results and molecular simulations seem consistent with an intercalation
model [86,87]. In addition to these, our calculations also show that
membrane collapse due to the presence of peptides should take place in
arelatively small time window. For instance, DLS and TEM images show
a morphology with multiple fused vesicles, clearly indicating a strong
membrane perturbation by the selected SACPs. On the other hand, both
IR spectra and free energy profiles obtained in simulations show that the
peptides primarily prefer to reside in the headgroup region, rather than
in the acyl chain region of the bilayer. Therefore, intercalation of these
short peptides in the membrane could produce an increase in lateral
pressure near the interface resulting in a local disruption of the packing
of lipid chains. Furthermore, the experiments suggest that the peptides
are present in a non-monomeric assembled form that could improve
their effect on membrane integrity.

It has been previously shown that there is a concentration de-
pendency for peptides, such as alamethicin, interacting with vesicles
[88]. In fact, several articles refer to a threshold concentration for these
peptides to have antimicrobial activity [89,90]. Our simulations also
indicate the need for this peptide threshold [39]. For peptides as short as
peptides 1 and 3, the formation of an intermolecular structure seems to
be more favourable than an intra-molecular structure. Therefore, we can
speculate that peptide length would provide a greater facility for
achieving inter-peptide interactions rather than forming particular in-
ternal structure. Additionally, in this process peptide charge seems to
play a determining role. It is clear that the peptide must have a positive
charge in order to interact with the negative membranes, but this load
must not be too great to prevent it from associating with other peptides
in order to form the required threshold concentration of peptides. This
study shows that for peptides with nine residues a +4 charge is near
optimal. This narrow balance between total peptide size, net charge, and
hydrophobic characteristics appear to be critical, as our short peptides
with 46 or higher charges lose antibacterial activity. It is important to
note that these peptides (active and non-active), show different behav-
iours in the lipid vesicles that can be experimentally evidenced with the
techniques used in this work. This is very important because the use of
these techniques allows knowing a priori if a peptide will have an
antibacterial effect or not.

In general, the mechanisms of action proposed for antimicrobial
peptides so far have been mainly focused on the primary, secondary and
quaternary structures of peptides and the charged nature of the path-
ogen membrane. However, very little is known regarding the possibility
of forming transitory lipid rafts in the external leaflet of the cell mem-
brane, which, eventually, could perturb the mechanical properties of the
membrane induced by the electrostatic interaction with the peptides
adsorbed on the cell membrane [91,92]. On the basis of our previously
reported simulations, we proposed a four step mechanism for small-
sized peptides [39]. This mechanism includes the following steps:

i) Peptide accumulation and induction of phospholipid segregation.
ii) Peptide protruding into lipid/membrane domains with a low
charged phospholipid content.
iii) Membrane collapse and pore formation.
iv) Peptides transposition and recovery of the bilayer structure.

These steps are shown in a schematic way in Fig. 6 SI. Antimicrobial
peptides might possess a random-coil conformation in water solution,
but when they approach the bilayer/solution interface they could
change into a folded conformation as a consequence of the variation in
the electrical permittivity in the vicinity of the bilayer interface. Several
authors have suggested that this situation occurs [11,12]. An initial
consequence of peptide folding is the change in its amphipathicity,
favouring its electrostatic interaction with the external leaflet of the cell
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membrane rich in charged phospholipids [14,60,65]. Results reported
here, as well as in our previous work, support the idea that this is a key
step in the mechanism of action of these antimicrobial peptides as is
briefly discussed below:

1. Strong electrostatic interactions between cationic peptides and
phospholipids with net negative charge located in the external leaflet
of the cell membrane could trigger the lipid aggregations on the
membrane.

2. Peptides adsorbed on the surface of the lipid bilayer do not protrude
into lipid bilayers with a high proportion of charged phospholipids,
as a consequence of the strong electrostatic interactions between
peptides and charged phospholipids (as depicted in Fig. 6).

3. The stiffness of the lipid bilayer (associated with its bending
modulus) is a property that depends on its lipid composition. In
general, this stiffness increases with the lipid charge content. Thus,
an increase in the ratio of charged lipids induces an increase of the
bending modulus of the membrane, and hence also enhances the
mechanical stability of the membrane. On the one hand, the forma-
tion of lipid aggregates (or lipid rafts) in the membrane, as a
consequence of the strong electrostatic interactions between cationic
peptides and anionic phospholipids, induces the emergence of in-
homogeneities in the bending modulus of the membrane. This can
trigger the disruption of the membrane due to the abrupt variation of
its bending modulus along the frontier between phospholipid rafts
with different composition.

Although all the steps are important, the results obtained in this
study indicate that some processes are crucial for this mechanism of
action. Peptide discrimination between pathogens and host cells is
apparently due to electrostatic interactions between the cationic pep-
tides and negative phospholipids forming the external leaflet of the
pathogen membrane, and previous simulations showed that the lytic
activity of these peptides must be preceded by a phospholipid segrega-
tion [39]. As a consequence of this phospholipid segregation (induced
by the presence of charged peptides in the vicinity of the membrane),
mechanical inhomogeneities appear in the membrane, promoting
membrane rupture when a threshold concentration of peptides adsorbed
on the membrane is achieved. This explains the high structural demand
for these peptides to maintain a delicate balance between the affinity for
the bilayer surface, a low peptide-peptide repulsion (in order to reach
the threshold concentration) and an acceptable tendency to penetrate
into the bilayer. Therefore, our results suggest that the lytic effect of
small cationic peptides should be considered as a dynamic picture of
structural transformations adopted by the lipid—peptide mixture
depending on the relative ratio of the two species, rather than a static
picture of pores induced in the membrane by the presence of peptides.

5. Conclusions

The results obtained in this study allow us to draw important con-
clusions on two different aspects: i) a better understanding of the
mechanism of action of small-sized peptides as antibacterial agents, ii)
the possible pharmacophoric requirement for these small-sized peptides

i Our results (theoretical and experimental) indicate that small sized
peptides have a particular mechanism of action that is different to
that of large peptides. These results support a previously proposed
four step mechanism of action [39]. It is important to remark that in
this process, the ability to reach a threshold concentration of pep-
tides, and thus probably a non-monomeric state, is a key step for a
successful outcome. Consequently, this mechanism explains the
importance of maintaining a delicate balance between affinity for the
bilayer surface, a low peptide-peptide repulsion (in order to reach
the threshold concentration) and an acceptable tendency to pene-
trate the bilayer.
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ii It has previously been proposed that a sequence with at least 3 R and
3 W is a minimum structural requirement for these short peptides to
become a “pharmacophore” [24]. Our results are in line with this
proposal and include an important addition. This study shows that
for such 9 amino acid long peptides, a net charge of +4 is the optimal
for producing antibacterial activity. The information reported in this
study is very important for designing new antibacterial peptides with
these structural characteristics.
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