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a  b  s  t  r  a  c  t

Cell-penetrating  peptides  (CPPs)  and  antimicrobial  peptides  (AMPs)  are  generally  defined  as  small
cationic  peptides  with  the  ability  to interact  with  lipidic  membranes,  in  a process  driven  by  electro-
static  and  hydrophobic  processes.  The  interaction  with  CPPs  is known  to lead  to  its  translocation  across
the membrane,  while  with  AMPs  lead  to membrane  damage.

Here we  present  one  synthetic  anionic  peptide,  LE10  (LELELELELELELELELELE),  which  strongly  interacts
eywords:
ntimicrobial peptides
ell-penetrating peptides
iposome disruption
embrane active peptides

with  model  membranes,  showing  properties  of CPPs  (translocation  through  lipidic  membranes  on a
mechanism  usually  described  for cationic  CPPs)  and  AMPs  (membrane  disruption)  in molecular  dynamic
studies,  experimental  studies  with  liposomes  and  mammalian  cells  in  vitro.

Based  on  the  LE10  properties  here  demonstrated,  small  modifications  in its structure  could  make  it a
very promising  tool  for drug  delivery.
olecular dynamics

. Introduction

Cell-penetrating peptides (CPPs) and antimicrobial peptides
AMPs) are two groups of short peptides with the ability to interact
ith cell membranes with different outcomes.

CPPs are molecules that rapidly internalize across cell mem-
ranes and can transport macromolecules into living cells [1]. These
olecules are, generally, short peptides (up to 30 amino acids) with

ositive net charge (rich in lysines and/or arginines) [2].  The mech-
nism of translocation of the membrane by CPPs remains unclear,
nd three main entry mechanisms have been proposed in the litera-
ure, namely direct translocation [3],  different forms of endocytosis,
uch as macropinocytosis [4],  clathrin-mediated endocytosis [5]
nd caveolae/lipid raft-mediated endocytosis [6],  and penetration
hrough a transitory structure, like micelles [7] and pores [8].

AMPs, in turn, are antibiotic molecules, having the ability to kill
 broad spectrum of microorganisms and cells, like bacteria, para-
ites, tumor cells, fungi and viruses [9,10].  In most cases, AMPs are
ationic, and interact with the target membrane surface, in a pro-
ess involving interactions between the charged residues of the
eptides and anionic components of the cell membrane surface

10], killing the target by membrane disruption or permeabiliza-
ion, or translocating membrane and killing the target by other

echanisms. Some of these mechanisms are inhibition of DNA

∗ Corresponding author. Tel.: +351 253604400; fax: +351 253604429.
E-mail address: artur@deb.uminho.pt (A. Cavaco-Paulo).

927-7765/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.colsurfb.2013.01.050
© 2013 Elsevier B.V. All rights reserved.

or RNA synthesis, blocking of chaperones, inhibition of ribosomal
activity, and induction of reactive oxygen species or disruption of
mitochondrial cell membrane [11].

Unlike CPPs, the existence of negatively charged AMPs is well
established, and this type of AMPs has been known since 1980 [12].
Thus, according to their charge, AMPs can be classified as cationic
AMPs (CAMPs), generally with a net charge in the range of +4 to +6
due to presence of lysine and arginine, or as anionic AMPs (AAMPs),
normally with a net charge in the range of −1 to −7, due to glutamic
and aspartic acid residues.

Although AAMPs have been described in a wide range of orga-
nisms, from vertebrates to plants [12], the number of studies with
these peptides is very low, compared with CAMPs, and their method
of action is still unclear.

On the other hand many models of CAMPs membrane activity
have been proposed. The most common are the barrel stave pore
model [13], the toroidal pore model [14], the carpet model [15] and
the detergent model [16].

To our knowledge there is only one anionic CPP (ACPP)
described, the “SAP(E)” (VELPPPVELPPPVELPPP). The SAP(E) is a
synthetic peptide and results of one investigation about the role of
peptides net charge in its cell-penetrating properties [17]. Starting
from a well-known CPP, SAP (VRLPPPVRLPPPVRLPPP), the authors
changed the positive arginine by glutamic acids. The results clearly

show that the positive net charge is not a fundamental feature to
the SAP activity, since the SAP(E) showed similar uptake efficiency
and mechanism of action. It is expected that this fact may  also be
true for other CPPs.

dx.doi.org/10.1016/j.colsurfb.2013.01.050
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:artur@deb.uminho.pt
dx.doi.org/10.1016/j.colsurfb.2013.01.050
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CPPs are widely studied to be used in drug delivery and
ene therapy as they can translocate cell membranes transporting
argos. In turn, due to their antimicrobial activity and the processes
nvolved, the AMPs have been studied as potential new antibi-
tics. Some authors explore the hypothesis that these two types
f molecules are in fact one, because of their similarity in structure
nd properties [18–20].  Both share some mechanisms of membrane
nteractions, and there are reported cases of CPPs with antimicro-
ial activity, like the TAT [21–23] and penetratin [24,25] peptides,
s well as AMPs that penetrate host cells without damaging their
embrane, like Bac7 [26] peptide. This unifying class of peptides
as designated as membrane-active peptides (MAPs) [19].

More research is needed in this field of membrane-active pep-
ides to determine if AMPs and CPPs are two independent groups
r not. Better elucidation of the mechanisms involved in the
nteraction with their targets, and the features of their compo-
ition and structure that are necessary to their activity are also
nknown.

In this work, we report one synthetic peptide, LE10
LELELELELELELELELELE) that is short and negatively charged.
his peptide exhibits membrane activity in molecular dynamics
nd experimental studies, leading to membrane bending, liposome
isruption and mammalian cell death. A series of molecular
ynamic studies were performed to elucidate the interaction of
he peptide model with lipidic membranes models (see Table 1 in
ection 2 for an overview of the molecular dynamics simulations
hat were performed). Then dynamic light scattering, fluorescence
pectroscopy and fluorescence microscopy studies were done,
sing liposomes with, approximately, the same composition of
he membrane models used in the simulations, and LE10 peptide,
o validate the computational results. Finally the effect of the
eptide in vitro was studied, using one human cell-line and six
icroorganisms (four bacteria and two yeasts). This peptide

isplay features of both AMPs (leading to cell dead) and CPPs
penetration into the membrane). These intriguing results may
elp to elucidate some aspects about the mechanism of interaction
f anionic membrane active peptides. Cell penetrating properties
f LE10, here demonstrated, make it a very promising tool for the
evelopment of new drug-delivery vectors.

. Material and methods

.1. Molecular dynamics simulations

An overview of the simulations performed is presented in
able 1. The peptide model was created with the software Pymol
.1 [27], and the software CELLmicrocosmos 2.2 [28] was  used for
reate all membrane models. The lipidic bilayers of 1-palmitoyl-
-oleoyl-phosphatidylcholine (POPC, C42H82NO8P) and cholesterol

CHOL, C27H46O) have a proportion (mol:mol) of 60–40%, respec-
ively. All molecular dynamics simulations were performed
sing the Gromacs 4.0.7 package [29], with GROMOS96 43a1-S3
orce field [30], with periodic boundary conditions, at constant

able 1
verview of performed simulations. Not all systems presented in the table are discussed in 

nformation document.

Label System 

LE10-w Peptide in water 

POPC–CHOL-S Small bilayer 

POPC–CHOL-M Medium bilayer 

POPC  Medium bilayer without CHOL 

POPC–CHOL–LE10-S Small bilayer with peptide 

POPC–CHOL–LE10-M Medium bilayer with peptide 

POPC–LE10 Medium bilayer without CHOL with peptide
POPC–CHOL–LE10-L Large bilayer with peptide 
Biointerfaces 106 (2013) 240– 247 241

temperature (300 K) and pressure (1 bar). Detailed information
about the simulations is presented as Supplementary material.

A few simulations were performed for each system, with differ-
ent starting velocities taken from a Maxwell distribution. Initially
some simulations were done with peptide and bilayers alone, to
equilibrate both structures. The equilibrated structures were used
to perform the interaction simulations. In these simulations the
peptide(s) was(were) added to the water layer of the membrane
system (see Fig. 1).

2.2. Liposomes assays

The LE10 peptide was  purchased from GenScript USA Inc. (NJ,
USA). Phosphatidyl choline from egg lecithin (EPC) was  purchased
from Lipoid (Germany), CHOL (C27H46O) from Sigma (Spain), and
Nile Red (C20H18N2O2) from Invitrogen (Spain). The size and
polydispersity index (PID) were measured at 25 ◦C, with a Zeta-
sizer Nano ZS from Malvern (England), which uses dynamic light
scattering and the Stokes–Einstein relationship, with a cumulant
analysis (according the ISO standard document 13321:1996 E)
[31], to calculate these features. Fluorescence kinetic measure-
ments were carried on a Synergy Mx  spectrofluorimeter from
BioTek (Germany). The measurement of Nile Red fluorescence was
made at 25 ◦C, during 3 h, with an emission wavelength of 620 nm
using 495 nm as the excitation wavelength. The visualization of
liposomes was  made using a Leica Microsystems DM5000 B epi-
fluorescence microscope equipped with a 100 W Hg lamp and an
appropriate filter setting, for 25 min. Digital images were acquired
with Leica DFC350 FX digital Camera and Leica Microsystems
LAS AF software, version 2.0 (Leica Microsystems GmbH, Wetzlar,
Germany).

2.2.1. Liposomes preparation
All liposomes were prepared with Nile Red, EPC and CHOL in

the molar proportion of 60% EPC and 40% CHOL. They were pre-
pared by lipid film hydration method, with a final concentration of
3000 �M of lipids, and 3 �M of Nile Red. Chloroform (98.9%) was
used to dissolve EPC and CHOL lipids, and the solution was  evapo-
rated in a rotary evaporator, for approximately 2 h, and then kept
under high vacuum to full evaporate the solvent for another 2 h.
The obtained lipid film was  allowed to hydrate in water (15 mL)
with vigorous stirring and with 1–2 s of ultrasonic bath, resulting
in multillamelar vesicles dispersion. In order to obtain one pop-
ulation of liposomes big enough to be observed in a fluorescence
microscope, the dispersion obtained directly from the hydration
process was used. To avoid nonspecific fluorescence, and other
fluorescence problems, this dispersion was filtered through a filtra-
tion column (PD-10 Desalting Column containing of Spephadex TM
(8.3 mL)  from GE Healthcare) to obtain one population of vesicles

without Nile Red in supernatant solution. This dispersion was  only
used for the observation of the liposomes under microscope. For
obtaining a homogeneous population of liposomes, the obtained
dispersion of multillamelar vesicles was extruded about 30 times

results. For more information about the simulated systems see Table 1 in Supporting

No. of constituents

LE10: 1; waters: 15,828
POPC: 124; CHOL: 84; waters: 17,524
POPC: 460; CHOL: 308; waters: 47,286
POPC: 266; waters: 16,913
POPC: 124; CHOL: 84; LE10: 1; waters: 16,797
POPC: 460; CHOL: 308; LE10: 1–4; waters: 32,000–35,566

 POPC: 266; LE10: 1–3; waters: 16,763–16,496
POPC: 1344; CHOL: 897; LE10: 1 and 4; waters: 185,891
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Fig. 1. Snapshot of the starting configuration of a system POPC–CHOL-S–LE10. The
water is represented as translucent surface (red), the peptide as surface (green), the
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OPC headgroups as blue (choline) and brown (phosphate) spheres. CHOL (yellow)
nd lipid tails of POPC (cyan) are sticks. (For interpretation of the references to color
n  this figure legend, the reader is referred to the web  version of the article.)

hrough polycarbonate membranes having a 100 nm pore diame-
er (in an Avanti Mini-Extruder). To check the features of interest
size, PDI, fluorescence and imaging), with or without incubation
ith the LE10 peptide, the different liposome solutions obtained
revious were diluted from 3000 �M,  take in account the necessary
olume of peptide stock solution (300 �M LE10) in water, to have
he final concentration of 30 and 300 �M of peptide and 500 �M of
iposomes in the resulting solution.

.3. In vitro assays
The h-TERT-immortalized foreskin fibroblast human cell line
J-5ta was purchased from ATCC through LGC Standards, and
as maintained according to the supplier’s recommendations. The
Biointerfaces 106 (2013) 240– 247

medium was composed by a mixture 4:1 of DMEM (Dulbecco’s
Modified Eagle’s Medium) and Medium 199, supplemented with
fetal bovine serum (FBS, 10% (v/v)), Hygromycin B (10 �g/mL) and
Penicillin/Streptomycin antibiotic mixture (1% (v/v)). The dry pow-
dered DMEM,  containing l-glutamine (4 mM)  and glucose (4.5 g/L),
was previously prepared and sodium bicarbonate was  added to
a final concentration of 1.5 g/L. FBS was purchased from Lonza
(Walkersville, Inc., MD,  USA), the media and the other supple-
ments were purchased from Sigma–Aldrich Chemie GmbH (Buchs,
Switzerland). The cells were cultured at 37 ◦C in CO2 atmosphere
(5%). The cells were incubated with the LE10 peptide one day after
seeding 55000 cells/well in a 24-wells tissue culture plate (from
TPP, Switzerland). The LE10 was solubilized in water and sterilized
by filtration, then, it was  diluted in culture medium to the final
concentrations of 3 and 300 �M.  Cells were incubated in dupli-
cate with 500 �L of each peptide dilution for 24 h at 37 ◦C in 5%
CO2 atmosphere. Cells incubated with dimethyl sulfoxide (DMSO,
30%) were used as positive control and cells without any treatment
were used as negative control for the cytotoxicity assays. The LE10
cytotoxicity was evaluated by lactate dehydrogenase (LDH) leak-
age to the culture medium as a measure of membrane integrity and
by the MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) reduction assay as a measure of cellular metabolic viabil-
ity.

2.3.1. MTT assay
After one day of incubation with the peptide, MTT  solution

(50 �L, 5 mg/mL) was added to each culture well, and cells were
incubated another 2 h at 37 ◦C in 5% CO2 atmosphere. The medium
was discarded and DMSO/Ethanol mixture (500 �L, 1:1 v/v) was
added. After complete MTT  formazan solubilization, the result-
ing solution (150 �L) was transferred to 96-well plate and the
absorbance was read at 570 nm and 690 nm in a multiwell plate
reader spectrophotometer. The relative cell viability was  calculated
having the negative control absorbance as reference.

2.3.2. LDH assay
In order to determine extracellular LDH, the medium was  col-

lected and kept at −80 ◦C until quantification. The cells were lysed
with Tris (hydroxymethyl) aminomethane (TRIS) buffer (15 mM);
the lysate was  collect and kept at −80 ◦C until quantification. The
LDH activity was  quantified by the decrease in NADH absorbance at
340 nm during 3 min  at 30 ◦C, using a microplate reader. The final
reaction volume (300 �L) consisting in NADH (250 �M)  and pyru-
vate (280 �M)  in phosphate buffer pH7.4 (50 mM).  To measure the
intra and extracellular LDH activity, NHEM lysate (45 �L) and cul-
ture medium (90 �L) were used, respectively. The percentage of
LDH-release was expressed as the relation between extracellular
activity and total LDH activity.

3. Results and discussion

3.1. Molecular dynamics

The first system that was  simulated for the study of the
interaction of the LE10 peptide with the 1-Palmitoyl-2-oleoyl-
phosphatidylcholine (POPC) and cholesterol (CHOL) bilayers was
POPC–CHOL–LE10-S (see Table 1 for labels identification). The sys-
tem consists in one small bilayer in water with one peptide (see
Fig. 1).

Every replica of this first simulation showed that the peptide

rapidly interacts with the bilayer surface and leads to membrane
bending. With the buckling of the membrane, the interactions
between periodic images became relevant and started to direct the
evolution of the system, leading to artificial results. In this case,
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ig. 2. Snapshots at the end of 30 ns of performed simulations, for the systems PO
OPC–LE10, bottom, with one (C) and two (D) peptides. The color code and type of
ore  information about the simulated systems.

hese artifacts showed global destabilization of the lipidic bilayer
data not show).

Due to this problem, the lateral size of the system was
ncreased, from about 7.5 nm to 14 nm.  In this bigger system
POPC–CHOL–LE10-M) the interaction of LE10 with the membrane
howed that the peptide leads to membrane bending, as seen in
revious simulations, but the membrane was not globally destabi-

ized. Instead the peptide was involved by the bilayer (see Fig. 2A
nd B). This difference in the results is a consequence of the differ-
nt size of the systems, showing that it is necessary to be careful
ith interactions between periodic images.

Despite the increase of the lateral size of the simulated bilayer,
fter tens of nanoseconds (approximately 20 ns for membranes
ith one and 15 ns with four peptides) the problem of lateral inter-

ctions with periodic copies reappears. This is due to the strong
nteraction between the peptide and the membrane, leading to the
early full bending of the membrane. At the end of simulations,
he membrane involves the peptide like one half of a micelle. This
trong interaction is responsible for the decrease on the width of
he simulation box, which makes the interactions between peri-
dic images relevant again. These simulations also showed that the
henomenon of bending is concentration dependent. In different
imulations with membranes of the same size, the number of LE10
eptides added altered both bending velocity and degree. The bend-

ng is faster and more intense with increasing peptide number (see
ig. 2A and B).

The envelopment of the peptide by the bilayer, visualized in the

revious simulations, raises the question if the peptide is internal-

zed by the membrane, by micelle or vesicle formation, since the
nternalization of peptides by micelles is one of the mechanisms of
nternalization proposed in the literature for CPPs [7].  To answer
OL–LE10-M, in top, with one (A) and four (B) LE10 peptides, and for the systems
sentation are the same of Fig. 1. The water was omitted for clarity. See Table 1 for

this question, one bigger system was  built, with a lateral size of
26 nm (POPC–CHOL–LE10-L). This system was also built to over-
come the problems with periodic images. In Fig. 3 is represented
the evolution of the simulated model membrane over time, with
one or four peptides. With the simulation of these larger systems
it becomes clear that, due to the interaction with the peptide, the
membrane will evolve from flat lipid bilayer to a system where the
bilayer presents a negative curvature, similar to half of a micelle,
near to the peptide localization. This curved region of the mem-
brane eventually coalesces into a vesicular bud or a micelle. In
these simulations, it is also noticeable that the process of bending
is concentration dependent, which was also suggested by previous
simulations (see Fig. 3). Initially the interaction between the pep-
tides and the membrane, for the system with four peptides, evolves
very rapidly (few tens of nanoseconds) and the system seems then
reach equilibrium. This equilibrium corresponds to the complete
engulfment of the peptides by the membrane. The four peptides
stay together throughout the simulations, interacting with each
other and with the membrane. This aggregation of the peptides
is a result of the interaction with the membrane. In independent
simulations with four LE10 peptides in water (results not showed)
it was  not possible to observe peptide aggregation.

At this point, the reorientation of lipids to form one complete
vesicle or micelle, and their fission from the membrane, will require
a higher energy, since these processes have a high free energy
threshold [32]. Short simulations do not reach the time scales nec-
essary to evaluate complete vesicle creation and their fission from

the membrane. Hyung-June Woo  and Anders Wallqvist studied
Magainin 2, by coarse grained simulations [33], and although they
reach time scales in the order of microseconds, these authors did
not observe the fission of vesicular buds formed. This confirms
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showed that there is a slight increase in liposome size at the end of
the experiments, but for the highest peptide concentration it is pos-
sible to observe a big increment on the size immediately after the
ig. 3. Snapshots of the systems POPC–CHOL–LE10-L with one (top) and four (bo
espectively. The color code and type of representation are the same of Fig. 1. The wa

he difficulty to observe the vesicle fission from membranes in
ur molecular dynamics studies. Even if we take into account the
ifferences between their and our systems.

The mechanism of interaction between peptide and lipids
eems to be electrostatic. The negatively charged residues of glu-
amic acid are attracted by the positive charges of the choline
ead groups of POPC lipids, but the negatively charged phos-
hate groups repel these residues. These balance of opposing
orces results on membrane deformation. Although the attrac-
ion between the choline groups and the glutamic acids is
trong, and the LE10 have 50% of hydrophobic content, the pep-
ide was never able to penetrate the membrane. The peptide
nly interacts with the bilayer surface, which then involves the
eptide.

To assess if the CHOL molecules have any role in this process, the
ehavior of the systems with one membrane without this steroid
as also simulated (POPC–LE10). The lateral size of these POPC
embranes was a little smaller than the previous bilayers of POPC

nd CHOL (POPC–CHOL–LE10-M). The same effect of membrane
ending appears and remains concentration dependent (see Fig. 2C
nd D), but the velocity and the degree of bending is lower than in
imulations with CHOL. This can be due to the higher fluidity of
embranes without CHOL [34] that could rearrange more easily in

esponse to the stress induced by the presence of the peptide.

. Dynamic light scattering

To determine if the behavior demonstrated by molecular
ynamics studies actually occurs and is not an artifact, liposomes of
hosphatidyl choline from egg lecithin (EPC) and CHOL were pre-
ared, in a proportion of 60–40 (mol:mol), in order to study the

nteractions between the LE10 peptide and the membranes. Nile
ed dye was also incorporated in the liposomes.

The size and PDI were measured, both for the liposomes and
he liposomes-peptide systems over 24 h of incubation with LE10
30 or 300 �M).  The results clearly show that the peptide inter-
cts with the lipidic membrane of the liposomes (Fig. 4). The lower
oncentration of peptide tested does not significantly affect the

ize of the liposomes, even after 24 h of exposure, while the PDI
s lightly increased. With the higher peptide concentration tested,
he liposomes were immediately affected, as indicated by the two

easured parameters. The size measured for this dispersion at the
 peptides. The pictures A and D, B and E, C and F are acquired at 5, 15 and 30 ns,
as omitted for clarity. See Table 1 to more information about the simulated systems.

beginning of incubation is significantly higher than the size mea-
sured for the liposomes and liposomes with lower concentration of
LE10. For these measurements (with LE10 at 300 �M)  it is possible
to observe a big dispersion of the values read. This can be an indica-
tion of the inhomogeneity of the dispersion, caused by the peptide,
although there seems to be an increase in the homogeneity at 24 h
of incubation. The interaction of the peptide, at a concentration of
300 �M,  with the liposomes is able to affect their size and the size
distribution.

The results from the incubation experiments with the peptide
LE10 gave some insights on the mechanisms of the interaction
between this peptide and the membranes. The liposomes alone are
stable during the period of incubation, but the liposomes incubated
with the peptide display a different behavior depending on the con-
centration, which is in line with the results from the simulations,
where it was possible to observe that the interaction is concentra-
tion dependent. For the lowest peptide concentration, the results
Fig. 4. Results of dynamic light scattering of liposomes of POPC and CHOL
(60:40 mol:mol) with Nile Red, with and without incubation with the LE10 peptide,
at  0, 90, 180 m and 24 h. The columns indicate the Size and the lines the polydis-
persity index (PDI) values. Average values from two replicas for each condition and
time point (the error bars represent the standard deviation of the replicas at 95%).
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ddition of the peptide. This size increment is even more evident
t the end of 24 h.

The most remarkable conclusion is that the incubation with the
E10 peptide dramatically changes the population of liposomes,
ince the high PDI values and deviation of average values do not
llow a good characterization of the resulting population of parti-
les. The differences and the high deviation of the values measured
an be explained by liposome disruption and subsequent aggrega-
ion of the lipids in other structures, like disordered lipidic clusters,
iant liposomes, micelles or vesicles, with very wide size distribu-
ion, due to random lipid rearrangement. These features measured
y dynamic light scattering do not contradict the mechanisms
videnced in molecular dynamics simulations. In fact, they could
ven be explained by these mechanisms. High concentrations of
he peptide may  provoke the liposome disruption, due to a higher
evel of destabilization.

.1. Fluorescence spectroscopy and microscopy

The results of dynamic light scattering clearly shows that the
eptide interacts with the liposomes, but do not disclose the exact
echanism. The studies of fluorescence with Nile Red were done in

n attempt to unveil this mechanism. Nile Red is a lipophilic probe,
oorly soluble and fluorescence in water. This probe was added in
he preparation of all liposomes, and due to the Nile Red lipophillic-
ty, it is expected to be locate at the liposomes membranes. The
uorescence yield of this probe is enhanced in hydrophobic
nvironments, and shifts in its maximum emission value of
uorescence are indicators of conversions of lipidic phases [35,36].

Fig. 5 represents the results of the fluorescence kinetic from Nile
ed performed over 180 min, with and without LE10 incubation.
he fluorescence value is approximately the same for the three
olutions at the beginning of the measurement. The incubation

ith LE10 makes the fluorescence value to increase over time, and

he increment is concentration dependent. One again these results
an be explained by the mechanism observed in the simulations,
nd by liposome disruption. The membrane invagination, and the

ig. 6. Fluorescence microscopy pictures from one sample of liposomes with Nile Red p
as  added to the liposomes just before the visualization. The white scale bar correspond 

ncubation. The pictures were acquired at different fields of view, due to quick quenching
ples  of liposomes with and without incubation with LE10 peptide. Average values
from three replicas for each condition and time point (the error bars represent the
standard deviation of the replicas at 95%).

disruption of liposomes with subsequent rearrangement of the
lipids in other structures, may  provide more hydrophobic environ-
ments to Nile Red.

In order to confirm if the peptide leads to liposome disrup-
tion, samples of multilamellar liposomes, obtained directly from
the hydration process without extrusion, were exposed to LE10
and observed in a fluorescence microscope. The size of these lipo-
somes without incubation was  between 2 and 5 �m (measured in
the Zeta Sizer). The time evolution of one sample of liposomes with
Nile Red, incubated with LE10 300 �M,  was  followed for 25 min  (see
Fig. 6). Initially, Fig. 6A and B, it is only possible to observe some
red particles, with an approximate size of 7 �m,  which may  corre-
spond to big vesicles, or vesicles aggregates. Over the time, huge

structures, in the form of large aggregates and/or films become
visible, and the previous small red particles begin to be less fre-
quent (Fig. 6C and D). In the last pictures, the frequency of observed
big structures increases, while the small red particles were barely

robe, incubated with LE10 peptide (300 �M), visualized over 25 min. The peptide
to 250 �m.  Images A, B, C and D were acquired at approximately 3, 7, 11, 21 min of

 of the Nile Red fluorescence.
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Fig. 7. Graphical representation of the results obtained in the cell assays, LDH (line)
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nd  MTT  (columns), performed in the human cell-line BJ-5ta. Average values from
hree replicas for each condition (the error bars represent the standard deviation of
he  replicas at 95%).

isible. The bigger structures observed have red fluorescence, so
hese structures were composed by lipids and may  in fact be huge
ipidic films (see the big structures in Fig. 6D) and random lipid
lusters. These results, together with those from DLS and fluores-
ence, point toward a global disruption of liposomes of EPC and
HOL by peptide LE10 at high concentration supporting the pos-
ibility that the mechanism observed in simulations is responsible
or the disruption.

. In vitro assays

To evaluate its activity in membranes and as mammalian
ell killer, preliminary tests were performed with a human
broblast cell line (BJ-5ta) exposed to LE10 peptide. The
TT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
ide) reduction assay, which mirrors the activity of vital metabolic

nzymes present in mitochondrial membranes, and the LDH (lac-
ate dehydrogenase) leakage assay, which is an indicator of cell

embrane integrity, were chosen to study the eventual cytotoxic
ffect of LE10 on mammalian cells. The results are show in Fig. 7.
or this cell line, the LE10 peptide showed interaction with the
ell membrane, lightly compromising its integrity, since the release
f the cytosolic enzyme LDH was approximately 4% and 15% for
he incubation with the peptide at 3 and 300 �M,  respectively. In
urn, the toxicity of this peptide toward the metabolism of BJ-5ta
ells has revealed itself high, as the percentage of viable cells after
4 h of incubation with LE10 decreased to 67% and 32% for 3 and
00 �M of peptide, respectively. These results show that the LE10
eptide is toxic, even at low concentrations, to mammalian cells,
uggesting that the mechanism of toxicity is not only through the
isrupting of the plasmatic membrane. Some authors that studied
he toxicity of AMPs in cancer cell-lines, proposed mechanisms of
ell kill, other than the membrane disruption/destabilization, like
itochondria disintegration [37], changes in caspase activity, mito-

hondrial potential, reactive oxygen species production, and others
38].

The results of these cell assays cannot be directly compared with
he results of molecular dynamics simulations, since the cell mem-
rane is much more complex than the membrane model simulated.
evertheless POPC is a zwitterionic lipid, the most common type
f lipid in eukaryotic cells [39], and CHOL was present in a pro-
ortion similar to the proportions of this lipid in mammalian cells

39], making the simulation model a good approximation to study
hese mechanisms. The mechanism of internalization of the pep-
ide via vesicles, suggested by the simulations, may  be the same
hat leads to the results of LDH and MTT  assays, since they show
Biointerfaces 106 (2013) 240– 247

that the membrane was  lightly disrupted. This disruption can be
caused by the internalization of LE10 possibly by endocytosis. The
increase on the amount of peptides that interact with the mem-
brane can provoke high destabilization of the lipidic bilayer, which
is in accordance with the results obtained with liposomes. The tox-
icity of peptide can be due to their propensity to interact with lipidic
membranes (can interact with mitochondrial membrane, where, in
fact, the reaction behind the MTT  test takes place) already observed
in simulations.

Although the performed experiments clearly show that LE10
promotes the membrane destabilization, liposome disruption and
cell dead in the studied membranes, antimicrobial tests performed
with six different microorganisms do not show antimicrobial prop-
erties for the peptide (results do not showed). The microorganisms
tested were four bacteria, the Gram-positive Bacillus subtilis and
Staphylococcus aureus,  the Gram-negative Pseudomonas aeruginosa
and Escherichia and two  yeasts, the Saccharomyces cerevisiae and the
Candida albicans. Due to the strong membrane interactions of LE10
observed in the previous experiments, we  had thought that this
peptide could have high antimicrobial activity, which was not con-
firmed. This fact is likely caused by the differences in composition
and structure of membranes and by the existence of the cell-wall
in the microorganisms. The presence of anionic phospholipids or
phosphate groups of lipopolysaccharides (for Gram-negative bacte-
ria) or acidic polysaccharides, teichoic acids, and lipoteichoic acids
(for Gram-positive bacteria) or phosphomannans, chitin chains and
the layer of beta-1,3-glucan (for yeasts) provide a negative surface
charge to the cell-wall, and to the membranes of these organisms
[40]. The cell-wall, with its negative surface, provides a physical
barrier covering the lipidic membrane that can be inaccessible to
cross by the LE10. The negative charge may  prevent the LE10 to
contact the cell membrane of these organisms due electrostatic
repulsions, and the constituents of the cell-wall may trap the pep-
tide or block its crossing.

6. Major remarks

The results of molecular dynamics simulations showed that the
LE10 peptide strongly interacts with POPC/CHOL bilayers. First the
peptides are attracted to the membrane surface, in an electrostatic
process, and then the bilayer bending engulfs the peptides, in a
manner similar to an endocytosis mechanism. The observation of
full endocytosis is not accessible in the time scales simulated. The
classification of this peptide as AMP  or CPP is controversial, just like
the division of both classes. LE10 is a short peptide with 10 negative
charges provided by their glutamic acids residues, so this peptide
composition fits in a class of AMPs designated by Anionic Peptides
(according the classes defined in one work of Brogden [10]). The
few authors that studied AAMPs proposed one mode of action that
involves the formation of cationic salt bridges with metal ions like
Zn2+ [41], which is not the case of this peptide. The mechanism of
action of LE10 observed in simulations, as well as the antimicrobial
tests, points toward the classification of this peptide as CPP, since
there are many examples of CPPs internalized by different types
of endocytosis. In CPPs the positive net charge is described as one
essential feature. However Martín and co-authors that designed
the anionic SAP(E) starting from the cationic SAP [17], showed that
the negatively charged designed peptide have the same behavior
and the same method of action (lipid-raft caveolae-mediated endo-
cytosis) of the initial CPP. These results, together with the results
presented here for LE10, show that positive net charge may not

be an essential feature for CPPs. Despite this, the results of DLS
and fluorescence with liposomes presented in this paper indicate
that the peptide disrupt the membrane with increasing peptide
concentration, which is characteristic of AMPs.
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These controversial results bring more arguments for the recent
iscussion about the classification of AMPs and CPPs as different
ypes of peptides or as one big and diversified group. This peptide,
ike others mentioned in the introduction, has ambiguous propri-
ties which make it difficult to classify. The results presented here
re in accordance with the hypothesis of AMPs and CPPs belong-
ng to one group, making the LE10 one membrane active peptide
MAP).

. Conclusion

In this work we describe one small membrane active anionic
eptide, which reveals features of two types of peptides, CPPs and
MPs. These characteristics were determined by molecular dynam-

cs and confirmed by experimental studies, which corroborate the
ower of molecular modeling research. The simulations show that
his peptide is engulfed by lipidic bilayers of POPC, with or without
HOL, in a process similar to early stages of endocytosis. The exper-

mental results are in accordance with the simulations results, and
lso showed that high concentrations of the peptide lead to mem-
rane disruption. The peptide also compromises the cell membrane
f fibroblasts, being ultimately toxic for these cells although it is not
or the microorganisms tested. This peptide is negatively charged,
ut strongly interacts with lipidic membranes, indicating that posi-
ive net charge may  not be an essential feature for MAPs. Due to the
eatures of LE10, small modifications in their structure may  lead to
romising properties in the areas of antibiotics design, and cancer
herapy. The exciting properties of LE10, here demonstrate, makes
t also a very promising tool for drug delivery design.
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