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a  b  s  t  r  a  c  t

Substitution  of Ala  108 and  Ala  111  in  the 107–115  human  lysozyme  (hLz)  fragment  results  in a  20-
fold  increased  anti-staphylococcal  activity  while  its hemolytic  activity  becomes  significant  (30%)  at  very
high concentrations.  This  analog  displays  an  additional  positive  charge  near  the N-terminus  (108)  and  an
extra Trp  residue  at the  center  of the  molecule  (111),  indicating  that this  particular  amino  acid  sequence
improves  its  interaction  with  the bacterial  plasma  membrane.  In order  to understand  the  role  of this
arrangement  in  the  membrane  interaction,  studies  with  model  lipid membranes  were  carried  out.

The  interactions  of  peptides,  107–115  hLz  and  the  novel  analog  ([K108W111]107–115  hLz)  with  lipo-
somes  and  lipid  monolayers  were  evaluated  by  monitoring  the  changes  in  the fluorescence  of  the  Trp
residues  and  the  variation  of  the monolayers  surface  pressure,  respectively.  Results  obtained  with  both
techniques  revealed  a significant  affinity  increase  of [K108W111]107–115  hLz  for  lipids,  especially  when
the  membranes  containing  negatively  charged  lipids,  such  as  phosphatidylglycerol.  However,  there  is also
a significant  interaction  with  zwitterionic  lipids,  suggesting  that  other  forces  in addition  to electrostatic
interactions  are  involved  in  the  binding.  The  analysis  of adsorption  isotherms  and  the insertion  kinetics

suggest  that relaxation  processes  of  the membrane  structure  are  involved  in the  insertion  process  of
novel  peptide  [K108W111]107–115  hLz  but  not  in  107–115  hLz,  probably  by  imposing  a  reorganization  of
water  at  the  interphases.

In  this regard,  the  enhanced  activity  of  peptide  [K108W111]107–115  hLz  may  be  explained  by  a  syner-
gistic effect  between  the  increased  electrostatic  forces  as  well  as  the  increased  hydrophobic  interactions.
. Introduction

Antimicrobial peptides (AMPs) are produced by almost all
pecies of living beings as a component of their innate non-specific
efense against infections [1–4]. AMPs are typically short peptides
ith consensus amphiphilic attributes represented by positively

harged and hydrophobic amino acids. The mixed cationic and
ydrophobic composition of AMPs makes them well suited for

nteracting with, and perturbing microbial plasmatic membranes,

hich typically present anionic surfaces, rich in lipids such as
hosphatidylglycerol or cardiolipin oriented towards the outer
nvironment of the bacteria [5]. The lethal step in most cationic
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AMPs (CAMPs) is the disruption of the microbial plasma membrane.
This process is accomplished in two  steps: membrane binding, pre-
dominantly governed by electrostatic interactions, and membrane
insertion/permeation, related to the hydrophobicity of the peptide,
which gives the capacity of partitioning into the microbial plasma
membrane [5]. CAMPs are very important resources for human
therapeutics as lead compounds to counteract the current drug
resistance development [6–9].

The target of most CAMPs is the microbial plasma membrane,
causing its perturbation and/or permeabilization. This target makes
difficult the microbial-resistance development, becoming CAMPs
excellent candidates to counteract the resistance spread. For this

reason, model membrane systems, such as lipid vesicles, have been
used for three decades to explore the structure, function and mech-
anism of AMPs [10,11]. Yet, despite a huge amount of work a
consensus in the understanding of AMPs action in synthetic bilayers
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Fig. 1. Sequence alignment of 107–115 hLz and [K108W111]107–115 hLz, and the
well  know AMP  indolicidin [64]. Color code: blue, aliphathic residues and proline;
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ed, aromatic residues; and green, polar and charged residues. (For interpretation of
he references to color in this figure legend, the reader is referred to the web  version
f  this article).

s still lacking. A way to get an insight on the antimicrobial activity of
eptides is to elucidate the mechanism of the AMP-induced bilayer
estabilization. In this regard, it is important to identify the AMPs
eatures necessary for the display activity, enabling the design of

ore potent and simpler, i.e., less expensive, AMPs [12].
Recently, an improved analog derived from the 107–115

uman lysozyme fragment (107–115 hLz), an AMP  with well
nown antibacterial activity against both Gram-positive and Gram-
egative microorganisms [13], was developed by a straightforward
trategy, involving the sequential substitutions of both alanine
esidues (108 and 111) [14] (Fig. 1A). This simple strategy involved
he screening of 16, 107–115 hLz analogs. Since small pharma and
iotech firms took the challenge of antimicrobial development [15],

ow investment-venture procedures are welcome.
The novel peptide [K108W111]107–115 hLz resulted in a 20-

old increase in the anti-staphylococcal activity while its hemolytic
ctivity resulted significant at 10-fold its MIC  [14]. Furthermore,
he conformational insight assessed by far-UV circular dichroism
n the presence of structure-inducing agents, highlights the role of
he peptide secondary structure and the distribution of polar/non-
olar residues for its effective interaction with the bacterial plasma
embrane (data not shown). This peptide might adopt an extended

mphipatic conformation; with segregation of the charged-polar
esidues form the non-polar residues in order to improve its inter-
ction with lipidic micelles which mimic  the bacterial plasma
embranes.
In this article, we aim to characterize comparatively the

nteraction of the lead peptide, 107–115 hLz, and its improved
nalog, [K108W111]107–115 hLz, with biomembranes composed by
harged and non-charged lipids. These assays might help to further
nderstand the structure–activity relationship (SAR) of this novel
eptide and the role of each substitution.

Our approach involves a series of studies to determine the
artition and the location of both peptides, the influence of elec-
rostatic charges at the membrane surface on the partition and the

embrane-structure changes induced by the peptides.

. Material and methods

.1. Lipids

The zwitterionc lipids POPC (1-palmitoyl-2-oleyl-sn-glycero-3-
hosphocholine), DMPC (1,2-dimyristoyl-sn-glycero-3-phospho-
holine) DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine)
nd positively charged lipids POPG (1-palmitoyl-2-oleoyl-sn
glycero-3-phospho-1′-rac-glycerol), and DMPG (1,2-dimyristoyl-
n-glycero-3-phospho-1′-rac-glycerol) were purchased from
vanti Polar Lipids (Alabaster, AL, USA). 5NS (5-DOXYL-stearic
cid) and 16NS (16-DOXIL-stearic acid) were purchased from
igma.
.2. Peptide synthesis, purification and identification

Peptides were obtained by solid phase synthesis using
he Fmoc N�-protection strategy, according to Kates and
: Biointerfaces 114 (2014) 363– 371

Albericio [16]. Amide resin was the solid support to provide
amide peptides. Tetrafluoroborato de N-[(1H-benzotriazol-
1-yl)(dimetilamino)metilen]-N-metilmetanamonio (TBTU) and
N,N-diisopropiletilamina (DIEA) were the coupling reagents. MBHA
(4-Methylbenzhydrylamine) rink amide resin, Fmoc amino acids,
and coupling reagents were purchased form Peptides International
(Louisville, KY, USA). Peptides were deprotected and cleaved from
the resin using trifluoroacetic acid (TFA):H2O:triisopropylsilane
(TIS) (95:2.5:2.5) mixture for 3 h at room temperature. Peptides
were purified by RP-HPLC on a Bio Basic-18 column (Thermo
Scientific, USA). Peptide elution was  performed using a linear
gradient of 10–55% acetonitrile in water containing 0.05% of TFA,
during 45 min, at 1 ml/min flow rate. Peptides were identified by
MALDI-MS in a 4800 MALDI TOF/TOF plus equipment (Applied
Biosystems MDS  SCIEX, USA).

2.3. Surface pressure

Changes on the surface pressure of lipid monolayers induced
by 107–115 hLz and [K108W111]107–115 hLz were measured
in a Kibron Langmuir–Blodgett trough, at constant temperature
(25 ± 0.5 ◦C). The surface of the buffer solution contained in a Teflon
trough of fixed area was  exhaustively cleaned by surface aspiration.
Then, a chloroform solution of lipids was spread on this surface to
reach surface pressures of 20.5 ± 1 mN/m.  Peptide solutions were
injected in the subphase and the changes of surface pressure were
recorded until a constant value was  reached. The surface pressure of
the air–water interface upon injecting the highest concentration of
each peptide was  below 14 mN/m.  For this reason, the lowest initial
surface pressure of the lipid monolayers before the addition of the
peptides to the subphase was  above that value. In this condition,
the changes in the surface pressure observed upon the injection
of the peptide solutions could can be ascribed to an effect of the
peptide on the monolayer, altering its interfacial tension.

Pressure data obtained were fitted with follow equation:

� = �˘

�˘max
= [peptide]n

kd + [peptide]n (1)

where � corresponds to the degree of coverage, �  ̆ is the surface
pressure shift, [peptide] is the peptide concentration, n is the het-
erogeneity parameter describing the width of energy distribution
and kd is the dissociation constant.

2.4 Relaxation coefficient (r) in diffusional process

The kinetics of peptides penetration was followed using:

�  ̆ = kr (2)

from where the constants k and r [17] were determined.
Regression analyses of the �  ̆ vs.

√
time curves were per-

formed to determine the values of r, with Graphpad Prism, by
minimizing the root mean square error between the experimental
data rate and the model equation.

2.5. Fluorescence spectroscopy measurements

Since peptides 107–115 hLz and [K108W111]107–115 hLz con-
tain 2 and 3 tryptophan residues, respectively, fluorescence
techniques results suitable tools for the analyses of these molecules.
The working buffer was HEPES 10 mM pH 7.4 in NaCl 150 mM.
Peptides 107–115 hLz and [K108W111]107–115 hLz (250 �M)  and

Trp (500 �M)  stock solutions were prepared in buffer. Membrane
partition and fluorescence quenching studies were carried out in
a Varian Cary Eclipse fluorescence spectrophotometer (Mulgrave,
Australia). The fluorescence spectral characterization of peptides
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nd Trp was performed at 280 nm excitation wavelength, except for
he quenching experiments that was performed at 290 nm to mini-

ize the relative quencher/fluorophore light-absorption ratios. For
he quenching experiments, fluorescence emission was collected
t 350 nm (fixed wavelength). For the partition studies integrated
pectra from 310 to 450 nm were used. Typical spectral band-
idths were 5 nm for excitation and 10 nm for emission. Excitation

nd emission spectra were corrected for wavelength-dependent
nstrumental factors [18,19]. During the quenching and partition
xperiments, emission was also corrected for successive dilutions,
catter [19] and simultaneous light absorptions of quencher and
uorophore.

.6. Partition coefficient determination

Large unilamellar vesicles (LUV) were prepared by extrusion
ethods, as described elsewhere [20,21].
Membrane partition studies were performed by successive

dditions of small amounts of different lipid systems to a 5 �M
eptide solution, with 10 min  incubation at 25 ◦C. Lipid sys-
ems included: DMPC, DMPC:POPG (5:1), DMPC:POPG (2.5:1) and
OPC:POPG (2.5:1). The partition coefficients (Kp) were calculated
tting the experimental data into equation 3 [22]:

I

IW
=

1 + Kp�L
IL
IW

[L]

1 + Kp�L [L]
(3)

here IW and IL are the fluorescence intensities in aqueous solution
nd in lipid, respectively, �L is the molar volume of the lipid [23]
nd [L] its concentration.

.7. Acrylamide quenching

The fluorescence quenching of peptides 107–115 hLz and
K108W111]107–115 hLz (5 �M)  by acrylamide was measured in
uffer and in the presence of POPC:POPG (2.5:1) LUV (3 mM),  by
uccessive additions of small volumes of the quencher stock solu-
ion, ranging from 0 to 60 mM [24]. Each spectrum was recorded
fter 10 min  incubation. Quenching data were analyzed using the
tern–Volmer equation [25]:

I0
I

= 1 + KSV × [Q ] (4)

here I and I0 are the fluorescence intensities of the sample in
he presence and absence of quencher, respectively, KSV is the
tern–Volmer constant and [Q] is the quencher concentration.

.8 5NS and 16NS quenching

Fluorescence quenching assays with the lipophilic probes 5NS
nd 16NS were carried out at the same peptide and lipid con-
entrations used for the acrylamide quenching study. Briefly,
y successive additions of small amounts of these quenchers in
thanol solution to the peptide samples in POPC:POPG (2.5:1),
eeping the ethanol concentration below 2% (v/v) [26]. The effective
ipophilic quencher concentration in the membrane was  calculated
rom the partition coefficient of both quenchers to the lipid bilay-
rs [27]. After each quencher addition, samples were incubated
or 10 min  before measurement. Quenching data were analyzed
y using the Stern–Volmer equation (Eq. (3)), or the Lehrer equa-
ion (Eq. (5)) when a negative deviation from the Stern–Volmer
elationship is observed. [27,28]

I 1  + K Q
0

I
= SV [ ]

(1 + KSV [Q ]) (1 − fb) + fb
(5)

here fb corresponds to the fraction of light arising from the acces-
ible fluorophores to the quencher.
: Biointerfaces 114 (2014) 363– 371 365

2.9. Tryptophan fluorescence: red edge effect

Excitation wavelengths from 270 to 310 nm were used to
observe an eventual red edge excitation shift effect (REES) [29,30],
at 25 ◦C in the presence of 3 mM LUVs. The emission spectra of
LUVs in the same experimental conditions, without peptide, were
used for blank subtraction. For the sake of comparison, identical
measurements were conducted for 10 �M peptide in buffer.

3. Results

3.1. Surface pressure

The interaction of both peptides with lipid surfaces was  first
studied by its effect on the monolayers surface pressure change
(�˘) produced by peptides injected in the subphase underneath
lipid monolayers stabilized on the air–water interface. As revealed
in Fig. 2, �  ̆ values resulting from the peptide interaction with
PC or PC:PG monolayers at the air–water interface vary with the
peptide concentration in the surface. In Fig. 2 (panel A), the effect
of 107–115 hLz and [K108W111]107–115 hLz on PC monolayers is
shown. It can be observed that for a similar degree of coverage
(Fig. 2 panel B) the effect on surface pressure is comparable for
both peptides. In contrast, the highest changes on surface pres-
sure on charged (PG containing) monolayers were found with
[K108W111]107–115 hLz (Fig. 2 panel C) for a degree of coverage
of 1 (Fig. 2D).

The comparison of data in Fig. 2 denotes that changes produced
by both peptides on PC monolayers are similar and quite compara-
ble to that produced by the unmodified peptide on PG containing
monolayers. Thus, although the interaction of both peptides with
neutral lipids (DMPC) is also feasible, it is strongly enhanced for the
novel peptide [K108W111]107–115 hLz in the presence of charged
lipids. This result highlights that other forces in addition to elec-
trostatic charges drive the peptide insertion and that the peptide
substitution at position 111 (Ala by Trp) might affect such non
electrostatic contributions.

In order to get an insight on peptide insertion mechanism, we
analyze the surface pressure data using the Langmuir isotherm
described in Section 2 (Eq. (1)). The comparison of the curves on
neutral lipids did not show important differences between the pep-
tides, both giving an n coefficient close to 1, indicating an adsorption
in independent sites (Fig. 2B). In contrast, the fitting of the curves
corresponding to the adsorption of [K108W111]107–115 hLz on
charged lipid (PC:PG monolayers) showed a strong deviation from
a classical Langmuir adsorption, as denoted by the n coefficient
lower than 1, while 107–115 hLz remains with an n value close
to 1 (Fig. 2D). The values of n for both peptides in PC and PC:PG
monolayers are presented on Table 1.

Significant differences between both peptides were found when
the perturbation �  ̆ was analyzed at different initial surface
pressure using DMPC monolayers (Fig. 3). The limiting surface
pressure or exclusion pressure (cut-off) [31,32] was determined
by extrapolating the regression of the surface pressure (�˘) vs.
˘0 plots to the xx axis (Fig. 3). This limiting surface pressure, was
defined as the maximum initial surface pressure above which the
perturbation of the monolayer does not occurs any more, is a mea-
sure of the molecule membrane-penetrating power [33]. In both
cases, �  ̆ decreases linearly with increasing ˘0, with different
slopes, being the exclusion surface pressures 40.39 and 33.43 mN/m
for [K108W111]107–115 hLz and 107–115 hLz, respectively. The
higher slope for the 107–115 hLz in comparison to the modi-

fied [K108W111]107–115 hLz denotes that the later requires a less
hydrated membrane phase. In turn, the higher cut-off indicates that
[K108W111]107–115 hLz stabilizes in a more expanded interphase
[34].
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Fig. 2. Interaction of 107–115 hLz (�) and [K108W111]107–115 hLz (�)with lipid monolayers. Changes in the surface pressure expressed as �  ̆ ((A) and (C)) or degree of
coverage � ((B) and (D)) as a function of the peptide concentration on pure DMPC monolayers (A and B) or DMPC:DMPG monolayers ((C) and (D)). The initial pressure was
21  ± 1 mN/m for all assays.

Table 1
Parameters obtained from the fitting of the pressure data of lipid monolayers assays with 107–115 hLz or [K108W111]107–115 hLz using Eqs. (1) and (2). The concentrations
of  peptide used to determine the r coefficient are indicated between brackets. The initial pressure was 21 ± 1 mN/m in all assays.

107–115 hLz [K108W111]107–115 hLz

n from Langmuir equation DMPC ≈1 ≈1
DOPC:DMPG (5:1) ≈1 0.7

Relaxation coefficient (r) DMPC 0.556 (50 mM)  0.699 (50 mM)
DOPC:DMPG (5:1) 0.581 (0.5 mM)  0.766 (0.5 mM)
DOPC:DMPG (5:1) 0.592 (0.003 mM)  0.694 (0.028 mM)
DOPC:DMPG (5:1) 

DOPC:DMPG (5:1) 

Fig. 3. Changes in surface pressure as a function of the initial surface pressure
(˘0) after the injection of 107–115 hLz or [K108W111]107–115 hLz to reach a final
concentration of 50 mM in DMPC monolayers.
0.484 (0.001 mM)  0.659 (0.017 mM)
0.566 (4.4 × 10−4mM)  0.381 (3.1 × 10−4mM)

3.2. Membrane partition

The different cut off values obtained with 107–115 hLz and
[K108W111]107–115 hLz for neutral lipids in Fig. 3 indicate that
the peptide interaction depends on the exposure of surface groups
to water and hence on the available area on the surface. In addi-
tion, the different slope values could indicate that confined water
between the acyl chains might be also involved in the interac-
tion [35]. Therefore, the Trp partition in neutral lipid could give
us an insight of the non electrostatic interactions. UV–visible
absorption and fluorescence spectra in buffer of 107–115 hLz and
[K108W111]107–115 hLz are identical to those of Trp in aqueous
solution, as expected (Fig. 4A). As shown in Fig. 4B and C, the Trp
fluorescence intensity of the peptides increases in the presence of
LUV (increased quantum yield). The partition coefficient between

the lipid and aqueous phases, Kp, determined by fitting the fluo-
rescence intensity data in eq. 3, are presented in Table 2. For all
lipids tested, [K108W111]107–115 hLz exhibited a higher Kp than
107–115 hLz. Both peptides, for negatively charged phospholipids
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ig. 4. Variation of the surface pressure as a function of time, after the injection of 1
A)  or DOPC:DMPG (5:1) ((B) and (C)) monolayers. the initial pressure was 21 ± 1 m

PG) present higher Kp. However, this effect was more pronounced
or [K108W111]107–115 hLz. This is a relevant result because PG
s the second major phospholipid components of bacterial plasma

embranes [36].
These results reveal that PG is relevant to enhance the inter-

ction of both peptides but partition is also feasible in neutral
ipids and enhanced in the novel peptide [K108W111]107–115 hLz.
his means that hydrophobic contacts might play an important
ole in addition to electrostatic interactions driving to the pep-
ide insertion into the lipidic monolayers. The major difference in
he partition process was obtained for [K108W111]107–115 hLz in
MPC:DOPG (2.5:1) membranes. This indicates that electrostatic
nhances the partition of the modified peptide that are linkable
ith its improved activity.

.3. Localization of the peptides in the lipid bilayer

In order to test the accessibility of the fluorophores (Trp in our
ase) to the aqueous environment, the fluorescence quenching by
crylamide of the Trp residues of both peptides was studied. Acryla-
ide is an aqueous soluble quencher that presents a low capacity of

enetration into lipid bilayers [37]. If a fluorescent molecule inserts
n the membrane, it will be less accessible or inaccessible to the
uencher in aqueous solution and, therefore, its fluorescence will

e less quenched or not quenched at all [38,39].

Linear Stern–Volmer plots were obtained both in the presence
nd absence of lipids (Fig. 5). Both peptides yielded lower Ksv

able 2
artition coefficients obtained from the fitting of the fluorescence assay data of pep-
ides [K108W111]107–115 hLz or 107–115 in Eq. (3). All measures were made at least
n triplicate. Values are presented as mean ± standard deviation.

107–115 hLz × 103 [K108W111]107–115 hLz × 103

DMPC 0.2 ± 0.1 3.2 ± 0.8
DMPC:POPG 5:1 1.9 ± 0.1 7.5 ± 1.0
DMPC:POPG 5:2 3.6 ± 0.2 17.3 ± 1.0
POPC:POPG 5:2 6.2 ± 0.4 15.6 ± 1.2
15 hLz or [K108W111]107–115 hLz to reach a final concentration of 50 mM in DMPC
or all experiments.

values in the presence of lipids than those obtained in their
absence (15.46 ± 0.3 mM−1 in solution and 2.72 ± 0.09 mM−1 in
the presence of LUVs for 107–115 hLz and 17.61 ± 0.4 mM−1

in solution and 1.76 ±0.1 mM−1 in the presence of LUVs for
[K108W111]107–115 hLz). Also, the linear plots of fluorescence
quenching revealed that no hydrophobic pockets were present.
Although the existence of hydrophobic pockets does not seem
likely in a small peptide, aggregation or clustering could eventually
take place. Aggregation is probably prevented by the positively
charged residues of both peptides.

5 and 16NS stearic acid molecules were used to evaluate the in-
depth location of the Trp residues of the peptides inserted in PC:PG
vesicles. 5NS results a better quencher for molecules inserted in
the membrane in a shallow position, close to the lipid–water inter-
face, while 16NS quenches better molecules buried deeply in the
membrane [40]. Stern–Volmer plots shown in Fig. 5C and D did not
reveal significant differences between both peptides. Fluorescence
quenching data enabled the application of the SIMEXDA method
[40] to obtain the in-depth distribution of the Trp residues (Fig. 5E).
The calculated distance from the center of the bilayer indicates that
both peptides are located close to the membrane–water interface.
The results denote that once the peptides reach the membrane, Trp
belonging to both peptides locates in a similar environment of the
membrane. Fig. 5E represents the mean position of 2 Trp in the
case of 107–115 hLz and 3 Trp in the case of [K108W111] 107–115
hLz. The fact that an additional Trp residue of [K108W111]107–115
hLz did not result in a change in the average location could indi-
cate that the 3 Trp residues accommodate at the membrane surface
slightly buried a few nm into the bilayer. Single-Trp analogues
would allow to accurately determine the insertion depth of each
of the Trp residues. However, single-Trp analogues of indolicidin
have been demonstrated to have altered biological activity; such
studies may  not be applicable to the native peptides [41].
3.4. Kinetic assays

Variations of the surface pressure as a function of time after
the injection of 107–115 hLz and [K108W111]107–115 hLz in PC
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Fig. 5. Normalized fluorescence excitation (dashed line) and emission (solid line) spectra for Trp and peptides 107–115 hLz and [K108W111]107–115 hLz in aqueous solution
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5  �M)  (A). Partition study of the peptides into lipid vesicles. Variation of the fluore
eptides 107–115 hLz (B) or [K108W111]107–115 hLz (5 �M)  (C).

nd PC:PG monolayers are shown in Fig. 6. The kinetic pattern of
K108W111]107–115 hLz in PC monolayers (panel A) show a devi-
tion of linearity for [K108W111]107-115 hLz, absent on the non
odified peptide.
On DOPC:DMPG monolayers, the linearity observed at different

oncentration of 107-115 hLz (panel B) is lost when increas-
ng concentrations of [K108W111]107-115 hLz are added to PC:PG

onolayers (Panel C).
For a better comparison between the different deviations in the

inetic analysis a relaxation coefficient (r) defined according to Eq.
3) was obtained to characterize the peptide adsorption kinetics.

hen the r value is close to 0.5 the interactions could be described
s fickeans, in contrast when the r coefficient departs from 0.5 the
nteraction could be described as anomalous or non-Fickean [42].
n the case of 107–115 hLz for all the conditions assayed the r
oefficient remained close to 0.5 (Table 2). On the other hand for
K108W111]107–115 hLz the r coefficient values kept away from 0.5
howing a higher distance in PG containing membranes at saturat-
ng peptide concentration (Table 1).

.5. Structural correspondence with relaxation processes.
hanges in tryptophan fluorescence excitation: Red edge effect

As already shown, from the adsorption isotherms result n
oefficients different from 1; denoting a non-Langmuir behavior for
K108W111]107-115 hLz (Fig. 2 and Table 1). This denotes that pep-
ide insertion might be produced with structural rearrangements
n the membrane. In addition, as shown in Fig. 6, kinetics of peptide
07–115 hLz follows a fickean pattern, while [K108W111]107–115
Lz fits within a non fickean process (Fig. 6 and Table 1).

Based on the analysis of the adsorption isotherm and the kinet-
cs assays, the insertion of pepetide [K108W111]107–115 hLz takes
lace with changes in membrane structure. In order to explore

hese changes, the Trp environments of both peptides where ana-
yzed by fluorescence spectroscopy. The influence of the emission

avelength on the excitation wavelength depends on solvent
eorientation during the lifetime of the excited fluorophore singlet
e intensity upon titration with LUV suspensions (composed by different lipids) for

state [30,43]. For Trp residues imbedded in the less mobile region
of the membrane, the red edge effect, i.e., the shift of the emission
to higher wavelengths at the red edge of the excitation is stronger.
For both peptides in water, there was  no significant red edge shift.
However, when the peptides were incubated with LUV of DMPC
or DMPC:POPG (2.5:1), a red edge shift was  observed for both
peptides (Fig. 7). [K108W111]107-115 hLz reveals a stronger red
edge shift with both lipid compositions tested (≈18 and 15 nm for
DMPC:POPG and DMPC, respectively) in comparison with 107–115
HLZ (≈11 and 9 nm for DMPC:POPG and DMPC, respectively). As
from the result of Trp quenching we are not able to ascribe a
particular effect at each Trp, instead we are only able to see the
average results that involve all Trp en each peptide. Although
the presence of multiple Trp residues makes interpretation of the
red edge excitation shift data more uncertain, particularly so in
the presence of lipid, we emphasize the trends observed and the
comparative behavior among the peptides studied.

4. Discussion

In previous works, it was  shown that the understanding of the
interaction between AMPs and membranes (using lipid membrane
models and blood cells) represent a key aspect to elucidate their
mechanism of action [10,44,45]. The membranotropic behavior of a
peptide can increase its local concentration at the membrane level,
boosting the efficiency of the drug [46]. In this context, we com-
pared the membrane interactions of 107–115 hLz and its analog
[K108W111]107–115 hLz, in order to understand the molecular basis
of its significantly increased antimicrobial efficiency of the later.

This study demonstrates that the substitution of Ala by Lys at
position 108 and Ala by Trp at position 111 on the lead peptide
results in an increase of membrane affinity, as observed on par-
tition, surface pressure and quenching data (Figs. 2–6). As shown

in Table 2, [K108W111]107–115 hLz exhibits a higher Kp for all the
lipid formulations tested. The increased of the negative membrane
charge raises the Kp values of both peptides, as expected, due to
the peptides positive net charge, but this effect was stronger for the
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Fig. 6. Localization of the peptides in the bilayer. Fluorescence quenching of 5 �M 107–115 hLz (A) and [K108W111]107–115 hLz (B) by acrylamide in the presence and absence
o 11]107
b DA m
f alf-he

p
a
h
t
t

F
c

f  lipid vesicles. Fluorescence quenching of peptides 107–115 hLz (C) and [K108W1

oth  peptides Trp residues of both peptides inside the membrane using the SIMEX
or  107–115 hLz and 13.8 for [K108W111]107–115 hLz. Distributions’ half-width at h

eptide [K108W111]107–115 hLz. However, the fact that upon inter-
cting with a zwitterionic membrane (DMPC) [K108W111]107–115
Lz also exhibits a significantly higher K means that additionally
p

o the increased positive charges other contributions may  enhance
he peptide–membrane interactions.

ig. 7. Red edge excitation shift, for peptides 107–115 hLz (A) and [K108W111]107–115 hL
olor  in this figure legend, the reader is referred to the web  version of this article).
–115 hLz (D) peptides by 5NS and 16NS in the bilayer. In-depth localization (E) of
ethod [40] yielding an average location 13.6 Å away from the centre of the bilayer
ight were 1.41 Å for both peptides.

Quantifying the molar fraction (XL) of the peptide on the mem-
brane [38]
XL = kp�L [L]
1 + kp�L [L]

(6)

z (B) in buffer and DMPC, POPC:POPG LUVs. (For interpretation of the references to
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e obtained for pure DMPC membrane, working in a lipid high
olar excess condition (3 mM),  a XL for 107–115 hLz of 0.32. How-

ver, in the same conditions, XL value for [K108W111]107–115 hLz
as rised to 0.88, meaning that [K108W111]107–115 hLz tends to

ccumulate in the lipidic environment 2.5-fold higher than the lead
eptide. When we move to negatively charged membranes that
ifference becomes lower but still significant (XL values of 0.88 for
07–115 hLz and 0.97 for [K108W111]107–115 hLz). These further
vidences that beside the increased positive charge other factors
ight promote the peptide membranotropism.
Beside the difference on the membrane affinity of both peptides

 different penetration process becomes evident upon compar-
ng the lead peptide with its improved analog, despite the fact
hat no changes in the final position were detectable (Fig. 5E).
n membranes with charged lipid (PG), a deviation from Lang-
uir adsorption was showed for [K108W111]107–115 hLz (Table 1),

oncomitant with departure of the relaxation coefficient (r) from
.5 in the kinetic behavior, both differences denote a more com-
lex mechanism instead of a than the single adsorption process
bserved for 107–115 hLz. A physical interpretation of the relax-
tion coefficient (r) value can be discussed in terms of normal and
nomalous diffusion of the peptides through the membrane. The
inearity of the amount of substance adsorbed by a material with
he square root of time assumes that the system responds to a
inear gradient of concentration across the material in a steady
tate [47,48]. When the diffusion behavior cannot be described ade-
uately by Fick’s law, anomalous or non-Fickean diffusion occurs.
eviations from Fickian behaviour are considered to be associated
ith the finite rates at which the surface structure may  change

n response to the sorption or desorption of penetrant molecules
17]. This phenomena can be interpreted as an activated process
n which rearrangement of the cross-linking network in the lipid
urface (probably H bonds) is disrupted and re-formed by the pep-
ide insertion [42]. In our context the anomalous diffusion suggests

 synergistic effect due to both electrostatic as non-electrostatic
orces that could induce a combined reorganization of the mem-
rane along the membrane–peptide interaction.

Finally, we observed a stronger REES for [K108W111]107–115 hLz
hen compared with 107–115 hLz. This may  be due to a more sta-

le insertion of the Trp at the interface level that restrict its mobility
49]. The additional Trp residue might be involved in a higher sta-
ilization of the peptide in the membrane. These results indicate
hat at the end of the insertion process, the Trp microenviron-

ent of peptide [K108W111]107–115 hLz outcomes different from
hat found by the lead peptide. However, the PC:PG membranes
uenching results show that both peptides were located at the same

nterfacial position, with a average location of all Trp slightly buried
–6 nm in the membrane, in good agreement with the Trp location
f indolicidin, an extended CAMP isolated from the cytoplasmic
ranules of bovine neutrophiles, which presents high sequence
omology and similar far-UV CD spectra with [K108W111]107–115
Lz [14,50,51]. Taking this into account, the difference on the REES
ould be explained by the modification on the membrane induced
y peptide [K108W111]107–115 hLz, which were not observable for
07–115 hLz, as the pressure data denotes.

In general, CAMPs interact with membranes by a variety of
echanisms which might cause the disruption of the bilayer struc-

ure or the loss of the membrane permeability. Several reports
ave indicated that several CAMPs starting interactions (i.e., at

ow concentrations of membrane-bound peptide) occur primarily
ear the membrane surface, with the peptide aligned parallel to
he plane of the bilayer in a carpet like manner [52–57]. Peptide

nsertion near the lipid–water interface was postulated to result
n the expansion of the outer leaflet of the bilayer, with continue
ccumulation of bound peptide, leading to membrane thinning as

 prelude to pore formation or detergent-like disintegration of the
: Biointerfaces 114 (2014) 363– 371

bilayer [58–61]. According to our results, we  propose that peptide
[K108W111]107–115 hLz binds to the membrane through a process
governed by electrostatic forces, followed by the insertion of the
Trp residues in the carbon-chain region of the membrane, stabiliz-
ing the interaction [62] probably by an initial parallel alignment of
the peptide in the membrane, in good agreement with previously
reports for related AMPs [50] that promote changes in the lipid
organization; triggering the antimicrobial activity. That hypothesis
are good agreement with recent results from far-UV CD spectra
obtained from [K108W111]107–115 hLz similar to that obtained
for indolicidin [63]. The overall shape of CD spectra reveals that
peptide [K108W111] 107–115 hLz, and 2 analogs adopted a predom-
inant random coil conformation in water. However, 2 distinctive
bands at 200 and 220 nm suggest a decreased content of disor-
dered structure for peptide [K108W111] 107–115 hLz [51]. Based
on the CD spectra recorded in the presence of TFE and lipidic
micelles, we propose that peptide [K108W111]107–115 hLz forms
a U-shaped amphipathic structure showing a distinct segregation
of a hydrophobic core (WVWW)  flanked by positively charged
hydrophilic regions at both peptide termini (RK and RNR). This con-
formation may  improve the interaction with the microbial plasma
membrane and its partitioning at the interface.

In conclusion, the increased activity of [K108W111]107–115 hLz
peptide might be explained by a synergistic effect between the
increased electrostatic forces (substitution of Ala by Lys at position
108), as well as increased hydrophobic interactions (substitution
of Ala by Trp at position 111). A recent study on indolocidin con-
firms that electrostatic indolicidin–membrane interactions are not
the sole contributors to the free energy of adsorption. Instead, a
balance between an attractive van der Waals enthalpic component
and a repulsive entropic component determine the overall strength
of the indolicidin adsorption [50].
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