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The  protein’s  primary  structure  has  all  the information  for  specific  protein/peptide  folding  and,  in  many
cases,  can  define  specific  amphiphilic  regions  along  molecules  that  are  important  for  interaction  with
membranes.  In  order to  shed  light  on how  peptide  sequence  is important  for the  surface  properties
of  amphiphilic  peptides,  we  designed  three  pairs of peptides  with  the  following  characteristics:  (1)  all
molecules  have the  same hydrophobic  residues;  (2) the  couples  differ  from  each  other  in their  hydrophilic
amino  acids:  positively,  negatively  and  non-charged;  (3)  each  pair  has  the  same  residues  (same  global
molecular  hydrophobicity)  but  the  primary  structure  is  reversed  in  comparison  to  its  partner  (retro-
isomer),  giving  a molecule  with  a hydrophilic  N or C-terminus  and  a hydrophobic  C  or N-terminus.
Using  the  Langmuir  monolayer  approach,  we  observed  that sequence  reversal  has  a central  role  in  the
lateral  stability  of  peptide  monolayers,  in  the  ability  of  the molecules  to partition  into  the air–water
nterfaces
eptide/membrane interaction
eptide Langmuir rheology monolayer

interface  and  in the  rheological  properties  of  peptide  films,  whereas  the  peptide’s  secondary  structure,
determined  by  ATR-FTIR,  was  the  same  for all peptides.  Reversing  the  sequence  also  gives a  differential
way  of  peptide/lipid  interaction  when  peptides  are  in the  presence  of POPC  lipid  bilayers.  Our  results
show  how  sequence  inversion  confers  a distinctive  peptide  surface  behaviour  and  lipid interaction  for
molecules  with  a similar  structure.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

At cellular membrane level, amphiphilic peptides can perform
ifferent activities or be involved in several processes. For exam-
le, many proteins interact with membranes through amphiphilic
lpha-helical peptides [1–4]. Several amphipathic peptides, like the
ntibiotic melittin and maculatin (among others) or cytotoxic pep-
ides, such as beta-amyloids, alpha-synuclein, etc. when interacting

ith membranes, present toxic activity with different membrane-

amaging modes [5–9] or are able to sense/stabilise membrane
urvature as is the case of, for example, the amphiphilic peptides
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of the BAR proteins, the ALPS motif of ArfGAP1 and others [10–14].
In addition, protein transport through membranes is mediated, in
many cases, by a N-terminal signal sequence peptide (SSP) that
interacts with interfaces containing the translocation machinery
[15,16].

The general structure of a SSP consists of a positively charged N-
terminal region (n-region), followed by a hydrophobic core region
(h-region) before the C-terminal region (c-region) and a cleavage
site [17]. Rapoport’s laboratory has shown that there is a close inter-
action between SSPs and the lipids of the directed membrane [18].
Once at the membrane, the signal sequence peptides are cleaved
off by a signal peptidase [18,19]. This shows the importance of a
perfect membrane/SSP interaction for correct protein transport,
where the insertion of the peptide maintains the integrity of the
lipid bilayer from insertion until recycling, an important biologi-

cal aspect of SSPs reviewed by Rapoport [18]. However, apart from
information of the translocation machinery and the lipid interac-
tion of this type of peptides at membrane level, neither the role

dx.doi.org/10.1016/j.colsurfb.2015.12.008
http://www.sciencedirect.com/science/journal/09277765
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Table 1
Amino acid sequence of the N-acetylated (Ac-) and C-amidated (-NH2) peptides
designed for the interfacial studies performed in this work.

Peptide name Sequence

KL KKGWLLLLLL
LK LLLLLLWGKK
EL EEGWLLLLLL
LE LLLLLLWGEE
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SL SSGWLLLLLL
LS LLLLLLWGSS

f membrane lipids nor the surface properties of signal sequences
as been finely studied. We  recently showed that SSPs form insol-
ble monolayers with high stability against lateral compression, a

ipid-like property for this type of peptides to support high lateral
ressures when embedded inside membranes [20].

The aim of this work is to understand the function of a specific
olecular configuration of peptides in the interfacial properties of
olecules. To achieve this, it is necessary to study peptides with a

ational design of their amino acid sequence. Therefore, based on
hat is known of the configuration of SSPs, we synthesised three

airs of peptides (Table 1) and analysed their surface behaviour and
heology at the air–water interface and their association with lipid
nterfaces. Here we show that peptides that present hydrophilic
esidues in the N-terminal region (N-philic peptides) have the high-
st surface stability against lateral compression, a better ability to
artition into the air–water interface and an enhanced capacity to
enetrate lipid interfaces, in comparison to their retro-isomeric
21] homologue molecules that have hydrophilic amino acids at
he C-terminus (C-philic peptides). The data show how a specific

olecular configuration has evolved to reach the perfect biolog-
cal design of proteins and peptides for precise interaction with

embrane interfaces.

. Material and methods

.1. Reagents

Peptides were purchased from Peptide 2.0 (Chantilly, VA,
SA). NaCl was from J.T. Baker (Center Valley, PA, USA) and
MSO from Merck (Darmstadt, Germany). Lipids and NBD-
E (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-
-1,3-benzoxadiazol-4-yl)) were obtained from Avanti Polar lipids,

nc. (Alabaster, AL, USA).

.2. Langmuir and Gibbs monolayers

Langmuir monolayer experiments of pure peptides were per-
ormed on an 80 cm2 homemade Teflon trough containing 75 ml
f NaCl 145 mM.  Peptides were dissolved in DMSO to a final con-
entration of 0.5–1.5 mM and directly spread onto the air–NaCl
45 mM (air–aqueous) interface with a Hamilton syringe. The sur-
ace pressure (measured employing the Wilhelmy method via
latinised-Pt plate) and the area enclosing the monolayer were
utomatically registered (Monofilmmeter with Film Lift, Mayer-
eintechnik, Göttingen, Germany).

Adsorption experiments (Gibbs peptide monolayer formation)
ere performed, injecting the peptides from their DMSO solution

nto 18 ml  of NaCl 145 mM contained in an 18 cm2 homemade
rough under continuous stirring.

Peptide penetration into the POPC monolayers was carried out
y spreading the lipid onto the air–aqueous interface (18 cm2 sur-

ace area trough) until reaching a stable 20 mN/m lateral pressure.
hen, as in the adsorption experiments, the peptides were injected
rom a DMSO solution into 18 ml  of NaCl 145 mM under constant
tirring. The change of lateral pressure due to peptide penetra-
s B: Biointerfaces 139 (2016) 25–32

tion into the lipid monolayers was  continuously monitored. Control
experiments were performed with only DMSO,  and showed no
effect of this solvent.

2.3. Monolayer rheology

Anisotropic monolayer area oscillation experiments were car-
ried out as described previously [22,23] and following the
procedures described in detail by Cicuta and Terentjev [24]. Briefly,
the peptide Langmuir film was  isometrically compressed with two
barriers (i.e. anisotropically) up to the desired lateral pressure.
Then, sinusoidal area perturbations by compression–expansion
cycles were performed while measuring both the surface pressure
and the phase shift between the tension and the surface area sig-
nals (see Fig. S3 in Supplementary material). Since the deformation
created by the moving barrier is uniaxial, the surface pressure is a
superposition of well-defined dilatation and shear moduli. There-
fore, taking into account that the interfacial tension is a tensor
quantity, the measured values depend on the direction of the axis
along which the stress acts [25]. The calculations used to obtain the
rheological parameters are explained in Supplementary material
section (Section 2.1 and Fig. S3). In addition, we measured the dif-
fusion of latex beads in a pure peptide interface in order to account
for the microrheological properties of the film (where the oscil-
lating technique has less resolution) (see Supplementary material,
Section 2.2 and Fig. S4).

2.4. LUVs preparation and FRET measurements

Large unilamellar vesicles (LUVs) were prepared by the extru-
sion method [26]. Concisely, multilamellar vesicles (MLVs) were
produced by dispersing dry lipid in 145 mM NaCI with vortex mix-
ing and 5 cycles of freezing (liquid nitrogen)/thawing (37 ◦C). This
suspension of MLVs was manually extruded through a 100 nm poly-
carbonate filter by using a mini-Extruder set (Avanti Polar Lipids;
Alabaster, AL, US). Monodisperse LUVs of around 90–100 nm in size
were obtained after extrusion.

In order to monitor peptide binding to LUVs, we  used
a classical tryptophan-NBD fluorescence energy transfer assay
(FRET) [27]. For our experiments, POPC LUVs doped with
1% NBD-PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(7-nitro-2-1,3-benzoxadiazol-4-yl)) were used at a final concentra-
tion of 1.5 mM.  The peptides (DMSO solution) were injected into
a cylindrical fluorescence cuvette (experimental volume: 400 �l;
4 �M final peptide concentration) containing the NBD-LUVs under
continuous stirring. Before and after peptide injection, the FRET was
monitored, detecting NBD emission at 536 nm wavelength when
tryptophan was  excited at 280 nm.  Control experiments were per-
formed with DMSO only, and showed no effect of this solvent.

2.5. ATR-FTIR

IR spectra were recorded on an Equinox 55 IR spectropho-
tometer (Bruker Optics) equipped with a single reflection diamond
ATR accessory (Golden Gate, Specac). The spectrometer was con-
tinuously purged with dried air. A total of 256 accumulations
were performed to improve the signal/noise ratio. Spectra were
recorded at 21 ◦C using a resolution of 2 cm−1. The peptide sam-
ple (1.5–5 �l) was spread onto the diamond crystal surface and
excess solvent (DMSO, water, or DMSO:Chloroform:Methanol) was
removed under nitrogen flow.

For the secondary structure analysis, the water vapour and side

chain contributions were subtracted and then the spectra were
baseline corrected and normalised for equal area between 1700
and 1500 cm−1. All spectra were deconvoluted using a Lorentzian
deconvolution factor with a full width at the half maximum of
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Table 2
Rheological characterization obtained from the anisotropic area oscillation of pep-
tide monolayers. Dilatational (�ı́) and shear (G ı́) elastic moduli of pure peptide
Langmuir monolayers. The data shown is the average of more than two independent
experiments.

Peptide ε′ (mN/m) G′ (mN/m)

KL 110.2 30.6
LK 89.4 4.7
EL 112.8 40.5
LE 108.7 26.6
E.E. Ambroggio et al. / Colloids and S

0 cm−1 and a Gaussian apodisation factor with a full width at the
alf maximum of 13.33 cm−1 to obtain a resolution enhancement

actor K = 1.5. The bands identified in the deconvoluted spectra were
sed for curve fitting of the original (K = 1) spectra using Gaus-
ian/Lorentzian bands [28].

. Results

.1. Peptide design

As described before, the general properties of a sequence of a
SP consist of a positively charged N-terminal region, followed by

 hydrophobic core region before the C-terminal region (c-region)
17]. Based on this sequence consensus, we first designed three
eptides (N-acetylated and C-amidated) that mimic the first half
f the SSPs, but with different properties at the N-terminus. Their
-terminal region is hydrophilic (“N-philic peptides”), and they are
ositively or negatively charged or neutral (Table 1, peptides KL, EL
nd SL respectively).

In addition, we introduced a glycine to allow mobility at the
nterface between this hydrophilic N-region and the hydrophobic
-terminus region formed by WL6. This design allows us to test how
-philic peptides with different hydrophilic residues behave at the
ir–aqueous interface and what type of structure they adopt. This
ttempts to tackle, in interfacial terms, why a positive N-terminus
s necessary for SSPs to interact with membranes and whether a
eneral hydrophilic region is needed. Next, we  planned molecules
hat have the same residues as the above-mentioned peptides but
ith their sequence reversed (retro-isomer [21]) with respect to

heir homologue (Table 1, peptides LK, LE and LS), giving a peptide
ith a hydrophilic C-region (C-philic). With this configuration, we
ere able to compare the surface behaviour, the interaction with

ipids and the secondary structure of two molecules that have the
ame hydrophobicity and amino-acid composition but the opposite
rimary structure. Again, differential results will explain not only
hy a specific design evolved in cells, but also why others were

uled out. It should be noted that the sequences used here represent
ne half of an entire SSP, because only the first layer of a hypothetic

ipid bilayer is represented in the Langmuir studies.

.2. Peptide Langmuir monolayers

.2.1. Lateral compression isotherms of pure peptide monolayers
We first evaluated the lateral interfacial stability of the

mphiphilic peptides by generating an insoluble peptide film at
he air–NaCl 145 mM interface (“air–aqueous interface”) and then
aterally compressing the monolayer. The higher the collapse pres-
ure of the film, the higher its monolayer stability [29]. Fig. 1 shows
he compression isotherms (expressed as the lateral pressure of
he film as a function of the molecular area) for the three pairs of
eptides. The differences between N-philic and C-philic are clear-
ut: monolayers of N-philic peptides have notably higher collapse
ressures than monolayers of C-philic peptides (see inserted table

n Fig. 1). The limiting molecular areas (molecular area at the col-
apse pressure) of the peptide pairs show slight differences, with
L/LK > EL/LE > SL/LS. These differences in the area at maximal pack-

ng correlate with the differences of the volume of the hydrophilic
esidues [30].

In parallel, we performed molecular dynamic simulations of
eptide monolayers packed up to 1 nm2 (see Supplementary mate-

ial and Fig. S1). Confirming the experimental data, the reduction
f the aqueous surface tension was higher for N-philic peptide
onolayers than for C-philic (Fig. S2). This is important as it shows

ow SSPs are able to bear high lateral pressures when inserted in
SL 113.8 20.5
LS  113.8 19.6

membranes because of their initial half of the peptide, where this
N-philic configuration is the one that resists high lateral packing.

3.3. Rheology of pure peptide Langmuir monolayers

The anisotropic area oscillation experiment allows the elastic
and viscous components of both the dilatational and shear moduli
of protein monolayers to be assessed [24]. Our  aim was to under-
stand whether the two different peptide configurations, N- and
C-philic, develop films with specific rheological properties. All the
molecules studied here form elastic films, presenting both dilata-
tional (ε′) and shear (G′) contributions (Table 2), which is indicative
of the presence of a network [24,31]. For the charged peptides, there
is a clear difference between the retro-isomers, where the shear
modulus was  found to be higher for the N-philic peptides. All of
these peptides exhibit negligible dilatational (ε′′) and shear (G′′)
viscosities (in relation to the elasticity detected with this method).
As the anisotropic oscillation method requires oscillation at a mini-
mal  critical surface pressure, we used a microrheological technique,
a more sensitive method that allows qualitative measurement of
the shear response of each peptide monolayer. This technique is
based on the tracking of latex spheres that diffuse on the monolayer
(Supplementary material, Fig. S4). In our experiments, bead diffu-
sion was very slow for all of the evaluated surface lateral pressures.
This was  observed even at the lift-off surface pressure (1–2 mN/m;
Fig. S4). This means that the peptides form films with a high shear
stress response, comparable to that observed in the A�1-40/42 pep-
tides and in contrast with the �-helix melittin [23] (Caruso et al.,
unpublished results). From these analyses, it is now evident why  a
charged N-philic configuration is probably important for SSPs, since
films of these peptides show a high shear modulus allowing these
molecules to respond to high lateral pressure fluctuations when
forming a film.

3.4. Peptide incorporation into the air–water interface

Since there was a marked difference between monolayers of
the N-philic and C-philic peptides in terms of lateral stability and
rheology, we next wanted to know whether both types of pep-
tides had differences in terms of spontaneous adsorption into the
air–aqueous interface. To test this, we injected each peptide into the
aqueous phase and monitored the change in lateral pressure due to
the adsorption of molecules into the interface (Fig. 2). Significantly,
the N-philic peptides, KL and EL, showed a higher capacity to par-
tition into the interface than their C-philic homologues (LK or LE,
respectively). On the other hand, at the same concentration (and
at concentrations doubling those for KL, LK, EL and LE; data not
shown), SL and LS did not self-incorporate into the air–aqueous
interface. In line with the above results, N-philic peptides have

a higher thermodynamic tendency than C-philic peptides to par-
tition into the air–water interface, which shows the importance
of this configuration for optimal interaction with and insertion in
biological membranes.
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Fig. 1. Pure peptide monolayers. Lateral surface pressure (II) vs. molecular area isotherms of KL and LK (A), EL and LE (B) and SL and LS peptides (C). Black lines: N-philic
peptides. Red lines: C-philic peptides. (D) Table with a summary of the lateral stability of the different peptide films (collapse pressure, IIcol) and the molecular area at this
point.  IIcol was  determined by the slope change (derivative) of the compression isotherm curve after lift-off. At this point the molecular area is obtained. The data shown is
the  result of the average of three independent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this  article.)
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ig. 2. Peptide adsorption into the air–water interface. Lateral surface pressure vs. ti
-philic  peptides. Red lines: C-philic peptides. Arrows: time of peptide injection. T
here  at least two  replicates were performed. (For interpretation of the references

.5. Peptide–lipid interaction
From the characteristic differences in the surface behaviour of
-philic and C-philic peptides, we evaluated whether sequence

nversion might also influence the interaction of these peptides
 the adsorption of KL and LK (A), EL and LE (B) and SL and LS peptides (C). Black lines:
tide bulk concentration is 1.9 �M.  The data shown is from one set of experiments

our in this figure legend, the reader is referred to the web version of this article.)

with lipids. For this reason, we tested the ability of the peptides
to penetrate POPC monolayers at a specific lateral packing (lateral
surface pressure). In addition, we  monitored tryptophan’s proxim-

ity to POPC interfaces when NBD-labelled POPC liposomes were
inoculated with the peptides.
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Fig. 3. Peptide penetration into the POPC monolayers at 20 mN/m.  Lateral surface pressure vs. time for the penetration of KL and LK (A), EL and LE (B) and SL and LS peptides
( tide injection. The peptide bulk concentration is 1.9 �M.  The data shown is from one set
o f the references to colour in this figure legend, the reader is referred to the web version
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Table 3
Secondary structure analysis of N and C-philic peptides assessed by ATR-FTIR. The
global percentage secondary structure composition of each ATR-FTIR spectrum for
N  and C-philic peptides is shown. Wave number (cm−1) range considered for each
assignment: 1918–1632 and 1689–1692, �-sheet; 1638–1645, random; 1648–1655,
�-helix; 1660–1680, turns. The band assignment was  performed for one set of
experiments and two independent replicates were performed.

Assignments Peptide

KL LK EL LE SL LS

�-sheet 54 67 49 68 61 51
Random 18 14 16 8 19 17
C).  Black lines: N-philic peptides. Red lines: C-philic peptides. Arrows: time of pep
f  experiments where at least two replicates were performed. (For interpretation o
f  this article.)

.6. Peptide penetration into lipid monolayers

Fig. 3 shows the penetration of N- and C-philic peptides into
OPC monolayers packed at 20 mN/m.  Again, differences between
eptide isomers are clearly observed, with the N-philic charged
eptides showing a higher capacity to penetrate the lipid mono-

ayer than the C-philic retro-isomers. This difference is less evident
or the neutral version of the peptides where, although SL has a
igher propensity to penetrate the lipid monolayer than LS, LS is
lso able to penetrate the POPC monolayer, in contrast to the other
-philic peptides. It should be noted that neither LS nor SL peptides
howed adsorption into the clean air–aqueous interface but they
ere able to penetrate POPC monolayers. This effect has been found

or several amphipathic molecules and peptides. This is probably
ecause lipid monolayers confer a more hydrophobic environment
o the interface [32–34].

.7. Tryptophan-NBD FRET

In order to evaluate whether peptides can interact with lipid
ilayers, we monitored the FRET between the tryptophan residue
resent in the peptide sequence and a fluorescent lipid (NBD-PE)

ncorporated in the lipid bilayer of LUVs. As can be seen in Fig. 4,
-philic peptides again showed different behaviour to that of C-
hilic peptides. N-philic peptides presented a marked FRET signal
fter injection, but C-philic peptides did not induce an increase
n NBD fluorescence. The lack of FRET signal does not rule out
eptide binding to membranes. To assess whether or not there is
inding of the C-philic peptides to POPC LUVs, we  also performed
otation experiments (see Supplementary material, Fig. S5), which

ndicated that both types of peptides are bound to LUVs, which
mplies that the peptide orientation at the lipid interface, and there-
ore tryptophan’s proximity to NBD, relies on the peptide sequence
rrangement.

.8. Peptide structure: ATR-FTIR of pure peptide films on diamond
urface
FTIR of adsorbed proteins onto reflective surfaces is a powerful
echnique to determine the molecular secondary structure [35,36].
or this reason, we measured the IR absorption of pure peptide films
�-Helix 14 11 20 14 9 17
Turn 14 8 15 10 11 15

onto the surface of a diamond crystal. We found that all the peptides
adopted a mainly beta-sheet structure on this surface. Fig. 5 shows
the ATR-FTIR absorption spectra of KL and LK peptides, where no
significant differences are found between their curves. The results
from the curve fitting are summarised in Table 3 for all peptides
where the percentage contributions of each secondary structure
are reported. This means that all the peptides may  adopt a similar
interfacial structure, emphasizing that the differences in observed
surface behaviour between N- and C-philic peptides are not due to
singular structural differences adopted by each type of molecule.
Slight differences in the percentile contribution of the beta-sheet
assignment are observed between peptides. As described for the
fitting procedure, all the possible secondary structures were con-
sidered. For short-sequence peptides, the sensitivity of the band
fitting is low, since a single amino-acid structural change will have
a 10% impact on the overall structure. For this reason, we  can con-
firm with this technique that the main structure of the peptides is
beta-sheet but the differences observed between peptides in the
amount of this structure probably fall within the deviation of the
band assignment.

4. Discussion
The biological activity of many proteins and peptides is through
association/adsorption to cellular membranes. The sequence of the
peptides or of the protein sections that directly interact with the
lipids has to have a perfect design. The aim of this work is to provide
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Fig. 4. Tryptophan-NBD fluorescence energy transfer. Normalised NBD-PE fluorescence intensity vs. time before and after injection of KL and LK (A), EL and LE (B) and SL and
LS  (C) peptides into a cuvette with 1.5 mM POPC LUVs containing 1% of the NBD-PE lipid. Black lines: N-philic peptides. Red lines: C-philic peptides. Arrows: time of peptide
injection. Peptide final concentration: 4 �M. �ex: 280 nm; �em: 536 nm.  Note in B a slight 

The  data shown is from one set of experiments where at least two replicates were perform
is  referred to the web version of this article.)

Fig. 5. Secondary structure of N-philic and C-philic peptides. ATR-FTIR absorption
spectra of KL (black) and LK (red) adsorbed onto a diamond surface. Similar spectra
were found for EL, SL, LE and LS (not shown). The data shown is from one set of
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xperiments where at least two independent replicates were performed. (For inter-
retation of the references to colour in this figure legend, the reader is referred to
he web  version of this article.)

urther information on the propensity and interfacial stability of
 set of peptides in which we control not only the orientation of
he hydrophilic/hydrophobic residues along the peptide sequence,
ut also the chemistry of the hydrophilic amino-acids. We  found
hat the peptides we tested mainly adopted a beta-sheet structure
hen adsorbed to a diamond surface. This structure correlates with

he hexapeptide AcWL5, a molecule that has a remarkable ability
o assemble reversibly and spontaneously into �-sheets on lipid

embranes [15,37] and resembles the hydrophobic section of the
eptides studied in the present work. In addition, previous reports

rom other laboratories and from our own work demonstrated that
eptides that adopt this conformation at the air–aqueous interface
ave high stability against lateral compression [20,38].

We observed a sharply defined difference in lateral stability

nd interfacial affinity. N-philic peptides form insoluble films that
ollapse at higher pressures than those composed by C-philic pep-
ides, and those N-philic peptides with charged residues are more
rone to self-incorporate into the clean air–water interface and
decrease of signal after injection probably due to an artefact after peptide addition.
ed. (For interpretation of the references to colour in this figure legend, the reader

into a lipid monolayer. The higher stability of the N-philic pep-
tide films was further confirmed by in silico molecular dynamic
simulations (Supplementary material), reinforcing the experimen-
tal data and showing the importance of a specific peptide sequence
arrangement for a given surface stability. In addition, the rheolog-
ical properties of the insoluble films developed by these peptides
at the air–water interface were very similar, with all of them being
mainly elastic and with marked shear contributions. These results
(together with the low diffusion of micrometre-sized beads) match
what is found for the amyloid peptides A� 1-40 and 1-42, whose
high shear modulus is interpreted as a consequence of the forma-
tion of a beta-sheet array at the air–water interface (Caruso et al.,
unpublished results). It is also remarkable that there is an effect of
the sequence inversion, since, within N-philic peptides, shear elas-
ticity was  much higher for the charged peptides. But the peptide
design not only gives these features to the pure peptide monolayers
but is also important for the interaction with the zwitterionic lipid
POPC, in which the N-philic configuration (which resembles signal
sequence peptides) increases the capacity to penetrate monolayers
of this lipid and also to position the W residue closer to the polar
head of the lipids.

5. Conclusions

Our findings are compelling in terms of how the peptide pri-
mary structure plays an essential role to dictate specific surface
activity for molecules that have a similar secondary structure
and identical hydrophobicity. Protein transport across membranes,
peptide activity on bilayers and drug-delivery mediated by small
proteins are fascinating topics for biophysicists trying to under-
stand, at the molecular level, how these phenomena occur. All
these properties may  be modulated by the primary, and the con-
sequent secondary, structure of the proteins. Peptide sequence

inversion (retro-isomers) has been studied for over 60 years, try-
ing to understand its effect on the biological activity of peptides.
One of the earliest examples was the loss of activity for the retro-
isomer of the vasodilator, bradykinin [39]. Another interesting
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xample is the effect of sequence inversion of the membrane-
nteracting cecropin–melittin peptide hybrids [40]. These chimeric
eptides have been developed in order to increase their bacterial
oxicity, as they are more potent than the normal antimicrobial
eptide (cecropin) [41]. In principle, retro-isomerization of these
ecropin–melittin hybrids would not alter the antimicrobial effect
f the peptides, but some types of cells that were killed by the nor-
al  peptides were now resistant to the retro-isomer [41]. Another

nteresting study demonstrates that sequence inversion of the ALPS
amphipathic lipid-packing sensor) motif of GMAPN does not affect
he capacity of the protein to accumulate early secretory pathway
esicles [42]. From these data, the biological effect of retro-isomeric
olecules when interacting with membranes is still not clear. For

ome peptides, it has a strong effect on specific membranes but
thers remain invariable [43].

Here we provide a small, but strong, piece of evidence of how
roteins could completely change their interfacial behaviour by
ne-tuning of the amino acid arrangement, despite their having

he same global physical–chemical properties. This is reflected in
he way in which SSPs are able to resist high-lateral pressures when
nserted into the lipid membrane [20] given by the first half of the
equence that resembles the N-philic configuration.
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