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A B S T R A C T

Studies have suggested that antimicrobial peptides act by different mechanisms, such as micellisation, self-
assembly of nanostructures and pore formation on the membrane surface. This work presents an extensive
investigation of the membrane interactions of the 14 amino-acid antimicrobial peptide hylaseptin P1-NH2
(HSP1-NH2), derived from the tree-frog Hyla punctata, which has stronger antifungal than antibacterial potential.
Biophysical and structural analyses were performed and the correlated results were used to describe in detail the
interactions of HSP1-NH2 with zwitterionic and anionic detergent micelles and phospholipid vesicles. HSP1-NH2
presents similar well-defined helical conformations in both zwitterionic and anionic micelles, although NMR
spectroscopy revealed important structural differences in the peptide N-terminus. 2H exchange experiments of
HSP1-NH2 indicated the insertion of the most N-terminal residues (1–3) in the DPC-d38 micelles. A higher en-
thalpic contribution was verified for the interaction of the peptide with anionic vesicles in comparison with
zwitterionic vesicles. The pore formation ability of HSP1-NH2 (examined by dye release assays) and its effect on
the size and surface charge as well as on the lipid acyl chain ordering (evaluated by Fourier-transform infrared
spectroscopy) of anionic phospholipid vesicles showed membrane disruption even at low peptide-to-phospho-
lipid ratios, and the effect increases proportionately to the peptide concentration. On the other hand, these
biophysical investigations showed that a critical peptide-to-phospholipid ratio around 0.6 is essential for pro-
moting disruption of zwitterionic membranes. In conclusion, this study demonstrates that the binding process of
the antimicrobial HSP1-NH2 peptide depends on the membrane composition and peptide concentration.

1. Introduction

At a time of increasing microbial resistance, antimicrobial peptides
(AMPs) provide an interesting alternative to conventional antibiotics
[1]. The majority of AMPs are cationic, and their microbicide action is
intrinsically related to their interaction with microorganism mem-
branes, which is driven by electrostatic and hydrophobic forces [2,3].
In addition, it is widely reported that most cationic AMPs also adopt
well-defined structures when interacting with phospholipid membranes
that distribute amino acid residues in an amphipathic arrangement [3].
The degree of amphipathicity can be evaluated by the relative pro-
portion of hydrophilic and hydrophobic faces, and can be quantified in

a helix structure as the polar angle [4,5]. Many studies of natural and
synthetic peptides associate reduced polar angle with increased cell
membrane permeabilization as a consequence of greater hydrophobic
surface [6–8]. However, aggregation and the self-assembly process of
AMPs have also been related to smaller polar angles [9,10]. The self-
organization of peptide molecules can take place prior to or during
membrane association, leading to highly stable supramolecular nanos-
tructures, which are responsible for resistance to protease degradation
in several cases [11].

Bacterial and fungal membranes have different phospholipid com-
positions as well as net charges. While the bacterial membrane is rich in
anionic phosphatidylglycerol, the fungal and other eukaryotic
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membranes are mainly composed of phospholipids with zwitterionic
phosphatidylcholine headgroups [12]. Although the fungal membrane
contains phospholipids with anionic phosphatidylinositol and phos-
phatidylserine headgroups, the large amount of zwitterionic phospho-
lipids makes the membrane charge predominantly neutral [12]. The
mode of action of AMPs is directly dependent on how they interact with
these phospholipid membranes and several techniques, usually focused
on structural and biophysical information, have been widely employed
to investigate the peptide–membrane interaction [13]. Typically, the
preferred systems for these studies are based on biomimetic environ-
ments, such as detergent micelles and phospholipid vesicles, where the
charge is the main variable [14].

In this study, we investigate the mode of action of the 14-amino-
acid-residue antimicrobial peptide HSP1-NH2 (GILDAIKAIAK-
AAG-NH2), which is the C-terminal amidated derivative of hylaseptin
P1 (HSP1), originally isolated from the skin extract of Hyla punctata, a
frog found in the wetlands of the north and northeast regions of Brazil
[15]. This peptide shows a moderate antibacterial activity against
Gram-positive and Gram-negative strains, although its minimal in-
hibitory concentration (MIC) is similar to that of fluconazole [16] when
tested against the pathogenic Candida albicans fungus [15]. To gain an
insight into the apparent difference in the ability of HSP1-NH2 to act as
an antimicrobial against bacteria and fungi, we present a consistent set
of results for the interactions of this peptide with anionic and zwitter-
ionic model membranes. To comprehend different aspects of these in-
teractions, we used several structural and biophysical approaches, in-
cluding nuclear magnetic resonance (NMR) spectroscopy, circular
dichroism (CD) spectroscopy, Fourier-transform infrared spectroscopy
(FTIR), isothermal titration calorimetry (ITC), dynamic light scattering
(DLS), zeta potential (ζP) and carboxyfluorescein leakage (CF).

2. Material and methods

2.1. Reagents

Peptide synthesis and purification: 4-Methylpiperidine (4-PIPE), trii-
sopropylsilane (TIS), 1-hydroxybenzotriazole (HOBt), N,N′-diisopro-
pylcarbodiimide (DIC), and also the amino acid derivatives (Fmoc-
amino acids) were purchased from Sigma Aldrich (St Louis, USA);
Isopropyl alcohol (IPA), trifluoroacetic acid (TFA) were purchased from
Synth (Diadema, BRA); Dichloromethane (DCM) was purchased from
Isofar (Duque de Caxias, BRA); N,N-Dimethylformamide (DMF) was
acquired from Vetec Química Fina (Rio de Janeiro, Brazil). The resin,
Rink amide, was purchased from NovaBiochem (Darmstadt, DEN).
Acetonitrile (ACN) UV/HPLC grade was purchased from Panreac
(Barcelona, SPA).

Preparation of phospholipid vesicles and detergent micelles: The lipids 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmi-
toyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (POPG) and the
detergents dodecyl phosphocholine (DPC) and sodium dodecyl sulfate
(SDS) were purchased from Avanti Polar Lipids (Alabaster, USA). The
deuterated detergents dodecyl phosphocholine (DPC-d38) and sodium
dodecyl sulfate (SDS-d25) were purchased from Cambridge Isotope
Laboratories. The Sephadex G-25 medium, and 5(6)-carboxyfluorescein
(CF) from Sigma-Aldrich (St Louis, USA). Milli-Q water was used in all
studies.

2.2. Peptide synthesis

HSP1-NH2 was manually synthesized by the solid phase method
[17] on Rink-amide resin (substitution degree: 0.79 mmol.g−1). De-
protection reactions were performed with 20% (v/v) 4-PIPE/DMF for
30 min (two 15 min steps) and coupling reactions with the respective
amino acid derivative and DIC/HOBT in DMF during 120 min. After
each deprotection and coupling steps, the resin was alternately washed
three times with DMF, DCM and IPA, in this order. When the synthesis

was completed, the peptide was cleaved from the resin by reacting the
peptidyl-resin with 2 mL of a TFA:TIS:H2O (95:2.5:2.5, v:v:v) solution
for 60 min at room temperature. Cold diisopropyl ether was used to
precipitate the peptide, which was extracted with water and lyophi-
lized.

The crude peptide was purified by RP-HPLC in an analytical column
(Vydac C18 250 × 4.6 mm) from Grace (Columbia, MD). The mobile
phases were A – H2O:ACN (100:0), 0.10% TFA and B – H2O:ACN
(0:100), 0.08% TFA. A gradient from 0 to 100% of B was used at a flow
rate of 0.8 mL.min−1. The purification was performed at room tem-
perature and the chromatogram was recorded at 215 nm. The pure
peptide was identified by MALDI-ToF mass spectrometry (Ultraflex III
ToF-ToF – Bruker Daltonics, USA) in the reflected and positive mode,
using α-cyano-4-hydroxycinnamic acid as matrix.

2.3. Preparation of Large Unilamellar Vesicles (LUV)

POPC and POPC:POPG (3:1, mol:mol) were co-solubilized in
chloroform and then the organic solvent was removed in rotary eva-
porator at 40 °C to form a 50 μmol lipid film. Large multilamellar ve-
sicles (LMV) were spontaneously formed when the dried film was sus-
pended in the 10 mM Tris-HCl buffer (pH 8.5) by vigorous vortexing.
Subsequently, LMV solution was freeze-thawing (8 cycles), alternating
a liquid nitrogen and a water bath at 40 °C, followed by extrusion. The
extrusion was performed at room temperature with a mini-extruder
(Avanti Polar Lipids, Inc.) through 8 steps by using membranes of
polycarbonate Nucleopore Track-Etch filters (Whatman-GE Healthcare)
of 100 nm diameter. For each experiment, the LUV were prepared and
used immediately.

For the preparation of the 5(6)-carboxyfluorescein (CF)-loaded ve-
sicles, the 50 μmol lipid film was hydrated with 1.0 mL of a solution
10.0 mM Tris-HCl buffer pH 8.5 containing 50.0 mM CF. Free CF was
removed by passing 1.0 mL of the extruded LUV in a Sephadex-G25
column (0.8 cm × 10 cm) eluted with 10 mM Tris–HCl, pH 8.5 con-
taining 300 mmol.L−1 NaCl. The LUV were collected at the Vo and
immediately used for assays.

2.4. Circular dichroism spectroscopy

The conformational preferences of HSP1-NH2 were investigated in
the presence of SDS and DPC micellar solutions, containing phosphate
buffer (pH 7.6 and 5.8) as well as in the presence of unilamellar vesicles
of POPC and POPC:POPG (3:1, mol:mol), containing 20 mM Tris-HCl
buffer (pH 8.5). The spectra were recorded at 25 °C on a JASCO® J-810
spectropolarimeter (Tokyo, Japan), equipped with Peltier Jasco® tem-
perature control system - PFD-425S (Tokyo, Japan), using a λ range
from 190 to 260 nm. A quartz cuvette with 1 mm optical path was used
and six scans were accumulated for samples containing DPC or SDS
micelles and eight scans for samples containing POPC and POPC:POPG
LUV. The samples were planned to contain 38 μM of HSP1-NH2 at
different concentrations of micellar detergents or phospholipids.
Similar experiments were performed with blank solutions to allow for
background subtraction. The data processing and estimation of sec-
ondary structure contents were carried out by using the CDPro and
Spectra Analysis programs [18,19]. The estimations of helical content
were obtained using the reference set of 48 proteins (basis set 7 of
CDPro) in a wavelength range of 190–260 nm. Three methods
(SELCON3, CDSSTR, and CONTIN/LL) were used for deconvolution and
the average value of helicity was presented.

2.5. NMR spectroscopy

NMR spectra of 1.0 mM HSP1-NH2 in the presence of both 200 mM
DPC-d38 and SDS-d25 micelles were acquired at 25 °C on a Bruker
Avance III 500 spectrometer (Rheinstetten, Germany). All the samples
contained 0.5% of 3-trimethylsilyl-propionic-2,2,3,3-d4 acid sodium
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salt (TMSP) for internal reference and 10% D2O for equipment lock.
1He1H TOCSY experiments were acquired with 4 k × 256 points

(direct and indirect dimensions), 96 scans and mixing time of 80 ms.
1He1H NOESY experiments were acquired with 4 k × 512 points, 114
scans and mixing time of 200 ms. Water signal suppression was
achieved applying Watergate 3-9-19 [20,21]. 1He13C HSQC spectra
were recorded with 4 k × 150 points and 150 scans. 1He15N SOFAST-
HMQC experiments were acquired with 1 k × 100 points and 2048
scans. All the spectra were processed and analyzed using NMRPipe and
NMRView, respectively [22,23]. The Wüthrich method [24] was used
for the complete assignment of the 1H resonances detected in TOCSY
and NOESY spectra. The 1He15N and 1He13C heteronuclear spectra
provided an extra control for the chemical-shift assignments.

The calculation of the three-dimensional structures was performed
employing distance and dihedral angle restraints. The NOE correla-
tions, classified as strong, medium and weak according to their vo-
lumes, were semi-quantitatively converted into distance upper limits of
2.8, 3.4 and 5.0 Å, respectively. Dihedral angle restraints were de-
termined from the chemical shifts of 1Hα, 1Hβ, 13Cα and 13Cβ by using
the TALOS+ program [25] of the NMRPIPE suite of software [22]. In
order to obtain the three-dimensional structures, a simulated annealing
protocol [26] of the program XPLOR-NIH was used [27]. 100 structures
were generated and refined using the protocol “prot_sa_water_refine_-
nogyr.inp” [27,28]. Structures were visualized using the MOLMOL
program [29]. The quality of the structures was analyzed based on the
minimum values of root mean square deviation (RMSD) in the
MOLMOL program and the Ramachandran diagram through the ICING
online platform (https://nmr.cmbi.ru.Nl/icing/).

To monitor 1He2H exchange [30], 1H NMR spectra were recorded
on a 500 MHz Bruker Avance III spectrometer using HSP1-NH2
(1.0 mM) in presence of 200 mM of DPC-d38 micelles containing 5% of
D2O (v:v) or 50% of D2O (v:v). The experiments were performed at
25 °C until 12 h after sample preparation.

2.6. Isothermal Titration Calorimetry (ITC)

The titration consisted of 15 successive injections of 10 μL of
190 μM HSP1-NH2 into 20 mM POPC or POPC:POPG (3:1, mol:mol)
LUV solutions in the presence of 10 mM Tris-HCl aqueous buffer
(pH 8.5) at 303.15 K. Injection times of 2 s with intervals of 240 s have
been used in the experiments. All solutions were previously degassed
using simultaneously ultrasound bath and vacuum (140 mbar, 8 min) to
eliminate air bubbles [31]. The Isothermal Titration Calorimetry (ITC)
experiments were carried out on a Malvern® VP-ITC microcalorimeter
(Malvern, UK) and the isotherms were processed and analyzed with the
software Microcal Origin® 6.0 for ITC (Wellesley Hills, USA). The re-
spective heat of dilution (hc) was subtracted from the heat of reaction
(hi) for each titration. The binding enthalpies, ΔH, were calculated by
dividing the corrected heat of reaction (δhi = hi - hc) by the amount of
injected peptide [32].

2.7. Dynamic light scattering and zeta potential (ζ)

The hydrodynamic diameter (Dh) and zeta potential (ζ) of 1.0 mM
LUV were measured in a Malvern Zetasizer Nano ZS® particle analyzer
(Malvern Instrument Ltd., Worcestershire, GRB) equipped with a
632.4 nm laser. The experiments were carried out titrating 500 μM
POPC or POPC:POPG (3:1) LUV solutions with HSP1-NH2, all diluted in
20 mM Tris-HCl buffer (pH 8.5), until a maximum peptide concentra-
tion of 0.2 mM. The experiments were performed at room temperature.
The dynamic light scattering experiments were conducted in a 1.0 mL
quartz cuvette (Malvern, Model DTS1060) and the zeta potential ex-
periments were performed using a 700 μL folded capillary zeta cell
(Malvern, DTS1061).

2.8. Carboxyfluorescein leakage

The carboxyfluorescein (CF) leakage experiments consisted in five
independent continuous measurements of CF fluorescence at
λem = 512 nm and λex = 490 nm, released from (140 μM) POPC and
(145 μM) POPC:POPG LUV after addition of HSP1-NH2. The increase in
fluorescence intensity was recorded as a function of time for each
peptide concentration (ranging from 1.5 μM to 24 μM). After 3400 s,
10 μL of 10% Triton X-100 (v/v) solution were added to obtain com-
plete vesicle leakage and the maximum CF fluorescence. The percen-
tage of CF leakage was calculated according to eq. 1,

= ×Leakage I I
I I

% 100t

T

0

0 (1)

where Io is the fluorescence before addition of HSP1-NH2, It is the
measured time-dependent fluorescence after peptide addition and IT the
fluorescence after Triton X-100 addition. All fluorescence measure-
ments were performed in a SpectraMax (Molecular Devices, LCC)
fluorimeter using a 1 mL quartz cuvette.

2.9. Surface plasmon resonance

The peptide–membrane interaction was also assessed by surface
plasmon resonance measurements acquired on a Multi-Parametric
Surface Plasmon Resonance BioNavis model SPR NAVI 200 (BioNavis®,
Ylöjärvi, Finland) instrument. Stock solutions of POPC and POPC:POPG
suspended in chloroform at 1.0 mM, were pipetted on the SiO2 sensor
chip (SPR102-SiO2) surface and air dried. The analysis initially con-
sisted of the passage of water over the sensor ship for laser calibration,
followed by the exchange for 10 mM Tris-HCl buffer pH 8.0. The flow of
buffer solution was kept constant (50 μL.min−1). The equilibrium
condition for all experiments was achieved by the running buffer
(10 mM Tris-HCl buffer, pH 8.0) after approximately 20 min. The ex-
periments consisted of injection of peptide (250 μL) at different con-
centrations in the phospholipid coating sensor chip. The ideal con-
centration for each system was evaluated by successive tests with the
equipment. The systems which presented homogeneous signal were
chosen to perform the analysis. All experiments were recorded at
670 nm. After each analysis, the sensorchip was washed in situ using
sequential 5 min injections of 5% Hellmanex III®, isopropyl alcohol and
milli-Q® water [16]. The kinetic parameters of the peptide-membrane
interaction were obtained for the two biomimetic systems with Trace-
Drawer v.1.6 software (Ridgeview Instruments AB, Vänge, SWE).

2.10. FTIR spectroscopy

The FTIR measurements were carried out on a Varian 680 IR
spectrometer equipped with a Gladi ATR optical design and a heat plate
(Pike Technologies, Madison, USA). After 10 min of equilibration time
at each temperature, the spectra were recorded from 30 to 50 °C at
intervals of 2 °C as the average of 12 measurements, each with 32 scans
with a spectral resolution of 4 cm−1. All data were recoded and pro-
cessed with the Resolutions Pro software. 20 mM DPPC or DPPG LUV
solutions were suspended in 20 mM Tris-HCl buffer (pH 8.5) in the
absence or in the presence of HSP1-NH2 at 60 μM or 160 μM. The re-
spective spectra of the Tris-HCl buffer (10 mM, pH 8.0) were recorded
to allow background subtraction. The wavenumber for the symmetric
CH2 stretching (νs(CH2)) mode was determined by a multiple Gaussian
curve fitting procedure (implemented in Origin 9) in the region be-
tween 3000 and 2750 cm−1.

2.11. Accession numbers

NMR assignments and atomic coordinates of HSP1-NH2 in presence
of SDS-d25 and DPC-d38 micelles have been deposited in the Biological
Magnetic Resonance Bank (30,744 and 30,745) and in the RCSB Protein
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Data Bank (6WPB and 6WPD), respectively.

3. Results

3.1. Structural studies

The purified peptide was characterized by MALDI-ToF spectrometry
(Fig. S1) and a single peak was observed at m/z 1310.79 (M + H+),
which is consistent with the molecular mass of the hylaseptin P1-NH2
(theoretical M + H+ m/z 1310.799). The conformational behavior of
HSP1-NH2 in the presence and absence of micellar buffer was assessed
by circular dichroism spectroscopy. In aqueous solution a negative
maximum at ~200 nm was observed, which indicates a disordered
conformation (Fig. 1A, black circles). In the presence of either DPC or
SDS micelles, even at low detergent concentrations (~ 20 mM), nega-
tive maxima characteristic of helical structures were observed at ~208
and 222 nm (Fig. 1A and B). Interestingly, in the presence of anionic
micelles the HSP1-NH2 helical content increased accordingly to the SDS
concentration, whereas the helical content virtually did not change
with the increase of the DPC concentration (Fig. 1B). This is clearly
observed in the Fig. 1C, where the helix percentage (%H) increases
linearly with the SDS concentration and virtually remains the same at
different DPC concentrations [33].

The structural gain in the presence of either anionic or zwitterionic
micelles evidence the interaction of the peptide with both systems.
Therefore, we decided to investigate in the presence of both micelles
the three-dimensional structures of HSP1-NH2 at atomic level by

solution NMR methodologies. The experiments were carried out in the
presence of deuterium labeled SDS-d25 and DPC-d38 micelles. Two-di-
mensional 1He1H TOCSY, 1He1H NOESY and 1He13C HSQC contour
maps were acquired for 1.0 mM HSP1-NH2 suspended in aqueous so-
lutions of SDS-d25 or DPC-d38 at 200 mM containing 5% D2O (v:v).
Although CD spectroscopy indicated similar helical contents in both
micellar solutions (Fig. 1A and B), distinct dispersions of the amide
resonances (Fig. S2 and Fig. S3) as well as consistent Cα chemical shift
differences (Fig. S4) are noticed when the respective pairs of HSP1-NH2
NMR spectra are compared to each other [34]. The characteristic amino
acid spin systems were identified in the TOCSY contour map (Fig. S2)
and the unequivocal assignments were achieved by sequential and
medium range interresidual correlations identified in the NOESY con-
tour maps (Fig. S3). Interestingly, the correlations involving the amino
hydrogens of G1 residue were observed at 9.65 ppm in the presence of
DPC-d38 micelles, whereas no correlations involving these amino hy-
drogens were noticed in the presence of SDS-d25 micelles. Two points
are important here: (i) amino hydrogens of peptide N-termini are
usually very labile [35], suggesting the existence of suitable interac-
tions, which trap these hydrogens to be observable in the NMR spectra;
(ii) the occurrence only in the spectra of the peptide in the presence of
DPC-d38 micelles indicates distinct structural arrangements of the
HSP1-NH2 N-terminus in each of the micellar solutions.

Sequential and medium range NOE correlations ranging from Ile-2
up to the C-terminal carboxamide were observed in the NOESY spec-
trum of HSP1-NH2 in the presence of SDS-d25 micelles (Fig. 2A). Dif-
ferently, a smaller range, extending mainly from Ala-5 to the C-

Fig. 1. CD spectra of HSP1-NH2 in the absence or presence of (A) SDS and (B) DPC micelles. (C) Percentage of helical conformation (%H) as function of the detergent
concentration. Trend lines (average between points, except for aqueous solution) in both systems are represented by dash and dots for SDS and DPC micelles,
respectively. Helical contents were averaged from estimations by three different methods available in CDPro, namely SELCON, CDSSTR, and CONTIN/LL [18].

Fig. 2. Summary of the sequential and medium range NOE connectivities for HSP1-NH2 in (A) SDS-d25 and (B) DPC-d38 micelles.
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terminus, was noted in the presence of DPC-d38 micelles (Fig. 2B).
The three-dimensional structures of HSP1-NH2 in both media were

calculated based on NOE distance and chemical shift dihedral angle
restraints (Fig. 3). Both sets of structures showed significant amphi-
pathic characters, where the positively charged Lys-7 and Lys-11
(highlighted in red) as well as the negatively charged Asp-4 (high-
lighted in orange) are located in the same face of the helix. Conse-
quently, the hydrophobic face is virtually composed by uncharged and
apolar residues. An interesting point is the considerably lower polar
angle (60°) found for the peptide helix in the presence of zwitterionic
micelles when compared to the helix polar angle in the presence of
anionic micelles (95°) [6]. In addition, a slight bending of the helix is
noticed near D4 in the presence of DPC-d38, which drives the G1 and L3
residues towards the hydrophobic face (Fig. 3F). On the contrary, these
residues are found in the interface of the hydrophilic and hydrophobic
faces of the peptide helix in presence of SDS-d25 micelles (Fig. 3E).

The summary of the structural statistics of HSP1-NH2 in presence of
both SDS-d25 and DPC-d38 micelles is presented in Table S1.
Considering only the well-structured α-helical segments in the en-
semble of the 10 most stable structures, relatively small RMSD values
are observed in both media, demonstrating a significant structural
stability of these segments. When all residues are taken into account,
slightly higher RMSD values are observed in both media, which is al-
ready expected due to the conformational dynamic observed near the
amino-termini. The analyses of the Ramachandran plots (Fig. S5) in-
dicate that 99.1% of the residues are found in the most favored regions
of the diagram of HSP1-NH2 in presence of SDS-d25. On the other hand,
the dihedral angles of Gly-1, Ile-2 and Ile-3 are located in the additional
allowed regions (23.2%) in the presence of DPC-d38 micelles.

3.2. Thermodynamics of the interaction of HSP1-NH2 with LUV

The enthalpic contribution of peptide–membrane interactions of
HSP1-NH2 with phospholipid vesicles were obtained in a quantitative
manner from ITC experiments. In order to avoid the interference from
heat of aggregation during membrane association, the experiments
were carried out by titrating 10 μL of peptide solution (190 μM) into
1.48 mL of 10 mM POPC or POPC:POPG (3:1) LUV suspended in 10 mM
Tris-HCl (pH 8.0) buffer (Fig. 4). The control experiment consisted in
the peptide injection into buffer solution. The heat of peptide dilution is

small (1.2 μcal/inj) and it is presented on the top of Fig. 4A and B. The
raw data of the peptide–membrane binding indicate isothermal titra-
tion curves typical of exothermic-driven reactions with moderate affi-
nity [36]. The value per injection derived from the integration of the
titration peaks was approximately −28.5 μcal (Fig. 4A) in presence of
anionic LUV and − 16.5 μcal in presence of zwitterionic LUV (Fig. 4B).

The heats of binding for each injection of HSP1-NH2 to POPC and
POPC:POPG (3:1) LUV are presented in the Fig. 4C and D, respectively.
The molar enthalpies of binding (ΔHo) were calculated from the cu-
mulative heat of binding after each injection divided by the total
amount of injected peptide. The enthalpic contribution of HSP1-NH2
interacting with POPC:POPG LUV (ΔHo = − 2.2 kcal.mol−1) was
about two times higher than the value obtained for the binding to POPC
LUV (ΔHo = −1.0 kcal.mol−1).

3.3. Effect of peptide-membrane interactions on phospholipid vesicles

The effects of the peptide–membrane interactions on the hydro-
dynamic diameters (Dh) and zeta potentials (ζP) of POPC and
POPC:POPG (3:1) LUV were evaluated by dynamic light scattering
(DLS) measurements (Fig. 5). All plotted data presented polydispersity
index lower than 0.3, which is indicative of monodisperse vesicular
population [37]. The size of both zwitterionic and anionic vesicles
underwent similar increases (maximum ΔDh ≈ 20 nm in POPC:POPG
and ΔDh ≈ 22 nm in POPC LUV) with the addition of peptide, as re-
sulted from peptide–membrane adsorption [38]. Nevertheless, the ef-
fects of the addition of HSP1-NH2 to each LUV solution were different in
terms of peptide concentration. Whereas the diameter of POPC:POPG
LUV increased proportionately with peptide concentration until 0.20
peptide-to-phospholipid ratio, an abrupt increment in the Dh was ob-
served at the peptide-to-phospholipid molar ratio of 0.07 for POPC LUV
(Fig. 5A).

The effects of HSP1-NH2 addition on the zeta potential (ζP) of the
two LUV solutions were rather different. The addition of peptide led to
a continuous increases of the ζP of the anionic vesicles until a peptide-
to-phospholipid molar ratio of 0.06, from which a plateau is reached
(ζP ≈ − 20 mV). On the other hand, only small changes (ζP ≈ −
5 mV) are observed for POPC LUV even at high HSP1-NH2 concentra-
tions (Fig. 5B).

The lytic activity of HSP1-NH2 on anionic and zwitterionic LUV was

Fig. 3. Ribbon representation of HSP1-NH2 lowest energy structures. Superposition of the 10 lowest energy structures of the peptide in the presence of (A) SDS-d25
and (B) DPC-d38 micelles. (B, C) Side and (E, F) frontal views of the structure closest to the average of the respective ensemble in the presence of (C, E) SDS-d25 and
(D, F) DPC-d38 micelles, respectively. The positively charged hydrophilic side chains (lysines) are presented in red, the negatively charged side chain (aspartate) in
orange and the hydrophobic side chains in blue. (E, F) The polar angles are represented by the shaded soft blue angles (95° in the presence of SDS-d25 micelles and 60°
in the presence of DPC-d38 micelles). (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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assessed through carboxyfluorescein (CF) leakage experiments. The
fluorescence intensity of CF released from POPC and POPC:POPG (3:1)
vesicles was measured after peptide injection at different concentra-
tions (Fig. 6). Clearly, in both media the peptide is able to disturb the
membrane structure leading to CF releases of about 60% from POPC:-
POPG LUV and 55% from POPC LUV. Again, the relationship between
the peptide concentration and the disruptive effect on the bilayer differs
markedly for the two membrane models. Increments in the HSP1-NH2-
to-phospholipid ratio lead to a proportional increase in the percentage
of CF leakage of POPC:POPG LUV, achieving a plateau at about 0.08 M
ratio. On the other hand, for assays with CF loaded POPC LUV, at small
peptide-to-phospholipid molar ratios (> 0.05) no significant variations
are observed in the percentages of dye release (e.g., about 20% at
~0.05 M ratio). Surprisingly, at HSP1-NH2-to-phospholipid molar ra-
tios of about 0.08 the percentage of CF released from POPC LUV reaches
the maximum value of ~55%.

3.4. Surface plasmon resonance

A sensor chip covered with SiO2 to phospholipid monolayer

adsorption was used for the SPR experiments [39]. The POPC and
POPC:POPG (3:1) stock solutions (1.0 mM) were applied on the sensor
chip surface and HSP1-NH2 solutions at six different concentrations
were used in the measurements. Fig. 7 presents the superposition of the
obtained sensorgrams. For both vesicles, the RU signal intensity in-
creases as a function of the peptide concentration, which evidence the
peptide–membrane affinity. Whereas the SPR signal increases in a
stepwise manner for the POPC:POPG coating sensor chip, markedly
higher response levels are observed only above 20 μM of HSP1-NH2 for
the POPC coating sensor chip. Fig. 7C shows the graphical sensorgram
response levels as a function of the peptide-to-phospholipid molar ratio.
The association constant Ka for each peptide–membrane system was
calculated from the binding sensorgrams (affinity adjustment - Affinity
50 in TraceDrawer software) considering the model of one site binding.
Although the binding sensorgrams presented remarkable distinct be-
haviors, the association constant of HSP1-NH2 showed comparable
values in the presence of POPC membrane (Ka = 8100 M−1) when
compared to the POPC:POPG membrane (Ka = 4900 M−1).

Fig. 4. Isothermal titration calorimetry of (A)
10 mM POPC:POPG (3:1) and (B) POPC with 190 μM
HSP1-NH2 (10 mM Tris, pH 8.0) at 30 °C. Aliquots
(10 μL) of the peptide solution were added to the
phospholipid suspension in the reaction cell. The
reference cell contained the respective buffer solu-
tion (10 mM Tris, pH 8.5). The heats of peptide di-
lution are shown at the top. The panels at the middle
show the calorimeter raw data. The respective heat
flow per injection evaluated from the areas under-
neath the baseline is shown in the panels at the
bottom.

Fig. 5. (A) Hydrodynamic Diameter and (B) Zeta potential of POPC and POPC:POPG (3:1) LUV as a function of HSP1-NH2/phospholipid molar ratio. The phos-
pholipid vesicles at 1.0 mM were suspended in 10 mM Tris-HCl buffer at pH 8.5, 25 °C.
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3.5. FTIR spectroscopy

The effects of peptide binding on DPPC and DPPG lipid vesicles
were examined by FT-IR spectroscopy in terms of the phospholipid acyl
chain organization. The frequencies of the asymmetric νas(CH2) and
symmetric νs(CH2) stretching bands were monitored at different tem-
peratures employing low (0.03) and high (0.08) peptide-to-phospho-
lipid molar ratios. Fig. S7 shows the region characteristic of νas(CH2)
and νs(CH2) vibrational bands of the FT-IR spectra obtained for the
HSP1-NH2/DPPG 0.08 M ratio at one temperature below (32 °C) and
another above (46 °C) the phase transition temperature. The gel phase
(Lβ′) is characterized by highly ordered acyl chains at trans conforma-
tion. In the liquid crystalline phase (Lα) the order is disturbed due to the
increase of gauche fractions and the consequent decrease of van der
Waals attractions [40]. Therefore, the Lβ′ → Lα phase transition can be
monitored by shifts from values ≤2850 cm−1 to 2852–2853 cm−1

[10,41,42].
Fig. 8A and B shows the temperature-dependence of the νs(CH2)

maximum absorption wavenumber for DPPC and DPPG membranes in
the presence of the HSP1-NH2. For DPPG vesicles, the addition of HSP1-
NH2 leads to shifts in wavenumber to lower values for all investigated
temperatures at both peptide-to-phospholipid molar ratios. In turn, no
significant changes are observed for DPPC membranes containing the
peptide at the 0.03 M ratio, whereas at the 0.08 M ratio, a consistent

shift of the vibrational mode wavenumbers to higher values is noticed
at all investigated temperatures (Table 1). The phase transition tem-
perature (Tm) for all systems was determined by the first derivative of
the temperature-dependent curves (Fig. 8C and D). The addition of
peptide leads to slight increases of the Tm for DPPG vesicles at both
molar ratios, which is typically attributed to an increased ordering of
the lipid acyl chains [40,43]. On the other hand, no significant change
is observed for DPPC vesicles containing the peptide at 0.03 M ratio,
while a consistent Tm increase is verified at the 0.08 M ratio (Table 1),
suggesting some disordering of the acyl chains. Hence, HSP1-NH2 only
shows significant influence on the hydrophobic core of the DPPC
membranes at higher peptide-to-phospholipid molar ratio [10].

4. Discussion

Wild-type HSP1 shows moderate antibacterial and antifungal po-
tentials. Therefore, we decided to synthesize its C-terminal amidated
analogue HSP1-NH2, since carboxamidation is known to enhance the
activity of several antimicrobial sequences [44]. This peptide has a high
proportion of hydrophobic and neutral (78%) residues and, conse-
quently, low cationic net charge (+2). Our study presents structural
and biophysical experiments that correlate conformational features and
aspects of the peptide–membrane interactions, which indicate di-
vergent modes of association of HSP1-NH2 to anionic and zwitterionic

Fig. 6. Kinetics of carboxyfluorescein release from (A) 140 μM POPC and (B) 145 μM POPC:POPG LUV at 25 °C induced by HSP1-NH2 at different concentrations. (C)
The percentage of CF release at different peptide-to-lipid molar ratios were compared to the release measured after the addition of the control (10% Triton X-100) at
3400 s. The experiments were performed at 10 mM Tris-HCl pH 8.5 aqueous buffer containing 300 mM NaCl.

Fig. 7. SPR sensorgrams for the peptide–membrane interaction of HSP1-NH2 with (A) POPC and (B) POPC:POPG (3:1) membranes. Phospholipids at 0.1 mM (10 mM
Tris-HCl buffer, pH 8.0) were immobilized onto the surface of a SiO2 sensor chip and the peptide was injected at 2.5, 5, 10, 20, 40 and 80 μM concentrations (10 mM
Tris-HCl buffer, pH 8.0). (C) Non-linear fitting of the RU intensities as a function of the peptide-phospholipid molar ratio for POPC (red circles) and POPC:POPG
(black squares) membranes. (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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membranes.
Conformational analyses showed that the HSP1-NH2 acquires a

higher helical content in the presence of SDS micelles than in the pre-
sence of DPC micelles (Fig. 1). Interestingly, micellar con-
centration–dependence of the helical content was evident only in the
anionic medium (Fig. 1C), suggesting distinct binding processes in the
two media. In this way, the conformational differences at atomic level
were assessed by solution NMR experiments (Fig. 3). A canonical helical
conformation extending from I2 to the peptide C-terminus was noted in
the presence of SDS-d25 micelles (Fig. 3A, C), with a higher convergence
of the backbone and side chains atoms (RMSD = 0.64 ± 0.15 Å). As
expected, the extent of helical conformation (from A5 to C-terminal)
was less in the presence of DPC-d38 micelles (Fig. 3B, D), and the
structure of the polypeptide chain was less ordered (RMSD = 0.92 ±
0.28 Å).
In DPC-d38 micelles, helix bending was observed near D4 (Fig. 3D,

F), which drove G1 and L3 to the hydrophobic face of the helix. Dis-
tortions at the helix N-terminus may be associated with helix folding as
a result of partial insertion of polypeptide chain [45,46]. Interestingly,
the quite unusual observation of the amino N-terminal hydrogen re-
sonances indicates its partial insertion into the micelle interface,
making it detectable by solution NMR spectroscopy. Several reports

have described the insertion of glycine N-terminus as a determinant of
the orientation and interaction of influenza haemagglutinin fusion
peptides [47–49]. The insertion of the peptide N-terminus into the DPC-
d38 micelles was evaluated by 2H exchange NMR experiments (Fig. S6).
Following increase of the D2O concentration in the sample, the amino
hydrogen resonance signal of G1 retained its relative intensity in the
NMR spectrum even 12 h after sample preparation. Similarly, intense
signals were also observed for the amide hydrogens of I2 and L3, which
provides even more evidence of the N-terminus insertion into the mi-
celle interface. In addition, the low-field chemical shift of G1 HN
(9.65 ppm) is indicative of the stabilization of the charged amino group
by electrostatic interactions with the phosphate headgroups [50]. On
the other hand, these structural features of the HSP1-NH2 N-terminus
are not observed in the presence of anionic micelles and consequently
the structural arrangement of the peptide N-terminus varies con-
siderably between these micellar environments. In addition, the higher
conformational flexibility of N-terminal portion in the presence of the
DPC-d38 micelles suggest different modes of action for HSP-1 in both
media [51]. Therefore, the high-resolution NMR structures demonstrate
in atomic details the existence of distinct aspects regarding the mem-
brane interactions of HSP1-NH2, which are strongly dependent on
membrane composition.

Investigations of the thermodynamics of peptide-membrane inter-
actions showed a higher enthalpic factor for the association of HSP1-
NH2 with anionic LUV when compared to zwitterionic LUV, suggesting
better establishment of electrostatic interactions of the peptide in
POPC:POPG vesicles. This finding is in line with the NMR structures
(Fig. 3A), since a more linear amphipathic helical conformation opti-
mizes the in-plane contacts of the peptide with the bilayer surface [52].
In the presence of anionic vesicles (POPC:POPG, 3:1), the peptide–-
membrane interaction seemed to be linearly dependent on the peptide
concentration. The effect of HSP1-NH2 in both Dh changes (Fig. 5) and
dye release (Fig. 6) from CF-loaded anionic LUV increased proportio-
nately to the peptide-to-phospholipid ratio until reaching a plateau.
Similarly, SPR data showed continuous increases in sensorgram level
responses, with the maximum value near to a peptide-to-phospholipid

Fig. 8. (A, B) νs(CH2) maximum absorption wavenumber as a function of temperature for (A) DPPC and (B) DPPG in the absence or in the presence of HSP1-NH2 at
different peptide-to-phospholipid molar ratios. The respective first derivatives for (C) DPPC and (D) DPPG membranes.

Table 1
Shifts of the maximum absorption wavenumbers of νs(CH2) observed by FT-IR
for peptide/DPPC and peptide/DPPG mixtures (0.03 and 0.08 M ratio) with
respect to pure DPPC and DPPG membranes, respectively, in the gel state (Δνs
(CH2)32 °C) or fluid state (Δνs(CH2)46 °C) (100 mM NaCl in D2O).

Sample Δνs(CH2)32°C/cm−1 Δνs(CH2)46°C/cm−1 ΔTm/°C

DPPC
HSP1/DPPC (0.03) −0.06 −0.23 −0.20
HSP1/DPPC (0.08) −0.47 −0.63 −2.50

DPPG
HSP1/DPPG (0.03) 0.11 0.15 0.80
HSP1/DPPG (0.08) 0.30 0.23 1.50
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molar ratio of 0.08. Interestingly, slight decreases in both νs(CH2)
stretching wavenumbers and the melting phase transition (Tm) of DPPG
LUV were observed at the both investigated peptide-to-phospholipid
molar ratios (Table 1). These results are in accordance with the pre-
dominance of electrostatic interactions that lead to peptide orientations
approximately parallel to the membrane surface. Accordingly, peptide
binding to the lipid headgroups can limit lipid motion, which reduces
the rotational freedom of the acyl chains and at the same time decreases
the νs(CH2) wavenumber and Tm [53]. All of these results, allied to the
greater changes in the zeta potential up to the HSP1-NH2-to-POPC:-
POPG molar ratio of 0.06, suggest that the interactions of HSP1-NH2
with anionic biomembranes occur according to a carpet-like me-
chanism, similar to the mode of action suggested by Chen et al. (2020)
for the wild-type HSP1 peptide [54].

On the other hand, the smaller enthalpic contribution in the pre-
sence of zwitterionic LUV suggests the prevalence of hydrophobic ef-
fects [55,56] and a distinct mechanism of interaction between HSP1-
NH2 and the zwitterionic membrane. Self-assembling peptides also
show reduced enthalpic contributions due to the high content of hy-
drophobic residues. This imposes conditions where the establishment of
electrostatic interaction is not favorable (less favorable ΔH0), which
leads to aggregation even in the membrane environment [57]. Self-
aggregation process of peptides cause a sudden increase in the phos-
pholipid vesicle size during the interaction [14], as observed for POPC
LUV (Fig. 5A) after injection of HSP1-NH2 at high peptide-to-phos-
pholipid molar ratios (> 0.07). Thus, HSP1-NH2 appears to interact
effectively with zwitterionic vesicles only after reaching a minimum
critical concentration on the LUV surface, as also noted in the CF re-
lease, SPR, and FITR experiments.

Although some degree of carboxyfluorescein leakage could be ob-
served even at lower HSP1-NH2-to-POPC molar ratios (0.01 to 0.04),
meaning that some initial structural perturbation occurred in-
dependently of changes in vesicle diameter, substantial lytic activities
were noticed only at molar ratios greater than 0.06. Similar behavior
was evident in the SPR measurements (Fig. 7A), in which minor
changes were observed in the sensorgrams at low peptide concentra-
tions (≤20 mM), whereas at high peptide-to-phospholipid molar ratios
(peptide concentration > 20 mM) abrupt response levels were verified
in the assays with zwitterionic membranes. In addition, both νs(CH2)
stretching wavenumbers and the melting phase transition temperatures
(Tm) of DPPC membranes underwent noticeable increases (Table 1)
only upon premixing with HSP1-NH2 at the highest peptide-to-phos-
pholipid molar ratio (0.08) investigated. Taken together, these results
indicate the disruption of the bilayer arrangement as a consequence of
the close contact between HSP1-NH2 and the hydrophobic inner part of
the membrane [10]. The small change in zeta potential (ΔζP ≈ 5 nm)
also indicates the prevalence of hydrophobic interactions of HSP1-NH2
with zwitterionic vesicles (POPC; Fig. 5B). This behavior confirms a
non-superficial interaction, which suggests the insertion of the peptide
on the membrane interface due to a hydrophobic effect [58] that is
dependent on the peptide concentration and on the structure of the
peptides within the aggregate. This is corroborated by the smaller polar
angle of the helix in the presence of zwitterionic micelles (Fig. 3F),
which is correlated in some cases to the aggregation and self-assembly
process [59].

Given the predominantly neutral charge of fungal membranes and
the predominantly negative charge of bacterial membranes, the distinct
binding processes of the peptide to zwitterionic and anionic biomem-
branes seem to be partly related to the higher activity against C. albi-
cans than against S. aureus.

5. Conclusions

Several techniques have been used to investigate the interactions of
the antimicrobial peptide HSP1-NH2 with zwitterionic and anionic
membranes. Complementary information was obtained from the

different approaches, which gave several insights into peptide–mem-
brane binding as well as into membrane disruption processes.
Important differences were noted in the mechanisms of interaction of
HSP1-NH2 with POPC and POPC:POPG membranes. Interactions with
anionic membranes showed a gradual dependence on the peptide
concentration, whereas interactions with zwitterionic membranes were
rather more superficial until a critical peptide-to-phospholipid ratio
around 0.06 was reached, at which peptide membrane insertion and
disruption took place effectively.
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