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A B S T R A C T   

The present work monitors structural changes in anionic membranes (DPPG; 1,2-dipalmitoyl-sn-glycero-3- 
phospho-(1′-rac-glycerol)) caused by the native antimicrobial peptide (AMP) Hylin a1 (Hya1; IFGAIL-
PLALGALKNLIK-NH2) and its synthetic analogue K0Hya1 (KIFGAILPLALGALKNLIK-NH2), with an extra positive 
residue of lysine at the N-terminus of the peptide chain. Anionic membranes were used to mimic anionic lipids in 
bacteria membranes. Differential scanning calorimetry (DSC) evinced that both peptides strongly disrupt the 
lipid bilayers. However, whereas the native peptide (+3) induces a space-average and/or time-average disrup-
tion on DPPG bilayers, the more charged, K0Hya1 (+4), appears to be strongly attached to the membrane, clearly 
giving rise to the coexistence of two different lipid regions, one depleted of peptide and another one peptide- 
disrupted. The membrane fluorescent probe Laurdan indicates that, in average, the peptides increase the 
bilayer packing of fluid DPPG (above the lipid gel-fluid transition temperature) and/or decrease its polarity. Spin 
labels, incorporated into DPPG membrane, confirm, and extend the results obtained with Laurdan, indicating 
that the peptides increase the lipid packing both in gel and fluid DPPG bilayers. Therefore, our results confirm 
that Laurdan is often unable to monitor structural modifications induced on gel membranes by exogenous 
molecules. Through the measurement of the leakage of entrapped carboxyfluorescein (CF), a fluorescent dye, in 
DPPG large unilamellar vesicles it was possible to show that both peptides induce pore formation in DPPG bi-
layers. Furthermore, CF experiments show that Hylin peptides are strongly bound to DPPG bilayers in the gel 
phase, not being able to migrate to other DPPG vesicles. Here we discuss the complementarity of different 
techniques in monitoring structural alterations caused on lipid bilayers by Hylin peptides, and how it could be 
used to help in the understanding of the action of other exogenous molecules on biological membranes.   

1. Introduction 

Biological membranes are an extremely complex ensemble formed 
by asymmetric lipid bilayers composed of different phospholipids spe-
cies, containing several molecules such as steroids, proteins, and car-
bohydrates (Alberts, 2008). The integrity of the membrane is preserved 
by inter molecular interactions among the membrane constituents and 
the interactions between the membrane and the surrounding aqueous 
molecules. Additionally, the cell’s machinery maintains a precise con-
trol of membrane’s physicochemical properties (Ohmann et al., 2018). 

Given the complexity of biological membranes, simple mimetic 
systems, such as liposomes, are extremely useful to investigate the 
interaction of drugs with biological membranes and might reveal aspects 
about the drugs bioavailability, toxicity, and performance against 
pathogens (Seddon et al., 2009; Peetla et al., 2009). Accordingly, in-
formation about the changes induced in lipid’s structure/dynamic by an 
exogenous agent has a pivotal relevance and may help the design of new 
therapeutic agents and to better comprehend their action. 

Due to the emergence of new diseases, as well as the resistance of 
pathogens to traditional medications, the search for new therapeutic 
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agents has been a concern to the scientific community and a true chal-
lenge to contemporary science (Freedman, 2019; Rudrapal et al., 2020). 
Among the many molecules with potential therapeutic application, 
antimicrobial peptides (AMPs) have attracted attention (Wu et al., 2018; 
Pizzolato-Cezar et al., 2019; Datta and Roy, 2021). 

AMPs are a group of amphiphilic molecules that usually display a 
positive net charge at physiological pH. They are present in virtually all 
living beings, with more than 3000 different AMPs already identified 
(Drider and Rebuffat, 2011; Wang et al., 2016). Some AMPs present a 
strong action against pathogens and parasites, affecting bacteria 
(Phoenix et al., 2013), protozoa (Rivas et al., 2009) and even displaying 
antiviral (Chessa et al., 2020) and antitumoral (Tornesello et al., 2020) 
activities. AMPs can be designed, aiming at the increase of their action 
against pathogens/tumors and the reduction of their toxic effects against 
healthy cells (Reinhardt and Neundorf, 2016). The AMPs exact mecha-
nisms of action are still a matter of discussion (Brogden, 2005; Raheem 
and Straus, 2019). However, given their amphipathic character, many 
AMPs strongly interact with lipid bilayers. Particularly, it has been 
proposed that cationic AMPs would preferentially interact with anionic 
lipids present on the outer bacterial membrane (Phoenix et al., 2013; 
Sani and Separovic, 2016; (Mingeot-Leclercq and Décout, 2016). 

Hylin a1 (IFGAILPLALGALKNLIK-NH2) is an AMP extracted from the 
skin secretion of the frog Hypsiboas albopunctatus, native from South 
America (Castro et al., 2009). In vitro, Hylin a1 (Hya1) presents a strong 
action against bacteria and fungus, but considerable hemolytic action 
also (Castro et al., 2009; Crusca et al., 2011). Peptides from the Hylin a1 
family have been shown to strongly interact with model membranes, 
and the peptide net charge was found to play a key role in their inter-
action with lipid bilayers (Alves et al., 2015; Enoki et al., 2018; Santana 
et al., 2020; (Vignoli Muniz et al., 2020). 

In the present work, we comparatively investigate the interaction of 
the native peptide Hya1 and its more positively charged analogue 
K0Hya1 (KIFGAILPLALGALKNLIK-NH2), (Fig. 1), with a simple model of 
bacterial membrane, namely anionic liposomes composed of 1,2-dipal-
mitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DPPG), as PG is the most 
abundant anionic headgroup in bacterial membrane lipids (Marsh, 
2013; Mingeot-Leclercq and Décout, 2016). DPPG membranes present a 
gel-fluid transition temperature at approximately 40 ºC (Heimburg, 
2007). Hence, varying the temperature from 15 ºC to 60 ºC, it was 
possible to investigate the action of Hya1 and K0Hya1 on gel and fluid 
DPPG bilayers, mimicking both more and less packed lipid domains in 
bacterial membranes. 

Using the two peptides, Hya1 and K0Hya1, and anionic vesicles, we 
focus on the effect of the extra electric charge on the interaction of the 
peptides with lipid bilayers. Moreover, the electrostatic attraction be-
tween peptides and lipid membranes was enhanced by using low ionic 
strength medium and pure PG bilayers, therefore increasing the con-
centration of peptide around the vesicles. 

Different methodologies were applied. With differential scanning 
calorimetry (DSC) it was possible to monitor the changes caused by the 
peptides on the gel-fluid transition of the DPPG membrane. The struc-
ture and dynamics of the nanoregion close to the DPPG surface were 
monitored by steady-state and time-resolved fluorescence spectroscopy 
using the fluorescent probe 2–dimethylamino-(6–lauroyl)-naphthalene 
(Laurdan), and electron spin resonance (ESR) using the paramagnetic 
probe 1-palmitoyl-2-(5-doxylstearoyl)-sn-glycero-3-phosphocholine (5- 
PCSL), both probes incorporated into DPPG bilayers. Furthermore, 
through the measurement of the leakage of entrapped carboxy-
fluorescein (CF), a fluorescent dye, in DPPG large unilamellar vesicles 
(LUVs), we quantified the ability of the Hylin peptides to induce pore 
formation in DPPG vesicles and their ability to migrate among different 
DPPG vesicles. Hence, this work discusses how different experimental 
approaches are necessary for a comprehensive understanding of the 
structural effects caused on a lipid membrane by two similar peptides 
which differ only by a lysine residue. 

2. Material & methods 

2.1. Materials 

2–dimethylamino-(6–lauroyl)-naphthalene (Laurdan) probe was 
purchased from Molecular Probes Inc. (Eugene, OR, USA). Sodium salt 
of 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DPPG), so-
dium salt of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glyc-
erol) (POPG), cholesterol, and spin label 5-PCSL were purchased from 
Avanti Polar Lipids (Alabaster, AL). 4-(2-hydroxyethyl)− 1-piper-
azineethanesulfonic acid (HEPES), ethylenediaminetetraacetic acid 
(EDTA), Triton X-100, chloroform, methanol, NaCl, Sephadex-G25 col-
umns, 5(6)-Carboxyfluorescein (CF), glucose, ammonium molybdate, 
citric acid, perchloric acid, sodium hydroxide (NaOH), and hydrochloric 
acid (HCL) were purchased from Merck (St. Louis, MO). 

2.2. Peptide synthesis 

The peptides were synthesized manually using the Fmoc strategy, 
purified, and characterized according to the experimental protocol 
described in details elsewhere (Crusca et al., 2011). The purity of Hylin 
peptides was found to be higher than 97.8%. Hya1 and K0Hya1 mo-
lecular weight were determined as 1992.5 g mol− 1 and 1864.1 g mol− 1, 
respectively, by mass spectrometry (Fig. SM1 and SM2). 

2.3. Large unilamellar vesicles (LUVs) preparations 

Lipids were dissolved in a mixture of chloroform and methanol (6:1). 
When desired, Laurdan (1 mol%) or spin label 5-PCSL (0.8 mol%), 
relative to the lipid concentration, were added to the lipid solution. The 

Fig. 1. From top to bottom: primary structures of the AMPs Hya1 and K0Hya1, 
and the chemical structures of the lipid DPPG, the fluorescent probe Laurdan, 
and the spin probe 5-PCSL. Polar amino acid residues are indicated in blue and 
non-polar in red. The net charges of the peptides are indicated in parentheses. 
The inserted lysine residue in K0Hya1 is indicated in bold. (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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lipid solution was dried under a stream of ultra-pure nitrogen gas till a 
thin film of lipids was formed at the bottom of the glass tube. Then, the 
lipid film was kept under low pressure conditions for a minimum of 
three hours to eliminate any trace of organic solvents. Lipid dispersions 
were prepared by the addition of buffer (10 mmol L− 1 HEPES, 
3 mmol L− 1 NaCl, 1 mmol L− 1 EDTA, pH 7.4) to the lipid film, followed 
by intense vortexing during 2 min at 60 ◦C, four times. Finally, lipid 
dispersions were extruded through polycarbonate filters (mini-extruder 
by Avanti Polar Lipids, 19 mm membranes with 100 nm pores, 31 times) 
above the lipid gel− fluid transition temperature (≥ 60 ºC), for the for-
mation of large unilamellar vesicles (LUVs). After extrusion, the average 
diameter of the vesicles was verified using dynamic light scattering and 
found to be (110 ± 10) nm. Before and after filtering, a few DPPG 
samples were checked for their phospholipid content through inorganic 
phosphate assay (Rouser et al., 1966), and the error was always found to 
be less than 1% of the expected value for samples before filtering, and 
less than 3% after the filtering process. All lipid dispersions used in this 
work were freshly prepared on the day the experiment was conducted. 
They were prepared at the concentration to be used in each experiment, 
as stated bellow, considering the necessary dilution due to the addition 
of the peptide solution. 

2.4. Differential scanning calorimetry (DSC) 

Calorimetric measurements were performed using a microcalorim-
eter (Microcal VP-DSC, Northampton, MA). Each sample was scanned 
five times. The first scan was performed at 90 ºC per hour, and dis-
carded. The next four scans, two endothermic and two exothermic, were 
run at the rate of 20 ºC per hour, with temperatures ranging from 15 ºC 
to 60 ºC. The scans were found to be fairly reproductible. The sample cell 
(500 µL) was filled with a 3 mmol L− 1 lipid dispersion with and without 
the desired AMP concentration. In this work, we often refer to the 
concentration of AMP as the percentage of the peptide with respect to 
the molar concentration of the lipid (mol% [AMP] = 100 [AMP]/ 
[DPPG]), where [AMP] and [DPPG] are AMP and DPPG molar con-
centrations, respectively. By using MicroCal Origin software, with the 
additional module for DSC data analysis provided by MicroCal, we 
determined thermodynamic parameters such as the excess enthalpy 
(ΔH), the position of the maximum of the gel-fluid temperature transi-
tion peak, Tm, and the width at half maximum (ΔT1/2). 

2.5. Ultraviolet-visible (UV–vis) absorption measurements 

Optical absorption spectra were obtained with an UV− vis spectro-
photometer (Varian Cary 50, Santa Clara, CA). In all optical experi-
ments, samples were placed in a quartz cuvette (0.2 × 1.0 cm, 400 µL), 
with the absorption optical pathway of 0.2 cm. The temperature was 
controlled with a Carry Peltier thermostat. 

500 µmol L− 1 extruded DPPG dispersion labeled with Laurdan 
(5 µmol L− 1), with and without a given AMP concentration, was used. 
The samples were incubated at room temperature for at least 30 min just 
prior to the experiments. Then, the sample was placed in the spec-
trometer preset at 15 ºC. To assure the thermal equilibrium, the sample 
was left for 15 min inside the spectrometer. The optical experiments 
were conducted in sequence: first the absorption spectrum was regis-
tered, then the steady-state fluorescence spectrum, finally the fluores-
cence decay was measured. At the end of each sequence of 
measurements the temperature was increased, and the same protocol 
was followed. The optical experiments using Laurdan were performed 
with temperatures ranging from 15 ºC to 60 ºC. 

2.6. Steady-State fluorescence measurements 

Steady-state fluorescence measurements were performed with a 
fluorimeter (Varian Eclipse, Santa Clara, CA) with temperatures 
controlled by a Carry Peltier thermostat. The samples consist of 

500 µmol L− 1 extruded DPPG dispersion labeled with Laurdan 
(5 µmol L− 1) with and without a given AMP concentration. The exper-
iments were conducted with an excitation beam light at 340 nm, with an 
optical pathway for excitation of 0.2 cm, quartz cuvette (0.2 × 1.0 cm, 
400 µL), with slits for excitation and for emission of 5 nm. The inner 
filter correction (Lakowicz, 2006) was applied to all the fluorescent 
emission spectra by using the Eq. 1: 

Fcorr(λ) = Fobs(λ)10(Aexc l+Aems(λ)ĺ ) (1)  

where Fcorr (λ) and Fobs (λ) are the corrected and observed fluorescence 
intensities, Aexc and Aems (λ) are the absorbance per unit of pathway at 
the excitation and emission wavelengths, respectively. l and ĺ are the 
optical pathway in cm for excitation (0.1 cm), and for emission (0.5 cm), 
respectively, considering the cuvette center. Note that Eq. 1 does not 
consider the dimensions of the excited region, as it is assumed that all 
emitting fluorophores are at the center of the cuvette. It has been shown 
that this equation is suitable for the absorbance values used here 
(Mendonça et al. 2013). 

After the corrections, to transform Laurdan spectra from wavelength 
(λ) to energy, the emission spectra were multiplied by λ2. This procedure 
is necessary given that the fluorescence spectra were recorded with a 
constant bandpass wavelength (Valeur, 2002; Vequi-Suplicy et al., 
2015). 

In this work, Laurdan spectra in energy were decomposed into 
Gaussians. It was not possible to fit Laurdan emission with only one 
Gaussian band with a reduced chi-square close to the unity. Therefore, it 
was necessary to fit the Laurdan spectra with at least two Gaussian 
bands, see Fig. SM3. 

2.7. Time-Resolved fluorescence measurements 

Time-resolved (TR) fluorescence measurements were performed 
using the time-correlated single photon counting technique (TCSPC). 
The excitation light beam comes from a titanium-sapphire Tsunami 
3950 laser from Spectra Physics (Newport Corporation, Irvine, CA, 
USA), pumped by a solid-state laser Millenia Pro model J80 also from 
Spectra Physics. The frequency of the pulse picker (Spectra Physics 
model 3980–25) was 8 MHz. The Tsunami was set to give an output of 
852 nm and a third harmonic generator BBO crystal (GWN-23PL Spectra 
Physics) was used to generate the excitation light at 284 nm. Although 
this is different from the excitation wavelength used in the steady state 
fluorescence, 340 nm, it also corresponds to an absorption band of 
Laurdan, and Laurdan fluorescence relaxation was shown not to depend 
on the excitation wavelength (Masukawa et al., 2019). At 284 nm, the 
signal-to-noise was found to be much better than at 340 nm. The 
emission was detected at 90 degrees from the excitation beam and 
selected by a monochromator. 

By using FAST software supplied by Edinburgh Photonics the data 
were fitted by applying the model of exponential decays (Lakowicz, 
2006) using the following equations: 

F(λ, t) =
∑N

i=1
αie− t/τi (2)  

fi =
αiτi

∑

j
αjτj  

where F(λ,t) is the number of photons emitted at a given wavelength (λ) 
and time (t), αi is the pre-exponential factor, τi is the lifetime of the ith 

component of the decay, and fi is the fraction contribution of the lifetime 
τi to the intensity decay. The values were determined from the best 
fitting processes which resulted from the statistical parameter reduced 
chi-square (χ2), 0.95 ≤ χ2 ≤ 1.35. 
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2.8. Electron spin resonance (ESR) spectroscopy 

X-band (9.44 GHz) electron paramagnetic resonance spectra were 
obtained with a Bruker EMX spectrometer. Field-modulation of 1 or 2G 
and microwave power of 5 mW were used. The temperature ranged from 
15 ºC to 60 ºC, controlled by a Bruker BVT-2000 variable temperature 
device. ESR data were analyzed using the software WINEPR. The 
maximum (2Amax), and minimum (2Amin) hyperfine splittings were 
measured directly on the ESR spectrum, see Fig. 8. For fluid membranes, 
the effective order parameter (Seff) and the isotropic hyperfine splitting 
(a0) were calculated according to the equations (Rozenfeld et al., 2017): 

Seff =
A‖ − A⊥

Azz − (1/2)
(
Axx + Ayy

)
a′

o

ao
(3)  

where A|| ≈ Amax  

A⊥ = Amin + 1.4 [1 −
A‖ − Amin

Azz −

(
1
2

)
(
Axx + Ayy

)
]

a′

0 = 1/3
(
Azz +Ayy +Axx

)

a0 = 1/3(A|| + 2A⊥)

The lipid concentration used was 3 mmol L− 1, with and without the 
desired peptide concentration. 

2.9. Entrapment of carboxyfluorescein (CF) in LUVs: Leakage assay 

CF solutions were prepared in buffer pH 8.5. After CF solubilization, 
the sample pH was readjusted to 7.4 with HCl. Lipid films were hydrated 
with buffer solution (10 mmol L− 1 HEPES, 3 mmol L− 1 NaCl, 
1 mmol L− 1 EDTA, pH 7.4) containing 50 mmol L− 1 carboxyfluorescein 
(CF). The lipid dispersion (~6 mmol L− 1) was extruded, as previously 
described. In order to remove non-encapsulated CF, the lipid dispersion 
was eluted through a Sephadex-G25 medium column with 10 mmol L− 1 

HEPES, pH 7.4 with 1 mmol L− 1 EDTA, 3 mmol L− 1 NaCl, and 
150 mmol L− 1 glucose, the latter was added to the buffer to adjust the 
osmolarity inside and outside the liposomes. Vesicles with encapsulated 
CF were collected in the void volume of the column. Lipid concentration 
was determined by inorganic phosphate assay (Rouser et al., 1966). 

CF encapsulated in LUVs was used to evaluate the ability of Hylin 
peptides to induce pore formation in the PG bilayers. At 50 mmol L− 1 

the encapsulated CF is self-quenched, hence almost non-fluorescent. Due 
to AMPs or detergent action, CF might be released into the aqueous bulk, 
where dilution occurs, thus yielding an increase of CF fluorescence in-
tensity. CF emission was continuously recorded in time (one measure-
ment per second), at 25 ◦C, λexc = 490 nm and λem = 512 nm. 

Two different experiments were performed. At the first, LUVs 
(100 µmol L− 1) containing CF were placed in quartz cuvettes 
(1.0 × 1.0 cm, 2.0 mL) and the fluorescent emission measured with a 
Fluorescence Spectrometer (Varian Cary Eclipse, Santa Clara, CA), with 
temperatures controlled by a Carry Peltier thermostat, 25 ºC. The CF 
leakage measurements were performed under constant stirring. At the 
100th second, the AMPs (8 µmol L− 1) were injected in the sample, and at 
the end of the experiment, at the 2000th second, Triton X-100 (18 µL of 
10% w/v) was injected into the lipid dispersion to promote complete CF 
leakage. 

The second experiment consisted of monitoring 100 µmol L− 1 DPPG 
dispersions with AMPs (8 µmol L− 1) placed in quartz cuvettes 
(1.0 ×1.0 cm, 2.0 mL) in the fluorimeter pre-set at 25 ºC, under constant 
stirring for 33 min. Then, at the 100th second, we added to the cuvette a 
DPPG dispersion containing CF inside the vesicles (100 µmol L− 1, 2 mL). 
At end of the experiments, at the 2000th second, Triton X-100 (18 µL of 
10% w/v) was injected into the quartz cuvette to promote complete CF 

leakage. 
For both experiments, the percentage of CF leakage, (%) Leakage, 

was determined according to the following equation: 

(%)Leakage (t) = 100 × (I(t) − I0)/(ITotal − I0) (4)  

where I(t) is the fluorescence intensity at time t, I0 is the initial fluo-
rescence, before the AMP addition, or in the second experiment I0 is the 
fluorescence intensity registered 30 s after the addition of LUVs con-
taining CF. ITotal is the maximum fluorescence obtained after the addi-
tion of Triton X-100. As the experimental procedure with fluid DPPG 
(50 ◦C) was found to be quite unreliable (Vignoli Muniz et al., 2020), to 
mimic the fluid phase of the dipalmitoyl membranes similarly prepared 
vesicles of POPG were used at 25ºC. 

For a clearer understanding of the leakage processes, the kinetics 
profiles were analyzed considering exponential processes (Almeida and 
Pokorny, 2010). Hence, the decay curves were fit with the minimum 
number of terms displayed in the equation below 

% Leakage (t)= A1
(
1 − e− t/T1

)
+A2

(
1 − e− t/T2

)
+A3

(
1 − e− t/T3

)
+(

5) 

Here, CF leakage kinetics could be characterized by two different 
processes only, with different decay times: T1 and T2, with T1 <T2. A1 
and A2 are the percentages of CF leakage at the end of the processes 1 
and 2, which decay with their characteristic times. The total percentage 
of leakage induced by the peptides is given by AT =A1 +A2. 

2.10. Reproducibility and sample stability 

Every experiment was performed at least two times. Error values 
account for standard deviations and are presented as error bars when 
larger than the symbols. 

No vesicle precipitation was observed during the experiments. The 
samples were always visually checked before and after the measure-
ments were taken. For optical absorption and fluorescence measure-
ments, Laurdan spectra were quite reproducible after at least 3 h. 

3. Results & discussions 

3.1. Differential scanning calorimetry (DSC) 

Liposomes composed of only one species of saturated lipids often 
exhibit a very narrow excess heat peak, determining the transition be-
tween two different thermal phases: a gel and a fluid phase (see, for 
instance, Heimburg, 2007). In both phases, the lipid molecules are 
confined in the two-dimensional plane of the bilayer. However, in the 
gel phase, the lipids are more packed, with a higher restriction of 
mobility and display a lateral order, whereas in the fluid phase the lipids 
are wobbling along the axis of the bilayer in a more isotropic motion in 
comparison with the lipids in the gel phase (Heimburg, 2007). 

Multilamellar dispersions frequently display a pretransition peak, 
which is a less pronounced thermal peak that occurs at temperatures 
lower than that of the main transition peak (Tm). Extruded (through 
100 nm filter) dipalmitoyl dispersions display a very smooth and subtle 
pretransition peak. Moreover, the gel-fluid transition of extruded DPPG 
vesicles is less cooperative (larger width at half maximum, ΔT1/2) than 
that found for DPPG multilamellar vesicles (Enoki et al., 2012). These 
effects have been attributed to changes in the liposome curvature 
(Heimburg, 2007). 

Lipid melting is very dependent on lipid-lipid interaction, and might 
be profoundly perturbed by an exogenous molecule, hence DSC is a 
suitable technique to investigate the interaction between a molecule and 
lipid bilayers (Prenner and Chiu, 2011). 

Peptide solutions used here, up to 300 µmol L− 1, do not display any 
excess heat peak (Fig. SM4), this is a strong indication that the peptides 
are unstructured in solution, as observed for some Hylin a1 analogues 
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(Crusca et al., 2017). Therefore, DSC thermograms shown here are only 
monitoring DPPG membranes, and the changes induced on them by the 
peptides. Fig. 2 shows typical thermograms of extruded 3 mmol L− 1 

DPPG dispersions in the absence and in the presence of increasing 
concentrations of the native peptide Hya1 (Fig. 2a) and its analogue, 
K0Hya1, (Fig. 2b). The thermodynamic parameters of extruded DPPG 
dispersion are in good accordance with data in the literature (Riske 
et al., 2009; Enoki et al., 2018; Vignoli Muniz et al., 2021), with Tm 
= (39.5 ± 0.3) ºC, ΔH (enthalpy variation) = (8.7 ± 0.3) kcal mol− 1 and 
ΔT1/2 = (0.67 ± 0.02) ºC. 

At the peptide/lipid molar concentrations used here, Fig. 2 shows 
that the two peptides drastically change the DPPG thermal profile, 
indicating that both peptides interact with DPPG membranes. 

However, the changes caused on the DPPG thermal profile by the two 

peptides are quite different. The effect of K0Hya1 on the DPPG mem-
brane is similar to that detected with the analogue K0-W6-Hya1, which 
has the same electric charge as K0Hya1 (+4), but where a Leu was 
replaced by the fluorescent and more hydrophobic residue Trp at the 6th 
position (Enoki et al., 2018). Namely, as the [P]/[L] molar ratio in-
creases, a new thermal event grows up at a lower temperature 
(36.04 ± 0.05) ºC, and coexists with an approximately pure lipid 
gel-fluid transition peak (39.5 ± 0.3) ºC, which decreases as the peptide 
concentration increases, clearly indicating the coexistence of 
peptide-bound and peptide-free regions in the bilayer. Note that at 6 mol 
%, only a small fraction of the pure DPPG thermal transition peak is 
observed (Fig. 2b) and at 10 mol% of K0Hya1 just the peptide-lipid 
bound peak can be detected in Fig. 2b, indicating that there is no 
more bulk lipid membrane. 

Fig. 2. DSC thermograms of extruded lipid dispersions composed of 3 mmol L− 1 DPPG with increasing peptide− lipid molar ratio, from 2% to 10% of (a) Hya1 or (b) 
K0Hya1. Thermograms were obtained using a scan rate of + 20 ◦C/h, and they are shifted in the y-axis for clarity. Duplicated samples showed similar results. Dashed 
lines are guides for the eyes only. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.) 
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On the other hand, with Hya1 (+3) (Fig. 2a), the presence of two 
thermal events is not well-defined, hence there is no clear coexistence of 
peptide-bound and peptide-free regions in the bilayer. This strongly 
suggests that the presence of the extra positively charged lysine residue, 
K0, is crucial to peptide strong attachment to PG groups, giving rise to 
the coexistence of two different regions on the membrane. This effect is 
typical of a strong ionic interaction between a cationic molecule and 
anionic headgroups on the bilayer (Zweytick et al., 2014; (Pabst et al., 
2008); Enoki et al., 2018; Vignoli Muniz et al., 2021). 

For both peptides at 10 mol% relative to the lipid, DPPG undergoes a 
one peak gel-fluid transition, broader and at a lower temperature than 
that yielded by pure DPPG, indicating that the peptides penetrate into 
the bilayer and disrupt the liposome structure. Interestingly, in the 
presence of 10 mol% of the native peptide, Hya1, the gel-fluid DPPG 
transition peak is somehow broader, hence less cooperative, than that 
observed at the same concentration for the more cationic analogue, 
K0Hya1. 

For 4 and 6 mol% of K0Hya1, a clear coexistence of bulk lipids and 
peptide-bound lipid domains is also observed at the temperature down- 
scan (Fig. 3d and f). As observed before with K0-W6-Hya1 (Enoki et al., 

2018), bulk lipids display a rather reversible transition, but peptide-lipid 
domains display a significant hysteresis. The hysteresis is not so clear for 
the less charged peptide, Hya1, at 4 and 6 mol% (Fig. 3c and e). How-
ever, at 10 mol% peptide (Fig. 3g and h), the DSC up and down scans of 
both peptides display a significant thermal hysteresis. This is strong 
evidence of the penetration of the peptides into the gel and fluid phases 
of the DPPG membrane. Accordingly, these peptide-disrupted lipids in 
the fluid phase need a lower temperature to get more organized in a gel 
phase. 

Interestingly, at 6 mol% of K0Hya1 (Fig. 3f) the one up-scan thermal 
peak related to peptide-lipid domains turns into two peaks in the cooling 
process. These two peaks are still present at 10 mol% of the peptide 
(Fig. 3h), but the balance between them is altered. The spread of 
membrane gel-fluid transition into two or more peaks has been attrib-
uted to complex thermal processes (Lamy-Freund and Riske, 2003) and 
is out of the scope of the present work. The thermal processes undergone 
by DPPG in the presence of the peptides are quite reproducible, as 
illustrate for DPPG + 10 mol% K0Hya1 in Fig. SM5. 

Fig. 3. Comparison of DSC thermograms of 
3 mmol L− 1 DPPG under endothermic (red 
lines) and exothermic (blue lines) processes, in 
the absence (a,b), and in the presence of Hya1 
(left column) and K0Hya1 (right column), at 
different peptide/lipid concentrations: 4 mol% 
(c,d), 6 mol% (e,f), and 10 mol% (g,h). Dashed 
lines are guides for eyes only. DSC thermograms 
in the presence of the AMPs were amplified 
(indicated at the left of the traces) for better 
visualization. (For interpretation of the refer-
ences to colour in this figure legend, the reader 
is referred to the web version of this article.)   
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3.2. Fluorescence spectroscopy: Laurdan as an extrinsic fluorescent probe 

3.2.1. Steady-state fluorescence 
Extrinsic fluorescent probes are extremely useful to monitor struc-

ture/dynamics of model membranes and membranes of living cells 
(Valeur, 2002; Niko et al., 2016). For its versatility and low-cost, 
steady-state fluorescence spectroscopy has been a wide used technique 
to monitor the interaction between membranes and exogenous mole-
cules. The probe Laurdan has been largely applied to investigate changes 
induced by drugs on liposomes, as its acyl tail ensures that this probe 
stays into the lipid bilayer, not partitioning in the aqueous environment 
(Weber and Farris, 1979). It has been proposed that the fluorescent 
moiety of Laurdan resides close to the interface between the acyl chain 
and the polar headgroups of the lipid bilayers (Parasassi et al., 1998; De 
Vequi-Suplicy et al., 2006). Hence, Laurdan probes the vicinity of the 
membrane surface. Due to its high excitation dipole, Laurdan is 
extremely sensitive to its environment’s polarity and packing (Weber 
and Farris, 1979). Within lipid bilayers, Laurdan emission displays a 
significant red shift (~ 50 nm) when phospholipid membranes goes 
from the gel to the fluid phase (Parasassi et al., 1991). Laurdan fluo-
rescence spectrum in different solvents, as well as within lipid bilayers, 

seems to be composed of two emission bands (Bacalum et al., 2013; 
Vequi-Suplicy et al., 2015). This dual emission has been attributed to a 
solvent-relaxed and a solvent-non-relaxed state (Parasassi et al., 1991, 
1998). However, more recently, a new interpretation has been proposed, 
attributing the two bands to dual decays from independent singlet 
excited states (Vequi-Suplicy et al., 2015, 2020). 

Laurdan generalized polarization (GP) is a commonly used param-
eter to monitor the fluidity/polarity of phospholipid bilayers. However, 
it has been shown that since GP is determined by using the fluorescence 
emission at two different wavelengths only, typically the intensities at 
440 nm and 490 nm, a considerable amount of information is lost. For 
instance, GP could not detect the anomalous thermal transition of 1,2- 
dimyristoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DMPG) membranes 
at low ionic strength, well monitored by the decomposition of Laurdan 
fluorescence spectrum (Lúcio et al., 2010). Moreover, the spectrum 
decomposition allows the study of the positions of the emission bands 
and their areas, hence informing about the energies of the electronic 
transitions and the population of molecules relaxing from each excited 
state (see, for instance, Vequi-Suplicy et al., 2015; Masukawa et al., 
2019). It is noteworthy to mention that, to be theoretically meaningful, 
the decomposition of the Laurdan spectrum in Gaussian bands must be 

Fig. 4. Emission spectra of Laurdan 
(5 µmol L− 1) incorporated into DPPG 
(500 µmol L− 1) vesicles in the absence and with 
different concentrations of Hya1 (left column) 
or K0Hya1 (right column), at three tempera-
tures, 20 ºC (a,b), 37 ºC (c,d), and 50 ºC (e,f). 
Peptide/lipid concentrations: 0 (black lines), 
2 mol% (orange lines), 4 mol% (blue lines), 
6 mol% (dark cyan lines), and 10 mol% (dark 
yellow lines). (For interpretation of the refer-
ences to colour in this figure legend, the reader 
is referred to the web version of this article.)   
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performed in energy/wavenumber (see, for instance, Bransden and 
Joachain, 1986). 

Let us examine the emission of Laurdan embedded into DPPG vesi-
cles at different temperatures, with different amounts of peptide. In  
Fig. 4, the black lines correspond to Laurdan emission in the absence of 
peptides at three temperatures, at 20 ºC and 50 ºC, for all samples cor-
responding to the membranes in the gel and fluid phases, respectively, 
and at 37 ºC, temperature at which some samples with peptide have 
already undergone the gel-fluid transition (see DSC scans in Fig. 2). As 
expected, Laurdan fluorescence spectrum (Fig. 4, black lines) was found 
to be very sensitive to changes on the DPPG structure and/or membrane 
hydration due to the gel-fluid phase transition, (Parasassi et al., 1991). 
However, increasing amounts of both peptides do not change much the 
Laurdan spectrum at 20 ºC, at the DPPG gel phase (Fig. 4a and b). It is 
important to have in mind that Laurdan fluorescence spectrum could not 
detect changes caused by other exogenous membrane-interacting mol-
ecules that were found to alter the structure of the gel phase of lipid 

membranes, namely the melanotropic peptides α-MSH and NDP-α-MSH, 
and cholesterol (Lúcio et al., 2010, see also Fig. SM6). Additionally, it 
was shown that Laurdan could not detect significant structural differ-
ences in gel membranes composed of different lipids (Takechi-Haraya 
et al., 2018). Hence, interestingly, Laurdan fluorescence seems to be 
non-sensitive to changes on the structure of gel phase membranes. 

Opposite to that, Laurdan emission in fluid DPPG vesicles, at 50 ºC 
(Fig. 4e and f), is significantly altered by the presence of the peptides. 
Increasing amounts of the peptides lead to deformation on the Laurdan 
emission spectra. Note that there is a clear increase of the probe’s 
emission at higher energy. Interesting to note that Laurdan emission in 
fluid DPPG (Fig. SM6), or fluid DMPG, is severely altered by high 
cholesterol contents (Lúcio et al. 2010), also with a significant increase 
in the emission at high energies. Since it is largely known that choles-
terol rigidifies and dehydrates fluid lipid bilayers (Marsh, 1981), it 
seems that the changes on the Laurdan emission profile are related to the 
packing and/or the dehydration caused by Hya1 and its more positively 

Fig. 5. The fraction of the area of the higher energy emission band (A2/(A1 + A2)) as a function of the temperature for pure DPPG (black squares), and in the 
presence of Hya1 (Fig. 5a) or K0Hya1 (Fig. 5b). Relative percentage of the peptides are: 2 mol% (orange diamonds), 4 mol% (blue down triangles), 6 mol% (dark 
cyan circles), and 10 mol% (dark yellow right triangles). (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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charged analogue. 
To better understand and quantify the effects of the two peptides on 

the Laurdan emission, we transformed the Laurdan emission spectra 
from wavelength to energy, as described in Section 2.6 and decomposed 
it into two Gaussian bands: A1 and A2 are the areas of the Gaussian bands 
of lower and higher energy, respectively (see Fig. SM3). The relative 
contribution of the area of the most energetic band (A2) of the Laurdan 
fluorescence emission to the total spectrum, A2/(A1 +A2), is plotted as a 
function of the temperature, for the different concentrations of the two 
peptides (Fig. 5). The relative fraction of the area of the Gaussian band 
seems to be an appropriate parameter to monitor the changes induced by 
the peptides on the membrane, since the positions of the Gaussian bands 
are not much affected by the peptides (Fig. SM7), maybe apart from 
those relative to the highest peptide concentration used here (10 mol%). 

But that is possibly a subject for further investigation (see, for instance, 
De Vequi-Suplicy et al., 2006). 

In the gel phase, from 15 ºC to 30 ºC, the relative area (A2) is nearly 
unaffected by the increase of the temperature. In fact, at temperatures 
from 15 ºC to 30 ºC, Laurdan emission from gel DPPG vesicles is almost 
constant, see Fig. SM8. A similar behavior was observed for Laurdan 
emission from gel 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) 
vesicles (Masukawa et al., 2019). In the fluid phase, at temperatures 
above 39 ºC, the contribution of the most energetic band decreases 
indicating that Laurdan is probing the bilayer fluidification induced by 
the temperature rise (Fig. 5a and b). 

Above 39 ◦C, in fluid DPPG, as the peptide concentration increases, 
the contribution of the higher energy emission band A2 increases, as 
compared to pure DPPG membranes, indicating that the vicinity of 

Fig. 6. Laurdan fluorescence decay incorpo-
rated into DPPG (500 µmol L− 1) vesicles in the 
absence (black squares) and with different 
concentrations of Hya1 (left column) or K0Hya1 
(right column), at three temperatures, 20 ºC (a, 
b), 37 ºC (c,d), and 50 ºC (e,f). Relative per-
centage of the peptides: 2 mol% (orange di-
amonds), 4 mol% (blue down triangles), 6 mol 
% (dark cyan circles), and 10 mol% (dark yel-
low right triangles). *LP is the laser profile. 
Excitation light at 284 nm and emission at 
428 nm. (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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Laurdan becomes more packed, with higher restriction of motion and/or 
lower polarity. 

We would like to call attention to the data at 37 ºC. At that tem-
perature, different from pure DPPG membrane, some of the DPPG 
samples with peptide have already undergone the gel-fluid transition as 
revealed by DSC (see red dashed line in Fig. 2). For instance, at 10 mol% 
of both peptides, with the samples mostly in the fluid phase (Fig. 2), 
there is a clear decrease on the percentage of the higher energy emission 
band A2, in accord with Laurdan monitoring a fluid membrane (dark 
yellow right triangles in Fig. 5a and b). 

Though calorimetric measurements show significant differences 
induced by Hya1 and K0Hya1 on DPPG membranes (Figs. 2 and 3), 
Laurdan emission from fluid liposomes in the presence of both peptides 
are very similar (Fig. 5). Note, for instance, that Laurdan fluorescence is 
not sensitive to the presence of the two different membrane regions 
indicated by DSC to coexist in the presence of 3–6 mol% of K0Hya1 (see 
Fig. 2b). The change on Laurdan fluorescence for those samples (Fig. 5b) 
indicates that Laurdan is probing the peptide-rich region. Namely, at 
least part of the probe partitions into the peptide-rich area, otherwise its 
fluorescence spectrum would not change for K0Hya1 concentrations up 
to 6 mol%. 

3.2.2. Time-resolved fluorescence spectroscopy 
Time-resolved fluorescence spectroscopy is a technique to determine 

the fluorescent lifetime, i. e., the time between the excitation and 
emission of the fluorophore. Fluorescent lifetimes have little depen-
dence on fluorophore emission intensity, being a good approach to 
investigate molecules when the light scattering is significantly high 
(Santos et al., 2003). 

We measured Laurdan decay embedded into DPPG vesicles in the 

absence and in the presence of both peptides. All the decay curves 
(Fig. 6) could be well fitted with two exponential decays (see Eq. 2). As 
expected, the lifetimes at higher temperatures are smaller in comparison 
with those found at 20 ºC (see Fig. 7). This is due to the increase of non- 
radiative decay processes as temperature increases (Lakowicz, 2006). 
Similar to the state-steady fluorescence experiments discussed above, 
Laurdan decay in gel DPPG vesicles was not much affected by increasing 
amount of the peptides, (Fig. 6a and b), whereas Laurdan decay in fluid 
DPPG was strongly affected by increasing concentration of both peptides 
(Fig. 6e and f). We would like to stress that, as observed with 
steady-state experiments, Laurdan decays at 37 ºC (Fig. 6c and d), probe 
the undergone gel-fluid transition induced by high contents of peptides, 
6 and 10 mol%, (Fig. 2). 

The longer Laurdan lifetime (τ2) was more sensitive to changes in the 
lipid structure/dynamics induced by the peptides. Therefore, we plotted 
τ2, and its respective fractional contribution (f2), versus the temperature, 
in the presence of different amounts of Hya1 (Fig. 7a and c) and K0Hya1 
(Fig. 7b and d). 

Similar to the results obtained with steady-state fluorescence, Laur-
dan lifetimes were found quite insensitive to the binding of the peptides 
to gel phase DPPG (see Fig. 7 for temperatures below 30 ◦C). Consid-
ering that the fluorescence quantum yield (Φ) is correlated to the rate of 
radiative decay (kr) and the fluorophore’s lifetime (τ) by Φ = kr τ, and 
assuming that kr is constant (Valeur, 2002), it is possible to conclude 
that neither the balance between the two emissions of Laurdan (Fig. 5), 
nor the fluorescence quantum yield (Fig. SM8) and lifetimes, are sensi-
tive to possible changes caused by the peptides on gel DPPG. 

On the other hand, Laurdan was found to be quite sensitive to 
changes induced by the peptides in fluid DPPG. The presence of both 

Fig. 7. Longer Laurdan lifetime (a,b) and its fraction contribution (c,d), as a function of the temperature, in the presence of different amounts of Hya1 (a,c) and 
K0Hya1 (b,c). Error bar indicates standard deviation of at least three experiments with different samples. If not shown, the deviation was found to be smaller than 
the symbol. 
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peptides enhanced the longer Laurdan fluorescent lifetime (see 40 ºC 
and 50 ◦C in Fig. 7a and b), indicating that the vicinity of Laurdan is 
changed by the peptides, becoming more packed and/or less hydrated in 
comparison with pure DPPG vesicles. The fraction contribution of the 
longer lifetime (f2) follows the same behavior of that found for τ2. As the 
longer lifetime is associated with the decay from the higher energy state 
(Vequi-Suplicy et al., 2015), that is supporting the data obtained with 
steady-state fluorescence, where the decomposition of the fluorescence 
spectrum indicated an increase of the percentage of the higher energy 
state as the amount of peptide increases (see Fig. 5). 

3.3. ESR of spin labels incorporated into DPPG membranes 

Spin labels are sensitive to lipid packing, lipid phase transition, and 
viscosity of their nano-environment (Marsh., 1981). By using the spin 
label 5-PCSL, we monitored changes in the bilayer nanostructure and 
dynamics at the level of the 5th carbon of the acyl chain, that is, at the 
vicinity of the DPPG glycerol backbone, close to the location where 
Laurdan is supposed to reside when incorporated into lipid bilayers 
(Parasassi et al., 1998; De Vequi-Suplicy et al., 2006; Jurkiewicz et al., 
2006). Since, Laurdan emission in gel liposomes was little affected by 
the presence of both peptides, we considered important to investigate 
with other techniques if gel DPPG bilayer structure and/or dynamics 
were modified by the peptides. 

Fig. 8 shows the ESR spectra of 5-PCSL incorporated into gel (left 
column) and fluid DPPG vesicles (right column) in the absence (black 
lines) and with increasing amounts of Hya1 (orange lines) and K0Hya1 
(blue lines). 

The modifications induced in the ESR spectra by the peptides are not 
visually evident (Fig. 8), but they can be quantified by experimental 
parameters directly measured on the 5-PCSL ESR spectra, as described in 
Section 2.8. For gel DPPG liposomes, we plotted the maximum hyperfine 
splitting (2Amax) as a function of the temperature (Fig. 9), in the absence 
(black squares) and in the presence of increasing amounts of Hya1 
(Fig. 9a) or K0Hya1 (Fig. 9b). 

2Amax provides information about the anisotropy and the dynamics 
of the probe, that is, the viscosity of the nanoregion in which the probe is 
embedded. Higher Amax values are related to higher restriction of the 
mobility of the spin label. Note that Amax decreases (Fig. 9) as the 
temperature increases, showing that even in the membrane gel phase the 
increase of temperature leads to a relative fluidification of the bilayer. 
Interesting to point out that, as discussed above, Laurdan is insensitive 
to those alterations (see Fig. SM8). 

ESR experiments reveal that both peptides bind to gel DPPG mem-
branes, turning the membrane even more rigid and/or organized, as 
indicated by the increasing of the Amax parameter as the peptide con-
centration increases. That evinces that, indeed, Laurdan has low sensi-
tivity to changes induced on gel DPPG membranes. 

Fig. 9 displays different patterns concerning the alterations induced 
by Hya1 and K0Hya1 on DPPG membranes. Whereas for Hya1 the gel 
membrane shows to be progressively rigidified by increasing amounts of 
the peptide (progressive increase of Amax, Fig. 9a), for K0Hya1 there is a 
clear jump between 4 and 6 mol% of the peptide (Fig. 9b). Interesting to 
observe that for this more positively charged peptide, DSC traces 
strongly indicate that up to 5 mol% there is a clear coexistence of two 
regions in the bilayer, as discussed above: peptide rich and peptide free 
regions (see Fig. 3b). For 6 mol% of K0Hya1, and above, there is not 
much bulk lipid domains left. Accordingly, for K0Hya1, up to 4 mol%, 
the spin probe 5-PCSL would preferentially partition in the more fluid 
domains of bulk lipids (see Fig. 9b). In the literature, it is possible to find 
reports indicating that spin probes can preferentially partition in more 
fluid environments in a membrane (see, for instance, Temprana et al., 
2012, and references therein). It is important to note, nevertheless, that 
both peptides rigidify gel DPPG liposomes. At concentrations of 6 and 
10 mol%, K0Hya1 displays a stronger effect. 

Hence, the ESR data in Fig. 9 reinforce our hypothesis that, contrarily 

to Hya1, K0Hya1 binds so strongly to the membrane that the molecule 
does not diffuse on the membrane, giving rise to peptide-rich and 
peptide-free regions, for low peptide concentrations. 

To assess the modifications induced by the AMPs on fluid DPPG 
membranes, we calculated the effective order parameter, Seff (Eq. 3). Seff 
provides information about lipid order/mobility at the level of the 5th 
carbon atom: when all probe molecules are completely oriented parallel 
to the bilayer normal, Seff is equal to unity. On the other hand, when Seff 
values are close to zero the spin probe is in rapid, isotropic, and wobbly 
motion, indicating a quite loose environment (see Rozenfeld et al., 2017, 
and references therein). 

Fig. 10 displays Seff values as a function of the temperature for 5- 

Fig. 8. Typical ESR spectra of 5-PSCL embedded into 3 mmol L− 1 of DPPG 
vesicles in the gel (20 ºC, left column) or in the fluid phase (45 ºC, right column) 
in the absence (black lines), and with increasing amounts of Hya1 (orange 
lines), and K0Hya1 (blue lines). Relative percentage of the peptides from top to 
bottom: 2 mol%, 4 mol%, 6 mol%, and 10 mol%. The total spectra width is 100 
Gauss. The maximum (2Amax) and minimum (2Amin) hyperfine splitting are 
indicated in the figure. (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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PCSL incorporated in fluid DPPG liposomes in the absence and with 
increasing concentrations of Hya1 (Fig. 10a) and K0Hya1 (Fig. 10b). 

The increase of the temperature induces higher lipid motion on pure 
DPPG bilayer, decreasing Seff values (see black squares in Fig. 10). 
Increasing amounts of Hya1 (Fig. 10a) induces a progressive increase in 
Seff values with a saturation around 6 mol%. The presence of the most 
cationic peptide K0Hya1 also enhances Seff values, however, the gap 
between 4 and 6 mol% data is also observed here, for the fluid phase of 
the membrane. This is a strong indication of the presence of the two 

domains even in fluid DPPG membranes: peptide rich and peptide free 
domains, as discussed above. 

Moreover, K0Hya1 seems to be more effective in organizing fluid 
DPPG bilayers than the native peptide, since Seff values found for the two 
peptides, at the same peptide concentration, are always higher for 
K0Hya1. This result is in accord with the DSC thermograms, which show 
that, at the highest peptide concentration used here (10 mol%), the 
interaction between K0Hya1 and DPPG yielded a more cooperative 
thermal-transition peak than that found for the interaction between 

Fig. 9. Temperature dependence of the outer 
hyperfine splitting (2Amax) measured on the 
ESR spectrum of 5-PSCL embedded into 
3 mmol L− 1 gel liposomes of DPPG. The data 
were obtained in the absence of AMPs (black 
square), and in the presence of Hya1 (a) or 
K0Hya1 (b). The relative percentages of AMPs 
were 2 mol% (orange diamonds), 4 mol% (blue 
down triangles), 6 mol% (dark cyan circle), and 
10 mol% (dark yellow right triangle). Error bar 
indicates standard deviation of at least three 
experiments with different samples. If not 
shown, the deviation was found to be smaller 
than the symbol. (For interpretation of the ref-
erences to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   

Fig. 10. Temperature dependence of the effec-
tive order parameter, Seff, measured on ESR 
spectra of 5-PCSL incorporated into 3 mmol L− 1 

of fluid liposomes of DPPG. The data were ob-
tained in the absence of AMPs (black squares), 
and in the presence of Hya1 (a) and K0Hya1 (b). 
The relative percentages of AMPs were 2 mol% 
(orange diamonds), 4 mol% (blue down tri-
angles), 6 mol% (dark cyan circle), and 10 mol 
% (dark yellow right triangle). Error bar in-
dicates standard deviation of at least three ex-
periments with different samples. If not shown, 
the deviation was found to be smaller than the 
symbol. (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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Hya1 and DPPG (Fig. 2). 

3.4. CF entrapped in DPPG LUVs: leakage assay 

CF leakage assay is an efficient technique to monitor if a foreign 
molecule can change the structure of liposomes, forming pores, either 
stable or transient. As previously stated, CF is a dye that when entrapped 
within liposomes at 50 mmol L− 1 is almost non-fluorescent, due to self- 
quench. If a given molecule disrupts the bilayer, causing permanent or 
temporary pores, allowing the dye to leak into the bulk, its dilution will 
yield an increase on the CF emission intensity. 

By using this methodology, we investigated if 8 mol% of the AMPs 
could induce pore formation on anionic vesicles composed of DPPG at 
the gel phase, at 25 ◦C. Moreover, to mimic DPPG fluid phase at 25 ◦C, 

the unsaturated lipid POPG ((1-palmitoyl-2-oleoyl- sn-glycero-3-phos-
pho-(1′-rac-glycerol)) was used. The use of POPG was necessary due to 
the difficulties of performing the leakage experiment with DPPG at 
higher temperatures (see Enoki et al., 2018). That peptide concentration 
was chosen because above 6 mol% the two peptides appear to be ho-
mogeneously distributed on the DPPG membrane, with no coexistence 
of different domains (see Fig. 2). 

The control consists of DPPG (Fig. 11a and 11c) or POPG (Fig. 11b 
and 11d) vesicles containing CF in the absence of peptides (gray dotted 
lines in Fig. 11). The spontaneous CF leakage was found to be negligible 
for gel DPPG vesicles (less than 3% in 2000 s), whereas fluid POPG 
vesicles (Fig. 3d) display an acceptable spontaneous leakage around 
20% within 30 min, as previously reported (Enoki et al., 2018). Fig. 11a 
shows that both peptides (8 mol%) can induce CF leakage on gel DPPG 

Fig. 11. Typical kinetics of CF leakage through 
LUVs composed of gel DPPG (a), and fluid 
POPG (b) membranes, in the presence of 
8 µmol L− 1 of Hya1(red circles) or K0Hya1 
(green down triangles). Black lines indicate the 
fittings according to Eq. 5. Kinetic curves of CF 
leakage through LUVs composed of gel DPPG 
(100 µmol L− 1) (c) and fluid POPG (d) in the 
presence of gel DPPG (c) and fluid POPG (d) 
dispersions (100 µmol L− 1) pre-incubated with 
8 µmol L− 1 of Hya1(red circles) or K0Hya1 
(green down triangles) for 33 min. The experi-
ments were performed at 25 ºC. (For interpre-
tation of the references to colour in this figure 
legend, the reader is referred to the web version 
of this article.)   
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liposomes (Fig. 11a). It is very interesting that the effect of Hylin pep-
tides on fluid PG vesicles is much more dramatic (POPG in Fig. 11b), at 
the same peptide concentration: both peptides rapidly caused total CF 
release from POPG vesicles. 

Due to the quick CF-leakage, we considered important to check the 
integrity of the vesicles. By using dynamic light scattering (DLS), the 
hydrodynamic radius of gel and fluid vesicles was monitored as a 
function of the peptide concentration (Fig. SM9). The vesicles do not 
collapse due to the peptide action. However, the vesicle average size 
increases (Fig. SM9), suggesting that the Hylin peptides may cause some 
vesicle fusion or aggregation. 

As found for many CF-leakage experiments (Almeida and Pokorny, 
2010; Enoki et al., 2018) the kinetics with DPPG vesicles could be well 
fitted by two exponentials (Eq. 5; black lines in Fig. 11a), indicating two 
kinetic processes, with different decay times, a shorter (T1) and a longer 
(T2) time constant (Table 1). For the experiments with fluid POPG li-
posomes, any fitting of the data would be quite inaccurate, as the CF- 
kinetics curves are nearly composed of two straight lines. Therefore, 
Table 1 only exhibits the values of the best fitting parameters obtained 
for gel DPPG CF-release kinetics. 

The CF release processes induced by the two peptides in gel DPPG 
vesicles were found to be different, particularly the first process, cor-
responding to the short times (Table 1 and Fig. SM10). T1 value for the 
more positively charged peptide, K0Hya1, was found to be about six 
times shorter than that found for the native peptide (Table 1), indicating 
a much faster reaction. That could either be related to the structural 
modifications this peptide causes on the bilayer or to its faster binding 
on anionic PG bilayers. Interestingly, the total percentages of leakage 
due to the first process are very similar for the two peptides, around 26% 
(see A1 values in Table 1). 

The longer process yielded very similar T2 values, indicating that 
both peptides caused similar residual CF leakages. Furthermore, the 
total leakage caused by the peptides (A1 +A2) was found to be somewhat 
higher for the native peptide as compared with K0Hya1 (Table 1). 

The total leakage caused by the peptides on DPPG vesicles, at the 
used concentration, (A1 +A2), is far from 100% (42% and 33%, for Hya1 
and K0Hya1, respectively, Table 1), value that would be expected if CF 
had leaked from all DPPG vesicles. That result has been found for several 
antimicrobial peptides, and it is still a subject of discussion in the 
literature (see Enoki et al., 2018, and references therein). For instance, it 
has been speculated that a certain amount of peptide-bound per vesicle 
would be necessary for triggering the opening of pores, related to 
peptide-peptide interaction on the membrane. Hence, the CF leakage 
would not be complete until all vesicles reach this value (Gregory et al., 
2008; Wimley, 2010). 

As both peptides were unable to induce complete CF release from 
DPPG LUVs, (see (A1 +A2) values in Table 1), we designed a second 
experiment based on CF-leakage to address this effect, according to the 
experiments discussed by Sani et al. (2014), to answer the following 
question: do the Hylin peptides get strongly attached to some DPPG 
vesicles therefore being unable to migrate and interact with other DPPG 
vesicles? To answer this question, we incubated the peptides with pure 
DPPG (Fig. 11c) or POPG (Fig. 11d) vesicles, without CF, for 2000 s, 
under the same conditions of the first CF leakage assay (Fig. 11a and b). 
Then, we started the fluorescence measurement, adding DPPG (Fig. 11c) 
or POPG (Fig. 11d) vesicles loaded with CF at the 100th second. 

Note that, at the concentration used here, the peptides preincubated 
with DPPG liposomes do not promote any significant CF release on the 
new DPPG vesicles added to the sample (Fig. 11c), thus indicating that, 
at 8 mol%, both peptides are strongly attached to the DPPG bilayer. 
Namely, the peptide concentration in solution is not enough to cause CF 
release in the newly added DPPG vesicles. 

Opposite to that, at the same peptide concentration, the samples with 
peptides preincubated with fluid POPG could rapidly promote complete 
CF release from the newly added POPG vesicles. It is noteworthy, that it 
has been observed that Hylin peptides are much more effective to induce 

pore formation in fluid than in gel vesicles (Vignoli Muniz et al., 2020; 
Enoki et al., 2018). Thus, it seems that it is necessary only a small 
concentration of peptides to visit and interact with fluid PG vesicles to 
induce pore formation on the liposomes. The study of this phenomenon 
is out of the scope of the present work, and deserves further 
investigation. 

4. Conclusions 

This work shows that the native Hylin a1 and its more positively 
charged analogue, K0Hya1, strongly interact with negatively charged PG 
bilayers. However, the extra positive lysine residue, at the beginning of 
the analogue chain, makes a difference on the effects caused by the 
peptide on the membrane. 

DSC thermograms strongly indicate that K0Hya1, up to 6 mol%, in-
duces the coexistence of regions of peptide-rich and peptide-poor on 
DPPG bilayers, whereas the native peptide seems to cause a space- 
average and/or time-average disruption on the membrane. This hy-
pothesis is supported by the data obtained with a spin probe close to the 
bilayer surface (5-PCSL). 

The ESR spectra obtained with the spin probe (5-PCSL), and the 
leakage experiments with CF, show that the two peptides disrupt both 
gel and fluid phases of PG membranes. The large molecule of CF was 
shown to leak through permanent or temporarily pores on gel and fluid 
PG membranes in the presence of 8 mol% of the peptides, whereas the 
effect on fluid POPG was found to be much more dramatic causing rapid 
and complete CF release. However, the Laurdan fluorescent probe was 
unable to detect any change caused by the peptides on the gel phase of 
DPPG. Accordingly, this work makes evident that Laurdan is not an 
appropriate membrane probe for lipid bilayers in the gel state. More-
over, the spin label could detect relevant differences on the structural 
effect the two peptides cause on PG membranes, which could not be 
detected by Laurdan fluorescence. 

The leakage experiments show that both peptides strongly bind to gel 
DPPG vesicles, possibly through electrostatic interaction, with very low 
partition in the water medium. Hence, they are unable to cause leakage, 
or to disrupt, newly added DPPG vesicles to the dispersion. Interestingly, 
the peptides preincubation with fluid PG membranes did not prevent the 
peptides to cause CF release from newly added fluid PG vesicles, possibly 
suggesting that only a small amount of Hylin peptides in solution is 
necessary to induce pore formation in fluid PG membranes. 

Our results reveal how different approaches provide different in-
formation about modifications induced by exogenous molecules on a 
membrane bilayer structure, and may help to better understand the 
mechanisms of action of Hylin a1 peptides on anionic membranes, 
models for prokaryotic cells. 
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Table 1 
Fitting parameters of the data in Fig. 11(a) using Eq. 5. The peptide net charge is 
shown in parenthesis.  

AMP A1 T1(s) A2 T2(s) A1 +A2 

Hya1 (þ3) (27 ± 2) (9.9 ± 0.3) (15 ± 3) (340 ± 7) (42 ± 3) 
K0Hya1 (þ4) (26 ± 3) (1.53 ± 0.05) (7 ± 2) (346 ± 5) (33 ± 3)  
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Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.chemphyslip.2022.105173. 
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Crusca E, Jr, Câmara, A.S., Matos, C.O., Marchetto, R., Cilli, E.M., Lião, L.M., Lima de 
Oliveira, A., 2017. NMR structures and molecular dynamics simulation of hylin-a1 
peptide analogs interacting with micelles. J. Pept. Sci. 23, 421–430. https://doi.org/ 
10.1002/psc.3002. 

Crusca E, Jr, Rezende, A.A., Marchetto, R., Mendes-Giannini, M.J., Fontes, W., Castro, M. 
S., Cilli, E.M., 2011. Influence of N-terminus modifications on the biological activity, 
membrane interaction, and secondary structure of the antimicrobial peptide hylin- 
a1. Biopolymers 96, 41–48. https://doi.org/10.1002/bip.21454. 

Datta, S., Roy, A., 2021. Antimicrobial peptides as potential therapeutic agents: a review. 
Int. J. Pept. Res. Ther. 27, 555–577. https://doi.org/10.1007/s10989-020-10110-x. 

De Vequi-Suplicy, C.C., Benatti, C.R., Lamy, M.T., 2006. Laurdan in fluid bilayers: 
position and structural sensitivity. J. Fluoresc. 16, 431–439. https://doi.org/ 
10.1007/s10895-005-0059-3. 

Prokaryotic Antimicrobial. In: Drider, D., Rebuffat, S. (Eds.), 2011. Peptides. Springer, 
New York, New York, NY.  

Enoki, T.A., Henriques, V.B., Lamy, M.T., 2012. Light scattering on the structural 
characterization of DMPG vesicles along the bilayer anomalous phase transition. 
Chem. Phys. Lipids 165, 826–837. https://doi.org/10.1016/j. 
chemphyslip.2012.11.002. 

Enoki, T.A., Moreira-Silva, I., Lorenzon, E.N., Cilli, E.M., Perez, K.R., Riske, K.A., 
Lamy, M.T., 2018. Antimicrobial peptide K 0 -W 6 -Hya1 induces stable structurally 
modified lipid domains in anionic membranes. Langmuir 34, 2014–2025. https:// 
doi.org/10.1021/acs.langmuir.7b03408. 

Freedman, D.H., 2019. Hunting for new drugs with AI. Nature 576, S49–S53. https://doi. 
org/10.1038/d41586-019-03846-0. 

Gregory, S.M., Cavenaugh, A., Journigan, V., Pokorny, A., Almeida, P.F., 2008. 
A quantitative model for the all-or-none permeabilization of phospholipid vesicles by 
the antimicrobial peptide cecropin A. Biophys. J. 94, 1667–1680. https://doi.org/ 
10.1529/biophysj.107.118760. 

Heimburg, T., 2007. Thermal Biophysics of Membranes. Wiley-VCH Verlag, Weinheim.  
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Supplementary Material 

 

 

Figure SM1 Hya1 mass spectrum (a). The reverse phase HPLC chromatographic 
profile of Hya1 (b). 
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Figure SM2 K0Hya1 mass spectrum (a). The reverse phase HPLC chromatographic 
profile of K0Hya1 (b). 
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Figure SM3 Laurdan emission spectra (black lines) in gel DPPG at 20 ºC (a) and in 
fluid DPPG liposomes at 50 ºC (b), together with their decomposition into two Gaussian 
lines: red line indicates the lower energy Gaussian band, and the blue lines the higher 
energy one. The fittings are shown in dark green. 
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Figure SM4 DSC thermograms of 300 μmol L-1 Hya1 (black line) and K0Hya1 (red 
dashed line) in buffer (Hepes 10 mmol L-1, NaCl 3 mmol L-1, EDTA 1 mmol L-1, pH 
7.4). 
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Figure SM5 DSC thermograms of DPPG (3 mmol L-1) in the presence of 10 mol % 
K0Hya1 under endothermic (red lines) and exothermic (blue lines) conditions, at a 
sequence of different scans at a scan rate of +20 °C/h. 
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Figure SM6 Fluorescence spectra of Laurdan incorporated into vesicles composed of 
pure DPPG (solid line) and DPPG with 30 mol% of cholesterol (dashed line), at the 
membrane gel (a) and fluid (b) phases. Excitation light beam at 340 nm. 
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Figure SM7 Center of the lower (X1) and higher (X2) energy Gaussians as a function of 
the temperature in the absence and with increasing peptide concentrations. 
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Figure SM8 Fluorescence spectra of Laurdan (5 µmol L-1) incorporated into gel DPPG 
(500 µmol L-1) vesicles at different temperatures: 15 ºC (black line), 20 ºC (orange line), 
25ºC (blue line), and 30 ºC (dark line). Excitation light beam at 340 nm. 
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Figure SM9 Hydrodimanic radius determined by DLS for gel DPPG (a) and fluid 
POPG (b) dispersions at 25 ºC, in the absence and with increasing amounts of Hya1 
(black circles) and K0Hya1 (blue squares).  
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Figure SM10 Kinetics of CF leakage through LUVs composed of gel membranes of 
DPPG (100 µmol L-1) in the presence of Hya1(red circles) or K0Hya1 (green down 
triangles). [AMP] = 8µmol L-1). This figure is an amplification of the first 250 s of the 
kinetics (Fig. 10). 
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