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A B S T R A C T   

Antimicrobial peptides (AMPs) have been appointed as a possible alternative to traditional antibiotics in face of 
pathogens increasing resistance to conventional drugs. Hylin a1 (IFGAILPLALGALKNLIK), an AMP extracted 
from the skin secretion of a South American frog, Hypsiboas albopunctatus, was found to show a strong cyto
toxicity against bacteria and fungus, but also a considerable hemolytic action. Considering the toxicity of the 
peptide in eukaryotic cells, this work focuses on investigating the effects of the interaction of the Hylin a1 an
alogues W6Hya1, D0W6Hya1 and K0W6Hya1 with models of eukaryotic structures, namely zwitterionic liposomes 
of dipalmitoyl phosphatidylcholine (DPPC) and calf-thymus DNA (CT DNA). Through intrinsic Trp fluorescence 
we determined that the peptide affinity for fluid DPPC bilayers follows the decreasing order: D0W6Hya1 (+2) >
W6Hya1 (+3) » K0W6Hya1 (+4). Fluorescence data also indicate that the Trp residue in the more positively 
charged peptide, K0W6Hya1, is less deep in the bilayer than the residue in the other two peptides. This finding is 
supported by differential scanning calorimetry (DSC) data, which shows that both D0W6Hya1 and W6Hya1 
disturb DPPC gel-fluid transition slightly more effectively than K0W6Hya1. DPPC DSC profiles are homoge
neously disturbed by the three peptides, probably related to peptide-membrane diffusion. Surprisingly, the 
peptide that displays the lowest affinity for PC membranes and is located at the more superficial position in the 
bilayer, K0W6Hya1, is the most efficient in causing formation of pores on the membrane, as attested by car
boxyfluorescein leakage assays. The three peptides were found to interact with CT DNA, with a deep penetration 
of the Trp residue into hydrophobic pockets of the double helix, as indicated by the significant blue shift on the 
Trp fluorescence, and the displacement of DNA-bound ethidium bromide by the peptides. The experiments of 
DNA electrophoresis confirm that Hylin peptides bind DNA in a concentration-dependent manner, inducing 
complete DNA retardation at the relative AMP/plasmid DNA weight ratio of ~17. These findings could help to 
better understand the AMPs toxic effects on eukaryotic cells, thus contributing to the design of healthier ther
apeutic agents.   

1. Introduction 

Due to the increasing resistance of pathogens against traditional 
antibiotics, as well as the emergence of new diseases, a severe and 
relevant threat to public health on a global scale, the scientific com
munity has been making efforts in search for new therapeutic drugs 
[1–3]. Among different classes of molecules with activity against path
ogenic microorganism, antimicrobial peptides (AMPs) have been 

proposed as a possible next generation of therapeutic agents [4–6]. 
Furthermore, AMPs can affect different pathogens or parasites ranging 
from bacteria, protozoa, and even virus. 

AMPs consist of a group of short molecules, generally containing 
between 4 and 50 amino acids. More than 3000 AMPs have already been 
discovered in different living beings, from prokaryotic to unicellular 
eukaryotes, as well as multicellular organisms [7–9]. AMPs are rich in 
residues of arginine and/or lysine, which give them positive net charge 
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when in physiologic pH. Moreover, due to the presence of hydrophobic 
and hydrophilic residues, AMPs present an amphiphilic character and 
many of these molecules interact strongly with amphiphilic aggregates 
and lipid bilayers [7]. Considering that AMPs are generally cationic, 
most of the studies emphasize their interaction with negative structures, 
particularly negative domains in lipid bilayers [10]. 

Nonetheless, the precise antibiotic mechanism of the AMPs is still a 
matter of debate [11–13]. For instance, it has been reported that some 
AMPs may act as destabilizing lipid bilayers, inducing membrane 
disruption. On the other hand, they could also act by either inducing 
changes in a cellular enzyme, and/or inhibiting nucleic acid synthesis 
[14,15]. As an example, the AMP coprisin (TCDVLSFEAKGIAVNHSA
CALHCIALRKKGGSCQNGVCVCRN) has the ability to cross the mem
brane of Escherichia coli without inducing membrane permeabilization, 
and once it is in the cytosol, this peptide induces the cell’s death through 
apoptosis [16]. Moreover, some AMPs, such as Hecate (FALALKALK
KALKKLKKALKKAL), and its analogue GA-Hecate, present a dual action: 
at low concentrations they induce apoptosis whereas at high concen
tration they provoke membrane disruption [15]. 

Like most drugs, AMPs can also cause damaging effects on 
mammalian cells. Hence, synthetic AMPs, based on the primary 
sequence of native AMPs, have been designed trying to magnify the 
cytotoxicity against pathogens and minimize any possible secondary 
effects on healthy cells [17]. 

The three peptides used in this work (Fig. 1) are based on the 
sequence of the native Hylin a1 (IFGAILPLALGALKNLIK) extracted from 
the skin secretion of the frog Hypsiboas albopunctatus. Hylin a1 (Hya1) 
presents a considerable hemolytic and a strong antimicrobial action 
[18]. The changes in the native sequence of Hya1 consist in the substi
tution of a leucine by a tryptophan (Trp) residue at the sixth position of 
the peptide chain (W6Hya1), and a modification at the N-terminus 
group, with the insertion of an amino acid residue, either an aspartate 
residue (D0W6Hya1) or a lysine one (K0W6Hya1). 

The changes in the natural sequence of the native Hya1 modulated 
the peptides toxicity against cultures of bacteria and fungus [19]. The 
introduction of a tryptophan residue (W6Hya1), without modification of 
the peptide’s net charge, resulted in an increase of activity against 
Gram-positive bacteria and fungus cultures, as well as a higher hemo
lytic action. Similarly, the addition of a negative charge (D0W6Hya1) 
enhanced the peptide antibiotic activity against Gram-positive bacteria, 
but a decrease against Gram-negative bacteria was observed [19]. The 
extra positive charge in the peptide chain (K0W6Hya1) expanded its 
antimicrobial spectrum, with activity against cultures of Gram-positive 
and Gram-negative bacteria and fungus, but an increase in its 

hemolytic action [19]. In addition, K0W6Hya1 also presents activity 
against planktonic and biofilm growth of oral bacteria [20], and it has 
been used in the control of bacterial diseases of citrus [21]. 

Furthermore, Hylin peptides are unstructured in water, whereas in 
the presence of zwitterionic micelles of LPC (dodecylphosphocholine) 
the peptides display an ordered secondary structure composed mostly by 
α-helix [19]. Previously, it has been shown that Hylin peptides interact 
with anionic amphiphilic aggregates [19,22]. The comparative inter
action of K0W6Hya1 with zwitterionic and anionic membranes, 
mimicking mammalian and bacterial membranes, respectively, was 
investigated [23], showing that though the peptide interacts with DPPC 
(1,2-dipalmitoyl-sn-glycero-3-phosphocholine), its interaction with 
DPPG (1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol)) was 
much stronger. 

The focus of the present work is a comparative study of the effects of 
the interaction of the three Hylin analogues, W6Hya1 (+3), D0W6Hya1 
(+2), and K0W6Hya1 (+4) with models of eukaryotic structures, namely 
DPPC, a zwitterionic lipid used here to mimic healthy mammalian 
membranes [24,25], and calf-thymus DNA (CT DNA), aiming at the 
design of healthier therapeutic agents. Different methodologies were 
applied, such as intrinsic Trp fluorescence, as the three peptides have a 
Trp residue, differential scanning calorimetry of DPPC membranes 
disturbed by the peptides, and the ability of the peptides to cause pore 
formation in PC membranes, through the measurement of the leakage of 
entrapped carboxyfluorescein (CF), a fluorescent dye, in PC large uni
lamellar vesicles. The interaction of the peptides with CT DNA was 
studied via both Trp fluorescence and by the competitive studies with CT 
DNA previously bound to ethidium bromide. Furthermore, the interac
tion of Hylin peptides with plasmid DNA was evaluated by electropho
resis experiments. 

2. Materials & methods 

2.1. Chemicals and reagents 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1-palmi
toyl-2-oleoyl-glycero-3-phosphocholine (POPC) were acquired from 
Avanti Polar Lipids. Calf-thymus DNA (CT DNA), 4-(2-hydroxyethyl)-1- 
piperazineethanesulfonic acid (HEPES), sephadex-G25 medium column, 
glucose, chloroform, ethylenediamine tetraacetic acid (EDTA), 3,8-Dia
mino-5-ethyl-6-phenylphenanthridinium bromide (EB), sodium hy
droxide (NaOH), hydrochloric acid (HCl), and sodium chloride (NaCl) 
were purchased from Sigma Aldrich (St Louis, MO). The plasmid 
pOP3BP (pDNA) was kindly gifted from Marko Hyvönen (Dep. of 
Biochemistry, University of Cambridge). All solutions or dispersions 
were prepared with Milli-Q water or chloroform. 

2.2. Peptide synthesis 

The peptides were synthesized manually using the N-9-fluo
renylmethoxycarbonyl (Fmoc) chemistry, purified, and characterized 
according to the experimental protocol, as described somewhere else 
[19]. The purity of the Hylin peptides was found to be higher than 98%, 
as attested by Reversed-phase high-performance liquid chromatography 
(RP-HPLC) (Fig. SM1). 

2.3. Large unilamellar vesicle preparations 

The desired amount of lipids was solubilized in chloroform. By using 
a flux of gaseous nitrogen, the solvent was evaporated and thus a thin 
film of lipids formed at the bottom of the glass tube. Then, the lipid film 
was kept under low pressure conditions for a minimum of 3 h. Aqueous 
dispersions were prepared by the addition of buffer (10 mmol L− 1 

HEPES, 3 mmol L− 1 NaCl, pH 7.4) to the lipid film, followed by vor
texing for 2 min at 50 ◦C. Finally, lipid dispersions were extruded 
through polycarbonate filters (mini-extruder by Avanti Polar Lipids, 19 

Fig. 1. Primary structures of W6Hya1, D0W6Hya1 and K0W6Hya1, and the 
chemical structure of the lipid DPPC. Polar amino acid residues are drawn in 
blue and non-polar in red. The peptides net charges are indicated in paren
theses. (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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mm membranes with 100 nm pores, 31 times) above the lipid gel− fluid 
transition temperature (≥50 ◦C), for the formation of large unilamellar 
vesicles (LUVs). All lipid dispersions used in this work were freshly 
prepared on the same day of the experiments. Through inorganic 
phosphate assay [26] we determined the lipid concentration before and 
after the extrusion process: the difference was smaller than 5%. 

2.4. CT DNA stock solution 

CT DNA was diluted into buffer (10 mmol L− 1 HEPES, 3 mmol L− 1 

NaCl, pH 7.4), followed by intensive stirring for three days, and kept at 
4 ◦C for no longer than a week. 

The CT DNA concentration was determined by the UV absorbance at 
260 nm after 1:20 dilution in water, using an extinction coefficient of the 
DNA per molar nucleotide concentration equals to 6600 L mol− 1 cm− 1 

[27,28]. The stock solution of CT DNA gave a ratio of UV absorbance at 
260 and 280 nm higher than 1.8, indicating that the CT DNA was suf
ficiently free of protein contamination. 

2.5. Absorption spectroscopy 

Optical absorption spectra were obtained with an UV–Vis spectro
photometer (VarianCary, Santa Clara, CA). Samples were placed in a 
quartz cuvette (0.4 × 1.0 cm), with the absorption optical pathway of 
0.4 cm. The temperature was controlled with a Carry Peltier thermostat, 
and measurements were performed at 25 ◦C or 50 ◦C. 

2.6. Fluorescence spectroscopy 

Steady state fluorescence measurements were performed using a 
Fluorimeter (VarianCary, Santa Clara, CA) with slits for excitation and 
emission of 5 nm and a bandpass of 2 nm. Temperatures were controlled 
by a Carry Peltier thermostat. Fluorescence experiments were performed 
with 1 ml solutions of AMP (20 μmol L− 1) in buffer (HEPES 10 mmol L− 1, 
3 mmol L− 1 NaCl, pH 7.4), upon titration with DPPC vesicles or CT DNA. 
The membrane stock dispersion consisted of 10 mmol L− 1 of extruded 
DPPC (100 nm), and CT DNA stock solution was approximately 3 mmol 
L− 1. 

The experiments with membranes were conducted at DPPC gel (25 
◦C) and fluid phases (50 ◦C), with the excitation beam light at 280 nm. 
The experiments with CT DNA were performed at 25 ◦C. To avoid any 
absorption by DNA nucleobases, DNA experiments were performed with 
the excitation beam light at 295 nm. The fluorescence spectra were 
corrected by the appropriate dilution due to the addition of lipids or 
DNA. Moreover, the inner filter correction [29] was applied to all the 
fluorescent emission spectra by using Equation (1): 

Fcorr(λ) = Fobs (λ)10(Aexc l+Aemsl ´) (1)  

where Fcorr (λ) and Fobs (λ) are the corrected and observed fluorescence 
intensity at a given λ, Aexc and Aems are the absorbance per unit of 
pathway at the excitation and emission wavelengths, respectively. l and 
l′ are the optical pathways for excitation (0.2 cm), and for emission (0.5 
cm), respectively. When necessary (Fig. SM2), the fluorescence spectra 
were transformed from wavelength to energy, and the intensity multi
plied by λ2. This procedure is necessary given that the emission spectrum 
is recorded with a constant wavelength bandpass, not energy [30,31]. 

2.7. Entrapment of carboxyfluorescein (CF) in LUVs and 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 (10 mmol L− 1 HEPES, 3 mmol L− 1 NaCl, 1 mmol L− 1 EDTA, 
pH 7.4 solution) 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− 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 of the liposomes. Vesicles with encapsulated CF were collected 
in the void volume of the column. Lipid concentration was determined 
by inorganic phosphate assay [26]. 

Lipid dispersion (100 μmol L− 1) was placed in quartz cuvettes (1.0 ×
1.0 cm, 2.0 mL) and the fluorescent emission measured with a Fluo
rescence Spectrometer (Varian Cary Eclipse, Santa Clara, CA), and the 
temperatures were controlled with a Carry Peltier thermostat. The CF 
release measurements were performed under constant stirring. CF 
encapsulating in LUVs was used as a model to evaluate the abilities of 
Hylin peptides to induce pore formation in zwitterionic bilayers. At 50 
mmol L− 1 the encapsulated CF is self-quenched, hence virtually non- 
fluorescent. Due to AMP or detergent action, CF might be released 
from the liposomes into the bulk, diluting CF and increasing the CF 
fluorescence intensity. CF emission was continuously recorded in time 
(one measurement per second), at 25 ◦C, λexc = 490 nm and λem = 512 
nm. In all experiments, Hylin peptides (0.05 μmol L− 1) were added to 
lipid dispersion (100 μmol L− 1) at the 100th second and, at the end of the 
experiment, 2000th second, Triton X-100 (12 μL of 10% w/v) was added 
to promote complete CF leakage. 

The percentage of CF leakage, (%) Leakage, was determined ac
cording to Equation (2): 

(%) Leakage(t)= 100 ×
(I(t) − I0)

(Itotal − I0)
(2)  

where I(t) is the fluorescence intensity at time t, I0 is the initial fluo
rescence, before peptide addition, and Itotal is the maximum fluorescence 
obtained after the addition of Triton X-100. The kinetics were performed 
using zwitterionic liposomes of DPPC in the gel phase at 25 ◦C. As the 
experimental procedure with fluid DPPC (50 ◦C) was found to be quite 
unreliable [23], to mimic the fluid phase of the dipalmitoyl membranes, 
similarly prepared vesicles of POPC were used at 25 ◦C. 

2.8. Differential scanning calorimetry (DSC) 

DSC profiles were obtained with a microcalorimeter (Microcal VP- 
DSC, Northampton, MA). Samples were heated from 15 ◦C to 60 ◦C at 
a scan rate of 20 ◦C per hour. The sample cell (500 μL) was filled with a 3 
mmol L− 1 lipid dispersion with or without the addition of the desired 
AMP concentration. In this work, we will refer to the concentration of 
AMP as the percentage of the [AMP] with respect to the molar con
centration of lipid (% [AMP] = 100 [AMP]/[L]), where [L] is the lipid 
concentration. We corrected the DSC traces taking into consideration 
the dilution due to the addition of the peptides. Baseline subtractions 
and peak integrals were performed using the MicroCal Origin software 
with the additional module for DSC data analysis provided by MicroCal. 

2.9. Competitive studies with ethidium bromide (EB) 

Ethidium bromide (EB) was solubilized in buffer (10 mmol L− 1 

HEPES, 3 mmol L− 1 NaCl, pH 7.4) to make a stock solution (5 mmol 
L− 1), and submitted to ultrasound for 3 min to assure complete solubi
lization. The samples consist of 1 ml solution of EB (15 μmol L− 1) pre
viously incubated with CT DNA (10 μmol L− 1) for 15 min to assure 
thermal equilibrium and the formation of the complex (EB-DNA; 15:10 
in moles). Then, samples were placed in a quartz cuvette (0.4 × 1.0 cm, 
1 ml). Finally, samples were titrated with Hylin peptides, and EB- 
CTDNA fluorescence spectra were measured. Experiments were per
formed with an excitation beam light at 545 nm. 

2.10. DNA-binding assay 

For Hylin analogues, W6Hya1, D0W6Hya1, and K0W6Hya1, binding 
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reaction with plasmid DNA (plasmid pOP3BP, 4691 bp) was monitored 
using agarose gel electrophoresis. The nucleic acid binding efficiency 
was estimated by determining the degree of delayed mobility of the 
plasmid DNA (pDNA) bands, which is reflected in an up-shift of the DNA 
to higher molecular weight, indicating changes in the ratio of charge 
mass of the DNA-peptide complex [32]. Reactions containing 600 ng of 
pDNA and increasing amounts of each AMP in water for a final volume 
of 20 μL, were incubated at a constant temperature of 21 ◦C for 45 min. 
After incubation, 8 μl of each reaction was mixed with 2 μL of GelPilot 
DNA Loading Dye, 5x (QIAGEN), and submitted to electrophoresis on 
agarose gels (1% w/v), which contained 1X UniSafe Dye (UNISCIENCE), 
in TAE buffer (40 mmol L− 1 Tris, 20 mmol L− 1 acetic acid, and 1 mmol 
L− 1 EDTA Sodium salt dihydrate), at 60 V during 90 min. Agarose gel 
electrophoresis was performed in a horizontal gel apparatus Mini-Sub 
Cell GT (BIORAD). The migration of pDNA was visualized after stain
ing with the fluorescent intercalated UniSafe Dye under a UV illumi
nator. All experiments were repeated at least three times for 
reproducibility. 

3. Results 

3.1. Peptides interaction with zwitterionic membranes 

Most of the bilayers composed of one saturated lipid species display 
two different thermal phases: a gel and a fluid phase. In the gel phase the 
lipid molecules are more organized and packed when compared to those 
in the fluid phase. In both phases, the lipid molecules are constrained to 
the two-dimensional plane of the membrane, but in the fluid phase the 
lipids are looser and can diffuse faster within the plane [33]. For DPPC 
membranes, the gel-fluid transition temperature is about 40 ◦C. The 
interaction of exogenous molecules with lipid membranes might be 
profoundly affected by the lipid phase [33]. Hence, we investigated the 
interaction of the three AMPs, W6Hya1, D0W6Hya1, and K0W6Hya1, 
with DPPC membranes in their gel (25 ◦C) and fluid (50 ◦C) phases. That 
would somehow mimic both more packed and less packed lipid domains 
in biological membranes, respectively. 

3.1.1. Fluorescence spectroscopy 
The Hylin peptides studied herein are fluorescent due to the 

replacement of the leucine residue at the 6th position of the peptide 
chain by the aromatic tryptophan (Trp). To comparatively analyze Hylin 
peptides binding properties to eukaryotic-like membranes, we moni
tored the changes of AMP emission due to presence of DPPC LUVs. 

Trp fluorescence spectrum is very sensitive to its environment [30], 
making it an excellent fluorescent probe to investigate changes in its 
vicinity. Accordingly, when a Trp residue moves to a more hydrophobic 
environment, its emission spectrum shifts to smaller wavelengths 
(higher energies), in comparison with the spectrum of the fluorophore in 
aqueous environment, as the dipolar relaxation decreases considerably 
[30]. Usually, parallel to that, there is an increase in the fluorescence 
intensity due to the reduction in non-radiative deactivation processes 
related with interactions with solvent molecules and/or a decrease of 
molecular mobility. 

Let us compare the interaction of each peptide with zwitterionic 
LUVs of DPPC in the gel (25 ◦C) and fluid phases (50 ◦C). Fig. 2 exhibits 
the evolution of the AMPs intrinsic fluorescence emission spectra with 
increasing amounts of DPPC. It is evident that the three peptides bind to 
the zwitterionic membranes, at both gel (25 ◦C) and fluid (50 ◦C) bilayer 
phases, as the Trp fluorescence spectrum changes in the presence of 
DPPC. However, it is also evident that DPPC fluid membranes (Fig. 2, 
right column) induce stronger modifications on the Trp fluorescence 
spectra as compared to gel membranes (Fig. 2, left column). 

To analyze and compare the changes caused by DPPC membranes on 
the Trp spectrum of the three peptides, the shifts on the position of the 
maximum emission of the three peptides in the presence of increasing 
amounts of lipids are shown in Fig. 3. For gel DPPC bilayers (Fig. 3a), the 

Trp blue shifts are significantly smaller than those observed in the 
presence of fluid membranes (Fig. 3b). That indicates that either the 
peptides (or, at least, the Trp residue in the peptides) are deeper inside 
fluid DPPC bilayers as compared with gel membranes, and/or that the 
peptides exhibit a small partition into gel DPPC bilayers and stay mostly 
in the water medium. 

For fluid DPPC membranes, the maximum lipid concentration used 
here is close to a lipid saturation concentration, where most of the 
peptides are bound to the membrane, as indicated by the flattening of 
the curves in Figs. 3b and 4b, for the highest DPPC concentrations used 
(around 1 mmol L− 1). Hence, it is possible to conclude that in fluid DPPC 
bilayers, Trp in the more charged peptide, K0W6Hya1 (net charge +4; 

in Fig. 3b), is in a shallower position in the bilayer (smaller blue shift) 
as compared with Trp in the two other peptides, W6Hya1 and D0W6Hya1 
(net charges +3 ( ) and +2 ( ), respectively, in Fig. 3b). Moreover, Trp 
in W6Hya1 ( ) seems to be in a somewhat deeper position in the 
membrane (larger blue shift) than the residue in D0W6Hya1 ( ). 

For the three peptides, in both gel and fluid membranes, the blue 
shifts (Fig. 3) in the presence of the highest lipid concentrations used 
here are listed in Table 1. Higher lipid concentrations could not be used 
due to the significant light scattering yielded by them, making the inner 
filter corrections used here unreliable (see Materials and methods). 
Hence, even though the effect on the Trp fluorescence spectrum due to 
the peptides binding to gel DPPC is far from saturated, it follows the 
same trend observed for the peptides in fluid DPPC, with K0W6Hya1 ( ) 
displaying the least effect (Fig. 3a). 

Apart from the blue shift caused by DPPC vesicles on the Trp spec
trum, there is a clear increase in the spectrum intensity, mainly observed 

Fig. 2. Typical fluorescence spectra of W6Hya1 (a, b), D0W6Hya1 (c, d), and 
K0W6Hya1 (e, f), obtained from titrating the peptide solution with gel (25 ◦C) 
(left column), and fluid (50 ◦C) (right column) vesicles of DPPC. λexc = 280 nm. 
AMPs concentration = 20 μmol L− 1. Dashed lines indicate the center 
(maximum) of the emission bands at the maximum lipid concentration used. 
The fluorescence intensities at these positions were used to calculate the 
apparent dissociation constant for each sample (Fig. 4 and Eq. (2)). Arrows 
indicate spectra shifts at the maximum lipid concentration. 
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in the presence of fluid DPPC membranes (Fig. 2, right column). This is 
also an indication that the Trp residue, in the peptides, is inserted into 
the membrane, in a microenvironment of lower polarity and/or more 
vibrational restriction. Hence, the variation of the fluorescence intensity 
(ΔF = F–F0, F0 being the fluorescence intensity in the absence of lipids) 
was plotted as a function of the lipid concentration, for the three pep
tides, in the membranes in both gel and fluid phases (Fig. 4). The fluo
rescence intensities were measured at the wavelength where the 
emission intensity is at its maximum in the presence of the highest lipid 
concentration used (see dashed lines in Fig. 2). 

Similar to what was observed for the blue shift (Fig. 3a), the Trp 
fluorescence intensity variations in the presence of gel DPPC are not very 
intense (Fig. 4a), they do not saturate with the amount of lipids used 
here (around 1 mmol L− 1). That strongly suggests that at the DPPC gel 
phase most of the AMPs remain in the aqueous phase. Hence, it was not 
possible to address an apparent dissociation constant (Kd) for the pep
tides in the presence of gel DPPC vesicles. 

However, the plots ΔF x [DPPC] obtained in the presence of fluid 
DPPC (Fig. 4b) could be well fitted with the conventional binding 
isotherm (Eq. (3), full lines in Fig. 4b): 

ΔF =F − F0 =
(F∞ − F0)[L]
(Kd + [L])

(3)  

where F∞ is the fluorescence intensity of the AMPs at lipid saturating 
concentration. The apparent dissociation constant (Kd) is the concen
tration of lipids which induces 50% of changes in the fluorescence in
tensity, under the experimental conditions employed. Here, we use Kd 
values to compare the affinities of the three AMPs to fluid DPPC 

Fig. 3. Position of the maximum emission of W6Hya1 (black circle), D0W6Hya1 
(wine diamond), and K0W6Hya1 (navy triangle) as a function of DPPC con
centration: (a) in the lipid gel phase (25 ◦C) and (b) in the fluid phase (50 ◦C). 
The AMPs concentration was 20 μmol L− 1 λexc = 280 nm. Error bar indicates 
standard deviation of at least three experiments with different samples. If not 
shown, it 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.) 

Fig. 4. Increase of the Trp fluorescence intensity (ΔF = F–F0, F0 being the 
fluorescence intensity in the absence of lipids), at the wavelength positions 
indicated in Fig. 2, of W6Hya1 (black circle), D0W6Hya1 (wine diamond) and 
K0W6Hya1 (navy triangle), in the presence of DPPC vesicles in the (a) gel (25 
◦C) and (b) fluid (50 ◦C) lipid phases. λexc = 280 nm. The dotted lines are guides 
for eyes and full lines correspond to the fitting of the data with Eq. (3). AMPs 
concentration = 20 μmol L− 1 λexc = 280 nm. Error bar indicates standard de
viation of at least three experiments with different samples. If not shown, it 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.) 

Table 1 
AMPs Trp blue-shifts due to the binding to DPPC vesicles at the highest lipid 
concentration used here, at gel (25 ◦C) and fluid (50 ◦C) lipid phases (data in 
Fig. 3). AMPs net charge are shown in parentheses.  

AMP Δλmax (nm) gel (25 ◦C) Δλmax (nm) fluid (50 ◦C) 

W6Hya1 (+3) (11.0 ± 0.3) (27.5 ± 0.8) 
D0W6Hya1 (+2) (7.1 ± 0.2) (24.6 ± 0.5) 
K0W6Hya1 (+4) (3.1 ± 0.8) (11.5 ± 0.6)  
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membranes, not for the actual measurement of a true partition constant. 
Hence, it is important to keep in mind that the apparent Kd calculated 
here does not take into consideration the increase of the membrane 
charge due to cationic binding peptides [34]. 

Table 2 displays Kd, ΔF∞, and χ2 values obtained through the best 
fitting processes. Note that the dissociation constant obtained for 
K0W6Hya1 is about two times higher than those obtained for the other 
two AMPs. However, the nonlinear least squares fit for K0W6Hya1 
yielded a χ2 value equal to 0.90, indicating that this Kd value has a high 
associated error. This occurs due to the low affinity of this peptide to 
DPPC membranes, rendering the determination of F∞ rather inaccurate. 
It is interesting to observe that Kd values follow the crescent order 
D0W6Hya1 (+2) < W6Hya1 (+3) < K0W6Hya1 (+4). It is important to 
keep in mind that a higher Kd value reflects a lower affinity to DPPC 
membrane. Therefore, the net charge dependence is clearly indicating 
that the increase of a positive charge at the N-terminus of the peptide 
hampers the AMP association to zwitterionic membranes. 

To use the variations on the Trp fluorescence intensity to discuss the 
penetration of the peptides into the lipid bilayer, we should look at the 
values of ΔF∞ (Eq. (3) and Table 2), as, theoretically, this is the value 
obtained when all peptides are bound to the vesicles. In accord with the 
blue shift (Fig. 3 and Table 1), they indicate that Trp in W6Hya1, is 
somehow deeper in the membrane (ΔF∞ = 59) than the residue in the 
other two peptides. Moreover, the significant lower ΔF∞ value obtained 
for the more cationic peptide (K0W6Hya1) (ΔF∞ = 17) strongly indicates 
that the double positive charge at its N-terminal keeps this peptide less 
deep in the membrane as compared with D0W6Hya1 (ΔF∞ = 44). 

Though there is no theoretical argument for associating a binding 
isotherm, like Eq. (3), with the shift of the maximum of the emission 
band, it was interesting to find that the plots of ΔF x [DPPC] (Fig. 4, and 
Table 2) and ΔE x [DPPC] behave similarly, as shown in Fig. SM2 and 
Table SM1, displaying the same trend. ΔE is E − E0, where E is the en
ergy of the emission band corresponding to the maximum position of the 
band, and E0 is the value in the absence of lipids. 

3.1.2. Differential scanning calorimetry (DSC) 
Saturated lipid bilayers often display a very narrow peak of heat 

capacity which is characteristic of a cooperative process, being very 
dependent on lipid-lipid interaction. As the presence of an exogenous 
molecule may interfere with the phase transition process, DSC thermo
grams can provide important information about the interaction of 
exogenous molecules with lipid systems [35]. 

In particular, multilamellar DPPC membranes (non-extruded) 
display a very characteristic pre-transition peak centered at about 33 ◦C 
and a thin main transition peak around 40 ◦C. Whereas, 100 nm 
extruded lipid dispersions of DPPC (Large Unilamellar Vesicles, LUVs) 
exhibit a subtle pre-transition peak and a less cooperative main transi
tion peak about the same temperatures observed for multilamellar DPPC 
dispersions [23,33]. 

Fig. 5 displays DSC profiles of DPPC LUVs in the absence and pres
ence of increasing amounts of W6Hya1 (Fig. 5a), D0W6Hya1 (Fig. 5b), 
and K0W6Hya1 (Fig. 5c). Increasing amounts of the three peptides cause 
similar effects on the DPPC thermogram, and similar to that reported 
before for K0W6Hya1 [23]. The broadening of the DPPC bilayer transi
tion observed in the presence of the three peptides suggest a homoge
neous perturbation of the lipids due to peptide binding, decreasing the 

cooperativity of the gel-fluid transition. That is, there is no indication of 
the coexistence of peptide-bound and peptide-free regions (bulk lipid) in 
the bilayer, as observed with K0W6Hya1 in the presence of anionic DPPG 
membranes [23]. The enthalpy of the main transition remains roughly 
the same for all samples studied, ΔH ≈ 8 kcal mol− 1, in accord with 
previous studies with pure DPPC [36]. Though this was not investigated 

Table 2 
Apparent dissociation constants of the three AMPs for fluid (50 ◦C) DPPC 
membranes, obtained from steady-state fluorescence spectroscopy (data in 
Fig. 4). AMPs net charge are shown in parentheses.  

AMP Kd [ × 10− 4 mol L− 1] ΔF∞[ × 10 a. u.] χ2 

W6Hya1 (+3) (3.2 ± 0.3) (59 ± 2) 0.99 
D0W6Hya1 (+2) (2.4 ± 0.2) (44 ± 1) 0.99 
K0W6Hya1 (+4) (6 ± 3) (17 ± 4) 0.90  

Fig. 5. DSC thermograms of 100 nm extruded lipid dispersions composed of 3 
mmol L− 1 DPPC with increasing peptide− lipid molar ratio, from 2% to 8% of 
(a) W6Hya1 or (b) D0W6Hya1 and (c) K0W6Hya1. Scans were obtained using a 
scan rate of +20 ◦C/h, and they are shifted for clarity. Duplicated samples 
showed similar results. 
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in the present work, it is interesting to note that the lowest peptide 
concentration used here (2 mol%) causes a slightly narrowing of the 
thermal transition (Fig. 5). 

All thermograms were found to be not only reproducible, in a second 
scan, but also reversible (Fig. SM3), supporting the assumption that the 
three peptides cause a homogeneous effect on the bilayer. Furthermore, 
DSC thermograms seem to be in agreement with the fluorescence find
ings which shows that the most cationic peptide displays a lower affinity 
and a shallower interaction with DPPC membranes (Tables 1 and 2). 
Namely, at 8 mol%, K0W6Hya1 is less effective in disturbing DPPC 
thermograms, as it is still possible to observe a well resolved thermal 
peak, whereas for the two other peptides, at this same concentration, a 
very broad band is observed. 

3.1.3. Carboxyfluorescein (CF) leakage assay 
It was previously shown that the cationic peptide K0W6Hya1 could 

not only disturb anionic membranes, but also causes a significant 
leakage of carboxyfluorescein (CF) through zwitterionic PC membranes 
[23], at rather low peptide/lipid relative concentration. Hence, we 
compare the effect of the three peptides studied here, with different net 
charges, on the leakage of CF through PC membranes. Similar to pre
vious results [23], Fig. 6 shows that a very small peptide/lipid relative 
concentration (0.05 mol%) is enough to cause a significant leakage in 
fluid POPC membranes, and has almost no effect on gel DPPC bilayers, 
both at 25 ◦C. Very interesting to note that the more cationic peptide, 

K0W6Hya1, is the one that causes the major leaking at the end of the 
process, after 2000 s, in fluid PC vesicles. The spontaneous CF release, in 
the absence of peptides, was found negligible (less than 2% in 2000 s), as 
the control consists of liposomes containing CF in the absence of pep
tides. As found for many CF-leakage experiments [37–39] the kinects 
were well fitted by two exponentials, indicating two kinect processes, 
with different decay times (Fig. SM4). Indeed, this finding is in agree
ment with existing data for the interaction of K0W6Hya1 with PC vesicles 
[23]. Important to have in mind that at the concentrations used here the 
peptides do not significantly change the size of the vesicles, as attested 
by dynamic lighting scattering experiments (not shown). 

3.2. Hylin peptides interaction with DNA 

Since Hylin peptides form pores in zwitterionic lipid bilayers, we can 
presume that they will invade cell cytosol. Therefore, we found impor
tant to inquire about Hylin peptides interaction with structures present 
in the cellular cytosol, such as nucleic acids. Indeed, several peptides 
show nucleic acid binding abilities [40–42]. Due to electrostatic inter
action, it was expected that cationic AMPs would display DNA-binding 
activity. 

3.2.1. Trp fluorescence spectroscopy with CT DNA 
We comparatively evaluated the interaction of Hylin peptides with 

CT DNA, through intrinsic AMPs fluorescence spectroscopy. Fig. 7 dis
plays the normalized spectra of Hylin peptides, W6Hya1 (Fig. 7a), 
D0W6Hya1 (Fig. 7b), K0W6Hya1 (Fig. 7c), with increasing amounts of CT 
DNA. Note that in the presence of CT DNA, the peptides exhibit a sig
nificant blue shift: Fig. 7d is the plot of the position of the Trp maximum 
emission in each peptide versus CT DNA concentration (in pair base 
molar concentration). Upon CT DNA titration, the peptides absorption 
spectra display significant light scattering (Fig. SM5), mainly for CT 
DNA concentrations above 40 μmol L− 1, rendering quite inaccurate the 
values of the measured fluorescence intensities, even after the correc
tions used here (see Material and methods). Hence it was not possible to 
calculate an apparent binding constant for the peptides with CT DNA, as 
shown in Eq. (3). 

The maximum blue shifts (Δλmax) observed at the highest CT DNA 
concentration used here (80 μmol L− 1) for the Hylin peptides are listed 
in Table 3. We observe significant blue shifts due to the presence of CT 
DNA: W6Hya1 (+3) and K0W6Hya1 (+4) display a maximum blue shift 
of about 17 nm. In contrast, the interaction of the peptide D0W6Hya1 
(+2) with CT DNA shifts the emission peak 10 nm only. The observed 
blue shifts indicate that the polarity in the vicinity of the Trp residues 
has changed, this could be correlated with DNA binding and/or 
conformational changes in the Hylin peptides. 

3.2.2. Competitive CT DNA-binding between ethidium bromide and hylin 
peptides 

The interaction of exogenous molecules and DNA can be driven by 
covalent and non-covalent interactions, the later are notably divided in 
two binding modes: intercalative and groove. In the intercalative bind
ing mode, the molecules allocate themselves into DNA double helix 
adjacent to the nucleobases, whereas in the groove binding mode the 
molecules interact with the negative sugar-phosphate DNA backbone, 
mediated by electrostatic and hydrogen bond interactions. Usually small 
molecules can bind to DNA by more than only one mode [43,44]. 

The observed Trp blue shifts for Hylins in the presence of DNA show 
that these peptides interact with DNA. To verify if Hylin peptides bind to 
DNA via the intercalative mode, we evaluated the ability of the peptides 
to displace ethidium bromide (EB), previously bound to CT DNA. EB is a 
dye that intercalates into DNA double helix. It does not exhibit a sig
nificant fluorescence when in aqueous solution. In contrast, when 
intercalated into DNA double helix, EB emission increases considerably 
[29]. If Hylin peptides intercalate into DNA, they would compete with 
EB for the same hydrophobic site in the DNA double helix, eventually 

Fig. 6. Typical kinetics of CF leakage through LUVs composed of gel mem
branes of DPPC (a), and fluid membranes of POPC (b), at 25 ◦C, in the presence 
of 0.05 μmol L− 1 of W6Hya1 (black circle), D0W6Hya1 (wine diamond) and 
K0W6Hya1 (navy triangle). Lipid concentration used was 100 μmol L− 1. The 
control (gray square) consists of pure PC LUVs. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version 
of this article.) 

G.S. Vignoli Muniz et al.                                                                                                                                                                                                                      



Biochemistry and Biophysics Reports 24 (2020) 100827

8

displacing EB to the aqueous environment, hence leading to a decrease 
of EB intensity emission. 

Fig. 8 shows the EB-DNA fluorescence spectra with increasing 
amounts of Hylin peptides: W6Hya1 (Fig. 8a), D0W6Hya1 (Fig. 8b) and 
K0W6Hya1 (Fig. 8c). It evinces that the Hylin peptides decrease the 
emission intensity of EB-DNA complex (Fig. 8), indicating that Hylin 
peptides are binding the DNA by the intercalative mode, thus dislocating 
EB molecules. Hence, the Stern-Volmer plot (Fig. 8d) and Eq. (4), seems 
to be appropriated to quantify and compare Hylin peptides abilities to 

Fig. 7. Typical normalized fluorescence spectra of (a) 
W6Hya1, (b) D0W6Hya1, (c) K0W6Hya1 with 
increasing CT DNA concentrations. The arrows are 
guides for eyes, indicating the Trp blue shift. (d) Po
sition of the maximum emission of W6Hya1 (black 
circle), D0W6Hya1 (wine diamond), and K0W6Hya1 
(navy triangle) as a function of CT DNA concentra
tion. λexc = 295 nm. Error bar in (d) indicates stan
dard deviation of at least three experiments with 
different samples. If not shown, it 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.)   

Table 3 
AMPs Trp blue-shifts due to the presence of CT DNA at the highest lipid con
centration used here. (data in Fig. 7). The AMPs net charges are shown in 
parentheses.  

AMP Δλmax (nm) 

W6Hya1 (+3) (16.8 ± 0.2) 
D0W6Hya1 (+2) (10.9 ± 0.5) 
K0W6Hya1 (+4) (16.5 ± 0.4)  

Fig. 8. – Typical Fluorescence spectra of the complex EB-DNA with increasing amounts of: (a) W6Hya1, (b) D0W6Hya1, (c) K0W6Hya1. (d) Stern-Volmer plots (Eq. 
(4)) versus AMPs concentration. λexc = 545 nm, λems = 603 nm. The arrows are guide for the eyes only, indicating increase amounts of AMPs. Error bar in (d) 
indicates standard deviation of at least three experiments with different samples. If not shown, it was found to be smaller than the symbol. 
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intercalate into DNA double helix. It is important to note that the Stern- 
Volmer equation will be used here not to monitor fluorescence 
quenching, as it is usually applied, but to monitor the decrease in the EB 
fluorescence due to the decrease in the concentration of EB-DNA 
complex. 

F0/F − 1 = KSV[AMP] (4)  

Where F0 and F, are the fluorescence intensities at the maximum emis
sion of the complex EB-DNA (at 603 nm) in the absence of Hylin peptides 
and with increasing amounts of them, respectively, and KSV is the Stern- 
Volmer constant. 

As mentioned above, we used the Stern-Volmer constant, Table 4, 
only to compare the ability of the Hylin peptides to dislocate EB from the 
DNA to the aqueous environment, hence associated with the peptide 
ability to intercalate into DNA: a higher Ksv value indicates a higher 
intercalative binding mode. 

3.2.3. Agarose gel electrophoresis: binding experiments with plasmid DNA 
(pDNA) 

We further investigated Hylin – DNA binding abilities through 
electrophoretic experiments, which can provide information about in
teractions of DNA with exogenous molecules such as AMPs. The tech
nique consists of observing DNA pattern migration in agarose gel while 
it is submitted to a constant electric field. The nucleic acid binding ef
ficiency can be estimated by determining the degree of delayed mobility 
of a DNA band reflecting in an upshift of the DNA to higher molecular 
weight. 

Fig. 9 displays the electrophoresis mobility of pDNA in agarose gel in 
the absence and presence of increasing amounts of each of the three 
AMPs. The results show that AMPs interact with pDNA retarding its 
migration in a concentration-dependent manner. The greater the rela
tive concentration of peptide the greater the DNA upshift. Corroborating 
our previous results from assays of Trp fluorescence spectroscopy with 
CT DNA (Table 3) and binding competition between ethidium bromide 
and Hylin peptides (Table 4), W6Hya1 (+3) and K0W6Hya1 (+4) show 
similar retarding in the DNA migration at lower concentrations (see 
AMP/pDNA weight ratio 2.1 in Fig. 9), and the less cationic peptide 
D0W6Hya1 only induces a marginal effect on DNA migration at 2.1 
(peptide:DNA). 

At AMP/pDNA weight ratio of 0.6, we did not observe any significant 
changes in the DNA migration pattern of the three samples when 
compared to the control, and at the highest peptide concentration 
(weight ratio of 16.7) there was no DNA migration: pDNAs at the highest 
AMP/pDNA concentration remains within the well. 

4. Discussion 

Given the presence of many hydrophobic amino acid residues 
(Fig. 1), it was expected that Hylin peptides would interact with zwit
terionic amphiphilic aggregates, as attested by the present experiments, 
and previous data [19,22]. As reported before for K0W6Hya1 [23], the 
three peptides studied here seem to laterally diffuse in DPPC mem
branes, inducing a progressive broadening of DPPC thermograms as the 
peptide concentration increases. Considering that there is no indication 
of the coexistence of peptide-bound and peptide-free regions in the 
bilayer, as observed with K0W6Hya1 in the presence of anionic DPPG 

membranes [23], it is highly likely that the peptides are laterally 
diffusing in the membrane, causing a time-average or space-average 
effect in the bilayer DSC profile (Fig. 5). The peptide lateral diffusion 
seems to happen in the gel and fluid phases of the membrane, as DSC 
profiles are fairly reversible (Fig. SM3). 

For fluid membranes, we determined that the apparent affinity for 
DPPC membrane follows the decreasing order: D0W6Hya1 (+2) >
W6Hya1 (+3) > K0W6Hya1 (+4) (Table 2). This finding follows the 
same decrescent order of hydrophobicity determined by Ref. [19] for 
these peptides. It indicates that the net charge of the peptide modulates 
its hydrophobicity, hence, its affinity for zwitterionic membranes: the 
membrane apparent affinity decreases as the peptide net charge 
increases. 

However, the depth of the peptide penetration into fluid PC bilayer, 
at least that of the Trp residue in the peptide, follows a somewhat 
different order: W6Hya1 (+3) > D0W6Hya1 (+2) » K0W6Hya1 (+4). 
That is given by the values of Δλmax in Table 1, and those of ΔF∞ in 
Table 2. It shows that the extra charge at the N-terminal (D0) somehow 
prevents a deeper penetration of D0W6Hya1 (+2) into the bilayer, 
though it gives it a higher apparent affinity for PC membranes, as 
compared with W6Hya1 (+3). 

Therefore, our data show that the presence of an extra positive 
charge at the N-terminal of the peptide (K0W6Hya1), as compared with 
an extra negative charge (D0W6Hya1), drastically decreases both the 
binding constant and the penetration depth of the peptide into zwit
terionic membranes. That is interesting, as it does not agree with pre
vious results with molecular dynamics, which indicated that both 
D0W6Hya1 and K0W6Hya1 interacted similarly with zwitterionic lipid 
structures (micelles of dodecylphosphocholine [22]). It is important to 
point out that although micelles present similarities with membranes, 
since they are formed by amphipathic molecules, micelles are much 
more disordered structures. 

The large blue shifts found for the Trp in W6Hya1 and D0W6Hya1 in 
fluid PC bilayers, around 25 nm, are similar to those found for Trp deep 
in the bilayer in transmembrane peptides [45–48]. Hence, these two 
peptides, though diffusing in the membrane, are deeply immersed into 
the bilayer, either as transmembrane peptides or at the membrane 
surface. 

The most cationic peptide K0W6Hya1 (+4) is the one that displays 
the lowest affinity for fluid PC membranes, and the one that binds at the 
shallowest bilayer position (Trp location). Accordingly, at 8 mol%, it is 
the one that less disturb the DPPC gel-fluid transition (Fig. 5c). There
fore, it was noteworthy that this peptide was the most efficient in 
causing CF leakage through fluid PC vesicles after around 30 min 
(Fig. 6). Though further investigation is certainly necessary, it is inter
esting to compare this finding with previous results that showed that 
although K0W6Hya1 binds deeper and stronger in anionic than in 
zwitterionic membranes, its efficiency in causing CF leakage was found 
to be much higher in fluid PC than PG vesicles [23]. The authors sug
gested that the peptide would be located at the surface of zwitterionic 
vesicles, laterally diffusing on it, triggering the opening of transient 
membrane polar pores due to the overlapping of irregular lipid packing 
zones, a mechanism proposed by Ref. [49]. In contrast, in anionic bi
layers, K0W6Hya1 would be deeply embedded and strongly attached to 
the bilayer. 

Accordingly, we could speculate that due to K0W6Hya1 lower affinity 
for PC vesicles and its shallower position on the membrane, as compared 
with W6Hya1 and D0W6Hya1, K0W6Hya1 would be available to interact 
with more vesicles in a certain interval of time than the other two 
peptides, causing transient disruptions on the membrane. Hence, this 
could possibly explain the higher % of CF release observed after the 
2000th second for this peptide as compared with the other peptides. In 
the same trend, the AMPs Mac1 and aurein present greater affinity to 
anionic bilayers but they are more efficient to induce CF leakage in 
zwitterionic vesicles than in anionic [50]. 

Concerning the interaction of Hylin peptides with CT DNA, the blue 

Table 4 
Stern-Volmer constants of EB-DNA with Hylin peptides, from Fig. 8d and Eq. (4).  

AMP KSV [ × 104 L mol− 1] 

W6Hya1 (+3) (0.97 ± 0.03) 
D0W6Hya1 (+2) (0.33 ± 0.06) 
K0W6Hya1 (+4) (1.7 ± 0.4)  
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shifts observed are considerably large and follow a trend similar to those 
observed for the experiments with EB-peptide competition binding to 
DNA (see Tables 3 and 4), suggesting that the hydrophobic moiety of the 
peptides is imbedded into the DNA double helix. Indeed, Hylin peptides 
have considerable DNA intercalative binding abilities, as attested by the 
Stern-Volmer (KSV) values in Table 4. As a comparison, synthetic anti
biotics from the fluoroquinolone family are also known to intercalate 
into DNA. Stern-Volmer constants determined by the decrease of the EB- 
CT DNA fluorescence due to the presence of several fluoroquinolones are 
in the same order of magnitude, 104 L mol− 1 [51]. The AMP AN5-1 
(YSKSLPLSVLNP) also shows ability to decrease EB-CT DNA fluores
cence with a KSV of the same order mentioned above [52]. However, 
other drugs present a KSV of two orders of magnitude higher than those 
observed by us [53]. Intercalant molecules can exhibit a cytotoxicity, as 
they can promote breaks and/or prevent the proper functions of the 
enzymatic cellular machinery, thus interfering in the processes of tran
scription and/or DNA replication, which can result in cell apoptosis [44, 
54]. 

Given the electrostatic interaction between the DNA anionic phos
phate groups and the cationic peptides, a groove binding mode between 
Hylin peptides and DNA might also exist. It is quite common that a 
charged molecule interacts with DNA through both intercalative and 
groove binding modes [43,55]. Nonetheless, some molecules only 
interact via one binding mode, either intercalative or groove binding. 
For example, the synthetic lipophilic peptides, OA-C1b and LA-C1b, 
based on the sequence of the highly cationic chensinin-1b (+9) 
interact with CT DNA presenting a Trp blue shift of 9 nm, but the data 
indicate that these peptides interact mostly with the anionic phosphate 
group, since no evidence was found of intercalative binding mode [56]. 
Similarly, the synthetic aromatic tripeptide Phe-Phe-Phe (FFF), with a 
null net charge, interacts with CT-DNA but also only exhibits DNA 
groove binding activity, since it does not displace EB from the DNA 
double helix [57]. 

Electrophoresis experiments with the peptides and pDNA follow the 
same trend as that observed for the Trp blue shifts and KSV values ob
tained for the peptides interaction with CT-DNA. Namely, W6Hya1 and 
K0W6Hya1 display nearly the same effect on the pDNA migration 
pattern, whereas D0W6Hya1 is less effective in inducing changes in the 
pDNA migration (Fig. 9). Similarly, the interaction of D0W6Hya1 with 
CT-DNA yields the smallest values of Trp blue shift and Ksv (Tables 3 and 
4). 

Several factors drive the interaction of AMP with plasmid DNA. For 
example, the cationic AMP Magainin 2 (+3), which consists in 23 amino 
acid residues, only prevents total retardation in DNA electrophoresis 
migration with peptide/pDNA weight higher than 100 [58], whereas 
Indolicidin an AMP with 13 amino acid residues and a net charge of (+4) 
is able to promote complete retardation in pDNA electrophoresis ex
periments with a peptide/pDNA ratio of only 0.6 [59]. Taken this ex
amples as lower and upper limit, we can conclude that the Hylin 
peptides studied here have a considerable DNA-binding activity since 
they can induce complete DNA retardation at the relative AMP/pDNA 
weight ratio of 16.7. 

5. Conclusion 

This work shows that the net positive charge of AMPs can determine 
its effective dissociation constant to zwitterionic membranes. From the 
intrinsic Trp fluorescence experiments, we showed that all three pep
tides bind zwitterionic bilayers, presenting a higher affinity to fluid than 
gel membranes. The affinity for fluid DPPC bilayers follows the 
decrescent order D0W6Hya1 (+2) > W6Hya1 (+3) » K0W6Hya1 (+4). 
Fluorescence data also indicate that the Trp residue in the more posi
tively charged peptide, K0W6Hya1, is less deep in the bilayer than the 
residue in the other two peptides. This finding is supported by DSC data, 
which shows that both D0W6Hya1 and W6Hya1 disturbs DPPC gel-fluid 
transition slightly more effective than K0W6Hya1. It is important to note 
that the extra negative charge at the peptide N-terminal keeps the Trp 
residue in D0W6Hya1 in a shallower position in the zwitterionic mem
brane as compared with the residue in W6Hya1. 

The peptide, K0W6Hya1, displays the lowest affinity for PC fluid 
membranes and is located at the most superficial position in the bilayer. 
This peptide also happens to be the most efficient in causing pore for
mation in the membrane, as attested by CF leakage assays. As DSC data 
indicate that the three peptides laterally diffuse in PC membranes, it 
would be very interesting to find out why K0W6Hya1 can induce a higher 
leakage in zwitterionic vesicles. It should be important to find out if this 
is a particular result for these three peptides or if it is part of a more 
general trend. 

The three Hylin a1 analogues studied here present DNA-binding 
activity. They exhibit a large Trp blue shift in the presence of CT DNA, 
and intercalate into DNA double helix, since they displace EB from the 
DNA pocket. W6Hya1 (+3) and K0W6Hya1 (+4) are more efficient in 
binding DNA than the less cationic peptide D0W6Hya1 (+2), as attested 
by Trp fluorescence blue shifts, electrophoresis experiments, and EB 
competitive studies. These peptides display a considerable DNA binding 
activity since they could stop pDNA electrophoretic migration at AMP/ 
pDNA weight ratio of 16.7. Hence, our findings suggest that the anti
biotic action of Hylin peptides may also involve DNA-binding in addi
tion to membrane interaction, albeit further investigations are necessary 
to better comprehend the Hylin peptides mechanism of action in cells. 

The results shown here demonstrates that the peptide net charge is 
relevant and can modulate its interaction with eukaryotic structures 
such as zwitterionic bilayers and DNA. These findings could help the 
design of new therapeutic agents, balancing its antimicrobial and toxic 
effects. 
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Fig. 9. Inhibition of the plasmid DNA (pOP3BP) 
mobility in agarose (1% w/v) gel electrophoresis 
upon addition of increased amount of Hylin peptides. 
Different amounts of peptides were incubated with 
600 ng of pOP3BP plasmid DNA at room temperature 
for 60 min, and the reaction mixtures were applied 
into the gel. The relative AMP/pDNA weight ratio are 
indicated in the lane references and the control con
sists of plasmid DNA only. The results shown are 
representative of three experiments.   

G.S. Vignoli Muniz et al.                                                                                                                                                                                                                      



Biochemistry and Biophysics Reports 24 (2020) 100827

11

Declaration of competing interest 

There is no conflict of interest among authors. 

Acknowledgment 

This work was supported by the Brazilian agencies CNPq, FAPESP 
(2017/25930–1). E.M.C., A.B. and M.T.L. are recipient of CNPq research 
fellowships. G.S.V.M., E.L.D. and M.T.L. are part of the National Institute 
of Science and Technology Complex Fluids (INCT-FCx), financed by 
CNPq (465259/2014–6 and 405637/2017–1) and FAPESP (2014/ 
50983–3 and 2018/20162–9). L. I. D. l. T. has scholarship from the 
Colombian COLCIENCIAS agency. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbrep.2020.100827. 

Transparency document 

Transparency document related to this article can be found online at 
https://doi.org/10.1016/j.bbrep.2020.100827. 

References 

[1] G.L. French, The continuing crisis in antibiotic resistance, Int. J. Antimicrob. 
Agents 36 (2010), https://doi.org/10.1016/S0924-8579(10)70003-0. S3–S7. 

[2] G.M. Rossolini, F. Arena, P. Pecile, S. Pollini, Update on the antibiotic resistance 
crisis, Curr. Opin. Pharmacol. 18 (2014) 56–60, https://doi.org/10.1016/j. 
coph.2014.09.006. 

[3] R. Wu, L. Wang, H.-C.D. Kuo, A. Shannar, R. Peter, P.J. Chou, S. Li, R. Hudlikar, 
X. Liu, Z. Liu, G.J. Poiani, L. Amorosa, L. Brunetti, A.-N. Kong, An update on 
current therapeutic drugs treating COVID-19, Curr. Pharmacol. Rep. (2020) 56–70, 
https://doi.org/10.1007/s40495-020-00216-7. 

[4] S. Elnagdy, M. AlKhazindar, The potential of antimicrobial peptides as an antiviral 
therapy against COVID-19, ACS Pharmacol. Transl. Sci. (2020) 780–782, https:// 
doi.org/10.1021/acsptsci.0c00059. 

[5] L.R. Pizzolato-Cezar, N.M. Okuda-Shinagawa, M.T. Machini, Combinatory therapy 
antimicrobial peptide-antibiotic to minimize the ongoing rise of resistance, Front. 
Microbiol. 10 (2019), https://doi.org/10.3389/fmicb.2019.01703. 
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