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Abstract: Chagas disease, sleeping sickness and malaria are infectious diseases caused by protozoan
parasites that kill millions of people worldwide. Here, we performed in vitro assays of Pa-MAP,
Pa-MAP1.9, and Pa-MAP2 synthetic polyalanine peptides derived from the polar fish Pleuronectes
americanus toward Trypanosoma cruzi, T. brucei gambiense and Plasmodium falciparum activities. We
demonstrated that the peptides Pa-MAP1.9 and Pa-MAP2 were effective to inhibit T. brucei growth.
In addition, structural analyses using molecular dynamics (MD) studies showed that Pa-MAP2
penetrates deeper into the membrane and interacts more with phospholipids than Pa-MAP1.9,
corroborating the previous in vitro results showing that Pa-MAP1.9 acts within the cell, while Pa-
MAP2 acts via membrane lysis. In conclusion, polyalanine Pa-MAP1.9 and Pa-MAP2 presented
activity against bloodstream forms of T. b. gambiense, thus encouraging further studies on the
application of these peptides as a treatment for sleeping sickness.

Keywords: antimicrobial peptide; polyalanine; molecular dynamics; trypanocidal peptide;
antiplasmodial peptide

1. Introduction

Neglected tropical diseases (NTDs) are defined as a group of viral, bacterial and
eukaryotic parasitic diseases commonly reported in low-income populations worldwide [1].
Among the NTDs transmitted by protozoan parasites from the genus Trypanosoma, two
different types of diseases are reported in the vast majority of cases: (i) Chagas disease or
American trypanosomiasis transmitted by T. cruzi [2] and (ii) sleeping sickness or African
trypanosomiasis caused by infections by T. b. gambiense and rhodesiense [3].
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Chagas disease affects 6–7 million people worldwide, mainly in Latin American coun-
tries in which the disease is endemic but also in non-endemic countries due to spreading
by migration, such as Australia, Canada, Japan, Spain and the United States of America [4].
Although benznidazole, the standard drug used for T. cruzi infection [5], has been effective
in eliminating the trypomastigote blood form, however, this drug presents intense side
effects [6]. In addition, the efficacy of benznidazole decreases drastically if the treatment
is started during the chronic phase of the disease instead of during the acute phase. Fur-
thermore, certain T. cruzi strains are resistant to benznidazole treatment, thus representing
an additional challenge in the clinical application of this drug [7]. While Chagas disease
mainly occurs in Latin America, sleeping sickness is endemic in African countries where
~70 million people are at risk for contracting the disease. In the latest phase of the disease,
T. brucei can cross the blood-brain barrier and then migrate to the central nervous system.
In this context, the drugs capable of reaching and eliminating these parasites present high
levels of toxicity and complex administration [8].

Recently removed from the list of NTDs, but no less devastating, malaria affects more
than 220 million people worldwide and kills more than 400,000 people each year [9]. More-
over, malarial infections may be heading towards an even worse phase due to antimalarial
drug resistance, mainly observed during P. falciparum infections [9,10]. Therefore, consider-
ing the alarming scenario imposed by T. cruzi, T. brucei and P. falciparum, the development
of alternative drugs capable of acting against these pathogens and with low side effects on
human cells is urgently required.

Bioinspired peptides and proteins have multiple pharmacological applications [11,12].
In the last few years, studies have characterized polyalanine peptides as multifunctional
molecules with promising pharmacological potential [12–14]. Among them, we highlight
the synthetic peptides Pa-MAP, Pa-MAP1.9 and Pa-MAP2, which are derived from the
polar fish P. americanus. In previous studies, Pa-MAP revealed antibacterial, antifungal,
antiviral and antitumoral activities from 60 to 115 µM [13]. Moreover, Pa-MAP2 has
revealed promising antibacterial activity against Gram-negative strains both in vitro and
in vivo [12].

Taken together, these findings emphasize the multifunctionality of polyalanine pep-
tides derived from P. americanus, thus encouraging further biological studies in the context
of NTDs. We therefore presented the evaluation of Pa-MAP, Pa-MAP1.9 and Pa-MAP2
trypanocidal and antiplasmodial activities, along with atomic level studies on how these
peptides interact with a phospholipid bilayer mimicking the Trypanosoma membrane.

2. Results
2.1. Peptide Design Strategy

The start to modification, the peptides were the physic-chemical characteristics such
as charge and hydrophobicity [15]. The first generation of the peptides focused on punctual
substitutions; the second generation of the peptides focused on physic-chemical characteris-
tics re-organized using helical wheels. The modifications in the second generation inspired
a scaffold antifreeze peptide reflected by the increased activity [13,14,16].

Through the rational design, the PaMAP (HTASDAAAAAALTAANAAAAAAASMA)
peptide was designed, and from that, two more models were designed, aiming to improve
the observed multiactivity. Pa-MAP1.9 (LAAKLTKAATKLTAALTKLAAAL) and Pa-MAP2
(HKASDAAAKAALKAAKAAAKAAASMAK) had their loads increased by +4 and +6,
respectively, maintaining the hydrophobicity of 60% to 80% and reorganizing the amphi-
pathicity [13,14]. The three peptides were very active against various microorganisms and
tumor cells.

Furthermore, the peptides were previously subjected to experiments to better un-
derstand their secondary and 3D structures, such as circular dichroism spectroscopy and
molecular dynamics [13,14].
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2.2. Anti-Protozoan Activities of Peptides

Remarkably, none of the three polyalanine synthetic peptides in this study showed
hemolysis activity on red blood cells during the highest concentration test of 100 µg.mL−1.
All the peptides were then tested for their activity against the chloroquine-resistant (CQ)
K1 strain of P. falciparum (CQ: IC50 approximately 0.18 µM) [17]. Moreover, none of them
were capable of inhibiting P. falciparum growth at lower doses than the cytotoxic dose on
the mammalian myoblast derived L6 cell line (Table 1).

Table 1. Antiplasmodial and anti-trypanosomal activities of Pa-MAP, Pa-MAP1.9 and Pa-MAP2
peptides.

Peptide

Anti-Plasmodial Activity Anti-T. cruzi
Activity

Anti-T. bruceigambiense
Activity

Cytotoxicity
against L6 Cell

(µM)

IC50 ± SD SI IC50 ± SD SI IC50 ± SD SI TC50 ± SD

Pa-MAP >45.2 1.0 >45.2 1.0 >45.2 1.0 >45.2

Pa-MAP1.9 35.0 ± 1.2 1.1 >37.2 1.0 1.2 ± 0.1 31.0 >37.2

Pa-MAP2 47.0 ± 6.9 >1 >46.0 1.0 5.7 ± 1.2 >8.1 >46.0

Chloroquine 0.2 ± 0.1 >1887 >434.8

Nifurtimox 0.6 ± 0.1 35.9 22.3 ± 8.0

Pentamidine 0.004 ± 0.000 25,000 >100

DMSO <2%: w/o significant effect

The Chloroquine-resistant P. falciparum strain K1.Bloodstream forms of Trypanosoma brucei gambiense strain Feo.The
β-galactosidase-expressing Trypanosoma cruzi trypomastigotes of the Tulahuen strain.Values of IC50 (concen-
trations inhibiting 50% of parasite growth) are represented by means of three replicates± standard deviations
(SD).Selectivity indexes (SI) were determined by the ratio of cytotoxicity to biological activity (TC50/IC50).

Similar to what was reported here was also observed regarding the anti-T. cruzi activity
of the three polyalanine peptides tested. The concentration at which Pa-MAP, Pa-MAP1.9
and Pa-MAP2 inhibited T. cruzi growth was almost the same as the cytotoxic concentration
on the mammalian cell line (Table 1).

2.3. Molecular Dynamics Structural Analyses

Interactions between Pa-MAP1.9 or Pa-MAP2 and a trypomastigote model membrane
were evaluated by MD simulations. The time evolution of Pa-MAP1.9 conformation during
the 200 ns is shown in Figure 1A. After equilibration of the system, the peptide is located
near the surface of the membrane. From there, we monitored the variation in the distance
between the peptide’s center of mass and the membrane surface. As a result, we observed
greater distance stability for Pa-MAP1.9, which at the end of the simulation was located
approximately 10 Å from the membrane surface (Figure 2B).

Furthermore, we analyzed the z-axis density profile for the Pa-MAP1.9 system, con-
sidering zero as the center of the membrane during the last 5 ns of the MD simulation
(Figure 1C). We observed that Pa-MAP1.9 is located just above the interface between the
membrane and water, theoretically suggesting that this peptide interacted with but did
not penetrate the membrane. The RMSD for this peptide indicated the existence of two
distinct states. From the initial state to ~130 ns, there was a larger deviation in the peptide
trajectory. From this point on, the peptide reached a more stable conformation that was
preserved until the end of the 200 ns of MD (Figure 2A).

This same pattern appears when the radius of gyration is analyzed (Figure 2D). It is
possible to see that the size of the peptide is similar to the beginning of the simulation and
then decreases. After 130 ns, the peptide finds a more stable conformation and remains in
it until the end of the simulation, corroborating the behavior observed by the RMSD. The
RMSF graph for Pa-MAP1.9 (Figure 2C) indicates a large fluctuation of its residues, mainly
those at the C-terminal region (residues 16LTKLAAALT24).
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Figure 1. Pa-MAP1.9 MD simulation in the membrane environment. (A) Structural snapshots during
200 ns of trajectory. (B) Tridimensional representation of Pa-MAP1.9 (green), highlighting (dotted
square) the region where there is an interaction between the nitrogen NZ of Lys4, Lys7 and Lys11

with the membrane lipids (orange) at 200 ns. (C) Mass density profile of Pa-MAP1.9, water and
phospholipids during the last 5 ns of the simulation.
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Figure 2. Root mean square deviation (A) for Pa-MAP1.9 (black) and Pa-MAP2 (gray). (B) Distance
from the center of mass of Pa-MAP1.9 (black) and Pa-MAP2 (gray) during the simulation. (C) Root
mean square fluctuation by residues of the peptides during MD. (D) Radius of gyration for Pa-MAP1.9
(black) and Pa-MAP2 (gray) during 200 ns of the simulation.
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The time evolution of the Pa-MAP2 structural conformation during the 200 ns in
contact with the trypomastigote membrane model is shown in Figure 3A. Compared to
Pa-MAP1.9, at 200 ns, Pa-MAP2 is located closer to the membrane surface, as observed by
the mass density profile (Figure 3C) and the membrane surface distance (Figure 2B). The
peptide has embedded more deeply into the water/membrane interface, with lysine side
chains interacting with the membrane and alanine side chains facing the solvent region.

Mar. Drugs 2023, 21, x FOR PEER REVIEW  5  of  13 
 

 

(Figure 1C). We observed that Pa-MAP 1.9 is located just above the interface between the 

membrane and water, theoretically suggesting that this peptide interacted with but did 

not penetrate the membrane. The RMSD for this peptide indicated the existence of two 

distinct states. From the initial state to ~130 ns, there was a larger deviation in the peptide 

trajectory. From this point on, the peptide reached a more stable conformation that was 

preserved until the end of the 200 ns of MD (Figure 2A). 

This same pattern appears when the radius of gyration is analyzed (Figure 2D). It is 

possible to see that the size of the peptide is similar to the beginning of the simulation and 

then decreases. After 130 ns, the peptide finds a more stable conformation and remains in 

it until the end of the simulation, corroborating the behavior observed by the RMSD. The 

RMSF  graph  for Pa-MAP  1.9  (Figure  2C)  indicates  a  large fluctuation  of  its  residues, 

mainly those at the C-terminal region (residues 16LTKLAAALT24). 

The time evolution of thePa-MAP 2 structural conformation during the 200 ns in con-

tact with the trypomastigote membrane model is shown in Figure 3A. Compared to Pa-

MAP 1.9, at 200 ns, Pa-MAP 2 is located closer to the membrane surface, as observed by 

the mass density profile (Figure 3C) and the membrane surface distance (Figure 2B). The 

peptide has embedded more deeply into the water/membrane interface, with lysine side 

chains interacting with the membrane and alanine side chains facing the solvent region. 

 

Figure 3. Evaluation of the molecular dynamics of Pa-MAP 2. (A) Structures demonstrated during 

200 ns of trajectory. (B) Tridimensional representation of the Pa-MAP 2 (yellow), highlighting (dot-

ted squares) the region where there is interaction between the nitrogen NZ of Lys2, Lys9, Lys13, Lys16, 

Lys20 and Leu1  to membrane  lipids  (orange) at 200 ns.  (C) Mass density profile of  the Pa-MAP 2 

peptide, water and lipids during the last 5 ns of simulation. 

It was possible to see a greater distance of stability for the peptide, and at the end of 

the simulation, it was located within approximately 5 Å of the surface of the membrane 

(Figure 2B). We show the density profile in the z-axis for the Pa-MAP 2 system, using zero 

as the center of the membrane during the last 5 ns of simulation (Figure 3C). This peptide 

is located below the interface between the membrane and water, lying on the surface of 

the bilayer. The RMSD (Figure 2A) indicates great stability of its 3D structure during the 

simulation, as  the behavior confirmed by  the radius of  the gyration  (Figure 2D) where 

there is no large variation in structure, remaining approximately the same size during the 

MD. 

The RMSF graph for Pa-MAP 2 indicates a small fluctuation of its residues (Figure 

2C), possibly due to its increased interaction with the membrane. 

Figure 3. Evaluation of the molecular dynamics of Pa-MAP2. (A) Structures demonstrated during
200 ns of trajectory. (B) Tridimensional representation of the Pa-MAP2 (yellow), highlighting (dotted
squares) the region where there is interaction between the nitrogen NZ of Lys2, Lys9, Lys13, Lys16,
Lys20 and Leu1 to membrane lipids (orange) at 200 ns. (C) Mass density profile of the Pa-MAP2
peptide, water and lipids during the last 5 ns of simulation.

It was possible to see a greater distance of stability for the peptide, and at the end of
the simulation, it was located within approximately 5 Å of the surface of the membrane
(Figure 2B). We show the density profile in the z-axis for the Pa-MAP2 system, using zero
as the center of the membrane during the last 5 ns of simulation (Figure 3C). This peptide
is located below the interface between the membrane and water, lying on the surface of
the bilayer. The RMSD (Figure 2A) indicates great stability of its 3D structure during the
simulation, as the behavior confirmed by the radius of the gyration (Figure 2D) where there
is no large variation in structure, remaining approximately the same size during the MD.

The RMSF graph for Pa-MAP2 indicates a small fluctuation of its residues (Figure 2C),
possibly due to its increased interaction with the membrane.

In addition, the results demonstrated the variation in the area per lipid during the
simulations, which can be seen in Figure 4. It indicates that the greater penetration of
Pa-MAP1.9 caused a slight decrease in the lipid area compared to Pa-MAP2. In Figure 5,
the mass density profiles at the interface between the membrane and the water for the two
peptides show that there is a small penetration of water on the membrane surface for the
simulation of Pa-MAP2, which does not occur for the other peptide. This indicates that the
disturbance caused by this peptide favors the internalization of water molecules.
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3. Discussion
3.1. Peptides Design Strategy

Initially, synthetic polyalanine peptides were rationally designed based on the an-
tifreeze peptide model of P. americanus, a polar fish [15]. The first generation was designed
based on composition and hydrophobicity, which led to the development of Pa-MAP with
the amino acid sequence HTASDAAAAAALTAANAAAAAAASMA, characterized as a
multiactive peptide. It has been reported to exhibit antibacterial activity against E. coli and
S. aureus strains, with a better MIC for E. coli (30 µM). Furthermore, it showed antiviral
activity against herpes simplex viruses 1 and 2 (HSV-1 and HSV-2) with more than 90% in-
hibition for both viral types at a concentration of 90 µM. Antifungal and antitumor activity
have also been reported, although with less significance against the yeast C. parapsilosis. The
peptide demonstrated efficacy against the tested tumor cell lines (Caco-2 [human colorectal
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adenocarcinoma epithelial cells], HCT-116 [human colorectal carcinoma cell lines] and
MCF-7 [human breast cancer cell]) [15].

To further enhance its activity, a second generation of Pa-MAP-based peptides were
designed and identified as the most effective synthetic peptides against bacteria, biofilms
and tumor cells. Pa-MAP1.9 had its amino acid sequence modified to LAAKLTKAATKL-
TAALTKLAAALT, increasing the charge to +4 while maintaining 60% hydrophobicity.
This modification improved the antibacterial activity against E. coli, decreasing the MIC
from 30 to 6–12 µM. It also showed efficacy against other bacterial strains such as Ente-
rococcus faecalis and Klebsiella pneumoniae [13,14]. Another variant, Pa-MAP2, underwent
lysine substitutions in some amino acids, resulting in the sequence HKASDAAAKAALKA-
AKAAAKAAASMAK, with an increased charge of +6 and maintained hydrophobicity at
80%. This modification was even more effective against E. coli and Acinetobacter baumannii
strains, with MIC values of 3.2 µM. Notably, for both peptides, the amphipathicity was
rearranged and improved [13–15]. All three peptides exhibited potent activity against
various microorganisms and tumor cells.

3.2. Anti-Protozoan Activities of Peptides

The results observed here indicate a poor pharmacological potential of these three pep-
tides for inhibition of P. falciparum erythrocyte stages and the intracellular trypomastigote
forms of T. cruzi.

Unlike our findings, a peptide synthesized based on the venom of the bee Polybia-
paulista, polybia-CP (ILGTILGLLSKL-NH2) proved to be effective against T. cruzi strains in
all forms tested, in addition to being active at non-toxic concentrations for mammals [18].

The same was observed for Motobamide, a peptide derived from a marine cyanobac-
teria, which was shown to be active against blood forms of T. brucei rhodesiense with an IC50
of 2.3 µM, with cytotoxicity observed at an IC50 of 55 µM [19].

Additionally, 3 peptides (kakeromamide B, ulongamide A and lyngbyabellin A) also
isolated from a marine cyanobacteria are active against blood forms of P. falciparum, with
an EC50 of 0.89, 0.99 and 0.15 µM, respectively [20].

Nevertheless, more promising results were obtained against T. b. gambiense blood-
stream forms. Anti-T. b. gambiense activity was not observed for Pa-MAP at lower doses
than the cytotoxic dose (45.2 µM) (Table 1). Nonetheless, both Pa-MAP1.9 and Pa-MAP2
inhibited T. b. gambiense growth at 1.2 and 5 µM (Table 1), while the cytotoxic doses were 26
and 46 µM, respectively. In previous works, it was observed that Pa-MAP1.9 and Pa-MAP2
had their activities improved, and the authors report that the change in the charge of the
peptides, which before was −1 and passed to +4 and +6, were determining factors in the
potentiation of the activity, as well as the insertion of hydrophilic residues in place of hy-
drophobic residues, thus changing the amphipathicity of the peptides. Similar results were
observed here, since Pa-MAP only achieved its activity at toxic doses, but its derivatives
had activity at concentrations below the toxic dose of the peptides [13–15].

These findings resulted in SI values of 8.1 for Pa-MAP2 and 31.03 for Pa-MAP1.9,
suggesting a high efficiency of the latter for sleeping sickness therapy. An important
acceptance criterion for the development of a new drug is the SI value, which should be
superior to ten [21]. Considering that SI is the toxic concentration (TC50) divided by the
inhibitory concentration (IC50), a new drug should inhibit the parasite growth in a dose at
least 10 times lower than the cytotoxic dose.

To the best of our knowledge, this is the first report of a polyalanine peptide (Pa-
MAP1.9) with an SI above 20 in anti-T. b. gambiense in vitro biological assays. Previous
studies, however, have already demonstrated that peptides belonging to the class of the
cathelicidins, including novispirin, ovispirin, SMAP-29 and protegrin-1, are effective in
killing both the procyclic (insect form) and the human bloodstream forms of T. brucei
spp. [22]. Moreover, studies have also reported the effectiveness of cell-penetrating peptides
in reducing the viability of T. b. gambiense bloodstream forms by crossing the parasite
membrane to act on intracellular targets [23].
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In the search for new composts that are more efficient and do control infections
caused by T. cruzi, a group of researchers tested ruthenium complexes based on rational
developments, reducing toxicity and increasing water solubility. These compounds act
by blocking the lipid biosynthesis pathway, which is essential for the parasite. In this
way, was observed that the compound 1 was able to reduce the resistant trypomastigotas
forms with an IC50 of 79 ± 3 µM in vitro, and the epimastigotas forms with an IC50
were 127 ± 8 µM [24]. In comparison, Pa-MAP1.9 and Pa-MAP2 have an IC50 still lower;
nevertheless, our tests are still framed as initial tests, with new experiments necessary that
contribute to the future development of new drugs inspired by the peptides tested here.

3.3. Molecular Dynamics Structural Analyses

The theoretical results provide evidence that the peptides have different behaviors
in their interaction with the membrane, as shown by the experimental results. Pa-MAP
and Pa-MAP2 presented a hydrophobic amino acid composition above 70%, as well as
lower (+1) and higher (+6) charges, indicating that the hydrophobicity and charge are
determining parameters for antiprotozoan activity. This is because the Pa-MAP1.9 was
more active against T. brucei, presenting a moderate charge (+4) and hydrophobicity (64%),
in comparison with our analogues and average antimicrobial peptides deposited in the
Antimicrobial Database [25].

Taken together, these results give an idea of different initial behaviors when approach-
ing the trypomastigote membrane. The fact that the structures are different indicates
different modes of interaction. Nevertheless Pa-MAP1.9 lost some of the initial α-helix
conformation (from 87% to 50%) and did not disturb the membrane surface during the
simulation. This result is interesting because, despite interacting with the membrane, it is
expected that this interaction will not be as strong or disturbing, as the experimental results
observed for this peptide is that it has its mechanism of action inside the cell [14]. Thus, it
is important that it should cross the membrane, but without causing damage to its struc-
ture. When approaching the membrane, Pa-MAP1.9 presents three lysine residues forming
hydrogen bonds (HB) with oxygen atoms from the membrane phospholipids, possibly due
to the low penetration in the bilayer and to losing part of its secondary structure (Table S1).

Pa-MAP2, on the other hand, varied little during the simulation, with 93% α-helix at
the beginning of the simulation and 78% at the end, and it interacted more strongly with
the membrane, lying on the surface and pushing water molecules to the interior of the
bilayer. This peptide presents four lysine residues and one leucine residue participating
in HB with the phospholipids, which attributed greater stability and moved this peptide
closer to the membrane surface (Table S2). This result indicates that it behaves as previously
mentioned for T. brucei, where it was characterized as an active peptide in the membrane
trapped between the phospholipids [26].

4. Materials and Methods
4.1. Peptide Synthesis and Preparation

Pa-MAP1.9 (NH2-LAAKLTKAATKLTAALTKLAAALT-COOH) and Pa-MAP2 (NH2-
LKAAAAAAKLAAKAAKAALKAAAAAAKL-COOH) were designed and synthesized
by the Fmoc strategy, loosely based on the sequence of a previously described multifunc-
tional peptide, Pa-MAP (NH2-HTASDAAAAAALTAANAAAAAAASMA-COOH) [27].
MALDI-ToF analysis showed greater than 95% purity and monoisotopic ions of 2667.6
and 2517.6 Da, in agreement with the theoretical calculated molecular mass obtained by
Protein Prospector (http://prospector.ucsf.edu/prospector/mshome.htm (accessed on 22
June 2023)). Afterwards, the peptides were resuspended in purified water (milli-Q grade)
at a stock concentration of 2 mg·mL−1 at a ratio of 1:1 (w:v), filtered with 0.22 µm pore filter
membranes and stored at −80 ◦C.

http://prospector.ucsf.edu/prospector/mshome.htm
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4.2. In Vitro Bioassay of Antiplasmodial Activity

The chloroquine-resistant K1 strain of P. falciparum (CQ: IC50approximately0.18 µM)
was maintained in vitro on human erythrocytes in RPMI 1640 medium supplemented with
8% (v:v) heat-inactivated human serum at 37 ◦C and under an atmosphere of 3% CO2, 6%
O2 and 91% N2. An in vitro drug susceptibility assay was evaluated by [3H]-hypoxanthine
incorporation as previously described. Pa-MAP, Pa-MAP1.9 and Pa-MAP2 peptides were
serially diluted two-fold with 100 µL culture media in 96-well plates. All wells were
completed with 100 µL ring enriched parasite cultures (1% parasitaemia and 1% final
hematocrit) with the final peptide concentration ranging from 100 to 0.05 µg.mL−1 and
incubated for 24 h at 37 ◦C. Prior to freezing and thawing the plates, a further incubation of
24 h occurred after the addition of 0.5 µCi of [3H]-hypoxanthine (GE Healthcare, France, 1
to 5 Ci·mmol·mL−1). Cell lysates were then collected onto glass-fiber filters and counted in
a liquid scintillation spectrometer. The growth inhibition for each peptide concentration
was determined by comparison of the radioactivity incorporated in the treated culture with
that in the control culture maintained on the same plate. The concentrations inhibiting
50% of parasite growth (IC50) were determined by linear regression analysis from all
synthetic peptides with a concentration-response curve, and the results were expressed as
the mean values ± standard deviations determined from three independent experiments.
Chloroquine prepared in purified water (milli-Q grade) at 10 mM was used as the positive
control [28–32].

4.3. In Vitro Bioassay of Anti-Trypanosoma cruzi Activity

The β-galactosidase-expressing T. cruzi trypomastigotes (Tulahuen strain—lacZ clone
4) were maintained in L6 cell monolayers grown in RPMI medium supplemented with
10% (v:v) fetal calf serum at 37◦C and 5% CO2. Inhibition assays of intracellular para-
site multiplication were performed in 96-well plates as described previously. Briefly, a
monolayer of 5 × 103 L6 myoblasts was incubated with 5 × 104 trypomastigotes per well
for 18 h. Cells were then incubated with two-fold dilutions of each Pa-MAP, Pa-MAP1.9
and Pa-MAP2 peptide, ranging from 100 to 0.05 µg.mL−1 for 5 days. After addition of
the substrate chlorophenolred-ß-D-galactopyranoside at a 100 µM final concentration and
Nonidet P-40 (0.1% final concentration) (Buckner, Verlinde, La Flamme and Van Voorhis
1996), the plates were incubated for 4 h at 37 ◦C. The media turned from yellow to red due
to ß-galactosidase activity and quantitated at 570 nm by an automated microplate reader
spectrophotometer. IC50 values were obtained from the peptides’ concentration-response
curve, and the results were expressed as the mean values ± standard deviations determined
from three independent experiments. Nifurtimox prepared in DMSO at 10 mg·mL−1 was
used as the positive drug control and DMSO as the negative control [30,31,33–36].

4.4. In Vitro Bioassay of Anti-Trypanosoma brucei gambiense Activity

Bloodstream forms of T. b. gambiense (strain Feo) were cultured in HMI9 medium
supplemented with 10% fetal calf serum at 37◦C and 5% CO2. In all experiments, log-phage
cell cultures were harvested by centrifugation at 3000× g and immediately used. The
peptide assays were based on the conversion of a redox-sensitive dye (resazurin sodium
salt, SIGMA, Missouri, USA) to a fluorescent product by viable cells. The in vitro bioassay
of anti-T. b. gambiense activity was performed as previously described [23,24,29]. Briefly,
1 × 104 T. b. gambiense bloodstream forms were placed in 200 µL of culture medium per
well either in the absence or in the presence of different peptide concentrations ranging
from 100 to 0.05 µg.mL−1. After a 72h incubation period, 45 µM (final concentration)
resazurin solution was added to each well and, after 4 h further incubation, fluorescence
was measured at 530 nm excitation and 590 nm emission wavelengths. The percentage
of inhibition of the parasite growth was calculated by comparing the fluorescence of
parasites maintained in the presence or absence of peptide. IC50 values are the mean
+/− the standard deviations. Pentamidine prepared in DMSO at 10 mM was used as the
anti-trypanosomal drug control [30,31,37–39].
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4.5. Cytotoxic Activity on L6 Myoblasts

Monolayers of L6 myoblasts at 5 × 103 cell per well of 96-well plates in 200µL of
RPMI medium containing 10% fetal calf serum were maintained with different peptide
concentrations ranging from 100 to 0.05 µg.mL−1 for 5 days at 37 ◦C under a 5% CO2
atmosphere. Cytotoxicity was determined using the colorimetric MTT assay, and the
absorbance reduction percentages at 540 nm for the treated cultures and the untreated
control cultures were obtained and compared. The concentrations causing 50% of cell
growth inhibition (TC50) were obtained from the peptides’ concentration response curves.
The results were expressed as the mean values ± standard deviations determined from
three independent experiments [31,40].

4.6. In Vitro Hemolysis Assay

The three peptides were serially diluted with the culture medium (RPMI + 8% human
serum) in 96-well plates, and the same medium containing human erythrocytes was added
to each well for a 1% final hematocrit. After 48 h at 37 ◦C under a CO2 atmosphere, the
hemoglobin absorbance at 540 nm was measured to define the hemolysis percentage. The
absorbance measured in totally lysed erythrocyte culture by freezing/thawing was defined
at 0% of lysis. Final concentrations of the peptides ranged from 100 to 0.05 µg.mL−1 [31].

4.7. In Silico Studies with a Trypomastigote Membrane

The trypomastigote membrane was built by the web-based graphical user interface
online server CHARMM-GUI, using the Membrane Builder module. The trypomastigote
bilayer model constructed (3:1:1) contains 60% phosphatidylcholine (PC), 20% phosphatidyl
ethanolamine (PE) and 20% phosphatidic acid (PA). All peptides were placed 40 Å from the
membrane surface, solvated with water molecules in the TIP3P model and chlorine ions
added to neutralize the system [41,42].

4.8. In Silico Structural Analysis

Initially, the tridimensional theoretical structures for Pa-MAP1.9 and Pa-MAP2 were
obtained by comparative modeling using the crystal structure of an antifreeze peptide
(PDB: 1wfa) as the template. Molecular modeling simulations were performed on Modeller
v.9.12 by satisfaction of spatial restraints. A total of 200 models were generated, and those
with the lowest free energy (DOPE score) for Pa-MAP1.9 and Pa-MAP2 were selected
for validation procedures using ProSa-web and PROCHECK. Molecular dynamics (MD)
simulations were carried out using the Amber software, version 16. Usual parameters
taken from the ff14SB force field were used to model all the peptides and phospholipids.
The TIP3Pwater model was used in all simulations. During the simulations, phospholipids
and solvent (counterions and water) were maintained at a constant temperature of 310 K
using the Langevin thermostat with the collision frequency of 1.0 ps−1. These temperatures
were chosen as they are above the gel-to-liquid crystal phase transition temperatures of
all the lipids used in the simulations. The Van der Waals interactions were truncated at
1.2 nm with a long-range dispersion correction applied to the energy and pressure. A
pressure of 1 bar was maintained using semi-isotropic pressure coupling with the Monte
Carlo barostat and a time constant of 1 ps. Electrostatic interactions were treated using the
smooth particle mesh Ewald (PME) algorithm with a short-range cutoff of 1.2 nm. The
neighbor list was updated every 25 steps during the simulations. All bonds involving
hydrogen are constrained using the SHAKE algorithm allowing a 2fs time step to be applied
for 200 ns of MD simulation. All membrane/peptide systems were neutralized with Na+

ions. MD simulations were analyzed by means of root mean square fluctuation (RMSF),
root mean square deviation (RMSD), mass density profile and distance to the plane of the
membrane surface [43–46].
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5. Conclusions

Overall, to the best of our knowledge, here we reported the first study with polyalanine
peptides (Pa-MAP2 and mainly Pa-MAP1.9) capable of controlling T. b. gambiense growth
in vitro.

The simulations reinforce the importance of in silico strategies in elucidating the
mechanisms of action for the studied peptides. The theoretical results provideevidence
of the different behavior between the two peptides when approaching the membrane
surface, showing a possible difference between the interaction and action mechanisms in
the trypomastigote cell. Future work, with more simulation time, may clarify how each of
them interact with the protozoan membrane and investigate whether treatments with both
peptides are efficient at eliminating the parasite in infected mice. In summary, in this study,
we show two new candidates for the treatment of sleeping sickness.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md21080434/s1, Table S1: Lipid and amino acid position and
their respective atom names and interaction length for Pa-MAP1.9; Table S2: Lipid and amino acid
position and their respective atom names and interaction length for Pa-MAP2.

Author Contributions: Conceptualization, E.A.C.N. and M.C.d.S.; methodology, E.A.C.N., M.C.d.S.,
B.E.F.F., M.H.C., S.L.E.P. and L.S.d.O.; software, M.H.C.; validation, O.L.F. and L.M.; formal analysis,
L.M.; inquiry, L.M.; features, L.M.; data curatorship, O.L.F. and L.M.; writing—preparation of the
original draft, E.A.C.N., M.C.d.S. and B.E.F.F.; writing—proofreading and editing, E.A.C.N., M.C.d.S.
and B.E.F.F.; visualization, E.A.C.N., M.C.d.S., M.H.C., S.L.E.P., L.S.d.O., B.E.F.F., S.O.C., P.G., O.L.F.
and L.M.; inspection, L.M.; project management, L.M.; financing acquisition, L.M. and O.L.F. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by CAPES/COFECUB program [923/18], FAPDF [DemandaE-
spontânea 193.001.723/2017], CNPq [Universal 430610/2016-5], CAPES/Proex, FUNDECT/FINEP
16/2021—ProgramaCentelha 2 MS.

Data Availability Statement: Not applicable.

Acknowledgments: We thank the Fundacão Hemocentro de Brasilia.

Conflicts of Interest: The authors declare no conflict of interest, and all agree to send this work to
Marine drugs. Furthermore, this manuscript has not been published or accepted for publication and
it is not under consideration at another journal.

References
1. Hotez, P.J.; Fenwick, A.; Savioli, L.; Molyneux, D.H. Rescuing the bottom billion through control of neglected tropical diseases.

Lancet 2009, 373, 1570–1575. [CrossRef] [PubMed]
2. Rassi, A.; de Rezende, M. Leishmaniasis worldwide and global estimates of its incidence. Infect. Dis. Clin. N. Am. 2012, 26,

275–291. [CrossRef] [PubMed]
3. Simarro, P.P.; Cecchi, G.; Paone, M.; Franco, J.R.; Diarra, A.; A Ruiz, J.; Fèvre, E.M.; Courtin, F.; Mattioli, R.C.; Jannin, J.G. The

Atlas of human African trypanosomiasis: A contribution to global mapping of neglected tropical diseases. Int. J. Health Geogr.
2010, 9, 2. [CrossRef] [PubMed]

4. Echeverria, L.E.; Morillo, C.A. American Trypanosomiasis (Chagas Disease). Infect. Dis. Clin. 2019, 33, 119–134. [CrossRef]
5. Maya, J.D.; Cassels, B.K.; Iturriaga-Vásquez, P.; Ferreira, J.; Faúndez, M.; Galanti, N.; Ferreira, A.; Morello, A. Mode of action of

natural and synthetic drugs against Trypanosoma cruzi and their interaction with the mammalian host. Comp. Biochem. Physiol.
Part A Mol. Integr. Physiol. 2007, 146, 601–620. [CrossRef] [PubMed]

6. Viotti, R.; Vigliano, C.; Lococo, B.; Alvarez, M.G.; Petti, M.; Bertocchi, G.; Armenti, A. Side effects of benznidazole as treatment in
chronic Chagas disease: Fears and realities. Expert Rev. Anti-Infect. Ther. 2009, 7, 157–163. [CrossRef]

7. Mejia, A.M.; Hall, B.S.; Taylor, M.C.; Gómez-Palacio, A.; Wilkinson, S.R.; Triana-Chávez, O.; Kelly, J.M. Benznidazole-Resistance
in Trypanosoma cruzi Is a Readily Acquired Trait That Can Arise Independently in a Single Population. J. Infect. Dis. 2012, 206,
220–228. [CrossRef]

8. Büscher, P.; Cecchi, G.; Jamonneau, V.; Priotto, G. Human african trypanosomiasis. Lancet 2017, 390, 2397–2409. [CrossRef]
9. Na-Bangchang, K.; Karbwang, J. Current status of malaria chemotherapy and the role of pharmacology in antimalarial drug

research and development. Fundam. Clin. Pharmacol. 2009, 23, 387–409. [CrossRef]
10. Nsanzabana, C.; Djalle, D.; Guérin, P.J.; Ménard, D.; González, I.J. Tools for surveillance of anti-malarial drug resistance: An

assessment of the current landscape. Malar. J. 2018, 17, 1–16. [CrossRef]

https://www.mdpi.com/article/10.3390/md21080434/s1
https://www.mdpi.com/article/10.3390/md21080434/s1
https://doi.org/10.1016/S0140-6736(09)60233-6
https://www.ncbi.nlm.nih.gov/pubmed/19410718
https://doi.org/10.1016/j.idc.2012.03.002
https://www.ncbi.nlm.nih.gov/pubmed/22632639
https://doi.org/10.1186/1476-072X-9-57
https://www.ncbi.nlm.nih.gov/pubmed/21040555
https://doi.org/10.1016/j.idc.2018.10.015
https://doi.org/10.1016/j.cbpa.2006.03.004
https://www.ncbi.nlm.nih.gov/pubmed/16626984
https://doi.org/10.1586/14787210.7.2.157
https://doi.org/10.1093/infdis/jis331
https://doi.org/10.1016/S0140-6736(17)31510-6
https://doi.org/10.1111/j.1472-8206.2009.00709.x
https://doi.org/10.1186/s12936-018-2185-9


Mar. Drugs 2023, 21, 434 12 of 13

11. Nunes, E.; Frihling, B.; Barros, E.; De Oliveira, C.; Verbisck, N.; Flores, T.; Júnior, A.D.F.; Franco, O.; De Macedo, M.; Migliolo, L.;
et al. Antibiofilm Activity of Acidic Phospholipase Isoform Isolated from Bothropserythromelas Snake Venom. Toxins 2020, 12, 606.
[CrossRef] [PubMed]

12. Frihling, B.E.F.; Boleti, A.P.d.A.; de Oliveira, C.F.R.; Sanches, S.C.; Cardoso, P.H.d.O.; Verbisck, N.; Macedo, M.L.R.; Rita, P.H.S.;
Carvalho, C.M.E.; Migliolo, L. Purification, Characterization and Evaluation of the Antitumoral Activity of a Phospholipase A2
from the Snake Bothropsmoojeni. Pharmaceuticals 2022, 15, 724. [CrossRef]

13. Migliolo, L.; Felício, M.R.; Cardoso, M.H.; Silva, O.N.; Xavier, M.-A.E.; Nolasco, D.O.; de Oliveira, A.S.; Roca-Subira, I.; Estape,
J.V.; Teixeira, L.D.; et al. Structural and functional evaluation of the palindromic alanine-rich antimicrobial peptide Pa-MAP2.
Biochim. Biophys. Acta-Biomembr. 2016, 1858, 1488–1498. [CrossRef]

14. Cardoso, M.H.; Ribeiro, S.M.; Nolasco, D.O.; De La Fuente-Núñez, C.; Felício, M.R.; Gonçalves, S.; Matos, C.O.; Liao, L.M.; Santos,
N.C.; Hancock, R.E.W.; et al. A polyalanine peptide derived from polar fish with anti-infectious activities. Sci. Rep. 2016, 6, 21385.
[CrossRef]

15. Migliolo, L.; Silva, O.N.; Silva, P.A.; Costa, M.P.; Costa, C.R.; Nolasco, D.O.; Barbosa, J.A.R.G.; Silva, M.R.R.; Bemquerer, M.P.; Lima,
L.M.P.; et al. Structural and Functional Characterization of a Multifunctional Alanine-Rich Peptide Analogue from Pleuronectes
americanus. PLoS ONE 2012, 7, e47047. Available online: https://guides.lib.monash.edu/ld.php?content_id=48260115 (accessed
on 12 April 2023). [CrossRef] [PubMed]

16. Nascimento, J.M.; Oliveira, M.D.; Franco, O.L.; Migliolo, L.; de Melo, C.P.; Andrade, C.A. Elucidation of mechanisms of interaction
of a multifunctional peptide Pa-MAP with lipid membranes. Biochim. Biophys. Acta-Biomembr. 2014, 1838, 2899–2909. [CrossRef]
[PubMed]

17. Delarue-Cochin, S.; Grellier, P.; Maes, L.; Mouray, E.; Sergheraert, C.; Melnyk, P. Synthesis and antimalarial activity of carbamate
and amide derivatives of 4-anilinoquinoline. Eur. J. Med. Chem. 2008, 43, 2045–2055. [CrossRef]

18. Freire, K.A.; Torres MD, T.; Lima, D.B.; Monteiro, M.L.; Martins, A.M.C.; Oliveira, V.X., Jr. Wasp venom peptide as a new
antichagasic agent. Toxicon 2020, 181, 71–78. [CrossRef]

19. Takahashi, H.; Iwasaki, A.; Kurisawa, N.; Suzuki, R.; Jeelani, G.; Matsubara, T.; Sato, T.; Nozaki, T.; Suenaga, K. Motobamide, an
antitrypanosomal cyclic peptide from a Leptolyngbya sp. marine cyanobacterium. J. Nat. Prod. 2021, 84, 1649–1655. [CrossRef]

20. Sweeney-Jones, A.M.; Gagaring, K.; Antonova-Koch, J.; Zhou, H.; Mojib, N.; Soapi, K.; Skolnick, J.; McNamara, C.W.; Kubanek, J.
Antimalarial Peptide and Polyketide Natural Products from the Fijian Marine Cyanobacterium Moorea producens. Mar. Drugs
2020, 18, 167. [CrossRef]

21. Chatelain, E. Chagas Disease Drug Discovery: Toward a New Era. J. Biomol. Screen. 2015, 20, 22–35. [CrossRef]
22. McGwire, B.S.; Olson, C.L.; Tack, B.F.; Engman, D.M. Killing of African Trypanosomes by Antimicrobial Peptides. J. Infect. Dis.

2003, 188, 146–152. [CrossRef]
23. Arrighi, R.B.G.; Ebikeme, C.; Jiang, Y.; Ranford-Cartwright, L.; Barrett, M.P.; Langel, U.; Faye, I. Cell-Penetrating Peptide TP10

Shows Broad-Spectrum Activity against both Plasmodium falciparum and Trypanosoma brucei brucei. Antimicrob. Agents Chemother.
2008, 52, 3414–3417. [CrossRef]

24. Silva, J.J.N.; Pavanelli, W.R.; Gutierrez, F.R.S.; Lima, F.C.A.; da Silva, A.B.F.; Silva, J.S.; Franco, D.W. Complexation of the
anti-Trypanosoma cruzi Drug Benznidazole Improves Solubility and Efficacy. J. Med. Chem. 2008, 51, 4104–4114. [CrossRef]

25. Wang, G.; Li, X.; Wang, Z. APD3: The antimicrobial peptide database as a tool for research and education. Nucleic Acids Res. 2016,
44, D1087–D1093. [CrossRef] [PubMed]

26. Travkova, O.G.; Moehwald, H.; Brezesinski, G. The interaction of antimicrobial peptides with membranes. Adv. Colloid Interface
Sci. 2017, 247, 521–532. [CrossRef]

27. Gong, Z.; Ewart, K.V.; Hu, Z.; Fletcher, G.L.; Hew, C.L. Skin Antifreeze Protein Genes of the Winter Flounder, Pleuronectesamer-
icanus, Encode Distinct and Active Polypeptides without the Secretory Signal and Prosequences (∗). J. Biol. Chem. 1996, 271,
4106–4112. [CrossRef]

28. Desjardins, E.R.; Canfield, C.J.; Haynes, J.D.; Chulay, J.D. Quantitative assessment of antimalarial activity in vitro by a semiauto-
mated microdilution technique. Antimicrob. Agents Chemother. 1979, 16, 710–718. [CrossRef]

29. Guillon, J.; Grellier, P.; Labaied, M.; Sonnet, P.; Léger, J.-M.; Déprez-Poulain, R.; Forfar-Bares, I.; Dallemagne, P.; Lemaître, N.;
Péhourcq, F.; et al. Synthesis, antimalarial activity, and molecular modeling of new pyrrolo[1,2-a]quinoxalines, bispyrrolo[1,2-
a]quinoxalines, bispyrido[3,2-e]pyrrolo[1,2-a]pyrazines, and bispyrrolo[1,2-a]thieno[3,2-e]pyrazines. J. Med. Chem. 2004, 47,
1997–2009. [CrossRef] [PubMed]

30. Charneau, S.; de Mesquita, M.L.; Bastos IM, D.; Santana, J.M.; de Paula, J.E.; Grellier, P.; Espindola, L.S. In vitro investigation of
Brazilian Cerrado plant extract activity against Plasmodium falciparum, Trypanosoma cruzi and T. brucei gambiense. Nat. Prod.
Res. 2016, 30, 1320–1326. [CrossRef] [PubMed]

31. Triana-Vidal, L.E.; Castro, M.S.; Pires Júnior, O.R.; Álvares, A.C.M.; de Freitas, S.M.; Fontes, W.; Vargas, J.A.G.; Zúñiga-Baos, J.A.;
de Fátima Correia Batista, I.; Grellier, P.; et al. Dendropsophin 1, a novel antimicrobial peptide from the skin secretion of the
endemic Colombian frog Dendropsophuscolumbianus. Nat. Prod. Res. 2018, 32, 1383–1389. [CrossRef]

32. Trager, W.; Jensen, J.B. Human malaria parasites in continuous culture. Science 1976, 193, 673–675. [CrossRef]
33. Buckner, F.S.; Verlinde, C.L.; La Flamme, A.C.; Van Voorhis, W.C. Efficient technique for screening drugs for activity against

Trypanosoma cruzi using parasites expressing beta-galactosidase. Antimicrob. Agents Chemother. 1996, 40, 2592–2597. [CrossRef]

https://doi.org/10.3390/toxins12090606
https://www.ncbi.nlm.nih.gov/pubmed/32962193
https://doi.org/10.3390/ph15060724
https://doi.org/10.1016/j.bbamem.2016.04.003
https://doi.org/10.1038/srep21385
https://guides.lib.monash.edu/ld.php?content_id=48260115
https://doi.org/10.1371/journal.pone.0047047
https://www.ncbi.nlm.nih.gov/pubmed/23056574
https://doi.org/10.1016/j.bbamem.2014.08.002
https://www.ncbi.nlm.nih.gov/pubmed/25109938
https://doi.org/10.1016/j.ejmech.2007.11.003
https://doi.org/10.1016/j.toxicon.2020.04.099
https://doi.org/10.1021/acs.jnatprod.1c00234
https://doi.org/10.3390/md18030167
https://doi.org/10.1177/1087057114550585
https://doi.org/10.1086/375747
https://doi.org/10.1128/AAC.01450-07
https://doi.org/10.1021/jm701306r
https://doi.org/10.1093/nar/gkv1278
https://www.ncbi.nlm.nih.gov/pubmed/26602694
https://doi.org/10.1016/j.cis.2017.06.001
https://doi.org/10.1074/jbc.271.8.4106
https://doi.org/10.1128/AAC.16.6.710
https://doi.org/10.1021/jm0310840
https://www.ncbi.nlm.nih.gov/pubmed/15055999
https://doi.org/10.1080/14786419.2015.1055264
https://www.ncbi.nlm.nih.gov/pubmed/26222897
https://doi.org/10.1080/14786419.2017.1346646
https://doi.org/10.1126/science.781840
https://doi.org/10.1128/AAC.40.11.2592


Mar. Drugs 2023, 21, 434 13 of 13

34. Bosc, D.; Mouray, E.; Cojean, S.; Franco, C.H.; Loiseau, P.M.; Freitas-Junior, L.H.; Moraes, C.B.; Grellier, P.; Dubois, J. Highly
improved antiparasitic activity after introduction of an N-benzylimidazole moiety on protein farnesyltransferase inhibitors. Eur.
J. Med. Chem. 2016, 109, 173–186. [CrossRef]

35. Grellier, P.; Vendeville, S.; Joyeau, R.; Bastos, I.M.D.; Drobecq, H.; Frappier, F.; Teixeira, A.R.L.; Schrével, J.; Davioud-Charvet, E.;
Sergheraert, C.; et al. Trypanosoma cruzi Prolyl Oligopeptidase Tc80 Is Involved in Nonphagocytic Mammalian Cell Invasion by
Trypomastigotes. J. Biol. Chem. 2001, 276, 47078–47086. [CrossRef]

36. Hirumi, H.; Hirumi, K. Axenic culture of African trypanosome bloodstream forms. Parasitol. Today 1994, 10, 80–84. [CrossRef]
37. Loiseau, P.M.; Dreyfuss, G.; Daulouède, S.; Lachâtre, G.; Vincendeau, P.; Craciunescu, D.G. Trypanocidal effect of Ir-(COD)-

pentamidine tetraphenylborate on Trypanosoma brucei and T. b. gambiense rodent models and serum kinetics in sheep. Trop.
Med. Int. Health 1997, 2, 19–27. [CrossRef]

38. Räz, B.; Iten, M.; Grether-Bühler, Y.; Kaminsky, R.; Brun, R. The Alamar Blue®assay to determine drug sensitivity of African
trypanosomes (T. b. rhodesiense and T. b. gambiense) in vitro. Acta Trop. 1997, 68, 139–147. [CrossRef]

39. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J.
Immunol. Methods 1983, 65, 55–63. [CrossRef]

40. Jo, S.; Lim, J.B.; Klauda, J.B.; Im, W. CHARMM-GUI Membrane Builder for Mixed Bilayers and Its Application to Yeast Membranes.
Biophys. J. 2009, 97, 50–58. [CrossRef]

41. Kaneda, Y.; Nagakura, K.; Goutsu, T. Lipid composition of three morphological stages of Trypanosoma cruzi. Comp. Biochem.
Physiol. 1986, 83, 533–536. [CrossRef] [PubMed]

42. Sicheri, F.; Yang, D.S.C. Ice-binding structure and mechanism of an antifreeze protein from winter flounder. Nature 1995, 375,
427–431. [CrossRef] [PubMed]

43. Šali, A.; Blundell, T.L. Comparative Protein Modelling by Satisfaction of Spatial Restraints. J. Mol. Biol. 1993, 234, 779–815.
[CrossRef]

44. Wiederstein, M.; Sippl, M.J. ProSA-web: Interactive web service for the recognition of errors in three-dimensional structures of
proteins. Nucleic Acids Res. 2007, 35 (Suppl. S2), W407–W410. [CrossRef] [PubMed]

45. Laskowski, R.A.; MacArthur, M.W.; Moss, D.S.; Thornton, J.M. PROCHECK: A program to check the stereochemical quality of
protein structures. J. Appl. Crystallogr. 1993, 26, 283–291. [CrossRef]

46. Leimkuhler, B.J.; Skeel, R.D. Symplectic Numerical Integrators in Constrained Hamiltonian Systems. J. Comput. Phys. 1994, 112,
117–125. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ejmech.2015.12.045
https://doi.org/10.1074/jbc.M106017200
https://doi.org/10.1016/0169-4758(94)90402-2
https://doi.org/10.1046/j.1365-3156.1997.d01-128.x
https://doi.org/10.1016/S0001-706X(97)00079-X
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.1016/j.bpj.2009.04.013
https://doi.org/10.1016/0305-0491(86)90292-0
https://www.ncbi.nlm.nih.gov/pubmed/3514110
https://doi.org/10.1038/375427a0
https://www.ncbi.nlm.nih.gov/pubmed/7760940
https://doi.org/10.1006/jmbi.1993.1626
https://doi.org/10.1093/nar/gkm290
https://www.ncbi.nlm.nih.gov/pubmed/17517781
https://doi.org/10.1107/S0021889892009944
https://doi.org/10.1006/jcph.1994.1085

	Introduction 
	Results 
	Peptide Design Strategy 
	Anti-Protozoan Activities of Peptides 
	Molecular Dynamics Structural Analyses 

	Discussion 
	Peptides Design Strategy 
	Anti-Protozoan Activities of Peptides 
	Molecular Dynamics Structural Analyses 

	Materials and Methods 
	Peptide Synthesis and Preparation 
	In Vitro Bioassay of Antiplasmodial Activity 
	In Vitro Bioassay of Anti-Trypanosoma cruzi Activity 
	In Vitro Bioassay of Anti-Trypanosoma brucei gambiense Activity 
	Cytotoxic Activity on L6 Myoblasts 
	In Vitro Hemolysis Assay 
	In Silico Studies with a Trypomastigote Membrane 
	In Silico Structural Analysis 

	Conclusions 
	References

