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Abstract: Scorpion venom is a rich source of biologically active components and various peptides
with high-potential therapeutic use that have been characterized for their antimicrobial and
antiproliferative activities. Stigmurin is a peptide identified from the Tityus stigmurus venom gland
with high antibacterial and antiproliferative activities and low toxicity. Amino acid substitutions in
peptides without a disulfide bridge sequence have been made with the aim of reducing their toxicity
and increasing their biological activities. The purpose of this study was to evaluate the structural
conformation and structural stability, as well as antimicrobial, antiproliferative, and hemolytic
activities of two peptide analogs to Stigmurin, denominated StigA6 and StigA16. In silico analysis
revealed the α-helix structure for both analog peptides, which was confirmed by circular dichroism.
Data showed that the net charge and hydrophobic moment of the analog peptides were higher
than those for Stigmurin, which can explain the increase in antimicrobial activity presented by
them. Both analog peptides exhibited activity on cancerous cells similar to the native peptide;
however, they were less toxic when tested on the normal cell line. These results reveal a potential
biotechnological application of the analog peptides StigA6 and StigA16 as prototypes to new
therapeutic agents.

Keywords: antimicrobial peptide; scorpion venom; antiproliferative; antiparasitic; structure-activity
relationship; Stigmurin; analog peptides

Key Contribution: Two novel analog peptides with higher antimicrobial and antiparasitic activities;
which are less toxic to the normal cell line tested and stable to temperature and pH change.
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1. Introduction

Tityus stigmurus (T. stigmurus) is the predominant scorpion in the Northeast region of Brazil.
It is considered the leading cause of scorpion accidents in this region, mainly in children and elderly
patients [1,2]. Its venom is composed of enzymes, peptides, biogenic amines, amino acids, salts,
and other high and low molecular mass proteins, which can either act as toxins or that aid to distribute
the toxins in the victim [3,4]. Antimicrobial peptides (AMPs) from scorpions are small cationic
molecules that are considered to be the first line of defense against microbes; they show a broad
spectrum action against bacteria, fungi, protozoa, and viruses, but can also show activity against
cancerous cells [5–7]. AMPs interact with microbe cellular membranes and, therefore, their structure is
a relevant aspect for their antimicrobial activity and selectivity property. The structural conformation,
amphipathicity, net charge, and hydrophobic moment of AMPs are important for determining the
peptides’ interaction with microbe membranes [8,9]. AMPs interact with the cellular membrane
of microbes, leading to pore formation and cellular lysis; membranes of cancerous cells have
different phospholipid content from normal eukaryotic cells, as cancerous cells show a negative
net charge membrane due to the phosphatidylserine and o-glycosylated mucins [10]. The ability
of these molecules to interact with membranes can decrease the possibility of pathogen resistance
development [3,11], which is a growing worldwide problem [12].

Stigmurin is an antimicrobial peptide discovered by our research group in the venom gland
transcriptome study of T. stigmurus [4]. It is a cationic peptide containing 17 amino acid residues
(FFSLIPSLVGGLISAFK-NH2), with +1 net charge and hydrophobic moment of 0.571 [13,14],
which presented antimicrobial activity in vitro and in vivo, as well as antiproliferative properties
in normal and cancerous cells, with low hemolytic activity [13,14]. The rational design of
molecules has been seen to potentiate their activity and biotechnological use; the increase in α-helix,
cationic character, and hydrophobic moment can empower the antimicrobial activity [15–17]. Therefore,
two peptide analogs to Stigmurin, denominated as StigA6 (FFSLIPKLVKGLISAFK-NH2) and StigA16
(FFKLIPKLVKGLISAFK-NH2), where serine and glycine were replaced with lysine, were synthesized
in order to enhance their antimicrobial and antiproliferative activities.

2. Results

2.1. In Silico Evaluation

From Stigmurin, we designed two analog peptides denominated as StigA6 and StigA16 (Figure 1),
with higher net charge (+3 and +4, respectively) and hydrophobic moment (0.669 and 0.725,
respectively). The models obtained for both peptides using the I-TASSER server showed a helical
conformation with some random structure at the N- and C-terminals, as shown in Figure 2A,D for
StigA6 and StigA16, respectively.
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Figure 1. Amino acid sequences for Stigmurin and its analog peptides.

The obtained models were submitted to molecular dynamics simulation in water medium
(Figure 2B for StigA6 and Figure 2E for StigA16). For both analog peptides, the proportion of α-helix
conformation shown in the molecular models was reduced along with the random coil conformation
proportion increment. When 50% 2.2.2-trifluoroethanol (TFE) was added to the water simulations,
the StigA16 model showed an α-helix structure (Figure 2E), while StigA6, at the end of the simulation,
showed an attempt to form an α-helix structure (Figure 2C).
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Figure 2. Models for StigA6 and StigA16 obtained by (A and D, respectively) I-TASSER,
Molecular dynamics in water (B and E, respectively) and in (C and F, respectively) 50%
2,2,2-trifluoroethanol (TFE).

2.2. Circular Dichroism

In circular dichroism (CD) analysis, StigA6 and StigA16 showed a similar spectrum. In sodium
phosphate buffer (PBS) and water they have a predominantly random structure, but in 20 mM
sodium dodecyl sulfate (SDS) and 2,2,2-trifluoroethanol (TFE) they showed a typical α-helix spectrum
(Figure 3). These results could also be seen in the deconvolution of the CD spectra (Table 1).
StigA6 showed only 4.55% of an α-helix in PBS but showed 66% of an α-helix structure in SDS.
StigA16 demonstrated 1.45% of an α-helix structure in water and 58% in SDS.
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Table 1. Secondary structure analysis of StigA6 and StigA16 in water, PBS, SDS, and TFE (20–70%).

StigA6 StigA16

α-Helix (%) β-Sheet (%) Random (%) α-Helix (%) β-Sheet (%) Random (%)

Water 5.65 ± 4.8 14.1 ± 4.5 78 ± 12.5 1.45 ± 0.7 13.75 ± 1.06 82.45 ± 1.4
PBS 4.55 ± 0.7 9.6 ± 0.5 86.05 ± 0.4 8.6 ± 8 15.2 ± 0.9 76.9 ± 10

SDS 20 mM 66.6 ± 2.1 2.15 ± 0.2 32.05 ± 2.8 58.8 ± 0.8 5.25 ± 0.2 35.55 ± 1.7
TFE 20% 47.7 ± 1.5 9.4 ± 3.1 42.6 ± 2.1 49.9 ± 2.5 10.45 ± 4.5 45.1 ± 1.2
TFE 30% 56.7 ± 3.3 7.15 ± 0.3 36.1 ± 3.1 50.75 ± 1.2 9.6 ± 3.2 39.85 ± 1.6
TFE 40% 58.4 ± 2.8 5.55 ± 0.6 35.5 ± 2.9 55.85 ± 0.4 5.55 ± 0.9 39.05 ± 0.2
TFE 50% 65.8 ± 13.4 4.2 ± 4.9 30.3 ± 8.9 52.5 ± 1.4 7.55 ± 1.3 40.1 ± 0.1
TFE 60% 52.95 ± 4.3 7.55 ± 2.4 39.8 ± 2.1 49.6 ± 0.6 5.55 0.2 46 ± 2.2
TFE 70% 54.3 ± 3.1 7.85 ± 2 38.15 ± 1.6 49.75 4.8 ± 0.7 45.7 ± 0.8

The secondary structure of StigA6 and StigA16 in SDS and 40% TFE obtained by deconvolution of
CD spectrum showed that they maintained the α-helix structure through pH change (3–9) as shown in
Figure 4, with the exception of StigA16 at 40% TFE, pH 3, in which it showed a higher helical structure
(82%). Concerning the thermal stability, both analog peptides in 40% TFE at 5–98 ◦C showed a decrease
in the ellipticity as the temperature increased, suggesting the occurrence of a temperature-dependent
structure loss (Figure 5). Thus, we performed a heating to 92 ◦C, followed by cooling to 2 ◦C assay
with both analog peptides, in which we could observe that after heating and cooling, both peptides
were able to return to a secondary structural conformation pattern very similar to those respectively
observed at the beginning of the experiment (Figure 6).
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2.3. Antimicrobial Activity

StigA6 and StigA16 showed high antimicrobial activity for all Gram-positive and -negative
bacteria and yeasts strains tested (Table 2). StigA6 showed minimum inhibitory activity (MIC) between
1.17 and 37.5 µM, while StigA16 showed MIC between 1.17 and 9.38 µM. Interestingly, both analog
peptides showed MIC of 1.17 µM when tested against Enterococcus faecalis (ATCC 29212). For all
bacteria and yeast strains tested, Stigmurin presented higher MIC values than the analog peptides.

Table 2. Minimal inhibitory concentration (MIC, in µM) of StigA6 and StigA16 for Gram-positive and
-negative bacteria and yeasts.

Strains StigA6 (µM) StigA16 (µM) Stigmurin (µM)

Gram-negative bacteria
Escherichia coli (ATCC 25922) 4.69 2.34 >150

Enterobacter cloacae (ATCC 13047) 18.75 9.38 >150
Pseudomonas aeruginosa (ATCC 27853) 9.38 1.17 >150

Gram-positive bacteria
Staphylococcus aureus (ATCC 29213) 2.34 2.34 9.38

Staphylococcus epidermidis (ATCC 122225) 1.17 9.38 9.38
Enterococcus faecalis (ATCC 4028) 1.17 1.17 >150

Yeasts
Candida albicans (ATCC 90028) 9.38 4.69 37.5

Candida krusei (ATCC 6258) 37.5 9.38 >150
Candida glabrata (ATCC 90030) 18.75 9.38 >150
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2.4. Antiparasitic Activity

After 12 and 24 h of incubation, Stigmurin and its analog peptides showed high antiparasitic
activity against epimastigote forms of Trypanosoma cruzi (Figure 7A). StigA6 and StigA16 were
efficient to inhibit 100% of the parasite growth at a concentration of 2.5 µM after 12 h of incubation,
while Stigmurin, at a concentration of 25 µM (which represents a tenfold increase), inhibited 90% of the
parasites, indicating that the analog peptides were more efficient than the native peptide. After 24 h
incubation at a concentration of 2.5 µM, both analog peptides inhibited 100% of the parasites growth
(Figure 7B). However, Stigmurin, at the same concentration, showed no significant epimastigote growth
inhibition. Both analog peptides showed higher growth inhibition when compared to Benznidazole.
No statistical difference between 12 and 24 h peptide inhibition was found.

Toxins 2018, 10, x FOR PEER REVIEW  6 of 16 

 

2.4. Antiparasitic Activity 

After 12 and 24 h of incubation, Stigmurin and its analog peptides showed high antiparasitic 
activity against epimastigote forms of Trypanosoma cruzi (Figure 7A). StigA6 and StigA16 were 
efficient to inhibit 100% of the parasite growth at a concentration of 2.5 µM after 12 h of incubation, 
while Stigmurin, at a concentration of 25 µM (which represents a tenfold increase), inhibited 90% of 
the parasites, indicating that the analog peptides were more efficient than the native peptide. After 24 h 
incubation at a concentration of 2.5 µM, both analog peptides inhibited 100% of the parasites growth 
(Figure 7B). However, Stigmurin, at the same concentration, showed no significant epimastigote growth 
inhibition. Both analog peptides showed higher growth inhibition when compared to Benznidazole. 
No statistical difference between 12 and 24 h peptide inhibition was found. 

 
Figure 7. Antiparasitic activity of Stigmurin and its analogs on epimastigote forms of T. cruzi after 12 
h (A) and 24 h (B) of incubation. Negative control is represented by C-. Positive control (Benznidazole) 
is represented by Benz. Values represent mean ± SD (N = 3). *** p ≤ 0.0001, ** p ≤ 0.001 and * p ≤ 0.01 
compared to the negative control. ### p ≤ 0.0005 compared to Stigmurin at the same concentration. 
Statistical analysis was performed using ANOVA followed by Tukey test. 

Regarding the activity against trypomastigote forms of T. cruzi, both analog peptides were able 
to inhibit approximately 100% of the parasite growth at concentrations of 10 and 25 µM after 12 h of 
incubation (Figure 8A). In the case of StigA16, we also observed practically 100% inhibition at 5 µM. 
Stigmurin was able to inhibit 100% of the parasite growth at 25 µM. After 24 h of incubation (Figure 8B), 
StigA6 and StigA16 were able to completely inhibit the growth at 5 µM; for StigA16, this level of 
inhibition was also observed at 2.5 µM. On the other hand, for Stigmurin, a high level of inhibition 
was obtained, after 24 h, only when parasites were incubated with 25 µM of this peptide. This implies 
that the analog peptides were more effective than the native peptide Stigmurin. Both analog peptides 
showed higher growth inhibition when compared to Benznidazole. 

 
Figure 8. Antiparasitic activity of Stigmurin and its analogs on trypomastigotes forms of T. cruzi after 
12 h (A) and 24 h (B) of incubation. Negative control is represented by C-. Positive control (Benznidazole) 
is represented by Benz. Values represent mean ± SD (N = 3). *** p ≤ 0.0001 compared to the positive 
control. ### p ≤ 0.0005 compared to Stigmurin at the same concentration. Statistical analysis was 
performed using ANOVA followed by Tukey test. 

Figure 7. Antiparasitic activity of Stigmurin and its analogs on epimastigote forms of T. cruzi after 12 h
(A) and 24 h (B) of incubation. Negative control is represented by C-. Positive control (Benznidazole) is
represented by Benz. Values represent mean ± SD (N = 3). *** p ≤ 0.0001, ** p ≤ 0.001 and * p ≤ 0.01
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Regarding the activity against trypomastigote forms of T. cruzi, both analog peptides were able
to inhibit approximately 100% of the parasite growth at concentrations of 10 and 25 µM after 12 h of
incubation (Figure 8A). In the case of StigA16, we also observed practically 100% inhibition at 5 µM.
Stigmurin was able to inhibit 100% of the parasite growth at 25 µM. After 24 h of incubation (Figure 8B),
StigA6 and StigA16 were able to completely inhibit the growth at 5 µM; for StigA16, this level of
inhibition was also observed at 2.5 µM. On the other hand, for Stigmurin, a high level of inhibition
was obtained, after 24 h, only when parasites were incubated with 25 µM of this peptide. This implies
that the analog peptides were more effective than the native peptide Stigmurin. Both analog peptides
showed higher growth inhibition when compared to Benznidazole.
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Figure 8. Antiparasitic activity of Stigmurin and its analogs on trypomastigotes forms of T. cruzi
after 12 h (A) and 24 h (B) of incubation. Negative control is represented by C-. Positive control
(Benznidazole) is represented by Benz. Values represent mean ± SD (N = 3). *** p ≤ 0.0001 compared to
the positive control. ### p ≤ 0.0005 compared to Stigmurin at the same concentration. Statistical analysis
was performed using ANOVA followed by Tukey test.
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2.5. Antiproliferative Activity

StigA6 and StigA16 showed antiproliferative activity on all cancerous cell lines tested (Figure 9),
presenting no significant difference among the analog peptides. In the HeLa cell line, both peptides
reduced cell proliferation by 85% in all concentrations tested, while Stigmurin reduced 70% of its
viability in the highest dose as shown in Figure 9A. For the normal cell line 3T3 (Figure 9B), the analog
peptides exhibited the IC50 of 14.01 and 13.01 µM for StigA6 and StigA16, respectively, about twice
the IC50 of Stigmurin for the same cell (IC50 7.98 µM). For the other cancerous cell lines tested,
no significant difference between Stigmurin and the analog peptides was observed (Appendix A
Figure A1), all of them inhibiting approximately 70% the growth of 786-0, B16, and Panc cells with the
highest peptide concentrations.

‘
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Figure 9. Antiproliferative activity of Stigmurin and its analogs in HeLa (A) and in 3T3 (B) cell
lines. Values represent mean ± SD (N = 4). The positive control is represented as C+ (Cells without
the addition of the peptides) *** p ≤ 0.0001, ** p ≤ 0.001 and * p ≤ 0.01 compared to the positive
control. ### p ≤ 0.0005, ## p ≤ 0.005 and # p ≤ 0.05 compared to Stigmurin at the same concentration.
Statistical analysis was performed using ANOVA followed by Tukey test.

2.6. Hemolytic Activity

The hemolytic activity of Stigmurin, StigA6, and StigA16 in human erythrocytes was performed
at concentration range of 1.17 to 75 µM (Figure 10). After one-hour incubation, Stigmurin showed low
hemolytic activity (3%) at the highest dose. Analog peptides induced a percentage hemolysis of 30%
when tested at the highest concentration. However, weak hemolytic activity was observed in the lower
concentrations tested.
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Figure 10. Hemolysis activity of (A) StigA6; (B) StigA16, and (C) Stigmurin using Triton-X as positive
control. The negative control is represented as C- (Erythrocytes in PBS without Triton-X or the
peptides). *** p < 0.0001 compared to the positive control. Statistical analysis was performed using
ANOVA followed by Tukey test.
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3. Discussion

Antimicrobial peptides have been discovered in the venom of different scorpion species,
being linked to the innate immune response against pathogens [18–22]. In the transcriptome
study of the T. stigmurus venom gland, an AMP denominated Stigmurin (+1 net charge and
0.571 hydrophobic moment) was identified [4,13,14]. From this peptide we designed two analog
peptides, denominated StigA6 and StigA16. To design these analogs, Ser7 and Gly10 residues on
the native peptide were substituted with lysine in analog StigA6, while ser3, ser7, and gly10 were
substituted by lysine in StigA16; thus, we obtained peptides with higher net charge (+3 for StigA6 and
+4 for StigA16) and hydrophobic moment (0.669 for StigA6 and 0.725 for StigA16), which could lead to
a higher antimicrobial activity.

The secondary structure, assessed by CD, showed, for both peptides, a predominant random
structure in water and PBS, but a predominant α-helix structure in SDS and in all TFE concentrations,
which could also be seen for the StigA16 model after the dynamic simulation and for the StigA6
model, which showed a random coil in the water explicit simulation and an attempt for a helix
structure when TFE was added to the system. The capacity to change its structure according to the
environment had already been seen for other scorpion AMPs [3,13,23,24]. As these peptides usually
present a predominant random coil conformation in a hydrophilic environment and a predominant
α-helix structure in a hydrophobic medium, this structure flexibility can suggest their interaction with
membranes, leading to pore formation and cell lysis [3,13,23,24].

Using CD, we could also observe StigA6 and StigA16 stability at pH range 3–9, as well as in
temperature change; once heated to 98 ◦C and subsequently cooled to 2 ◦C, they did not appear to
change their secondary structure. Stigmurin had already been seen to be stable to pH and temperature
variation [13,14], indicating that the addition of lysine in the native peptide sequence did not cause
impairment to the peptide stability.

Sequence changes in the peptide were efficient in improving StigA6 and StigA16 antimicrobial
activity, as they could inhibit the growth of both Gram-positive (S. aureus, S. epidermidis, and E. faecalis)
and Gram-negative (E. cloaceae, P. aeruginosa, and E. coli) bacteria as well as Candida yeasts.
StigA16 showed MIC between 1.17 and 9.38 µM while StigA6 showed MIC values relatively higher,
reaching 37.5 µM. In previous studies, Stigmurin had already proved its antimicrobial activity against
Gram-positive bacteria and Candida fungi [13], but with higher MIC concentration when compared
to StigA6 and StigA16, and it had not shown activity for Gram-negative bacteria, unlike the analog
peptides described herein. This increase in the antimicrobial activity may be due to the analogs’ higher
net charge and hydrophobic moment, which tend to increase the molecule capacity to interact with the
membrane, increasing the probability of pore formation and cell lysis.

Other antimicrobial peptides from scorpions had already shown activity against Gram-positive
and Gram-negative bacteria [18,25–28]. TsaP2, a peptide found in T. serrulatus that shows high
identity with Stigmurin, presented MIC of 17.30 and 69.23 µM for S. aureus and E. faecalis, respectively;
therefore, both StigA6 and StigA16 are more effective than TsaP2 [14]. The capacity of scorpion
AMPs to inhibit fungal growth has also been seen [29,30]. The peptide Con10 from the scorpion
Opisthacanthus cayaporum showed MIC of 100 and 200 µM for C. albicans and C. glabrata, respectively;
therefore, it is also less efficient than the analog peptides of Stigmurin [31]. These results combined
reaffirm that the StigA6 and StigA16 higher positive charge (+3 and +4) render a higher antimicrobial
activity, since Stigmurin, TsaP2, and Con10 have a +1 charge. Another example is the scorpion
venom analog peptide AamAP1-lysine, which showed MIC for S. aureus, S. epidermidis, and E. faecalis
of 5 µM, while StigA6 showed MIC of 2.34 µM for S. aureus and 1.17 µM for S. epidermidis and
E. faecalis. StigA16 showed MIC of 2.34 µM for S. aureus and 1.17 µM for E. faecalis. Additionally,
for E. coli, AamAP1-lysine showed MIC of 7.5 µM while StigA16 showed MIC of 2.34 and StigA6, 4.69.
This indicates that the analog peptides of Stigmurin show higher antimicrobial activity than AamAP1
for both Gram-positive and Gram-negative bacteria.



Toxins 2018, 10, 161 9 of 16

Regarding the antiparasitic activity, the three peptides tested showed inhibition for the T. cruzi
Y strain using epimastigote forms, as no differences between the analog peptides were observed,
although when compared with the native peptide both analog peptides exhibited higher antiparasitic
activity. We also tested the peptides on the trypomastigote forms of the T. cruzi Y strain and we
were able to observe the same pattern as that for epimastigotes, with the analog peptides showing
higher activity than Stigmurin. Other venom peptides have been described as having antiparasitic
activity [32–34]. M-PONTX-Dq3a, an AMP from the venom of the ant Dinoponera quadriceps, showed an
IC50 of 4.7 µM against epimastigote T. cruzi, while StigA16 only needed 1 µM to inhibit approximately
50% of the parasite growth [35].

When compared to Benznidazole, at the incubation time and dose tested, both analog peptides
showed higher antiparasitic activity at a lower concentration. For instance, StigA6 and Stig16 showed
100% of the trypomastigote forms of T. cruzi at 2.5 µM, while Benznidazole only inhibited 20% at
384 µM. It is known that Benznidazole, the main drug used in the treatment of Chagas disease, is only
effective against trypomastigote forms of the T. cruzi Y strain after 72 h incubation [36,37]; therefore,
the analog peptides were more effective at less time incubation with a minor concentration. Taking into
account the peptide activity against trypomastigote forms of T. cruzi, which are found mainly in the
blood of the patient in the acute phase of Chagas disease, we suggest that these peptides showed
potential to be developed as a drug for treatment of Chagas disease.

The antiproliferative activities of Stigmurin, StigA6, and StigA16 were assessed using cancerous
and normal cell lines. We could not observe a significant difference between the peptides in the
cancerous lines tested; however, when the HeLa cell line was used, we observed that StigA6 and
StigA16 showed higher antiproliferative activity when compared to Stigmurin. For the normal cell line
tested, 3T3, both analog peptides showed an IC50 that was twice the value observed for Stigmurin,
demonstrating that they are less toxic for this normal cell than the native peptide. Other scorpion AMPs
demonstrated activity on cancerous and normal cells [14,15,38]. A study with analog scorpion AMPs
showed that the peptides with lysine substitutions were less effective on the BHK21 normal cell [38].
The result of this study, combined with what was observed for StigA6 and StigA16, may indicate
that the lysine addition makes this class of peptides more selective and, consequently, less toxic to
normal cells.

The hemolytic activity revealed that Stigmurin did not show significant hemolysis in all tested
doses when incubated for one hour, and, despite the significant difference between Stigmurin and
its analogs, StigA6 and StigA16 showed approximately 30% hemolysis at 75 µM. This increase in
hemolysis activity can be explained by the addition of lysine in the peptide sequence, which increases
the peptide hydrophobic moment and, thus, its interaction with the erythrocyte membrane [15,17].
It should be highlighted, however, that at lower concentrations, in which the analog peptides showed
antimicrobial and antiproliferative activities, they showed minimum hemolysis (lower than 10%).

4. Conclusions

In this study, we report the modifications in the Stigmurin sequence to generate StigA6 and
StigA16, which were efficient at enhancing the antimicrobial activity against Gram-positive and yeasts,
also increasing the spectrum on Gram-negative bacteria. The lysine substitutions in StigA6 and StigA16,
which led to higher net charge and hydrophobic moment, did not affect the stability at temperature and
pH conditions, when compared to the native peptide. The peptides also showed higher antiparasitic
activity against epimastigote and trypomastigote T. cruzi. The analog peptides showed activity
against cancerous cells, but they were less toxic to the normal cells tested than Stigmurin. Therefore,
these analog peptides are molecules with high biotechnological potential, proving that rational design
is a promising tool to obtain molecules for therapeutic application.
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5. Materials and Methods

5.1. Peptide Synthesis

C-terminal amidated StigA6 (1907.42 Da) and StigA16 (1948.51 Da) were commercially synthesized
by Aminotech (Minas Gerais, Brazil) and stored at −80 ◦C until use. Peptide masses were assessed
by electrospray ionization mass spectrometry and their purity confirmed by high performance
liquid chromatography (HPLC) (>90% purity). HPLC (Figures A2 and A3) and mass spectrometry
(Figures A4 and A5) plots are shown in Appendix A for StigA6 and StigA16, respectively.

5.2. In Silico Structural Analysis

The evaluation of physicochemical parameters (net charge and hydrophobic moment) of both
peptides was assessed with the Heliquest server (http://heliquest.ipmc.cnrs.fr/). StigA6 and StigA16
modelling was performed using the I-TASSER (https://zhanglab.ccmb.med.umich.edu/I-TASSER/)
server and structures were validated by Ramachandran plots, β carbon derivation, bonds and angles
using MolProbity [39]. PDB files were visualized using USFC Chimera software (Version 1.8.1,
San Francisco, CA, USA, 2013) [40].

For the molecular dynamics simulations, the amidated model topologies were defined by
CHARMM27 force field [41]. The simulations were performed using GROMACS 5.1.4 software
(San Francisco, CA, USA, 2016) [42] with the water explicit model TIP3P and with 50%TFE solution.
The models were submitted to energy and temperature minimization and the simulations were held
with 298 K and 1 bar for 0.5 microseconds.

5.3. Analysis of Secondary Structure and Stability by Circular Dichroism

StigA6 and StigA16 peptides were evaluated by circular dichroism (CD) on a spectropolarimeter
JASCO-810 at 25 ◦C using a Peltier system. The scan range of wavelengths was from 182 nm to
260 nm at 50 nm·min−1. The CD spectra were measured by averaging five scans. Both analogs
were analyzed in water, sodium phosphate buffer (PBS), 20 mM sodium dodecyl sulfate (SDS) or
in 2,2,2-trifluoroethanol (TFE) at 30, 40, 50, 60, and 70% (v/v). The spectra were presented in molar
ellipticity and the secondary structure percentage was obtained by deconvolution of the spectrum with
Dichroweb server (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml) using Selcon3 and CONTIN
II algorithms [43,44]. To evaluate the stability of StigA6 and StigA16, they were submitted to pH
analysis (ranging from 3–9) at 20 mM SDS and 40% TFE. The influence of temperature was assessed
by two assays, in the first one, the peptides were analyzed from 182 nm to 260 nm at 5, 25, 37, 50, 75,
and 95 ◦C, in the second one, the peptides were analyzed at 222 nm and were heated from 2 to 98 ◦C
and then cooled back to 2 ◦C.

5.4. Antimicrobial Activity

For antimicrobial assays, a panel of microorganisms were used, including Gram-positive bacteria:
Staphylococcus aureus (ATCC 29213), Staphylococcus epidermidis (ATCC 12228), and Enterococcus faecalis
(ATCC 4028); Gram-negative bacteria: Escherichia coli (ATCC 25922), Enterobacter cloacae (ATCC 13047),
and Pseudomonas aeruginosa (ATCC 27853); and yeasts: Candida albicans (ATCC 90028), Candida krusei
(ATCC 6258), and Candida glabrata (ATCC 90030). Minimal inhibitory concentration (MIC) was
determined by broth microdilution method in Muller-Hinton broth (MHB), as described in the Clinical
and Laboratory Standards Institute (CLSI). The inoculum was prepared at 1 × 105 colony forming unit
per milliliter (CFU/mL) for bacteria and 1 × 104 CFU/mL for yeasts. Cells were grown overnight at
35 ◦C and, afterwards, 50 µL of the microbe suspension was added to serial dilutions of the peptides
(final concentrations 1.17–75 µM, assay total volume corresponded to 100 µL). The assay was done
in 96-well microplate and the samples were incubated at 35 ◦C for 24 h. The microbial growth
was assessed by measurements of the A595 nm in a microplate reader (Epoch, BioTek Instruments,
Winooski, VT, USA). Vancomycin, Gentamicin, and Amphotericin B were used as positive control for

http://heliquest.ipmc.cnrs.fr/
https://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://dichroweb.cryst.bbk.ac.uk/html/home.shtml
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Gram-positive bacteria, Gram-negative bacteria, and Yeasts, respectively, following CLSI guidelines.
The negative control was processed under identical conditions without addition of the peptides nor
the standard antibiotics and used as control for 100% bacterial growth. MIC was defined as the lowest
concentration able to prevent microbial growth. The assays were made in triplicate.

5.5. Antiparasitic Activity

The antiparasitic activity against the Trypanosoma cruzi Y strain was performed using epimastigote
and trypomastigote forms. For the epimastigote form, the parasites were incubated for 11 days at
27 ± 2 ◦C in Liver Infusion Tryptose (LIT) medium until stationary phase, and then incubated with
the antimicrobial peptides at different concentrations (0.25–25 µM) for 12 and 24 h at 27 ± 2 ◦C in
96-well plates. Subsequently, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was added and incubated for 75 min and, after this period, HCL 0.01 N with 10% SDS was added
and incubated for 30 min to solubilize the formazan crystals, and then the plate was read at 595 nm.
Benznidazole (384 µM) was used as positive control at 12 and 24 h of incubation. The negative control,
without addition of the peptides, was used as control for 100% parasite viability.

For the trypomastigote assays, initially the epimastigote parasites were transformed into
trypomastigotes using a 1:9 dilution of the epimastigote solution, and then incubated for 25 days at
27 ± 2 ◦C. The tests were performed following the methodology described for the epimastigote form.

5.6. Antiproliferative Activity

The cytotoxicities of the synthetic peptides were evaluated in human renal cell adenocarcinoma
(786-0, ATCC® CRL-1932), mouse melanoma (B16F10, ATCC® CRL6475), human cervix adenocarcinoma
(HeLa, ATCC® CCL-2), human pancreas adenocarcinoma (Panc 10.05, ATCC CRL-2547), and the
normal cell line from mouse fibroblast (NIH/3T3, ATCC® CRL-1658). Cell viability was measured by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-zoliumbromide (MTT) assay. Confluent cell-monolayers
contained in 96-well plates were incubated with serially diluted Stigmurin, StigA6, or StigA16
(2–40 µM) in Dulbecco’s Modified Eagle Medium (DMEM) medium for B16-F10, HeLa, Panc, and 3T3,
or Roswell Park Memorial Institute Medium (RPMI) medium for 786-0 cells. Plates were incubated
at 37 ◦C for 24 h. The MTT solution (1 mg/mL) was added to each well and further incubated for
4 h at 37 ◦C. Supernatants were removed and replaced by 96% ethanol (v/v) in order to solubilize
the formazan crystals. The absorbance of the plate was measured at 570 nm. The positive control,
without addition of the peptides, was used as control for 100% parasite viability.

5.7. Hemolytic Activity

Hemolytic activity of StigA6, StigA16, and Stigmurin was carried out by incubating a suspension
of healthy human donor O+ erythrocytes with serially diluted concentrations of the peptides. Cells were
first washed three times by centrifugation at 2000 RPM for 10 min in PBS, then incubated with the
synthetic peptides (1.17–75 µM) at 37 ◦C for 1 h [45]. Optical density of supernatants was measured at
540 nm using a microplate reader. Triton was used as positive control, and no compost was added to
the negative control for 0% hemolysis.

5.8. Statistical Analysis

All experimental values were expressed as mean ± standard deviation (SD). One-way analysis of
variance (ANOVA) was applied for multiple-group comparisons, followed by the post-test of Tukey
using GraphPad Prism software (Version 5.00, GraphPad, San Diego, CA, USA, 2007). A value of
p < 0.05 was considered to be statistically significant.
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Figure A1. Antiproliferative activity of Stigmurin, StigA6, and StigA16 in cancerous cell lines.
(A) StigA6 in 786-0 cell line; (B) StigA16 in 786-0 cell line; (C) Stigmurin in 786-0 cell line; (D) StigA6
in B16 cell line; (E) StigA16 in B16 cell line; (F) Stigmurin in B16 cell line; (G) StigA6 in Panc cell
line; (H) StigA16 in Panc cell line; (I) Stigmurin in Panc cell line. The results are expressed as mean
± SD *** p < 0.0001, ** p ≤ 0.001 and * p ≤ 0.01 compared to the positive control.
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