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Abstract  

Diniz LCL. Biological evaluation of antimicrobial peptides isolated from the hemolymph of 

Triatoma infestans (HEMIPTERA:REDUVIIDAE) [Thesis]. São Paulo: Universidade de São 

Paulo, Instituto Butantan e Instituto de Pesquisas Tecnológicas, Instituto de Ciências 

Biomédicas; 2020. 

 

Microbial resistance is a recurring problem, which dates back to the first classes of antibiotics 

developed, and which has become alarming due to the speed and ease of emergence of 

(multi)resistant organisms. Thus rises the concern with the global scenario and that comes 

associated with the urgent need to development of new antimicrobial drugs. Antimicrobial 

peptides are molecules that manage to kill microbial cells by independent mechanisms of site-

specific binding, being interesting molecules alternative to commercial antibiotics. In 

previous works of our group, four antimicrobial peptides from the hemolymph of the 

hematophagous insect Triatoma infestans were identified as human fibrinopeptide A, 

Triastine (glycine-rich antimicrobial) and TRP1-TINF and TRP2-TINF (Tachykinin-Related 

Peptides). The work presented three aspects. First: biological screening to evaluate the 

aforementioned peptides as possible new drugs. Anti-parasitic and antiviral activities were 

evaluated, to which the molecules were not active, even at the highest concentrations (FbPA – 

84 µM; Triastin – 100 µM; TRP1-TINF – 128 µM; TRP2-TINF – 164 µM). The peptides did 

not presented hemolysis, but showed different degrees of toxicity for VERO cells (initial 

concentration: 1000 µM, 43% - FbPA, 16% Triastina e TRP11-TINF e 10% - TRP2-TINF). 

In in vivo tests on intravital microscopy models, at [200 µM], FbPA did not induce changes in 

microcirculation, Triastine was able to interrupt blood flow without the formation of thrombi 

and TRP1-TINF and TRP2-TINF showed a pro-inflammatory pattern. In a zebrafish model, 

[200 µM], FbPA could not be tested, the Triastine peptide was lethal for 100% of the embryo 

sampling at 48 hours post-fertilization, TRP1-TINF was lethal for 100% of the sampling at 72 

hpf and TRP2-TINF showed lethality for 35% of the sample, with the majority of other 

embryos having malformations. In the evaluation of the mechanism of action, the only peptide 

capable of interacting with DNA was FbPA [≥60µM]. In the second part, the mechanism by 

which a human molecule is present in the hemolymph of the insect in question was verified. 

The synthetic FbPA was coupled with the FITC fluorophore and was supplied together with 

the insect feed. The fluorescence of the hemolymph of engorged insects with marked feeding 



 

was compared with the hemolymph of non-fed insects, showing to be significant, being 

possible to confirm that the presence of human FbPA in the insect's hemolymph occurs 

through intestinal absorption. Finally, evaluating the cryptids, several fragments with 

antimicrobial activity were identified in the insect's intestine, resulting from digestion of 

murine hemoglobin. In conclusion, the general work demonstrated that the peptides tested 

present interesting antimicrobial activity and are potential new drugs, but need improvements 

due to the general toxicity presented. Two alternative sources of antimicrobials for insects 

were also demonstrated, one through fragments from intestinal absorption and the other 

through the digestion of ingested blood. 

 

Keywords: Antimicrobial peptides. Triatoma infestans. Blood. 

 



 

 

Resumo 

Diniz LCL. Avaliação biológica de peptídeos antimicrobianos isolados da hemolinfa do 

Triatoma infestans (HEMIPTERA:REDUVIIDAE) [Tese]. São Paulo: Universidade de São 

Paulo, Instituto Butantã e Instituto de Pesquisas Tecnológicas, Instituto de Ciências 

Biomédicas; 2020. 

 

Resistência microbiana é um problema recorrente, que remonta das primeiras classes de 

antibióticos desenvolvidos, e que vem se tornando alarmante devido à velocidade e facilidade 

de surgimento de organismos (multi)resistentes. Com isso surge a preocupação com o quadro 

mundial e que vem associada à urgente necessidade de descoberta de novas moléculas 

antimicrobianas. Peptídeos antimicrobianos são moléculas que conseguem levar a morte 

células microbianas por mecanismos independentes de ligação sítio específicas, sendo 

interessantes moléculas alternativas aos antibióticos comerciais. Em trabalhos prévios do 

nosso grupo, foram identificados quatro peptídeos antimicrobianos da hemolinfa do inseto 

hematófago Triatoma infestans, identificados como Fibrinopeptídeo A humano, Triastina 

(antimicrobiano rico em glicina) e TRP1-TINF e TRP2-TINF (Peptídeos Relacionandos às 

Taquicininas). O trabalho apresentou três vertentes. Primeira: screening biológico para 

avaliação dos peptídeos supramencionados como possíveis novas drogas. Atividade anti 

parasíticas e antivirais foram avaliadas, aos quais as moléculas não se mostraram ativas, 

mesmo nas mais altas concentrações (FbPA – 84 µM; Triastina – 100 µM; TRP1-TINF – 128 

µM; TRP2-TINF – 164 µM). Os peptídeos não apresentaram hemólise, mas apresentaram 

diferentes graus de toxicidade para células VERO (concentração inicial: 1000 µM, 43% - 

FbPA, 16% Triastina e TRP11-TINF e 10% - TRP2-TINF). Nos ensaios in vivo em modelos 

de microscopia intravital, em [200 µM], o FbPA não induziu alterações de microcirculação, 

Triastina foi capaz de interromper o fluxo sanguíneo sem a formação de trombos e TRP1-

TINF e TRP2-TINF apresentaram um padrão pró inflamatório. Em modelo zebrafish, [200 

µM], onde o FbPA não pode ser testado, o peptídeo Triastina foi letal para 100% da 

amostragem de embriões em 48 hpf, TRP1-TINF foi letal para 100% da amostragem em 72 

hpf e TRP2-TINF apresentou letalidade para 35% da amostragem, sendo que a maioria dos 

embriões  vivos apresentaram malformações.  Na avaliação de mecanismo de ação, o único 

peptídeo capaz de interagir com DNA foi o FbPA [≥60µM]. Na segunda vertente foi 

verificado o mecanismo pelo qual uma molécula humana se encontra presente na hemolinfa 



 

do inseto em questão. O FbPA sintético foi acoplado com o fluoróforo FITC e foi fornecido 

juntamente com a alimentação aos insetos. A fluorescência da hemolinfa dos insetos 

ingurgitados com a alimentação marcada foi comparada com a hemolinfa de insetos não 

alimentados, se mostrando significativa, sendo possível confirmar que a presença do FbPA 

humano na hemolinfa do inseto ocorre através de absorção intestinal. E finalmente, avaliando 

os criptídeos, foram identificados vários fragmentos com atividade antimicrobiana no 

intestino do inseto, provenientes de digestão da hemoglobina murina. Em conclusão o 

trabalho geral demonstrou que os peptídeos testados apresentam interessante atividade 

antimicrobiana e são potenciais novas drogas, mas necessitam de melhorias em relação a sua 

toxicidade. Foram demonstradas também duas fontes alternativas de antimicrobianos para 

insetos, sendo uma através de fragmentos provenientes de absorção intestinal e outra através 

da digestão do sangue ingerido. 

 

Palavras-chave: Peptídeos antimicrobianos. Triatoma infestans. Sangue. 
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1 Introduction 

 

1.1 General description of antimicrobial resistance (AR) 

 

Since the discovery of the first antibiotic, in 1928 by Alexander Fleming, and the 

production as a drug by Norman Heatley, Ernst Chain and Howard Florey (1), the general 

situation of the “modern” medicine was changed.  

This new drug was more effective and presented fewer side effects then the treatments 

available at the time. It became possible to control and treat severe bacterial infections 

avoiding several deaths around the globe, to prevent infections during complex procedures 

such as transplantations, surgical procedures in anatomic locations, or complementing higher 

doses of chemotherapy (1, 2). During the World War II, for example, penicilin was 

successfully used to treat infections on wounded soldiers (3).  

The field of research on new antibiotic drugs was initiated and in short periods of time 

there were several new drugs being discovered and produced. But, along with new antibiotics 

classes, the appearance of resistance was also reported. A review published by Bailey and 

Cavallitto (1948, p. 169) (4) described the antibiotics available at the time and the organisms 

that already presented resistance:  

The frequency with which resistant organisms are isolated from patients 

undergoing treatment with streptomycin is the chief defect of that antibiotic; 

penicillin-resistant organisms are encountered less frequently but 

nevertheless are an important problem in the clinical use of this antibiotic. 

  

At that time antimicrobial resistance (AR) was recognized as a problem, but there has 

been ways to overcome such problem, such as new drugs being developed or the available 

ones could be altered, thus the problem was temporarily resolved (1). Only by the decade of 

1960, the interest to study mechanisms of resistance transmission began to receive proper 

attention (5, 6). By the 80’s, AR was perceived as a global problem due to every new drug 

produced in a short period, new antimicrobial resistant microorganisms (ARM) were reported 

(figure 1). 

Misuse/overuse of antibiotics in situations like: poor quality of commercial drugs in 

some countries; use of antibiotics in treatments where they are not really necessary (7); 

extensive and indiscriminate agricultural consumption of antibiotics (8); increase in income 

levels of antibiotics in human health treatments (9); easy travel routes (10) are factors that 

accelerate the rate of emergence and spread rate of ARM (11).  
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                                                                        Source: Atkins and Bonomo, 2016 - NUMERO 

PDR, penicillin drug resistant; R, resistant; XDR, extremely drug resistant. 

Figure 1 – Timeline of antimicrobial resistance development. 

Timeline demonstrating the relation between the discovery of new antibiotics and the development of 

antimicrobial resistance.  
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Nowadays several studies and reports demonstrate the global concern on the speed of 

emergence of resistant organisms, mainly from the year of 2000, with the description of 

“super-bacteria” resistant to more than one class of antibiotics (12-16).   

The AR problem has evolved until a global threat. World Health Organization (2019, 

p. 1), in a recent report entitled “No Time to Wait: Securing the future from drug-resistant 

infections” (17), described the concern related to global deaths: 

Drug-resistant diseases already cause at least 700,000 deaths globally a year, 

including 230,000 deaths from multidrug-resistant tuberculosis, a figure that 

could increase to 10 million deaths globally per year by 2050 under the most 

alarming scenario if no action is taken. Around 2.4 million people could die 

in high-income countries between 2015 and 2050 without a sustained effort 

to contain antimicrobial resistance. 

 

 AR generates socioeconomic implications.  The estimate is that, without the control of 

the increasing AR rate, beyond the alarming number of deaths, it will lead to a reduction of 

2% to 3.5% in Gross Domestic Product (GDP) in general, or 5-7% loss in developing 

countries, which can correspond from 100 up to 210 trillion USD (11). 

These increasin rates of AR formation implicates in a near future where there will be 

no drugs available to treat such infections, aggravating the overall picture. Therefore there is 

an urgent need to research and develop alternative drugs. 

 

1.2 Mechanisms of antimicrobial resistance 

 

To be able to produce new drugs that can overcome resistance, it is necessary to 

understand how does AR is generated. 

AR is a complex concept that is built from evolutionary characteristics, genetic 

plasticity until biochemical pathways. It has been developed through interactions between the 

microorganism and the environment, where, in an attempt to survive, the organism uses 

genetic strategies such as mutations in genes associated to the compound-biding site and the 

acquisition of resistance DNA-coding, which leads to alterations on the biochemical 

properties on the site where the antibiotic would act (18). 

Resistance can be intrinsic or induced. The intrinsic is shared within species, it is 

always constitutively produced and it is independent of previous exposure to antibiotics. The 

induced resistance is composed by DNA resistance encoding genes that are expressed only 

after exposure to antibiotics (19). 

The alterations produced after the expression of resistance genes can be classified in 
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four main types (figure 2), as follows: I) changes of the target site, II) global cell adaptive 

processes, III) prevention to reach the antibiotic target, and IV) modifications on the 

antimicrobial molecule (18, 20). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source: Reygaert, 2018 

Figure 2 – Types of antimicrobial resistance 

Demonstration of the sites of alteration on the microbial cell that can generate resistance to antibiotics. 

 

Changes of the target site  

  

It might occur through two different mechanisms. The first is the protection of the 

target that avoids the interaction between the antibiotic molecule with the location on the 

microbial cell. The most affected drugs are tetracycline (Tet[O] and Tet[M]), 

fluoroquinolones (Qnr) and fusidic acid (FusC and FusB) (20, 21). 

The second is by modifying the target leading to less affinity between the antibiotic 

and the target. It is the most common mechanism of resistance and affects almost every 

antibiotics families. The modifications can be: A) through enzymatic changes of the binding 

sites, for example, macrolide resistance by the methylation of the ribosome by the expression 

of enzymes encoded by the gene Erythromycin Ribosomal Methylation (22); B) target’s 

replacement, where the organism can produce new molecules with similar function for the 

cell, but different structure, hindering the biding with the drug, for example, modifications on 

the peptidoglycan structure of enterococci that leads to vancomycin resistance; C) mutations 

in the genes that encode the target site, for example, mutation on a specific point of the DNA, 
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resulting on amino acid substitutions resulting on less affinity between rifamycin and bacterial 

DNA-dependent RNA polymerase (23); 

 

Prevention to reach the antibiotic target 

 

There are two main processes that can prevent the drug for reaching the target. The 

first mechanism is to decrease the cell permeability, which is particularly important in Gram-

negative bacteria. Changes on the type and percentage of different molecules on the 

membrane can interfere on the penetration of toxic compounds, for example, the 

lipopolysaccharides (LPS) layer in Gram-negative bacteria represent a natural resistance to 

some large antimicrobial drugs (24). Other example is the expression of hydrophobic 

molecules, which affect the permeability of hydrophilic molecules that depends on porin 

channels to penetrate the membrane (e.g. tetraciclines, fluoroquinolones) (25). 

The second mechanism is the production of machineries that remove antibiotic 

molecules from the intracellular environment. The first description of an efflux system was 

from an Escherichia coli that excluded tetracycline (26), and after that, several others were 

identified, and now there are 5 major families of efflux pumps, entitled multidrug and toxic 

compound extrusion family, resistance-nodulation-cell-division family, major facilitator 

superfamily, ATP-binding cassette family and small multidrug resistance family (27, 28). 

 

 Global cell adaptive processes 

 

To cope with living inside other living organisms, bacterial pathogens developed 

mechanisms to avoid the interruption of essential cellular processes. bacteria that lack a cell 

wall are intrinsically resistant to drugs that has the cell wall as target, as glycopeptides for 

example (29). 

 

Modifications on the antimicrobial molecule 

 

Microorganisms can perform modification through the expression of two different 

types of enzimes.  

They can produce enzymes that cleavages the drug, such as the enzymes that are 

responsible for the tetracycline degradation and the beta-lactamases that can disrupt the beta-
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lactam rings on the antibiotic structure (30, 31).  

Alternatively, they can produce enzymes that transfer a chemical group to the 

antibiotic molecule. It is an acquired form of resistance that can occur in Gram-positive and 

Gram-negative bacteria. One of the most common groups is the acetyl that is frequently 

transferred to aminoglycosides, streptogramins, fluoroquinolones and chloramphenicol (32-

34).  

  

1.3 Antimicrobial peptides (AMPs) 

 

The ease and speed of emergence of microorganisms able to develop drug-evasion 

mechanisms are two of the main reasons that justify the need to research and produce new 

antimicrobial drugs (35-37).  

Considering that, as described, every resistance mechanism depends on alterations of 

specific molecules of the microorganism to avoid specific drug-target interaction, a very 

promising class of molecules to be taken in consideration is AMPs.  

 Produced on the humoral portion of the innate immune system, AMPs are molecules 

that play important role on the elimination of the pathogens, along with other mechanisms 

such as melanization and clotting (38, 39).  

AMPs are produced by basically every living organism, ranging from single-cells 

microorganisms to complex eukaryotes such as plants and mammals (40-51). AMP 

production can occur through different mechanisms. It occurs mainly by gene expression (52), 

but also by cleavage of large proteins (cryptic peptides) (53), some molecules with a variety 

of biological activities can also present antimicrobial potential (54-58). 

 

Gene expression 

 

They can be synthesized after infectious stimuli by expression of gene-enconded 

ribosomal pre-peptides (59), although the expression of these genes is variable on the 

organisms. In vertebrates, the expression of these molecules is constitutive while in insects, 

AMPs production is inducible by infectious/inflammatory stimuli (60). 

As insects do not have immunological memory, to each new infection the activation of 

intracellular cascades have to be initiated again. The main pathways activated are the 

Spaetzle/Toll and the Imd pathways, activated by Gram-positive bacteria or fungi and by 

Gram-negative bacteria, respectively (61) (figure 3). Such activation occurs as a response to 
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the recognition of pathogens-associated molecular patterns (PAMPs) that are molecules 

exclusively external, allowing the distinction between self and non-self molecules. The main 

PAMPs recognized from Gram-negative bacteria include LPS, from Gram-positive include 

peptidoglycans and β-1-3-glucan from fungi (52, 61). The time of response from the 

activation of the cascades until the AMPs release is approximately 8 hours (62).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source: Schmid-Hempel, 2005 (52) 

Figure 3 – Representation of the insect pathways activated on infections. 

Representation of the cascades activated by infections or lesion on insects, in a Drosophila melanogaster model.  

 

Cryptic antimicrobial peptides  

 

 The cleavage of large proteins that generate bioactive peptides is a strategy developed 

by higher eukaryote organisms that can act as a counter-response to antimicrobial resistance 

mechanisms.  

As mentioned previously, one bacterial resistance mechanism is the production of 

proteases in an attempt to cleavage antibiotic molecules, but this cleavage process forms some 

fragments with diverse biological activities, including antimicrobial activity, that can 

overcome the bacterial resistance (53). 
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More recently, several antimicrobial cryptic peptides have been described without 

direct relation to antimicrobial resistance. It has been reported that these cryptic peptides can 

be produced naturally during cleavage processes, generating these active peptides that can act 

over a broad spectrum of bacteria and fungus, representing an important AMP source (63-66). 

 

Bioactive molecules with antimicrobial potential 

 

 While investigating the biological potential of diverse compounds, several studies 

discovered that such molecules present antimicrobial activity as a secondary feature (56, 67-

69). It has became a common property evaluated during biological studies, and nowadays 

there are tools to predict if a molecule can present antimicrobial activity based mainly on the 

amino acid sequence (70-73).  

 

1.4 Mechanisms of action  

  

 AMPs is a class of molecules that comprises peptides with length up to 50 amino 

acids, with overall positive charges (2+ to 13+) (74). Generally they contain basic and 

hydrophobic amino acids that are aligned in opposite surfaces of the molecule on the three 

dimensional structure (60, 75, 76).  

 Positive charges, hydrophobicity and amphipatic are three of the main 

characteristics that determine the mechanism of action of AMPs. Positively charged peptides 

tend to interact with phospholipid groups on microbial membranes, thus increasing the 

number of positive charges on the AMPs’ sequences improves antibacterial activity (77, 78). 

The amino acids valine, leucine, isoleucine, alanine, methionine, phenylalanine, tyrosine and 

tryptophan provide hydrophobic characteristics to peptides, required to membrane penetration 

(79, 80). And amphipatic feature is due to the balance between cationic/hydrophilic residues 

and hydrophobic residues on the primary and secondary structures (mainly on α-helix), a 

characteristic that facilitates peptide-membrane interactions (74). 

 The mechanisms of action presented by AMPs have direct relations with the 

characteristics described above, and can be divided into two major categories (74, 81). Those 

directly interacting with microbial cells (membrane or intracellular) or those that can 

modulate the immune response (figure 4). 



34 
 

 

Direct interaction 

 

 The mechanisms of interaction can involve either membrane binding or intracellular 

targets.  

The primary mechanism seems to be through electrostatic interaction between positive 

residues of the peptide and the outer surface of prokaryotic cells, which is negatively charged 

due to LPS or teichoic acid (82).  The membrane interaction can occur with or without energy 

input (figure 5).   

 

The energy independent processes (barrel-stave model, carpet model, or toroidal 

model) occur solely with charge interactions, where the peptides form pores on the membrane 

or act as a detergent recovering the membrane, leading to membrane disruption, loss of 

intracellular content and consequently cell death (83, 84).  

The energy dependent process (macropinocytosis) is a mechanism where some of the 

extracellular matrix containing the AMP is trapped in a vesicle during a membrane 

invagination process, once inside the cell, the AMP present on the vesicle is released on the 

cytoplasm and exert the antimicrobial activity (82, 85). 
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               Source: Kumar et al., 2018  
Figure 4 – Mechanisms of actions presented by AMPs. 

AMPs can present two major mechanism to kill microbial cells. By direct killing the peptide interact directly with the membrane or intracellular pathways. By immune 

modulation the peptide activates and recruits cells to enhance the immune response against the pathogen. 
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Source: Pushpanatan et al., 2013 

Figure 5 – Direct killing mechanisms that occurs through membrane interaction. 

Demonstration of the mechanisms of action with direct interaction with the microbial membrane. a) on the mechanisms without energy input there are the carpet, toroidal pore 

and barrel stave models. b) On the mechanism ATP dependent there is the macropinocytosis.  
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 In other situations, the peptide translocates through the membrane and affects some 

essential cellular pathway (76, 86) (figure 6). 

 

The presence of AMPs on the cytoplasm can affect nucleic acid biosynthesis and 

metabolism (e.g. buforin I, buforin II and indolicidin) (87, 88) by DNA and/or RNA affinity 

(89, 90), or homology to proteins that directly interacts with DNA (91, 92). AMPs can also 

inhibit cell division, interfering basically on every step of the process, from inhibiting DNA 

replication to the septation process (e.g. microcin J25, diptericin) (93, 94). They can interfere 

with proteases, forming noncovalent complexes inhibiting proteins such as metalloproteases 

(e.g. histatin 5) (95-98) or serine proteases (e.g. eNAP-2) (99, 100). Some AMPs can also 

bind to LPS layer on the outer membrane or during infections where these molecules, also 

known as bacterial endotoxins, are released to the blood, neutralizing such molecules and 

avoiding the evolution of the infection to a septic shock (e.g. MBI-27, MBI-28) (101-104). 

Interruption of the biosynthesis of cell wall is also a relevant mechanism, where the peptide 

interacts with some cell wall-forming lipids, inducing accumulation of the peptidoglycan 

precursors on the cytoplasm (e.g. some lantibiotics and some defensins) (105-109).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source: adapted from Le et al., 2017 

Figure 6 – Direct killing mechanisms with intracellular targets. 

Description of the intracellular targets where AMPs can exert activity interfering on different pathways leading 

to microbial death. 

 



37 
 

 

 

Modulation of the immune response 

  

Briefly, AMPs can act recruiting cells, such as leukocytes or dentritic cels, through 

chemotaxis (e.g. β defensins) (110, 111) and/or activating immune cells, potentiating the 

immune response, whether towards controlling the inflammation or killing the microbial. 

These mechanisms are not yet well understood (112).  

 

 It is important to highlight that the same AMP can have multiple mechanisms of action 

(74, 86). As most of the mechanisms already described do not involve specific targets and due 

to the ease to produce synthetic AMPs molecules, the interest on AMPs as alternative to 

commercial antibiotics is growing each day. 

 

1.5 Insects’ antimicrobial peptides  

 

Bioactive molecules where discovered on insects by Stephens, 1962 (113), followed 

by Hink and Briggs in 1968 (114), Powning and Davidson in 1973 (115), Boman in 1974 

(116) and Faye and Boman in 1975 (117). These studies represented the beginning of a 

growing interest on this field of study, that culminated on the characterization of the two first 

AMPs molecules, isolated by Steiner and group (118), entitled Cecropins as they were 

isolated from the moth Hyalophora cecropia, which became the first big AMP group to be 

described.  

 Regarding AMPs in triatomines it has been demonstrated that T. brasiliensis and 

Triatoma (Meccus) pallidipennis expresses genes for defensins (119, 120). On the salivary 

glands of T. infestans were found genes for trialisins (121), but few molecules have been 

identified so far. 

 My recent work demonstrated the isolation and characterization of four AMPs from 

the T. infestans hemolyph (42). The first molecule is a human peptide from the coagulation 

cascade, entitled fibrinopeptide-A (FbPA), the second is a glycine-rich peptide (Triastine) and 

the last two are from the tachykinin-related peptides family (TRP1-TINF and TRP2-TINF).  
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FbPA 

 

 This molecule is formed by the cleavage of the human fibrinogen on the last part of 

the clot formation pathway (122).  

It has 16 amino acids (figure 7) and has α-helix secondary structure. This peptide is 

active against Gram-positive, yeasts, filamentous fungi but is more potent against and Gram-

negative bacteria such as Escherichia coli and Pseudomonas aeruginosa (15-30 µM), and 

suffers degradation through aminopeptidases (42). 

 

 

Triastine 

 

 It is a glycine-rich peptide from the cuticle of T. infestans. It has 16 amino acids 

(figure 8) and has helix-31 conformation. It is not active against Gram-positive bacteria but 

present activity against Gram-negative bacteria Escherichia coli and Pseudomonas 

aeruginosa (17-8,8 µM). It is also active against yeasts and filamentous fungi but in higher 

concentrations. It is a very stable peptide although it suffer degradation from carboxy and 

aminopeptidases (42). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 – Fibrinopeptide A properties calculated with pepcalc tool. 

Properties of the peptide FbPA calculated with pepcalc tool (pepcalc.com). Characteristics of the amino acids, 

iso-electric point and net charge are demonstrated based on the peptide sequence. Information on the 

hydrophobicity of the peptide is also shown. The pink color corresponds to acidic amino acids, gray color 
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corresponds to aliphatic amino acids, light green corresponds to aromatic amino acids, dark green corresponds to 

polar amino acids and blue corresponds to basic amino acids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 – Triastine properties calculated with pepcalc tool. 

Properties of the peptide Triastine calculated with pepcalc tool (pepcalc.com). Characteristics of the amino acids, 

iso-electric point and net charge are demonstrated based on the peptide sequence. Information on the 

hydrophobicity of the peptide is also shown. The pink color corresponds to acidic amino acids, gray color 

corresponds to aliphatic amino acids, light green corresponds to aromatic amino acids, dark green corresponds to 

polar amino acids and blue corresponds to basic amino acids. 

 

TRP1-TINF and TRP2-TINF 

 

 Tachykinin-related peptide is a subfamily of proteins from insects that resemble the 

Tachykinin family of vertebrates that have activity as neurotransmitter/neuromodulator (123). 

 TRP1-TINF is a random secondary structure peptide with 9 amino acid residues 

(figure 9). It is susceptible to aminopeptidases degradation and is active mainly against 

Micrococcus luteus (32-64 μM), but can also present activity against other classes of 

microorganisms. 
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Figure 9 – TRP1-TINF properties calculated with pepcalc tool. 

Properties of the peptide TRP1-TINF calculated with pepcalc tool (pepcalc.com). Characteristics of the amino 

acids, iso-electric point and net charge are demonstrated based on the peptide sequence. Information on the 

hydrophobicity of the peptide is also shown. The pink color corresponds to acidic amino acids, gray color 

corresponds to aliphatic amino acids, light green corresponds to aromatic amino acids, dark green corresponds to 

polar amino acids and blue corresponds to basic amino acids. 

 

TRP2-TINF is a 10-amino acid peptide (figure 10) with a helix-31 conformation and is 

susceptible to carboxypeptidases degradation. It has major antimicrobial activity against both 

Pseudomonas aeruginosa and Escherichia coli (45-90 μM).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 – TRP2-TINF properties calculated with pepcalc tool. 

Properties of the peptide TRP2-TINF calculated with pepcalc tool (pepcalc.com). Characteristics of the amino 
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acids, iso-electric point and net charge are demonstrated based on the peptide sequence. Information on the 

hydrophobicity of the peptide is also shown. The pink color corresponds to acidic amino acids, gray color 

corresponds to aliphatic amino acids, light green corresponds to aromatic amino acids, dark green corresponds to 

polar amino acids and blue corresponds to basic amino acids. 

 

  

 These molecules were partially characterized and demonstrated a good biological 

potential, thus were chosen to follow screening as candidates for drug development.  

 

1.6 Drug development 

  

 The development of new drugs is a long process that requires multiple steps. It 

initiates on the discovery of the active compound that involves a wide characterization of the 

molecule, its targets and effects. Tools for fractionation and bioinformatics have large 

applications at this initial stage, such as chromatography and proteomic analysis. In vitro 

assays are also applied at this stage to define the effect of the compound towards the disease 

of interest (124). 

 The secondary step is the drug development or preclinical trial, where information 

about toxicity, pharmacodynamics and pharmacokinetics are gathered to elucidate the 

potency, efficacy and safety information on the drug. Pharmacodynamics is considered on 

experiments that evaluate drug-target interactions (e.g. mechanism of action), 

pharmacokinetics is observed through absorption, distribution, metabolism and excretion of 

the drug.  Toxicity is relatable with potency, efficacy and safety, where the information on the 

compound’s concentration with maximum activity and lower toxicity need to be analyzed 

together (125). A wide diversity of in vivo and in vitro models are available nowadays and 

provides crucial information on the studied compound (126-128).  

 All of these are required for the next step entitled clinical trials, where the drug is 

prepared to be tested in human. Thus the preclinical trial needs to be well designed in order to 

obtain the maximum amount information on the new drug (125). 

 

 Taking in consideration the information described, the aim of this study was to 

proceed with initial experiments on the preclinical stage of the development of FbPA, 

Triastine, TRP1-TINF and TRP2-TINF as potential new antibiotics. 
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2 – Chapter 1 

Biological evaluation of antimicrobial peptides isolated from the 

hemolymph of Triatoma infestans (HEMIPTERA:REDUVIIDAE) 

 

2.2 Objectives 

2.2.1 General objectives 

 

Perform an evaluation on the peptides previously isolated from the Triatoma infestans 

hemolymph, in an attempt to discover other biological features that they might present.  

 

2.2.2 Specific objectives 

 

 Evaluate the capability of the peptides to interfere on the physiology of the parasite 

Schitossoma mansoni; 

 Evaluate possible antiviral activities presented by the peptides through viral 

infectivity in cell cultures; 

 Determine the safety concentration for each peptide by: 

o cytotoxicity 

o hemolytic assay 

 Evaluate the peptides’ toxicity in vivo models: 

o Intravital microscopy 

o Fish Embryo Acute Toxicity (FET) Test 

 Determine the mechanism of action for the peptides through DNA interaction. 
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2.3 Materials and Methods 

 

2.3.1 Schistosomicidal screening  

 

Parasite 

 

Schistosoma mansoni is a platyhelminthe of the trematoda class, and presents sexual 

dimorphism, where the female and male measure approximately 1.5 cm the male 1.0 cm 

respectively. The lifecycle depends on two different hosts, the intermediate host is the aquatic 

mollusk Biomphalária glabrata and the definitive host can be different mammalias, specially 

humans (129). 

The life cycle of S. mansoni (BH strain) (130) on the Laboratory of Parasitology, on 

Butantan Institute, in Biomphalaria glabrata Say (1818) snails (Gastropoda:Planorbidae) as 

intermediate hosts and Mesocricetus auratus hamsters Waterhouse (1839) 

(Mammalia:Cricetidae) as definitive hosts. 

To maintain the strain and to obtain the larvae for the experiments, 150 cercariae are 

injected on the subcutaneous tissue of the female hamsters (20-22 g). To obtain the adult 

worms, after 9 weeks of infection the infected females hamsters were perfused with RPIM 

1640 medium (supplemented with heparin) (131). The worms were recovered through the 

portal and mesenteric system. 

 

Experiment 

 

The experiments were held in collaboration with the Laboratory of Parasitology, on 

Butantan Institute, under supervision of Dr. Eliana Nakano. 

Adult worm pairs (male and female) obtained through perfusion, were with RPMI 

1640 medium (Gibco) supplemented with 25 mM of Hepes, 200 μg/mL of streptomycin and 

200 IU/mL of penicillin (Invitrogen). The coupled pairs (male and female) were then 

transferred to each well of a 24-well culture plate containing 2 mL of the medium 

supplemented calf 10% (heat inactivated), in 37 ºC and 5% CO2. After an incubation period of 

2 h, the peptides were diluted in Roswell Park Memorial Institute (RPMI) 1640 medium with 

2% of dimethyl sulfoxide (DMSO) and added to the cultured worms until the final 

concentrations (FbPA – 84 uM; Triastine – 100 uM; TRP1-TINF – 128 uM; TRP2-TINF – 
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164 uM).  As the negative control group for toxicity RPMI 1640 medium with 2% dimethyl 

sulfoxide (DMSO) was used, and there were no positive control group. The parasites were 

incubated for 120 h and monitored after the first 2 h and then every 24 h under an inverted 

microscope and stereomicroscope to assess motility, oviposition, tegument alterations, 

mortality rate and worm coupling. The worms were considered to be dead when no movement 

was observed. The experiments were carried out in three biological replicates (132, 133). 

 

2.3.2 Cell lineage 

 

VERO cells are a lineage initiated in 1962 by Y. Yasumura and Y. Kawakita, at Chiba 

University, in Chiba, Japan (134). The cells were cultivated at 37 ºC in 25 cm² plastic culture 

flasks in 5 mL of Leibovitz médium (L-15) supplemented with 10% inactive fetal bovine 

serum (FBS)  from Cultilab® (Campinas, SP, Brazil). 

 

2.3.3 Antiviral assays 

 

Viral strains 

 

Picornavirus – murine encephalocarditis virus, small icosahedral particles (22 to 30 

nm), noneveloped, composed by single strand RNA (135); 

Measle – Attenuated Edmonston strain, spherical and enveloped particle (120 to 250 

nm). single-strand and negative-sense RNA (136); 

Zika vírus (ZIKV) – enveloped virus with positive-sense, single-stranded RNA (137); 

Chikungunya virus (CHIKV) – enveloped virus, spherical particle (70 nm), positive-

sense, single-stranded RNA (138). 

Picornavirus and measle viral particles are from the laboratory of Parasitology and 

zika and chikungunya viral particles were provided by Dr. Renato Astray from Viral 

Immunology Laboratory, both from Butantan Institute.  

 

Stock solution 

 

To maintain virus stock solutions, confluent monolayer of VERO cells was incubated 
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with the virus during one hour. Then 15 mL of L-15 medium were added and the flask was 

incubated for 5 days. After the incubation period, the supernatant was collected, separated 

from the residual cells and divided into aliquots in tubes and frozen in a freezer -80 ºC until 

use. 

 

Infectious Dose 

 

Confluent VERO cells were dispersed with 0.2% trypsin and diluted in L-15 medium, 

supplemented with 10% FBS from Cultilab® (Campinas, SP, Brazil), to a concentration of 

2.0 × 10
4
 cells/mL. 96-well plates were seeded with the cell suspension and incubated for 24 h 

at 37 ºC. The plates with confluent cells were then inoculated with 100 μL of the virus stock 

in two-fold serial dilution in triplicates. The stock solution virus was quantified by medium 

tissue—culture infections with 0.1 MOI (multiplicity of infection) on cell cultures. Uninfected 

cultures were prepared as negative control. Plate cultures were observed for cytopathic effects 

(CPE) daily during 2 to 5 days. Titers were provided as TCID50/ mL (median tissue culture 

infectious dose) (139). 

 

Antiviral effect  

 

The experiments were held in collaboration with the Laboratory of Parasitology, on 

Butantan Institute, under supervision of Dr. Ronaldo Zucatelli Mendonça. 

Vero cells were cultivated for 24 h at 37 °C until 90% confluence in 96-well plates in 

L-15 medium supplemented with 10% of FBS from Cultilab® (Campinas, SP, Brazil). The 

confluent cells were incubated for one hour with the peptides in specific concentrations and 

then were infected with the virus of interest in twelve two-fold serial dilutions, at an initial 

concentration of 10
3 

for picornavirus and 10
4 

for measle, ZIKV and CHIKV, and monitored 

for CPE daily from 2 to 5 days. The plates were stained with 0.25% crystal violet and 

photographed. Uninfected cultures were prepared as negative control for CPE and the control 

for toxicity was wells containing the peptide without virus infection. The experiments were 

performed in experimental and biological triplicates. The peptide concentrations were 8.4 µM, 

42 µM and 84 µM for FbPA, 10 µM, 50 µM and 100 µM for Triastine, 12.8 µM, 64 µM and 

128 µM for TRP1-TINF and 16.4 µM, 82 µM and 164 µM for TRP2-TINF.  

 



46 
 

 

2.3.4 Cytotoxic assays  

 

Quantitative assay (MTT assay) 

 

Cultivated VERO cells were seeded in 96-well microplate (2 × 10
5
 cells/well) and 

incubated for 24 h at 37 °C until 90% confluence in L-15 medium supplemented with 10% of 

FBS both from Cultilab® (Campinas, SP, Brazil). The confluent cells were incubated for 24 h 

with the peptides in twelve two-fold serial dilutions with L-15 to give solutions with final 

concentrations ranging from 1.95 to 1000 μM. After the incubation time, the supernatant was 

discarded and 20 μL of MTT (5 mg/mL in PBS) was added to each well and allowed to react 

for another 4 h at 37 °C. The culture medium was removed and the formazan crystals (formed 

by the MTT reduction in actives mitochondria) were dissolved by adding 100 μL DMSO. 

Absorbance was measured in a microplate ELISA reader (1420 Multilabel Counter/Victor3, 

Perkin Elmer, Waltham, MA, USA) at 550 nm. Cell viability calculated by: viability (%) = 

(A550 of peptide-treated cells/A550 of peptide-untreated cells) × 100 (140). 

 

Hemolytic assay 

 

For this assay, blood type A+ from a healthy donor was used (“Plataforma Brasil” 

exemption number: 3.432.972). It was collected in the presence of 0.15 M citrate buffer (150 

mM; pH 7,4) and washed three times by centrifugation (700 ×g, for 10 min at 4 °C) with PBS 

(NaCl 137 mM, KCI 2,7 mM, Na2HPO4 10 mM, KH2PO4 1,76 mM; pH 7,4). The washed 

erythrocytes were resuspended in phosphate buffered saline (PBS) (3% v/v). The peptides 

(serial two-fold dilutions in PBS) were added to 80 µL erythrocyte suspension to a final 

volume of 100 μL and incubated for 1 h at 37 °C. Hemoglobin release was monitored by 

measuring the supernatant absorbance at 405 nm with a Microplate ELISA Reader (1420 

Multilabel Counter/Victor3). The hemolysis percentage was expressed in relation to a 100% 

lysis control (erythrocytes incubated with 0.1% Triton X-100); PBS was used as a negative 

control (141-143). The initial concentration of the peptides were 840 µM for FbPA, 1000 µM 

for Triastina, 1280 µM for TRP1-TINF and 1640 µM for TRP2-TINF. 

 

2.3.5 In vivo toxicity assays 

 

The experiments performed with living animals were registered (nº 2873120618), 
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evaluated and approved by the Ethic Committee on Animal Use of the Butantan Institute 

(CEUAIB).  

The experiments were held in collaboration with the Immunoregulation Unit, 

Laboratory of Applied Toxinology, Brazil, on Butantan Institute, under supervision of Dr. 

Monica Lopes-Ferreira. 

 

Intravital microscopy (IVM) 

 

The appearance of changes in the microcirculatory network of cremaster muscles in 

the presence of the peptides was evaluated. IVM was conducted on an upright microscope 

(Axiolab, Carl Zeiss, Oberkochen, Germany) with a saline immersion objective (SW40/0.75 

numerical aperture, Zeiss, Jena, Germany) coupled to a digital camera for image acquisition 

(AxioCam Icc1, Carl Zeiss, Oberkochen, Germany) using a 10/0.3 longitudinal distance 

objective/numeric operture and 1.6 optovar (Carl Zeiss, Oberkochen, Germany). 

 

Cremaster Muscle Preparation 

 

To expose the cremaster muscle, mice (swiss - male) received an intraperitoneal 

injection of 0.4% xylazine (Calmiun, Agner União, SP, Brazil) as a muscle relaxant and 

another intraperitoneal injection after 5 min, with 0.5 g/kg of ketamine and 2% xylazine 

(Holliday-Scott SA, Buenos Aires, Argentina) as the anesthesia. The animals were placed in a 

heating pad (controlled temperature 37 ºC), the scrotum was opened, the cremaster muscle 

was exteriorized, and to access the microcirculatory network a longitudinal incision was made 

on the muscle (144).  

 

IntravitalMicroscopy (IVM) assay  

 

With the muscle exposed, to count the number of rolling leukocytes, post-capillary 

venules with a specific diameter range is selected (25 to 40 μm) with Axiovision program v 

4.8.2.0.  

After determined the field with the venule, and after stabilization of the 

microcirculation, the basal number of rolling and/or adherent leukocytes in the venules were 

counted and considered as the control measure to rolling leukocytes. Then the topical 

application of 20 μL of the peptides (200 μM) was performed and the peptides’ capacity to 
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induce mobilization of leukocytes along the vessel wall was evaluated every 10 min for 30 

min, counting the number of rolling leukocytes. A rolling leukocyte was defined as a white 

cell that moved slower than the stream of flowing erythrocytes. The number of rolling 

leukocytes was quantified as the number of white cells that passed a fixed preset point during 

1 min  (145).  

 

Fish Embryo Acute Toxicity (FET) Test – Toxicity in Zebrafish (Danio rerio) embryos 

 

The experiment was performed in accordance with guideline No. 236 of the 

Organization for Economic Cooperation and Development (OECD) (146). Adult zebrafish 

(Danio rerio), AB strain (<18 months old) were maintained under standard laboratory 

conditions, in a 14h light and 10h dark cycle at a temperature of 28 °C. The peptides were 

diluted in E2 medium to a final concentration of 200 μM. For each peptide, three replicates 

were prepared on each plate (20 embryos). Viable embryos of zebrafish generated 30 minutes 

after fertilization were obtained and groups of five were placed to each plate of a 24 well 

plates (Costar® 24 Well Cell Culture Cluster, Corning Incorporated, NY, USA), containing 2 

mL of the peptides’ solutions. E2 medium was used as the control group. During the 

treatment, the development of the embryos was evaluated and mortality, defects on the 

morphological development or teratogenic effects were monitored for fluorescence 

microscopy (Leica M205C) every 24 h during 4 days (96 h after fertilization) (147). The 

experiments were performed in triplicates and at the end of every experiment, the zebrafish 

were euthanized. The statistical analyses of variances were performed through the one-way 

analysis of variance (ANOVA), results were significant when p < 0.05. 

 

2.3.6 Mechanism of action 

 

DNA Binding activity 

 

To determine if the peptides were capable to act in a DNA-binding mechanism of 

action, a gel retardation assay was performed. Briefly, E. coli DH5α genomic DNA was 

purified using Landry’s method (148), and 500 ng of DNA were incubated for an hour with 

15, 30, 60, 120 and 240 µM of each peptide. After the incubation period, the content was 

submitted to gel electrophoresis on a 0.8% agarose gel (149).  
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 2.4 Results  

 

2.4.1 Schistosomicidal screening  

 

After the 96 h incubation of the pair of parasites with the peptides FbPA at 84 µM, 

Triastin at 100 µM, TRP1-TINF at 128 µM, TRP2-TINF I at 164 µM, none of parasites’ 

couples showed any alteration on the physiology. All of the worms were stayed alive, coupled 

and with normal motility. Thus, the peptides presented no antischistosomal activity (data not 

shown). 

 

2.4.2 Antiviral assay 

  

 The experiment was held in three stages, each stage with a different peptide 

concentration, higher than the previous. The concentrations are listed on the section 1.3.3 

(Methods – antiviral assays). Even on the highest concentration tested, the peptides were not 

able to inhibit the viral action of any virus over the cultured cells. 

  

2.4.3 Cytotoxic assays 

 

MTT assay  

 

The cytotoxicity of the peptides was tested against VERO cell line (figure 11).  

The most toxic pepetide was FbPA, which 47% toxicity was observed at the highest 

concentration (1000 µM).  Cell viability was 53% after the incubation with 1000 µM of 

FbPA, but with 500 µM the cell viability was 100%, demonstrating no toxicity of the peptide 

at this concentration. 

Triastine presented 16% toxicity in 1000 µM, with a cell viability of 84%, with 500 

µM the toxicity decreased to 5% and at a concentration of 250 µM the peptide was no longer 

toxic, achieving a cell viability of 100%. 

The peptides TRP1-TINF and TRP2-TINF also presented low levels of toxicity at 

1000 µM, where TRP1-TINF was toxic to 16% of the cells and TRP2-TINF to only 10% of 

the cells. With a concentration of 500 µM TRP1-TINF was no longer toxic, but TRP2-TINF 

was toxic to 3% of the cells. TRP2-TINF  toxicity decreased along with the concentration, 
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achieving 100% of cell viability at 62,5 µM, but as these toxicity levels  represented lower 

than 3%, it is not relevant to the overall action of the peptide. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 – Cell viability of VERO cells after 24 h incubation with the tested peptides. 

Percentage of viable VERO cells after 24 h incubating with FbPA (in blue), Triastine (in red), TRP1-TINF (in 

green) and TRP2-TINF (in purple). The cells were incubated with the peptides in twelve two-fold serial dilutions 

with final concentrations ranging from 1.95 to 1000 μM. The dashed line represents the average value of the 

maximum concentration necessary for antimicrobial activity.  

 

 Hemolytic assay 

 

The experiment was assessed to verify if any of the peptides had on human 

erythrocytes at different concentrations, but none were able to disrupt hemoglobin membranes 

even at the highest concentration of 1000 µM, indicating that the peptide are not hemolytic 

(data not shown). 

 

2.4.4 Intravital microscopy (IVM) assay 

 

The results summarized on the figure 12 demonstrate interesting features presented by 

the topic application of 200 µM of each peptide over the cremaster muscle of mice. 

The FbPA induced no alterations on the microcirculation network with a concentration 

of 200 µM. It did not alter the diameter of the vessels or recruited leukocytes do the site.  

In opposition, the peptide Triastine presented an interesting activity. After the 

application of 200 µM of the peptide on the surface of the muscle it impaired the blood flow 

without forming thrombi. Before 10 minutes from the topic application of the peptide, it had 

totally interrupted the blood flow on all the post-capillary vessels. As the blood flow as 
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interrupted, it was not possible to count the number of rolling leukocytes and that is the 

reason why this peptide was not included on the figure 12. 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 – Evaluation of rolling leukocytes with intravital microscopy. 

The basal number of leukocytes is represented by the dashed line. Represented in shades of grey are the peptides 

FbPA, TRP1-TINF and TRP2-TINF after 10, 20 and 30 minutes of topic application on the cremaster muscle. 

(*) marks the significant results on statistic analysis (p<0.05). 

 

Another interesting response was obtained after the application of the tachykinin-

related peptides (TRP1-TINF and TRP2-TINF). Both peptides induced a considerable 

augmented number of leukocyte rolling in the venules at 10 min (over three times the basal 

number of leukocytes) with the topical application of 200 µM. This increased cellular 

mobilization characterized was maintained along the experiment, until 30 min, but it did not 

induced leukocytes adhesion or transmigration, which are the culmination of leukocyte 

recruitment (150).  

 

2.4.5 Fish Embryo Acute Toxicity (FET) Test  

 

 To evaluate if the peptides are toxic for Zebrafish embryos at 200 µM during the 

stages of the development, the peptides were incubated with the embryos 30 minutes post-

fertilization.  

 According to the embryos mortality observed daily through 96 hpf (figure 13A) it was 

possible to infer the peptides toxicity. Triastine was the most toxic peptide that until 24 hpf it 

did not interfere on the embryos development but it was lethal to 100% of the embryos on the 

period between 24 and 72 hpf, were several dead hatched larvae (figure 13C) and unhatched 

darkened embryos were observed (data not shown). 
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TRP1-TINF was also lethal to 100% of the sample but only 96 hpf. During the entire 

incubation period the mortality was comparable to the control group (incubated with E2 

medium), but several malformations were visible on the embryos (data not shown). 

TRP2-TINF was the least lethal peptide with mortality rates at 35%. Although the 

mortality was not significant in comparison with the control group (p>0.05), almost 40% of 

the embryos developed correctly (figure 13B), but the other presented late development 

(figure 13 D) cardiac and tail malformations, pericardial and yolk sac edema (figure 13E).  

Due to the small amount of the sample, FbPA was not included on the experiment. As 

only one concentration was evaluated for each peptide it was not possible to determine LC50. 
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Figure 13 – Fish Embryo Acute Toxicity (FET) Test. 

A) Graphical demonstration of Danio rerio embryos survival after 24, 48, 72 and 96 hpf incubated with the 

tested peptides at 200 µM. B) Healthy larvae after 96 hpf incubated with TRP2-TINF [200 µM]. C) Dead 

hatched larvae 96 hpf incubated with TRP1-TINF [200 µM]. D) Embryo with late development 96 hpf incubated 

with TRP2-TINF [200 µM]. E) Malformations on the larvae after 96 hpf incubated with TRP2-TINF [200 µM], 

marked with the arrows are the cardiac and tail malformations, pericardial and yolk sac edema. 

 

2.4.6 Mechanism of action 

 

The gel retardation assay was conducted to verify whether the peptides activity was 

due to DNA binding (figure 14).  
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Of the four peptides, only FbPA was able to interfere on the electrophoretic migration 

pattern of the genomic DNA at 60, 120 and 240 µM. This indicates that the antimicrobial 

mechanism of action of the peptide could be through DNA binding, thus inhibiting the 

processes involving nucleic acids (e.g. replication and transcription) (151). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14 – DNA biding assay. 

Assay to verify mechanism of action of the tested peptides. The letter G indicates the genomic DNA control 

without incubation with peptides. A) DNA-FbPA interaction, where the peptide interrupts the DNA migration at 

60, 120 and 240 µM. B) Triastine incubated with DNA 15, 30, 60, 120 and 240 µM, the peptide was not able to 

interact with de bacterial DNA. C) TRP1-TINF incubated with DNA 15, 30, 60, 120 and 240 µM, the peptide 

was not able to interact with de bacterial DNA. D) TRP2-TINF incubated with DNA 15, 30, 60, 120 and 240 

µM, the peptide was not able to interact with de bacterial DNA. 

 

2.5 Discussion 

 

Nowadays the drugs available for the treatment of schistosomal infections on the 

American and African continents are Praziquantel that is derived from a compound entitled 

Pyrazinoisoquinoline, and Oxamniquine, derived from 2-aminomethyltetrahydroquinoline 

(152). 

 Praziquantel is the first drug of choice on the treatment of schistosomiasis, either for 

individual treatment or massive infections, due to its high efficiency, low toxicity and cost 

(153, 154). The concern of treatments based on one drug only rises again on this case, the 
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appearance of resistance. Even though the dose-dependent effect is still in discussion, there 

have been studies associating the interaction and potentiation of effects by association with 

anthelmintic drugs, such as Albendazole and Mebendazole (155, 156).  

As soon as the possibility of resistance is glimpsed, emerges the need of alternative 

drugs. New researches already have been describing good candidates to alternative medicine 

using methods very similar to our experiments. The drug Piplartine (157), in opposition to our 

peptides, were lethal to 100% of the worms after 72 h incubation with 9.5µM. There are other 

compounds that also presented success on the S. mansoni treatment, but using different 

approaches, like the compound vinyl sulfone cysteine protease inhibitor K11777, which was 

tested in murine models and was capable to obtain parasitologic cure with the absence of 

eggs, thus retarding egg-associated pathology in organs (158).   

 As our initial experiment tented the peptide in the maximum concentration allowed, 

there was no need to repeat the experiment with other concentrations of the peptides. 

Therefore, FbPA, Triastine, TRP1-TINF and TRP2-TINF are not effective to treat 

Schistosoma mansoni infections. 

 

On the current pharmaceutical market, although there are antiviral drugs and vaccines 

available, there is a small number of infections and virus which they are totally effective 

against (159). One of the reasons is the specificity of the new drugs developed, that hinders 

the possibility of one drug to act over different infections. Thus, there is the necessity to 

develop new drugs through antiviral screenings with multiple viruses. 

Measle virus has a characteristic that the non-structural proteins F and H induce cell 

membrane fusion. This leads to the appearance of giant and multinucleated cells (up to 50 

nucleuses or more) or syncytia (160). This fusion effect happens until a maximum stage 

where these giant cells disrupt, resulting in leakage of intracellular content with new viral 

particles, reinitiating the infection process.  

  The other two effects induced by measle virus are correlated. The cell penetration of 

viral particles and the release of transcription and replication machinery on the cytoplasm 

induce the formation of inclusion bodies (IB) (161, 162). IB are specific spots on the 

cytoplasm where the transcription and replication takes place, producing new viral particles. 

Infected cells that present IB tends to acquire mix sizes and shapes (162).  

The VERO cells on the performed experiments acquired spindle, starry or dendritic 

shapes, in addition to having a greater light refringence, on both infected and treated groups, 

demonstrating that the peptides were not effective (data not shown). All the cells on the 



56 
 

 

toxicity controls were comparable to the control cells, indicating no toxicity even after 96 h 

incubation at these peptides’ concentrations. 

 Currently, the unique effective treatment for measle viruses available is vaccination. 

Some drugs on production stages have been described with interesting effects over viral 

polymerases and inhibiting cellular fusion (163-165). Recent studies focusing on AMPs with 

antiviral activity (now called antiviral peptides - AVPs) (166) have demonstrated that some 

AMPs present activity over measle virus (167, 168), but the number of these works are still 

very low compared with AVPs over hepatitis C, herpes or HIV (166, 167, 169, 170). 

Continuing, the viruses from the Picornaviridae family are some of the smallest particles, 

with non-enveloped particles with 30 nm diameter, containing single stranded RNA (171). 

The cytopathic effect is due to cell death induction through apoptosis. The virus uses the cell 

machinery to produce its own mRNA and proteins, blocking the overall cell production. This 

leads to formation of vacuole on the nucleus, membrane vesicles and apoptotic bodies due to 

alterations on membrane permeability and loss of intracellular content (171, 172). 

After the incubation period, the VERO cells on the infected and treated groups of the 

experiment presented the alterations mentioned above, with the withered aspects due 

intracellular loss on both infected and treated groups, demonstrating that the peptides were not 

effective (data not shown). All the cells on the toxicity controls were comparable to the 

control cells, indicating no toxicity even after 96 h incubation at these peptides 

concentrations. 

Even with descriptions of less complex active molecules from biological extracts (173, 

174), some of the main antiviral activities against Picornaviridae family viruses are complex 

molecules such as prostaglandins, interferons and derivates (175-178). 

CHIKV induces a lytic effect while ZIKV induces mainly vacuolization on the 

infected cells (179, 180). Studies have shown that Brazilian ZIKV strains tend to be more 

aggressive, with higher cytopathic effects when compared to other international strains (181), 

demonstrating the importance of researches for new products that can overcome this effect. 

As more recent emerging viruses, most of the works regarding antiviral activities 

against ZIKV and CHIKV are recent descriptions of new features of known molecules (182-

188), and as there is no specific treatment or vaccine, the need to identify effective 

compounds increases the number of researches every day.  

The molecules described on previous works against measle and ZIKV viruses 

presented activity in concentration of approximately 5 µM (173, 184), against CHIKV in a 

concentration of approximately 10 µM (186) and against Picornaviridae family viruses 
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described activities in a concentration range of 40-60 µM approximately. Our samples were 

not effective nor at that or higher concentrations, confirming the lack of antiviral potential by 

the tested peptides. 

 

All the peptides presented antimicrobial activity in a lower concentration that they 

presented some levels of toxicity, indicating that they are safe samples to work in vitro as 

antimicrobial agents. 

Verifying the hemolytic activity is crucial while investigating new drug candidates 

because to achieve the action site, the drug must be carried through the circulatory system. 

High concentrations of the molecules need to be tested considering bioavailability so a 

specific concentration can arrive without degradation on the infectious site (125).  

 

IVM was used to evaluate two connected factors. First, alterations on the 

microcirculatory network are observed, and second the toxicity for the cremaster muscle due 

to topic application of the peptides (189).  

Fibrinopeptides (both A and B) are molecules formed at the last cleavage step of the 

clot formation pathway on the vertebrates immune system. The cleavage of a specific Arg-

Gly bond at the fibrinogen C-terminus by the thrombin results in the release of FbPA and 

FbPB (122). Thus, as the peptide is a natural blood component on vertebrates, it was expected 

that it would not impact the microcirculation network. 

There are three main parameters that can alter the resistance to blood flow, that are 

vessel diameter, blood viscosity and arterial length (190). As for the peptide Trisatine as there 

was no blood flow, no thrombi formed and no alterations on the diameter of the vessel or the 

arterial length, we cannot infer that the peptide has influence on one of these parameters.   

Blood vessels are basically composed by elastic fibers, connective tissue, smooth 

muscle cells. The proportion of each tissue and thickness of the wall depends on the vessel. 

Venules are small post-capillary vessels with thin wall and sphincters between capillaries and 

venules (191). The blood flow on the venules are determined by the muscle contraction from 

both vessel smooth cells and the skeletal muscle that surrounds the vessel (191), all correlated 

with rigid control from the sympathetic/parasympathetic nervous system, which is responsible 

for the vascular tone control. 

One possible effect that can justify the activity of Triastine, causing the absence of 

blood flow without forming thrombi, is the block of muscular contraction, leading to stiffness 

of the vessel, blocking the blood flow. The peptide might be interfering directly on the muscle 
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contraction or indirectly on the nervous signal to the muscle (192, 193).   

Without further experiments it is not possible to determine the exact nature of the 

interaction between the peptide and the vessel environment. It is known that this peptide 

suffers degradation by amino and carboxypeptidases, but even with the action of two types of 

enzymes it is not easily degraded (42). The half-life in plasma of the peptide is approximatelly 

2 h, and as the experiment had a 30 minute duration, it is still unknown if the action is 

reversed after the initial degradation of the peptide. 

As demonstrated for the peptides TRP1-TINF and TRP2-TINF, they generate an 

increase on the number of rolling leukocytes. Although the level of cytokines and chemokines 

were not evaluated, the leukocyte recruitment is a typical response of acute inflammation that 

can occur within minutes apart from the initial stimuli (150, 194) via PSGL-1/L-selectin, 

while leukocytes adhesion occurs via β2 integrins (195). The rolling step of the leukocyte 

recruitment is reversible, as soon as the stimulus that induces the expression of selectin 

ligands (PSGL-1, L-selectin) stops, the expression stops and consequently the rolling also 

stops (150, 196).  

As the peptides did not induce cell adhesion, it is possible that the stimulus that they 

represented to the tissue was comparable to an initial stimulus for acute inflammation, thus 

being considered as pro-inflammatory molecules.   

These results are preliminary but already provided very important information 

regarding the four molecules, and that leads us towards new possibilities of researches.  

 

In vivo toxicity assays are required during the screening process for new drugs. It is 

complementary to in vitro tests and represents a large step towards specific knowledge on the 

safe concentration for each drug tested (125).  

 Zebrafish (Danio rerio) have become a growing applicable model on biomedical 

research due to its transparent embryos that allows the researcher to see through every 

development step (197), and all in a small period of time, because within 72 h post-

fertilization (hpf) the embryonic stage is already ending and starting the larval stage (198). 

Since the early 70’s the zebrafish (Danio rerio) has been used for different researches 

fields including neuronal cell proliferation (199), hormone interactions (200), behavioral 

model (201), cancer (202, 203), among others (204). A relevant field among them is the use 

of zebrafish as an in vivo model on new drug development studies, mainly for toxicity tests 

(128, 205-209).  

Even though it has been demonstrated to be a powerful tool on these researches, 
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investigations on AMPs toxicity using zebrafish models are still scarce (210-214). This work 

is the first to use zebrafish toxicity assay on AMPs isolated from triatomines.  

Results demonstrating the level of toxicity of new drugs are very important because 

they demonstrate that adjustments are required in order to set the levels of biological activity 

without interfering negatively on the organism used. The three peptides evaluated on the 

experiments demonstrated high levels of toxicity, indicating that they cannot be administered 

yet as an antimicrobial drug in living organisms. Probably will be necessary to alter the amino 

acid composition to obtain molecules with the same potency and lower toxicity. 

 

Although the results presented indicates the FbPA’s mechanism of action, there are no 

indication for the other peptides. There are complementary methodologies that can be used to 

determine if the mechanism of action of Triastine, TRP1-TINF and TRP2-TINF is through 

RNA, proteins or membrane interactions (215, 216). Diniz (2016) performed 

giant unilamellar vesicles assays with the four peptides, but the results obtained were 

inconclusive on the conditions applied on the test.  

The initial studies on AMPs believed that the peptides interacted only with membrane 

surfaces and that they could not have intracellular targets (217), but further studies revealed 

that in low concentrations some peptides could not interact with membranes but still caused 

microbial death (76). Important discoveries on the field of AMPs’ mechanism of action were 

made since then, which resulted on the discovery of several different mechanisms (76, 90, 91, 

218). 

 

2.6 Conclusion 

 

In conclusion the work demonstrated that the peptides have interesting antimicrobial 

activity and are indeed potential new drugs, but need improvement towards the toxicity 

presented. 

Although the peptides seemed promising for other activities, they did not present 

biological activities beyond the antimicrobial potential and presented different levels of 

toxicity, thus further studies need to be performed. 
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3 – Chapter 2  

Human antimicrobial peptide isolated from Triatoma infestans hemolymph, 

Trypanosoma cruzi - transmitting vector 

This chapter is a description of the study regarding the identification of the source of 

the human Fibrinopeptide A with antimicrobial activity isolated on the hemolymph of 

Triatoma infestans.  

 

Paper published on Frontier in Cellular and Infection and Microbiology. doi: 

0.3389/fcimb.2018.00354 

 

3.1 Objective 

 

 The aim of this work was to determine the source of the human Fibrinopeptide A 

(FbPA) isolated from the Chagas disease-transmitting vector T. infestans haemolymph. 

 

3.2 Materials and Methods 

 

The experiments were performed under the exemption of the Animal Research Ethics 

Committee (CEUAIB—Comitê de ética no uso de animais do Instituto Butantan) n◦ I-

1345/15, and approval from the “Plataforma Brasil”, nº 3.432.972 (“Plataforma Brasil” is a 

national and unified database of research records involving human beings for the entire ethics 

committee system). 

 

3.2.1 Bacterial Strains  

 

The microorganisms Micrococcus luteus (strain A270), Staphylococcus aureus 

(ATCC 29213), M. luteus (Nalidixic resistant), Bacillus megaterium (ATCC 10778), Bacillus 

subtilis (ATCC 6633), Escherichia coli (SBS363), Enterobacter cloacae b-12, Alcaligenes 

faecalis (ATCC 8750), Serratia marcescens (ATCC 4112), Pseudomonas aeruginosa (ATCC 

27853), Candida parapsilosis (IOC 4564), Candida albicans (IOC 4558), Cryptococcus 

neoformans, Saccharomyces cerevisiae, Candida tropicalis (IOC 4560), Cladosporium sp. 

(bread isolated), Penicillium expansum (bread isolated), Aspergillus niger (bread isolated), 

Paecilomyces farinosus (IBCB-215), and Cladosporium herbarum (ATCC 26362) were 
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obtained from the Special Laboratory of Toxinology, Butantan Institute (São Paulo, Brazil). 

 

3.2.2 Animals 

 

Triatoma infestans were obtained from the Ecolyzer Group Entomology Laboratory 

and kept alive in the vivarium of the Special Laboratory of Toxinology, Butantan Institute 

(São Paulo, Brazil) at 37◦C and fed every 2 weeks with human blood from a healthy 

volunteer donor, in the presence of citrate buffer (150 mM, pH 7,4) (219). 

 

3.2.3 Bacteria Inoculation and Hemolymph Collection 

 

One week after blood feeding, adult T. infestans were injured with needles soaked in 

an E. cloacae and M. luteus pool, both at logarithmic-phase growth. After 72 h, 300 μL of 

hemolymph was collected by excising the metathoracic legs and pressing on the abdomen of 

the T. infestans (Boman et al., 1974) (116) in the presence of phenylthiourea (PTU), to avoid 

the activation of the phenoloxidase cascade, and stored at −80◦C until use.  

 

3.2.4 Sample Fractionation 

 

Acid and Solid-Phase Extractions 

 

To release the contents of the hemocytes, the sample was incubated in acetic acid (2 

M) for 5min and centrifuged at 16.000 × g for 30min at 4◦C. The supernatant was injected 

into coupled Sep-Pack C18 cartridges (Waters Associates) equilibrated in 0.1% trifluoroacetic 

acid (TFA). The sample was eluted in three different acetonitrile (ACN) concentrations (5, 40, 

and 80%) and then concentrated and reconstituted in ultrapure water.  

 

Reverse-phase high-performance liquid chromatography (RP-HPLC) 

 

RP-HPLC separation was performed with a C18 column (Jupiter, 10 × 250mm) 

equilibrated with 0.05% TFA. The elution gradient for the 5% ACN fraction was 2%to 

20%(v/v) of solution B (0.10% (v/v) TFA in ACN) in solution A (0.05% (v/v) TFA in water). 

For the 40% ACN fraction, the gradient was 2–60% of solution B in solution A, and for the 
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80% ACN fraction, the gradient was 20–80% of solution B in solution A. 

The gradient was performed for 60 min,  at a 1.5 mL/min flow rate. Effluent 

absorbance was monitored at 225 nm, and the fractions corresponding to absorbance peaks 

were hand collected, concentrated under vacuum, and reconstituted in ultrapure water. 

When necessary, a second chromatographic step was performed on a VP-ODS analytic 

column (Shim-pack®), with a 1.0 mL/min flow rate gradient for 60 min. This was performed 

to guarantee sample homogeneity. The gradients for these second chromatographic stages 

were determined by the target molecule’s elution ACN concentration, applying a gradient 

range variation of 10% including the percentage of the molecules elution (e.g. molecule eluted 

with 50% ACN, thus the gradient of the second chromatographic step 45-55% ACN). 

 

3.2.5 Liquid Growth Inhibition Assay 

 

The antimicrobial assay was performed against all the microorganisms listed 

previously on the section Bacterial Strains, using poor broth nutrient medium (PB: 1.0 g 

peptone in 100 mL of water containing 86 mM NaCl at pH 7.4; 217 mOsM) and Müller-

Hinton medium (peptone 5.0 g/L; casein peptone 17.5 g/L; agar 15.0 g/L; Ca
2+

 20.0–25.0 

mg/L; Mg
2+

 10.0–14.5 mg/L; pH 7.4) for bacteria and potato dextrose broth (1/2 PDB: 1.2 g 

potato dextrose in 100 mL of H2O at pH 5.0; 79 mOsM), and RPMI 1640 (Roswell Park 

Memorial Institute medium) medium with MOPS 0.165 mol/L [RPMI without bicarbonate 

10.4 g/L; MOPS (3-(n-morpholino) propanesulphonic acid) 34.53 g/L; pH 7.0] at half-

strength for fungi (220, 221)  

Antimicrobial activity was determined using a five-fold microlitre broth dilution assay 

in 96-well sterile plates at a final volume of 100 μL. A mid-log-phase culture was diluted to a 

final concentration of 1 × 10
5
 colony-forming units/mL. The dried fractions were dissolved 

in 500 μL of ultrapure water, and 20 μL of this was added to each well. We then added 80 μL 

of microorganism dilution. To determine the minimal inhibition concentration (MIC), the 

bacterial growth rates were measured after 18 h incubation. To determine the minimal 

bactericidal concentration (MBC), the bacterial growth rates were measured after 96 h at 595 

nm (222, 223) 

 

3.2.6 Mass Spectrometry (LC/MS) 

 

Mass spectrometry analysis was performed on an LTQ XL (Thermo Scientific). The 
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equipment was previously calibrated with the following substances: caffeine (m/z 194.5), L-

MRFA acetate in water (m/z 524.3), and Ultramark 1621. Ovalbumin was used as molecular 

weight control (43 kDa). The samples were concentrated and diluted in 15 μL 0.1% formic 

acid (FA). For the liquid chromatography, a C18 column (Waters) was used with an ACN 

gradient linear from 0 to 80% in acidic water (FA 0.1%) during 60min at a 400 nL/min flow. 

The spectrometer was set to a positive parameter. 

 

3.2.7 Computational Analysis 

 

Mass spectrometry data were analyzed with Xcalibur 5.0 (Thermo Electron, EUA) and 

Mascot Deamon® version 5.4.2, using Swiss-Prot and NCBInr Insects, Hemipteran, 

Triatomines and Fibrinogen banks for database comparison. 

The homology searches for possible results were performed on the following 

databases: ArachnoServer Spider Toxin Database www.arachnoserver.org; The Arthropoda 

PartiGeneDatabases www.nematodes.org/NeglectedGenomes/; ARTHROPODA; PepBank 

pepbank.mgh.harvard.edu; Vector Base pepbank.mgh.harvard.edu; APD2: Antimicrobial 

Peptide Calculator and Predictor and BLAST (NCBI), aps.unmc.edu/AP/main.html. The data 

were also analyzed through PEAKS® (Bioinformatics Solutions Inc.) with Insects, 

Hemipteran, Triatomines, and Fibrinogen databases obtained on UniProt (www.uniprot.org, 

1243446; 133071; 31334; and 12342 sequences, respectively, March 25th, 2015). The results 

were considered valid only when they were reproducible in a different analysis. 

 

3.2.8 Solid-Phase Peptide Synthesis 

 

Peptides were synthesized by the solid-phase method (224), using a 

methylbenzhydrylamine resin (MBHAR) and employing the t-Boc strategy. After cleaving the 

peptides from the resin, peptides were purified from the lyophilized crude solutions by HPLC 

on a C18 column. To guarantee high purity and to characterize the peptides, LC-ESI-MS 

equipment was used. 

 

3.2.9 Synthetic Peptide Concentration 

 

Peptide concentrations were determined by using the Lambert–Beer law using the 

molar extinction coefficient at 205 nm absorption (225), obtained using the tool available at 
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http://nickanthis.com/tools/a205.html. 

 

3.2.10 Internalization Assays 

 

Preparation of Fluorescein Conjugate 

 

Fluorescein isothiocyanate (FITC) isomer I (Sigma-Aldrich®) was used by following 

the protocol provided by Sigma-Aldrich®. FITC was dissolved in dry DMSO at a 

concentration of 1 mg/mL and protected from light. For coupling, 150 μL of FITC solution 

was added, 5 μl at a time, to the synthetic FbPA solution (2mM) and kept for more than 8 h at 

4◦C in the dark. Ammonium chloride was added to a final concentration of 50mM and 

incubated for 2 h to quench the reaction. The FITC–FbPA conjugate was then purified 

[Methods section: Acid and Solid Phase Extractions and Reverse Phase High-Performance 

Liquid Chromatography (RP-HPLC)]. 

 

Blood feeding and hemolymph extraction containing the fluorescein conjugate 

 

After the purification, 3 mg of the conjugated FbPA were diluted in 4mL human blood 

and offered to the insects (219). The hemolymph from the engorged animals without bacterial 

challenge was collected 72 h after the blood feeding and then submitted to fluorescence 

measurement and purification [Methods section: Acid and Solid Phase Extractions and 

Reverse Phase High-Performance Liquid Chromatography (RP-HPLC)]. The hemolymph of 

non-fed animals was also collected for fluorescence control comparisons. 

 

Human Fibrinopeptide A Isolation 

 

Human blood was extracted to a final volume of 10mL and incubated at 37◦C until 

complete clot formation. The clot and plasma obtained were macerated in the presence of PBS 

and centrifuged at 16,000 × g for 5min. The supernatant was filtered with polyvinylidene 

difluoride (PVDF) membrane filters (Merck Millipore®, 25 mm; 0.45μm) and then purified 

[Methods section: Acid and Solid Phase Extractions and Reverse Phase High-Performance 

Liquid Chromatography (RP-HPLC)]. The fraction corresponding to the human FbPA was 

isolated and submitted for antimicrobial assay (Methods section: Liquid Growth Inhibition 

Assay). 
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Fluorescence Measurements 

 

The fluorescence evaluation was performed in a Perkin Elmer® Wallac 1420 VICTOR 

2™ as triplicates nine times within a 15-min gap between them. The statistical analyses of 

variances were performed through the one-way analysis of variance (ANOVA) (single 

variant); results were significant when p < 0.05. When necessary, Thermo Scientific Nano 

Drop™ fluorescence measurements were performed. Both readings used a 495 nm filter for 

excitation and a 520–530 nm filter for emission. 

 

3.3 Results 

 

3.3.1 Purification/Isolation 

 

Acid was extracted from the total hemolymph and, subsequently, via three sequential 

ACN elutions leading to the separation of the main sample into three different fractions 

according to the ACN concentration (Methods section: Acid and Solid Phase Extractions). 

During the 80% ACN fraction purification via HPLC, a fraction eluted at 34.4min. A fraction 

eluted at 34.4 min demonstrated antimicrobial activity and was completely isolated (figures 

15 A,B).  
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Figure 15 – Isolation of Fibrinopeptide A. 

(A) The 80% ACN fraction isolated from Triatoma infestans hemolymph was separated by RP-HPLC using a 

C18 column, eluted with a linear gradient from solution A from 20 to 80% of the solution B run for 60min. The 

labeled fraction (*), eluted at 34.4min, exhibited antimicrobial activity and was submitted to a second 

chromatography step. 

(B) The second RP-chromatographic step on an analytic VP-ODS column, with an ACN gradient from 47 to 

57% solution B in 60min, to guarantee its homogeneity. 
 

When analyzed using the MASCOT® software to search the Swiss-Prot database, 

mass spectrometry data from the isolated molecule showed high identity with the human 

fibrinogen alpha chain. The sequence obtained from Peaks software confirmed this result, 

demonstrating that the sequence obtained corresponds to the human FbPA located on the N-

terminal portion of the alpha chain of human fibrinogen (Figure 16). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16 – Fibrinopeptide A mass spectrometry analysis.  

Mass spectrometry data analysis from the software Peaks™, using the Swiss-Prot database as a comparison. The 
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y-series is represented in red, and the b-series in blue. 
 

To confirm the results obtained with native human FbPA, human blood was processed 

(Methods section: Human Fibrinopeptide A Isolation) and the target fraction was isolated by 

HPLC (figure 17); this fraction also exhibited antimicrobial activity. Mass spectrometry data 

analysis from the isolated fraction (not shown) confirms the molecular weight present in the 

fraction to be equivalent to that expected for human FbPA, suggesting that the antimicrobial 

results are due to FbPA enrichment in this fraction. 

 

 

 

 

 

 

 

 

 

 

Figure 17 – Isolation of human Fibrinopeptide A.  

The extract from coagulated human blood was separated by RP-HPLC using a C18 column, eluted with a linear 

gradient from solution A from 20 to 80% on solution B run for 60min. Expanding the chromatogram, it is 

possible to see the fraction labeled with an arrow, eluted at 38.8min, that corresponds to FbPA. 

 

3.3.2 Antimicrobial Activity 

 

The major antimicrobial activity of the human FbPA isolated from the T. infestans 

hemolymph when tested via the liquid growth inhibition assay was against M. luteus (A270) 

at 0.002– 0.005 mg/mL concentrations. Due to the small amount of the native FbPA isolated 

from human blood, it was tested directly against M. luteus and exhibited activity in the same 

concentration range. 

FbPA was synthetized to supply the amount of native sample obtained from the HPLC 

purifications. As a matter of comparison, the synthetic FbPA and the FITC–FbPA conjugate 

were also tested against M. luteus (A270); the first was active at 0.06–0.12 mg/mL and the 

second at 0.01–0.02 mg/mL (table 1), indicating a decrease on the antimicrobial potential of 
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the synthetic molecules. 

Table 1 | Antimicrobial activity concentrations. 

 

 

 

 

 
 

Minimal interval concentration required for natural and synthetic molecules to exhibit activity against 

Micrococcus luteus A270. S-FbPA, the synthetic peptide; S-FbPA+FITC, the synthetic peptide–fluorescein 

conjugate. 

 

The synthetized FbPA was tested with a broad range of bacterial and fungal species 

and showed antimicrobial activity against Pseudomonas aeruginosa, Escherichia coli, 

Candida parapsilosis, Cryptococcus neoformans, Candida tropicalis, Paecilomyces 

farinosus, Cladosporium sp., and Penicillium expansum. Only those susceptible to FbPA’s 

antimicrobial activity are listed in the table below (table 2). 

 

Table 2 | Synthetic fibrinopeptide A’s antimicrobial activities against bacterial and fungal strains. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Minimal inhibition concentration (MIC) and minimal bactericidal concentration (MBC) values obtained on the 
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liquid growth inhibition assay. NA, not active on a concentration of 84μM. PB, poor broth nutrient medium; 

MH, Müller-Hinton medium. PDB, potato dextrose broth medium; and RPMI, Roswell Park Memorial Institute 

medium 

 

The synthetic FbPA concentrations effective as an antimicrobial varied according to 

the microorganism class. The main bacteriostatic activity was against P. aeruginosa and E. 

coli, at 0.005–0.01 mg/mL in the PDB medium. The main fungicidal activity was against 

Cladosporium sp. and P. expansum, both at 0.06–0.12 mg/mL n the RPMI medium and C. 

tropicalis at 0.005–0.01 mg/mL in PDB medium. These results prove that FbPA has a potent 

and effective antimicrobial activity against different microorganisms.  

 

3.3.3 Internalization Assays 

 

After confirming that the isolated molecule had 100% homology to the human FbPA 

and confirming that all of the isolated and produced FbPA had similar antimicrobial activity, 

our next step was to verify the origin of the molecule isolated from the T. infestans 

hemolymph. To carry out this, the synthetic FbPA was coupled to a fluorescent probe (FITC) 

and the insects were fed with blood containing incremental amounts of the FITC–FbPA 

complex. 

 

3.3.4 FITC–FbPA Coupling Confirmation 

 

First, to verify the FITC–FbPA coupling and its fluorescence, the complex was 

examined via NanoDropTM scan. The conjugate presents one FITC molecule for each FbPA 

sequence, confirming the coupling (data not shown). The fluorescence scan shows that the 

complex has a significant emission. 

 

3.3.5 Internalization 

 

To confirm the hypothesis of FbPA internalization by the T. infestans, the insects were 

fed with human blood containing the fluorescent FITC–FbPA conjugate and their hemolymph 

was collected and analyzed. 

After feeding the insects with blood containing the FITC– FbPA conjugate, the 

hemolymph was collected from both engorged and non-fed insects for general fluorescence 

evaluation, verifying if the insect was able to absorb the fluorescently labeled peptide (figure 
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18). 

We observed the expected difference between the hemolymphs: the engorged insect’s 

hemolymph exhibits a higher absorbance, comparable to the positive control (FITC– FbPA 

conjugate), while the non-fed insect’s hemolymph showed no absorbance. This demonstrates 

that at least part of the conjugate was absorbed by the insects. Based on this, the hemolymph 

with fluorescence was tested by HPLC as previously described [Methods section: Reverse 

Phase High-Performance Liquid Chromatography (RP-HPLC)] to isolate the internalized 

conjugate. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18 – Comparison of hemolymph fluorescences.  

Comparison of the hemolymphs of engorged and non-fed insects. Through excitation with 495 nm, it is possible 

to observe the significant difference between the synthetic FbPA and the FITC–FbPA conjugate (*p = 3.84−17), 

as previously shown. The hemolymph of the engorged insects also has a significant difference when compared to 

the hemolymph of non-fed insects (_p = 1.7−21). The fluorescence evaluation was carried out in a Perkin 

Elmer® Wallac 1420 VICTOR 2™, as triplicates and at nine times within a 15-min gap between them. 

Statistical evaluations were made with the ANOVA (single variant). 

 

Based on the fact that the initial FbPA isolated from the T. infestans’ hemolymph was 

eluted in 43% ACN, the fractions eluted between 40 and 50% ACN had their fluorescence 

evaluated. The fraction eluted with 43% ACN exhibited the predicted fluorescence emission 

(figure 19). The mass spectrometry data of this fraction confirms that the material from the 

isolated fraction corresponds to the FITC–FbPA conjugate (data not shown).  
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Figure 19 – Isolation of FITC–FbPA conjugate on the insects hemolymph.  

The hemolymph from the engorged insects was separated by RP-HPLC using a C18 column, eluted in a linear 

solution A gradient from 20 to 80% on solution B for 60min. Zooming the chromatogram, it is possible to see 

the fraction, eluted at 29.5min in 43% ACN, that corresponds to the conjugate.  

 

Fluorescence readings were taken via excitation with a 495 nm filter and a 520–530 

nm emission filter as a method to evaluate and compare the fluorescence emissions from the 

isolated fraction, the FITC–FbPA conjugate, and by the synthetic FbPA (figure 20). The 

isolated fraction was tested via the inhibition assay (Methods section: Liquid Growth 

Inhibition Assay) and was active against M. luteus at 0.02 mg/mL. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20 – Isolated fraction fluorescence evaluation.  

Determination of the difference on the emitted fluorescence between the internalized fraction (FITC–FbPA 

conjugate) and the synthetic FbPA (*p = 1.85−15). The evaluation was performed in a Perkin Elmer® Wallac 

1420 VICTOR 2TM, as triplicates and nine times within a 15-min gap between them. Statistical evaluations 

were made with the ANOVA (single variant). 
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3.5 Discussion 

 

Although several studies have been performed aimed at a wider comprehension of the 

immune system of invertebrates, there are no consistent data about their adaptive immunity. It 

is known that there is no cell-based immunological memory, but some molecules produced by 

invertebrates have been described, such as molecules related to the immunoglobulin G 

superfamily (226). Other studies were able to demonstrate a certain specificity of the immune 

response in a second pathogen exposure (227-229). 

As insects do not have a relevant immune memory, a rapid response mechanism is 

required. Therefore, AMPs play an important role on the immunological response of these 

animals. Commonly, AMP levels in the insect’s hemolymph without bacterial or fungal 

contamination is low, increasing only with the stimuli of invasion/infection. As insects lack 

immunological memory, there is the necessity to activate intracellular pathways to induce the 

production of AMPs against each microorganism invasion. The main AMP production 

pathways activated are the Spaetzle-Toll—activated by fungi and gram-positive bacteria— 

and Imd—activated by gram-negative bacteria (52). Representing rapid responses, the peptide 

production does not exceed 8 h (62). Confirming that FbPA has antimicrobial activity 

represents a huge step because it reinforces the idea of evolutionary improvements of the T. 

infestans immune system.  

FbPA was obtained from the T. infestans hemolymph inthe presence or absence of 

bacterial challenge and was active against several microorganisms in both cases. Thus it is 

possible to infer that the presence of this molecule in the insect’s hemolymph is relevant to 

the insect’s protection, whereas it is a known fact that AMPs can act in synergy and 

potentialize their effect over a target cell (230-235). It is still unknown whether T. infestans 

internalizes other molecules from the human blood. Diniz (42) isolated ten AMPs and 

identified four among them, but unlike FbPA, none of the AMPs described belonged to the 

blood ingested. 

Few studies have been performed to identify the antimicrobial activities of 

fibrinopeptides. Although the work performed by Påhlman and group (236) was unable to 

prove FbPA’s antimicrobial action, Tang and group (237) demonstrated that seven molecules 

derived from human platelets (including fibrinopeptides A and B) exhibited antimicrobial 

activity. The authors also confirmed that FbPA exhibited antimicrobial activity against E. 

coli, S. aureus, C. albicans, and C. neoformans, while our work demonstrated its activity 

against M. luteus, P. aeruginosa, E. coli, C. parapsilosis, C. neoformans, C. tropicalis, P. 
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farinosus, Cladosporium sp., and P. expansum. 

The native FbPA isolated has activity at a 0.002–0.005 mg/mL concentration, while 

the synthetic FbPA has activity at a 0.1– 0.2 mg/mL concentration. This discrepancy can be 

explained by the fact that the synthetic peptide has an amide group in its C-terminal portion, 

whereas the original sequence has a carboxyl group in the C-terminal portion. This change to 

the structure may impact the peptide–microorganism interaction, leading to a higher peptide 

concentration required to obtain the same effect. It might also explain some differences found 

between our research and others demonstrating FbPA’s antimicrobial activity (237). 

The synthetic FbPA exhibited the strongest antifungal activity against C. tropicalis at 

5.2–10.5μMin poor medium. Other fungi were incapable of growth after 72 h of incubation in 

either rich or poor medium at a higher peptide concentration (42–84μM). A common 

recurrent infection that affects general insect species is induced by filamentous fungi and is 

described in several wild insects (238-241). These results indicate resistance specificity of the 

peptide against these microorganisms, suggesting that FbPA might play a role to help increase 

the efficiency of the insect’s immunological barrier when facing these infections. 

The inhibition assay of the FITC–FbPA conjugate indicates that it was active against 

M. luteus at a 0.02mg/mL concentration. Although a higher concentration was necessary for it 

to be active, this result corroborates previous inhibition results: the native FbPA was active 

against the same M. luteus strain at 0.002 mg/mL and the synthetic variant at 0.2 mg/mL. This 

change might occur due to the coupling of the FITC to the peptide via its amino groups. As 

the sequence has three possible FITC binding sites, it could be covering one of the major 

active sites of the molecule, thus interfering with its action against the bacteria. 

In humans, the cleavage of fibrinogen chains is via thrombin action. Thrombin cleaves 

a specific Arg-Gly at the C-terminus during the last part of the clot formation pathway, 

resulting in the release of FbPA and B (122). Similarly, invertebrates produce molecules 

called fibrinogen-related peptides (FREP). Components of this class have been identified in 

ascidians, echinoderms, annelids, arthropods, nematodes, cnidarians, and mollusks (242-245). 

Their function is related mainly to defense mechanisms such as agglutination and 

antimicrobial action (246). Although some similarities to specific portions of human 

fibrinogen have been identified, there are no known similarities between FREPs and human 

FbPA. 

Considered together with the fact that the T. infestans feeds on human blood our 

results suggest that this insect can assimilate FbPA during feeding and internalize it in the 

midgut. In turn, it may use this peptide as an antimicrobial in its hemolymph. Similar 
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strategies have already been described in different invertebrates (63, 64). Beyond this 

capacity, some insects can absorb whole or partial molecules obtained during feeding (247). 

The presence of this internalization capability has been observed in Rhodnius prolixus (248), 

phylogenetically related to T. infestans that assimilates human hemoglobin. 

The introduction of the insect proboscis into the host tissue causes local damage that 

activates immune responses as well as the clotting cascade, leading to thrombin activation and 

FbPA production (249). This pathway, however, is inhibited due to the release of thrombin 

inhibitors expressed within insect saliva (250). The presence of an anticoagulant buffer in the 

blood offered to the insects suggests that the cleavage can occur in the midgut, but this piece 

of information isolated does not represent a definite answer to this issue, because we analyzed 

only the blood with the presence of citrate buffer. It would be necessary to analyse the 

hemolymph of T. infestans after it feeds on a real organism instead of an in vitro system. 

Thus, it remains to be investigated whether FbPA internalized by T. infestans comes 

from endogenous cleavage within the host or another process. Moreover, the role played by 

the peptide in the T. infestans hemolymph in vivo requires further investigation. Finally, 

further research is warranted as to the peptide’s local action and its potential application as a 

therapeutic agent against infectious diseases. 

 

3.6 Conclusion 

 

Therefore, our results demonstrate the presence of antimicrobial active human FbPA 

in the hemolymph of the blood-sucking insect T. infestans. The hypothesis confirmed was that 

the presence of this molecule on the T. infestans hemolymph happens through intestinal 

absorption, through FITC–FbPA internalization experiments. This discovery allows us to 

confirm that blood-sucking insects can gather different molecules from various resources as 

an attempt to defend themselves against pathogens. These results also contribute to a wider 

comprehension of the insect immune system, such as its role on an evolutive scale, and the 

results generate some necessary information to facilitate the discovery of new sources of 

antimicrobial peptides. 
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4 – Chapter 3  

Hemoglobin Reassembly of Antimicrobial Fragments from the Midgut of 

Triatoma infestans 

This chapter describes the production of active antimicrobial fragments from 

hemoglobin digestion on the T. infestans digestive tract. 

Paper published on Biomolecules. doi: 10.3390/biom10020261 

 

4.1 Objective 

  

 The objective of this study was to elucidate if during the blood digestion on T. 

infestans midgut there were the production of antimicrobial peptides. 

 

4.2 Materials and Methods 

 

The experiments were performed under the exemption of the Animal Research Ethics 

Committee (CEUAIB – Comitê de ética no uso de animais do Instituto Butantan) nº I–

1345/15. 

 

4.2.1 Animals 

 

Triatoma infestans were obtained from an axenic culture and kept alive in the 

vivarium of the Special Laboratory of Toxinology, Butantan Institute (São Paulo, Brazil) at 

37 ◦C and fed every 2 weeks with murine blood. 

 

4.2.2 Bacteria Inoculation and Intestinal Content Collection 

 

One week after blood feeding, adult T. infestans were injured with needles soaked in 

an Enterobacter cloacae and Micrococcus luteus pool, both at logarithmic-phase growth. 

After 72 h, the insect’s midgut was sectioned and the content were scraped and stored at −80 

◦C until use. 
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4.2.3 Sample Fractionation 

 

Acid and Solid Phase Extractions 

 

To release the contents of the blood cells, the sample was incubated in acetic acid (2 

M) for 30 minutes and centrifuged at 16,000×g for 30 min at 4 ◦C. The supernatant was 

injected into coupled Sep-Pack C18 cartridges (Waters Associates) equilibrated in 0.1% 

trifluoroacetic acid (TFA). The sample was eluted in two different acetonitrile (ACN) 

concentrations (40% and 80%) and then concentrated and reconstituted in ultrapure water. 

 

Reverse Phase High-Performance Liquid Chromatography 

 

Reverse Phase High-Performance Liquid Chromatography (RP-HPLC) separation was 

performed with a VYDAC semi-preparative C18 column (10 × 250 mm) equilibrated with 

0.046% TFA. The elution gradient for the 40% ACN fraction was 2% to 60% (v/v) of solution 

B (0.046% (v/v) TFA in ACN) in solution A (0.046% (v/v) TFA in water) and for the 80% 

ACN fraction the gradient was 20% to 80% of solution B in solution A. RP-HPLC was 

performed for 120 min at a 1.5 mL/min flow rate. Effluent absorbance was monitored at 225 

nm, and the fractions corresponding to absorbance peaks were hand-collected, concentrated 

under vacuum and reconstituted in ultrapure water. 

 

4.2.4 Liquid Growth Inhibition Assay  

 

A liquid growth inhibition assay was used for evaluating the fractions’ antibacterial 

activity (251, 252). The microrganisms tested were Micrococcus luteus, Staphylococcus 

aureus and Escherichia coli. Lyophilized fractions were suspended in 500 µL Milli-Q water; 

the assay was carried out using 96-well sterile plates. Twenty µL of the fractions were 

aliquoted into each well with 80 µL of the bacterial dilution, to 100 µL final volume. Bacteria 

were cultured in poor nutrient broth (PB) (1.0 g peptone in 100 mL of water containing 86 

mM NaCl at pH 7.4; 217 mOsm). Exponential growth phase cultures were diluted to 5 × 104 

CFU/mL (DO = 0.001) final concentration (251, 253, 254). Sterile water and PB were used as 

growth control, and streptomycin was used as growth inhibition control. Microtitre plates 

were incubated for 18 h at 30 ◦C. Microbial growth was measured by monitoring optical 

density at 595 nm and assays were performed in triplicate (PerkinElmer Victor 3TM 1420 
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multilabel counter) (45, 63, 255). 

 

4.2.5 Mass Spectrometry (LC/MS) 

 

Active antibacterial fractions were analyzed by mass spectrometry Liquid 

Chromatography – Mass spectrometry (LC-MS/MS) on a LTQ-Orbitrap Velos (Thermo 

Fisher Scientific, Bremen, Germany) coupled to a liquid nanochromatography system (Easy-

nLCII – Thermo Fisher Scientific, Bremen, Germany). The chromatographic step involved 

using 5 mL of each sample automatically on a C18 pre-column (100 mm I.D. × 50 mm; 

Jupiter 10 mm, Phenomenex Inc., Torrance, California, United States) coupled to a C18 

analytical column (75 mm I.D. × 100 mm; ACQUA 5 mm, Phenomenex Inc.). The eluate was 

electro-sprayed at 2 kV and 200 ◦C in positive ion mode. Mass spectra were acquired by a 

Fourier transform mass analyzers (FTMS); full scan (MS1) involved using 200–2,000 m/z 

(60,000 resolution at 400 m/z) as mass scan interval with the instrument operated in data 

dependent acquisition mode, the five most intense ions per scan being selected for 

fragmentation by collision-induced dissociation. The minimum threshold for selecting an ion 

for a fragmentation event (MS2) was set to 5000. The dynamic exclusion time used was 15 s, 

repeating at 30 s intervals. 

 

4.2.6 Computational Analysis and Sequences Alignment 

 

The MS/MS peak list files were submitted to an in-house version of (analyzed 

through) PEAKS® (Bioinformatics Solutions Inc., Waterloo, Ontario, Canada), screened 

against hemoglobin databases obtained on Universal Protein (UniProt) (256) and National 

Center for Biotechnology Information (NCBI) (257) (36,315 sequences and 5866 sequences 

respectively). Mass spectrometry data were also analyzed on Mascot Deamon®software, 

version 2.2.2, through MS/MS search using Swissprot database. The results were considered 

valid only when they were reproducible in a different analysis. Analysis involved 10 ppm 

error tolerance for precursor ions and 0.6 Da for fragment ions. Metionin oxidation was 

considered as a variable modification. 

The alignment of the primarily peptide sequences were performed with the multiple 

sequence alignment program Clustal Omega (258) using default parameters. Hemoglobin 

sequences for comparison were obtained on UniProt using Monodelphis domestica, Dasypus 

novemcinctus, Nasua and Sus scrofa as key words. 
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The net charge at pH 7 and total charge, possible secondary structure, isoeletric point 

and total hydrophobic ratio were predicted through the peptide property calculator (copyright 

© 2015 Innovagen AB) (259), and APD3: Antimicrobial Peptide Calculator and Predictor 

(260). 

 

4.2 Results 

 

After the sample preparation, the intestinal content was submitted to an initial 

fractionation through Sep-Pack C18 (Material and Methods – item 2.3.1), where elutions with 

40% and 80% of ACN were performed. The eluted samples were submitted to a second 

fractionation step in a RP-HPLC (Materials and Methods - item 2.3.2). An antimicrobial 

screening assay was performed with all the fractions obtained on the second fractionation step 

(figure 21 A). 

From the 80% ACN elution, 8 fractions presented activity against M. luteus but they 

showed no similarity with any hemoglobin fragments when analyzed through mass 

spectrometry (data not shown). We focus only on the 40% ACN fractions. Among the 41 

fractions obtained by HPLC from the 40% ACN elution, 37 presented antimicrobial activity 

against Micrococcus luteus. Thus, highlighted on the figure 21 are only the fractions selected 

to mass spectrometry. 
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Figure 21 – RP-HPLC chromatogram and antimicrobial growth inhibition of 40% ACN Sep-Pack elution 

samples.  
(A) The fractions isolated from Triatoma infestans intestinal content were separated by RP-HPLC using a C18 

column, eluted with a linear gradient from solution A from 2% to 60% of the solution B run for 120 min. The 

labeled fractions (↓), eluted at 24.8 min, 28.2 min, 35.3 min, 43 min, 56.4 min, 64.5 min, 75.3 min and 88 min, 

exhibited antimicrobial activity against Micrococcus luteus. The labeled fraction (£) eluted at 81.8 min exhibited 

antimicrobial activity against Micrococcus luteus and Staphylococcus aureus. The labeled fractions (¢), eluted at 

48.1 min, 61.7 min, 93.7 min and 94.8 min, presented antimicrobial activity against M. luteus and Escherichia 

coli. (B) The absorbance registered after the incubation of the RP-HPLC eluted fractions with M. luteus, E. coli 

and S. aureus. C+ is the positive control for bacterial growth, consisting in bacteria incubated only with PB 

medium. C- is the negative control for bacterial growth, consisting in bacteria incubated with PB medium in the 

presence of streptomycin. 

 

Among the selected fractions, eight were active against M. luteus (retention time-RT of 

24.8 min, 28.2 min, 35.3 min, 43 min, 56.4 min, 64.5 min, 75.3 min and 88 min), the fraction 

eluted in 81.8 min presented activity against M. luteus and Staphylococcus aureus and four 

fractions were active against M. luteus and Escherichia coli (RT 48.1 min, 61.7 min, 93.7 min 

and 94.8 min) (figure 22 and table 3). 

 

Mass spectrometry data of ten fractions presented similarities to different portions of Mus 

musculus hemoglobin (Supplementary material: Figure S1 to Figure S10), three fractions with 

eight fragments of α chain (table 4) and 7 fractions with 24 fragments of the β chain (table 5). 

 

 

 

 

 

 



80 
 

 

Table 3 – Antimicrobial results of the HPLC-selected fractions. 

The highlighted fractions obtained through HPLC with their respectively retention time and antimicrobial 

activity. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4 – Mass spectrometry data database search (α chain results).  

Fraction A1 (eluted at 24.8 min) has two peptides corresponding to the fragments 2–10 and 110–117 of the 

hemoglobin α chain. Fraction A2 (eluted at 64.5 min) has three peptides corresponding to the fragments 45–57, 

75–95 and 119–145 of the hemoglobin α chain. Fraction A3 (eluted at 81.8 min) has three peptides 

corresponding to the fragments 45–58, 76–104 and 106–147 of the hemoglobin α chain. 

 

 

 

 

 

 

 

 

 

 

Table 5 – Mass spectrometry data database search (β chain results).  

Fraction B1 (eluted at 28.28 min) has two peptides corresponding to the fragments 2–10 and 56–77 of the 

hemoglobin β chain. Fraction B2 (eluted at 35.5 min) has five peptides corresponding to the fragments 1-10, 16–

27, 49–70, 73–80 and 122–136 of the hemoglobin β chain. Fraction B3 (eluted at 43 min) has three peptides 

corresponding to the fragments 1–12, 58–72 and 112–129 of the hemoglobin β chain. Fraction B4 (eluted at 48.1 

min) has three peptides corresponding to the fragments 2–14, 59–88 and 135–147 of the hemoglobin β chain. 

Fraction B5 (eluted at 56.4 min) has four peptides corresponding to the fragments 34–40, 59–71, 75–86 and 90–

100 of the hemoglobin β chain. Fraction B6 (eluted at 61.7 min) has five peptides corresponding to the fragments 

2–15, 21–33, 90–100, 104–110 and 131–147 of the hemoglobin β chain. Fraction B7 (eluted at 93.7 min) has 

two peptides corresponding to the fragments 100–107 and 112–146 of the hemoglobin β chain. 
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Coverage for almost the entire sequence was obtained (figures 22 and 23). There was 

approximately 67% coverage for all the sequences. 

Figure 22 – Coverage of Mus musculus α hemoglobin sequence.  

Alignment of the fragments obtained through mass spectrometry with the mouse hemoglobin α chain. Sequence 

compilations were performed to avoid residues repetitions. The residues coverage is highlighted in red. 
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Figure 23 – Coverage of Mus musculus β hemoglobin sequence.  

(A) Alignment of the fragments obtained through mass spectrometry with the mouse hemoglobin β1 chain 

(HBB1). (B) Alignment  of the fragments obtained through mass spectrometry with the mouse hemoglobin β2 

chain (HBB2). Sequences compilation was performed to avoid residues repetitions. Highlighted in red are the 

residues coverage. 

 

As demonstrated, more than one sequence was identified on each fraction eluted on 

the chromatogram. Due to this information, although very unlikely, we cannot exclude the 

possibility that there could be additional non-Hb peptide or nonpeptide components in each 

fraction that could contribute to the activity. 

To determine which sequence may be the responsible for the main antimicrobial 

activity, other purifications steps would be required. With further analysis, the fragments with 

higher score were defined (Table 6 and Supplementary Material Figure S11 to Figure S20) and 

aligned with the complete hemoglobin α and β chain sequences (Figure 24). This result 

provides more confidence to which fragment present in the sample is the one responsible for 

the antimicrobial activity. As the aim of the work was to perform a general screening, all the 

sequences are registered. 
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Table 6 – Sequences with highest score.  

On the hemoglobin α chain, three fragments are the most confident sequence. Fraction A1 (eluted at 24.8 min) 

has the fragment from the amino acid 2 to 10, Fraction A2 (eluted at 64.5 min) and Fraction A3 (eluted at 81.8 

min) have the fragment from the amino acid 77 to 95.  On the hemoglobin β chain, the most confident sequence 

on the Fraction B1 (eluted   at 28.28 min) is the fragments from the amino acid 2 to 10, on the Fraction B2 

(eluted at 35.5 min) is the fragment from the amino acid 1 to 10, on the Fraction B3 (eluted at 43 min) is the 

fragments 1–12, 58–72 and 112–129 of the hemoglobin β chain. Fraction B4 (eluted at 48.1 min) has three 

peptides corresponding to the fragments 2–14, 59–88 and 135–147 of the hemoglobin β chain. Fraction B5 (eluted 

at 56.4min) has four peptides corresponding to the fragments 34–40, 59–71, 75–86 and 90–100 of the 

hemoglobin β chain. Fraction B6 (eluted at 61.7 min) has five peptides corresponding to the fragments 2–15, 21–

33, 90–100, 104–110 and 131–147 of the hemoglobin β chain. Fraction B7 (eluted at 93.7 min) has two peptides 

corresponding to the fragments 100–107 and 112–146 of the hemoglobin β chain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 24 – Coverage of Mus musculus hemoglobin sequences with high confidence active molecules.  

(A) Alignment of the highest-score fragments obtained through mass spectrometry with the mouse hemoglobin α 

chain. (B) Alignment of the highest score fragments obtained through mass spectrometry with the mouse 
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hemoglobin β1 and β2 chain (HBB1 and HBB2, red and green respectively). Sequences compilation was 

performed to avoid residues repetitions. The residues coverage is highlighted in red and green. 

 

4.4 Discussion 

 

Hence this result represents a very important conclusion because it is the first 

description of a Hemiptera being capable of produce hemoglobin fragments on the intestinal 

content that can have other biological function for its own benefit, beyond nutrition. 

These insects have a continuous digestion system. It consists, initially, in the storage of 

the ingested blood in the anterior midgut (distensible stomach) where it remains undigested, 

with only lysis of erythrocytes and water absorption takes place (261, 262). Then small 

portions of blood are passed through other digestive and absorptive regions on the mid- and 

hindgut (263, 264). 

As previously described by Albritton (265) and Altman and Dittmer (266), with little 

variation among vertebrate species, whole blood is contained by 80% of water, approximately 

(corresponding to 94% of the plasma alone). As their mobility is compromised by the volume 

of blood ingested, and considering that insects do not require this amount of water, its 

necessary to have a very efficient absorption mechanism and excretion system associated 

(263). 

Along with the water loss, one of the most important process during blood digestion 

takes place, lysis of erythrocytes also initiates inside the midgut. Red blood cells represent 

most part of the protein content on the blood, while the plasma alone has a total of 7.41 g of 

proteins in 100 mL, red blood cells have a total of 36.8 g/100 mL (263). 

Due to different pH among insect groups, there are adaptations in the digestive 

enzymes. Hemipterans have acidic midgut contents, with pH decreasing toward the posterior 

region (267). The first active degrading molecule in the anterior midgut, as described in 

Rhodnius prolixus, is one haemolisyn small basic peptide (262). 

Corresponding to the pH alterations through the gut, triatomines have cathepsins as their 

principal protein degrading enzyme on the posterior midgut (263, 268-270). Cathepsins 

belong to the cysteine protease class and have an optimum activity in pH 5 (271), acting 

especially in the posterior midgut lumen (272). 

After the initial degradation by hemolysins and cathepsins, the generated hemoglobin 

fragments reach the perimicrovillar spaces where they are cleaved into dipeptides by 

aminopeptidases and then absorbed (267, 273, 274). 

It has been described that when cleaved, hemoglobin produces several bioactive 
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peptides (65, 275-278). Antimicrobial peptides (AMPs) are generally small molecules, with 

under than 50 amino acid residues, and normally have high hydrophobicity and amphipathic 

features. Cationic charges are one chemical property is the most common AMPs mode of 

action that can indicate interaction with anionic membranes (279-281).  

The amino acid residue position on the α-helix formation is also essential for membrane 

interaction, because it allows the peptide to penetrate lipid membranes. This amphipathic 

characteristic is observed in all the sequences with alpha-helix conformation predicted (Table 

7). 

 

In 2000, a human hemoglobin fragments with antimicrobial peptides were gathered as 

a unique family entitled hemocidins (282). Beyond human fragments, bovine and rabbit 

hemoglobin antimicrobial peptides were also reported (64, 283, 284). As these peptides can 

have different hemoglobin sources, and as this work were developed using mouse, sequence 

comparison between these species is required (Figure 25). 

 

 

Table 7 – Fragments chemical properties.  

Chemical features of the fragments with alpha-helix predicted structure. H.R. stands for hydrophobic residue. α 

stands for alpha chain, β1 stands for beta-1 chain and β2 stands for beta-2 chain. 
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Figure 25 – Hemoglobin sequences alignment.  

(A) Alpha chains amino acid comparison from mouse (Mus musculus) tag HBA_MOUSE, bovine (Bos Taurus)  

tag HBA_BOVINE, human (Homo sapiens)  tag HBA_HUMAN and rabbit (Oryctolagus cuniculus) tag 

HBA_RABBIT. (B) Beta chains amino acid comparison from mouse (Mus musculus) tags HBB1_MOUSE and 

HBB2_MOUSE for β1 chain and β2 chain respectively, bovine (Bos Taurus) tag HBB_BOVINE, human (Homo 

sapiens) tag HBB_HUMAN and rabbit (Oryctolagus cuniculus) tag HBB_RABBIT. (*) – position with a single 

and fully conserved amino acid residue; (:) – position with amino acid residues conserved between groups of 

strong similar properties; (.) – position with amino acid residues conserved between groups of weakly similar 

properties. 

 

The comparison among the hemoglobin chains from different organisms indicate that the 

sequences are highly conserved, thus there is a probability that the bioactive regions already 

described in other animals are also highly conserved on the murine protein. 

In spite of previous descriptions of antimicrobial fragments from human hemoglobin 

(280, 281, 285, 286), bovine hemoglobin (287-289), comparisons between Cow, Reindeer, 

Sheep and Pig hemoglobins (289-291), we focus on the peptides obtained from in vivo 

cleavage on insects’ midgut. The described sequences correspond to fractions of alpha chain 

from cattle and rabbit. They are the α33-61 (64), α98-114 (284) and α1–11/3–19 (283). 

Interestingly, among the eight α fragments isolated on our work, fraction A1 2–10 is 
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partially homologous to both sequences α1–11 and α3–19 (283), A2 45-57 and A3 45–58 are 

fully inserted on the α33-61 (64) and Hb98–114 (284) shares approximately five residues with A3 

106-147, A1 110–117 and A2 119–145 (figure 26). 

 

Figure 26 – Sequences homology between α chain fragments.  

(A) Alignment of Nakajima’s fragments (Alpha_1–11 and Alpha_3–19) with A1 2–10 isolated on this work. 

(B) Alignment of Fogaça’s fragment (Alpha_33–69) with A2 45–57 and A3 45–58, both isolated on this work. 

(C) Alignment of Belmonte’s fragments (Hb98-114) with A3 106–147, A1 110–117 and A2 119–145 isolated 

on this work. (*) – position with a single and fully conserved amino acid residue; (:) – position with amino acid 

residues conserved between groups of strong similar properties 

 

The presence of a smaller fragment inside sequences such as the examples A and B 

(figure 26) can indicate the main portion responsible for the peptide antimicrobial activity. 

The first important result is the fact that several sequences observed on this work are 

located on the middle alpha chain sequence, has antimicrobial activity and does not correspond 

to any of the four sequences identified previously. Examples are A2 α75–95 and A3 α76–104, 

active against M. luteus and S. aureus, that are both large sequences and has no amino acid 

residues overlap. Both A3 106–147 and A2 119–145 are other meaningful examples. 

Representing a large N-terminal portion of the hemoglobin molecule, it is a fragment that is 

generated by cathepsins activity on the midgut lumen (274). This can indicate a different 

cleavage site between mouse and bovine sequences, or that after the posterior gut digestion, 

during the aminopeptidases fragmentation, these sequences can form smaller inactive 

peptides, justifying the lack of identification of these peptides on other studies performed so 

far. 

The Hb98–114 (284) has a specific cytotoxicity against different fungi, the α 1–32/3–32 

(283) is active against S. aureus and the α 33–61 (64) is active against M. luteus. This 

predilection for Gram-positive bacteria is also observed here. Although the peptides of the 

murine α-chain identified here haven’t been tested against any fungi strains, all presented some 

toxicity against M. luteus and/or S. aureus, and not against E. coli. 
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A second relevant result it is the description of the production of active beta-chains 

fragments from murine hemoglobin inside a hematophagous insect midgut. Among the 

fragments, the sequences inside B4, B6 and B7 HPLC fractions, corresponding to most of 

Beta1 chain and to the final portion of Beta2 chain are active against E. coli. This is an 

interesting result due to the restriction of Gram-negative activity to fragments from beta chains. 

Due to the fact of the high chains coverage, it was to expect that most part of the 

fragments here analyzed were compatible with the fragments already described, but our work 

showed the opposite. The four biggest sequences of α chain presents few or none overlap with 

the referred before. And as already mentioned it is the first description of an in vivo β chain 

fragmentation by the insect. 

Diniz and group (292) described a similar event in 2018 where the insect is capable not 

only to cleavage the protein, but to internalize the fragment produced and use it as a protective 

factor inside its hemolymph. This fact reinforces the importance of the work, describing the 

intense bioactive peptide production by the digestion and their importance as a protective 

factor for the insect against several occasionally pathogens ingested during the blood-feeding. 

Triatomines are insects of socioeconomic importance regarding the role on Chagas 

disease transmission. The insect contamination occurs when the ingested blood contains 

trypomastigotes forms of Trypanossoma cruzi (293). Some wild animals are natural reservoirs 

of the parasite and consequentially are directly connected to the insect contamination with T. 

cruzi. Those natural reservoirs include several species form different taxon and a variety 

species of triatomines can be infected with T. cruzi. Thus, to compare a possible antimicrobial 

production from other natural reservoir animals, comparisons of hemoglobin sequences were 

performed (figure 27). 

Representative organisms from different orders were selected and had their 

hemoglobin α and β chains compared with Mus musculus.  The sequences selected belong to 

the opossum Monodelphis domestica (order Marsupialia), the armadillo Dasypus 

novemcinctus (order Xenarthra), the coati Nasua nasua (order Carnivora) and the pig Sus 

scrofa (order Artiodactyla). They represent four of the most common intermediate hosts of 

Chagas’ disease in Brazil and some of the main natural blood source for triatomines. 

All the sequences have high similarity, containing over an average 70% homology, 

with almost every position with a conserved amino acid or amino acids residues conserved 

between groups of strong similar properties. 
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Figure 27 – Natural reservoirs organisms’ hemoglobin comparison.  

(A) Comparison of α hemoglobin subunit from Mus musculus (HBA_MOUSE) with Monodelphis domestica 

(HBA_OPOSSUM), Dasypus novemcinctus (HBA_ARMADILLO), Nasua nasua (HBA_COATI) and Sus scrofa 

(HBA_PIG). Highlighted in yellow are the antimicrobial fragments identified on this work, and marked on red 

are the correspondent sequences on the other animals. (B) Comparison of β hemoglobin subunit from Mus 

musculus (HBA_MOUSE) with Dasypus novemcinctus (HBA_ARMADILLO), Nasua nasua (HBA_COATI) and 

Sus scrofa (HBA_PIG). Highlighted in yellow are the antimicrobial fragments of β1 chain and in purple are the 

fragments of β2 chain identified on this work, and marked on red are the correspondent sequences on the other 

animals. (*) – position with a single and fully conserved amino acid residue; (:) – position with amino acid residues 

conserved between groups of strong similar properties; (.) – position with amino acid residues conserved between 

groups of weakly similar properties. 

 

Considering their highly evolved digestive system, the digestion happens in a very 

specific way, independent of the species, we can infer that when feeding on other wild 

animals besides mouse, triatomines (especially T. infestans) can also produce the same 

antimicrobial fragments. 
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4.6 Conclusion 

  

 This work is the first description that T. infestans digestion is able to produce several 

antimicrobial peptides from different hemoglobin chains. On these experiments the insects 

were fed with murine blood, but as Hb sequences on different species are highly conserved, 

there is a great probability that this production can occur on every host that the insect might 

feed on. 
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Appendix 

Supplementary Material – Chapter 3 

 

Figure S1: Deconvolution of two peptides from the fraction A1 (eluted at 24.8min) corresponding to the fragments 2 -10 and 110-117 of hemoglobin α chain. 

 

 

 



 
 

 

Figure S2: Deconvolution of three peptides from the fraction A2 (eluted at 64.5min) corresponding to the fragments 45-

57, 75-95 and 119-145 of hemoglobin α chain. 

  

 



 
 

 

 

 

Figure S3: Deconvolution of three peptides from the fraction A3 (eluted at 81.8min) corresponding to the fragments 45-58, 76-104 and 106-147 of hemoglobin α chain 

 



 
 

 

 

Figure S4: Deconvolution of two peptides from the fraction B1 (eluted at 28.28min) corresponding to the fragments 2-10 and 56-77 of hemoglobin β chain. 



 
 

 

Figure S5: Deconvolution of five peptides from the fraction B2 (eluted at 28.28min) corresponding to the 

fragments 1-10, 16-27, 49-70, 73-80 and 122-136 of hemoglobin β chain. 

 



 
 

 

Figure S6: Deconvolution of three peptides from the fraction B3 (eluted at 43min) corresponding to the fragments 1 -12, 58-72 and 112-129 of hemoglobin β chain. 

 



 
 

 

 

 

Figure S7: Deconvolution of three peptides from the fraction B4 (eluted at 48.1min) corresponding to the fragments 2-14, 59-88 and 135-147 of hemoglobin β chain. 

 



 
 

 

 

Figure S8: Deconvolution of four peptides from the fraction B5 (eluted at 56.4min) corresponding to the fragments 34-40, 59-71, 75-86 and 90-100 of hemoglobin β 

chain. 

 



 
 

 

Figure S9: Deconvolution of five peptides from the fraction B6 (eluted at 61.7min) corresponding to the fragments 2-

15, 21-33, 90-100, 104-110 and 131-147 of hemoglobin β chain. 

 



 
 

 

Figure S10: Deconvolution of two peptides from the fraction B2 (eluted at 93.7min) corresponding to the fragments 100-107 and 112-146 of hemoglobin β chain. 

 



 
 

 

 

 

Figure S11: Deconvolution of the main peptide from the fraction A1 (e luted at 24.8min) corresponding to the fragment 2-10 of he moglobin α chain. 

 

 

 



 
 

 

 

 

Figure S12: Deconvolution of the main peptide from the fraction A2 (e luted at 64.5 min) corresponding to the fragment 77-95 of he moglobin α chain. 

 



 
 

 

 

 

Figure S13: Deconvolution of the main peptide from the fraction A3 (e luted at 81.8 min) corresponding to the fragment 77-95 of he moglobin α chain. 

 



 
 

 

 

 

Figure S14: Deconvolution of the main peptide from the fraction B1 (e luted at 28.8 min) corresponding to the fragment 2-10 of he moglobin β2 chain. 

 



 
 

 

 

 

Figure S15: Deconvolution of the main peptide from the fraction B2 (e luted at 35.5 min) corresponding to the fragment 1-10 of he moglobin β2 chain. 

 



 
 

 

 

 

Figure S16: Deconvolution of the main peptide from the fraction B3 (e luted at 43.0 min) corresponding to the fragment 59-74 of he moglobin β1 chain. 

 



 
 

 

 

 

Figure S17: Deconvolution of the main peptide from the fraction B4 (e luted at 48.1 min) corresponding to the fragment 59-77 of he moglobin β1 chain. 

 



 
 

 

 

 

Figure S18: Deconvolution of the main peptide from the fraction B5 (e luted at 56.4 min) corresponding to the fragment 75-84 of he moglobin β1 chain. 

 



 
 

 

 

 

Figure S19: Deconvolution of the main peptide from the fraction B6 (e luted at 61.7 min) corresponding to the fragment 131-147 of he moglobin β1 chain. 

 



 
 

 

 

Figure S20: Deconvolution of the main peptide from the fraction B7 (e luted at 93.7 min) corresponding to the fragment 123-147 of he moglobin β2 chain. 
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Introduction
Antimicrobial peptides and proteins (AMPs) are cationic and 
amphipathic molecules that can interact with molecules pre-
sent on cell membranes and with intracellular pathways in 
microbes, leading to cell disruption and death.1

These bioactive molecules were initially described in insects 
by Stephens2 in 1962, followed by Hink and Briggs3 in 1968, 
Powning and Davidson4 in 1973, Boman et al5 in 1974, and 
Faye et al6 in 1975. Subsequent studies led to the characteriza-
tion of the first 2 antimicrobial molecules in 1981 by Steiner 
et al.7 These molecules were isolated from the moth Hyalophora 
cecropia, and thus were entitled cecropins, originating of one of 
the largest antimicrobial peptide groups. Antimicrobial pep-
tides and proteins show a wide distribution and have been iso-
lated from nearly all living organisms.8-21

Beyond their antimicrobial effects, several AMPs have been 
shown to have other biological activities.11,22-25 One such pro-
tein group that represents the duplicity of activities for the 
same molecules is the tachykinin family. Tachykinins (TKs) 
form a family of neuropeptides in vertebrates, represented by 
compounds such as Neurokinin A,26 Neurokinin B,27 hemo-
kinin/endokinin K,28,29 and substance P (SP), which was the 
first TK discovered in alcoholic extracts of equine brain30 and 

then isolated from the bovine hypothalamus. Its sequence was 
determined 40 years later.31

After the discovery of SP, several other neuropeptides were 
identified,32-35 all of which contain a consensus C-terminal 
region (F-X-G-Y-R-NH2).28,36-39 Erspamer,40 using similar 
methods as Von Euler and Gaddum,30 detected a substance in 
the salivary glands of Eledone moschata that was capable of 
lowering blood pressure, increasing salivation, and stimulat-
ing smooth muscle in rabbits and dogs. This substance was 
named as eledoisin and was the first non-mammalian TK 
described.36,37,41,42 Other TKs from frogs and non-mamma-
lian were subsequently described and isolated.32-34,43,44

Champagne and Ribeiro45 identified 2 TKs from the sali-
vary glands of the mosquito Aedes aegypti, confirming the pres-
ence of peptides related to vertebrate TKs in invertebrates. 
Following this study, 4 molecules from brain, corpora cardiaca, 
corpora allata, and subesophageal ganglion extracts of the nerv-
ous system of Locusta migratoria, named as locust atachykinins, 
were found to show 30% homology with vertebrate TKs and 
up to 45% similarity with fish and amphibian TKs.46-48

After these discoveries in invertebrates, 2 new molecule 
subfamilies were established: the invertebrate tachykinins (Inv-
TKs) and tachykinin-related peptides (TKRPs). The main 
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difference between these 2 subfamilies is their C-terminal 
amino acid composition. Tachykinin-related peptides are 
clearly related to vertebrate TKs, sharing the same C-terminal 
region (F-X-G-Y-R-NH2), whereas Inv-TKs differ in their 
last 2 residues, containing leucine and methionine (F-X-G-L-
M-NH2). However, they still maintain high homology and 
exhibit similar biological effects.

Several Inv-TKs and TKRP have been described in species 
such as Agrotis ipsilon,49 Apis mellifera,50 Camponotus 
floridanus,51 Drosophila melanogaster,52 Drosophila pseudoobscura 
pseudoobscura,53 Leucophaea maderae,54 and Delia radicum.55

Tachykinin-related peptides have been described in other 
insects in the order Hemiptera, including in Triatoma 
infestans, which was analyzed in the current study. Neupert 
et  al56 described 6 TKRPs produced by Nezara viridula, 
Banasa dimiata, Pyrrhocoris apterus, Oncopeltus fasciatus, 
Pentatoma ruf ipes, and Euschistus servus, and Ons et al57 iden-
tified 8 TKRP sequences through neuropeptidome analysis of 
Rhodnius prolixus.

There are no further reports of TKRP in other Hemiptera 
species. Thus, the aim of this study was to isolate and charac-
terize the first 2 TKRPs in the T. infestans hemolymph 
(Hemiptera: Reduviidae).

Materials and Methods
Microbial strains

The microorganisms Alcaligenes faecalis (ATCC 8750), 
Aspergillus niger (bread isolated), Candida albicans (IOC 4558), 
Candida parapsilosis (IOC 4564), Candida tropicalis (IOC 
4560), Cladosporium sp. (bread isolated), Cladosporium herba-
rum (ATCC 26362), Cryptococcus neoformans, Enterobacter 
cloacae b-12, Escherichia coli (SBS363), Bacillus megaterium 
(ATCC 10778), Bacillus subtilis (ATCC 6633), Micrococcus 
luteus (strain A270), M. luteus (Nalidixic resistant), Paecilomyces 
farinosus (IBCB-215), Penicillium expansum (bread isolated), 
Pseudomonas aeruginosa (ATCC 27853), Saccharomyces cerevi-
siae, Serratia marcescens (ATCC 4112), and Staphylococcus 
aureus (ATCC 29213) were provided by the Special Laboratory 
of Applied Toxinology from their microorganism library 
(Butantan Institute, São Paulo, Brazil).

Animals

Both male and female T. infestans (Hemipterans: Reduviidae) 
were provided by the Ecolyzer Group—Entomology Laboratory 
(São Paulo, Brazil). The insects were maintained under con-
trolled humidity and temperature in the biotherium of the 
Special Laboratory of Applied Toxinology (Butantan Institute, 
São Paulo, Brazil) and fed every 2 weeks with human blood 
(collected from a healthy volunteer donor and stored in citrate 
buffer [150 mM, pH 7.4]).58 The study was conducted under 
exemption from the Institutional Ethics Committee (CEUAIB 
No. I-1354/15).

Bacteria inoculation and hemolymph collection

Adult T. infestans were injured with thin needles soaked in a 
pool of culture of Enterobacter cloacae and M. luteus in the loga-
rithmic phase. At 72 hours after induction, hemolymph sam-
ples were obtained by excising the metathoracic legs of the 
insects and pressing gently on the abdomen. Drops were col-
lected with micropipettes and pooled in sterile Eppendorf 
tubes on ice containing phenylthiourea to avoid activation of 
the phenol oxidase cascade.5 The solution was stored at −80°C 
until use.

Sample fractionation

Intracellular content extraction. To release the intracellular 
components from the hemolymph, the sample was subjected to 
acid extraction in the presence of acetic acid (2 M). The super-
natant was obtained by centrifugation at 16.000 ×g for 30 min-
utes at 4°C and injected directly into 2 coupled Sep-Pack C18 
cartridges (Waters, Milford, MA, USA) equilibrated in 0.1% 
trifluoroacetic acid (TFA). The sample was eluted with 3 dif-
ferent concentrations of acetonitrile (ACN) in water (5%, 40%, 
and 80%) and then concentrated in a vacuum centrifuge and 
reconstituted with ultrapure water.

Reversed-phase high-performance liquid chromatography. Sepa-
ration steps were performed using high-performance liquid 
chromatography (HPLC) using a reverse-phase semi-prepara-
tive C18 column ( Jupiter, 10 × 250 mm; Phenomenex, Tor-
rance, CA, USA) equilibrated in 0.05% TFA. The elution 
gradient for the fraction eluted with 5% ACN was from 2% 
solution A (0.05% [v/v] TFA in water) to 20% solution B 
(0.10% [v/v] TFA in ACN). For the 40% ACN fraction, the 
elution gradient was 2% to 60% solution B (0.10% [v/v] TFA 
in ACN). For the 80% ACN fraction, the elution gradient was 
20% to 80% solution B (0.10% [v/v] TFA in ACN) in solution 
A. Each run was performed over 60 minutes at a flow rate of 
1.5 mL/min.

Effluent absorbance was monitored at 225 nm, and frac-
tions corresponding to the absorbance peaks were hand-col-
lected, concentrated under vacuum, and reconstituted in 
ultrapure water.

When necessary, a second chromatography step was per-
formed. The gradient for the second chromatography was 
determined by evaluation of the molecule’s retention time and 
performed on a VP-ODS analytic C18 column (Shim-pack; 
Shimadzu, Kyoto, Japan) at a flow rate of 1.0 mL/min for 
60 minutes.

Liquid growth inhibition assay

All fractions obtained by HPLC and synthetic peptides were 
evaluated by antimicrobial screening against the microorgan-
ism strains (see section “Microbial Strains”)8,21 using poor 
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broth nutrient medium (PB: 1.0 g peptone in 100 mL of water 
containing 86 mM NaCl at pH 7.4; 217 mOsM) and Müller-
Hinton medium (peptone 5.0 g/L; casein peptone 17.5 g/L; 
agar 15.0 g/L; Ca2+ 20.0-25.0 mg/L; Mg2+ 10.0-14.5 mg/L; 
pH 7.4) for bacteria and poor dextrose broth (1/2 PDB: 1.2 g 
potato dextrose in 100 mL of H2O at pH 5.0; 79 mOsM) and 
RPMI 1640 (Roswell Park Memorial Institute medium) 
medium with MOPS 0.165 mol/L (RPMI without bicarbo-
nate 10.4 g/L; MOPS [3-(n-morpholino) propanesulfonic 
acid] 34.53 g/L; pH 7.0) at half half-strength.59,60

Antimicrobial activity was determined in a 5-fold microliter 
broth dilution assay in 96-well sterile plates at a final volume 
of 100 µL. The mid-log phase microbial culture was diluted to 
a final concentration of 1 × 105 colony-forming units per 
milliliter.59,61,62

Lyophilized fractions were dissolved in 500 µL ultrapure 
water, and 20 μL peptide solution was aliquoted into each well 
containing 80 μL of the bacterial dilution, giving a final vol-
ume of 100 μL. To determine the minimal inhibition concen-
tration, 20 μL peptide stock solution was added to each well 
of the microtiter plate at a 2-fold serial dilution and added to 
80 μL of the bacterial dilution. Sterile water and PB were used 
as growth controls, and streptomycin was used as a growth 
inhibitor control.

The microtiter plates were incubated for 18 hours at 30°C, 
and then growth inhibition was determined by measuring the 
absorbance at 595 nm.63,64 To determine the minimal inhibi-
tion concentration, the bacterial growth rates were measured 
after 18 hours of incubation. To determine the minimal bacte-
ricidal concentration, the bacterial growth rates were measured 
at 595 nm after 96 hours.63,64 All antimicrobial experiments 
were performed in triplicate.

Mass spectrometry

Active antibacterial fractions were analyzed by liquid chroma-
tography-tandem mass spectrometry on an LTQ-Orbitrap 
Velos (Thermo Fisher Scientific, Waltham, MA, USA) cou-
pled to an Easy-nLCII liquid nano-chromatography system 
(Thermo Fisher Scientific). For chromatography, 5 µL of each 
sample was automatically separated on a C18 pre-column 
(100 mm I.D. × 50 mm; Jupiter 10 mm; Phenomenex) coupled 
to a C18 analytical column (75 mm I.D. × 100 mm; ACQUA 
5 mm; Phenomenex). The eluate was electro-sprayed at 2 kV 
and 200°C in positive ion mode. Mass spectra were acquired 
with a Fourier transform-based mass spectrometer; full scan 
(MS1) involved using 200-2000 m/z (60 000 resolution at 
400 m/z) with a mass scan interval in data-dependent acquisi-
tion mode. The 5 most intense ions in each scan were selected 
for fragmentation by collision-induced dissociation. The mini-
mum threshold for selecting an ion for a fragmentation event 
(MS2) was set to 5000. The dynamic exclusion time was 
15 seconds, repeating at 30-second intervals.

Computational analysis

Mass spectrometry data were analyzed using Mascot Daemon 
software (version 2.2.2) through database searching using the 
Swiss-Prot, NCBInr, Hemipteras, and Triatomineos banks 
for comparison. Homology searching was performed using 
the PepBank peptide database,65 Signal Peptide Database,66 
Vector Base,67 APD3: Antimicrobial Peptide Calculator and 
Predictor,68 and BLAST: Basic Local Alignment Search 
Tool.69 The results were considered valid only when they were 
reproducible by different analyses.

Primary structure alignment

Alignment of primary sequences was performed using Clustal 
W2 version 2 online software70 with default parameters.

Solid-phase peptide synthesis

Peptides were synthesized using the solid-phase method71 
using methylbenzhydrylamine resin (MBHAR) and employ-
ing the t-Boc strategy. For synthetic peptide entitled TRP2-
TINF, the methionine (second amino acid in the C-terminal 
region) was changed to norleucine, reducing the molecular 
weight to 1006 Da. After cleaving the peptides from the resin, 
the peptides were purified from the lyophilized crude solu-
tions by HPLC on a C18 column. To guarantee high purity 
and to characterize the peptides, LC-ESI-MS equipment 
was used.

Synthetic peptide concentration

Peptide concentrations were determined using the Lambert-
Beer law using the molar extinction coefficient at 205 nm 
absorption,72 obtained using the tool available at http://nick-
anthis.com/tools/a205.html.

Peptide stability in serum

Aliquots of 20 µL peptide solution (10 mg/mL) were added 
to 1 mL of 25% non-heat inactivated horse serum (Sigma-
Aldrich, St. Louis, MO, USA) in phosphate-buffered saline 
(PBS) and incubated at 37°C in triplicate for different time 
intervals (0, 10, 30, 60, and 120 minutes). During incubation, 
100 µL of sample was withdrawn incubated with 10 µL of 
pure TFA at 5°C for 15 minutes. The resulting mixtures were 
centrifuged at 300 ×g for 5 minutes. A volume of 30 µL of 
the supernatants was injected in an online HPLC coupled 
to a mass spectrometer (LC-ESI-MS). Peptide consump-
tion was evaluated using a linear gradient of ACN in acid-
ified water from 3% to 57% in 30 minutes at a flow rate 
of 0.4 mL/min, followed by the measurement of the area 
decrease of the peak that corresponds to the peptide in the 
chromatogram.73

http://nickanthis.com/tools/a205.html
http://nickanthis.com/tools/a205.html
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Circular dichroism

Circular dichroism (CD) measurements were performed on a 
Jasco J-815 circular dichroism spectropolarimeter ( Jasco Corp., 
Tokyo, Japan). For UV measurements (190-250 nm), CD spec-
tra were recorded after 4 accumulations at 20°C using a 
0.5-mm pathlength quartz cell between 250 and 195 nm at 
50 nm/min with a bandwidth of 0.5 nm. Both peptides were 
analyzed in 0%, 10%, 30%, and 50% v/v solutions of 2,2,2 trif-
luoroethanol in water. Fast Fourier transform was applied to 
minimize background effects.74

Cytotoxic assays

The toxicity of the peptides against Vero cells (African green 
monkey kidney fibroblasts) was evaluated. Cells were obtained 
from the American Type Culture Collection (ATCC CCL81; 
Manassas, VA, USA) and maintained at 37°C in T culture 
flasks (25 cm2) containing 5 mL Leibovitz medium (L-15) 
supplemented with 10% fetal bovine serum, both from Cultilab 
(Campinas, Brazil) or in a 96-well microplate. Toxicity was 
determined using the MTT colorimetric assay. Briefly, the cells 
were seeded into 96-well plates (2 × 105 cells/well) and cul-
tured for 24 hours at 37°C in a humidified atmosphere contain-
ing 5% CO2. Twelve 2-fold serial dilutions of both peptides 
were performed with L-15 to give solutions with final concen-
trations ranging from 1.95 to 1000 μM. Varying concentra-
tions were added and allowed to react with the cells for 24 and 
48 hours, followed by addition of 20 μL MTT (5 mg/mL in 
PBS) and incubation for another 4 hours at 37°C. Formazan 
crystals were dissolved by adding 100 μL dimethyl sulfoxide 
and incubation at room temperature until all crystals were dis-
solved. Absorbance at 550 nm was measured using a microplate 
ELISA reader (1420 Multilabel Counter/Victor3; Perkin 

Elmer, Waltham, MA, USA). Cell survival was calculated using 
the following formula: survival (%) = (A550 of peptide-treated 
cells/A550 of peptide-untreated cells) × 100.20

Hemolytic assay

Human erythrocytes from a healthy donor were collected in 
0.15 M citrate buffer (pH 7.4) washed 3 times by centrifuga-
tion (700 ×g, for 10 minutes at 4°C) with 0.15 M PBS con-
taining 137 mM NaCl, 2.7 mM KCI, 10 mM Na2HPO4, 
1.76 mM KH2PO4 (pH 7.4) and resuspended in PBS to a 
final concentration of 3% (v/v). The peptides (serial 2-fold 
dilutions in PBS) were added to 80 µL erythrocyte suspension 
to a final volume of 100 μL and incubated for 1 hour at 37°C. 
Hemoglobin release was monitored by measuring the super-
natant absorbance at 405 nm with a Microplate ELISA Reader 
(1420 Multilabel Counter/Victor3). The hemolysis percent-
age was expressed in relation to a 100% lysis control (erythro-
cytes incubated with 0.1% Triton X-100); PBS was used as a 
negative control.12,75,76

Results and Discussion
Sample fractionation and peptide purif ication

The hemolymph was processed and separated on a Sep-Pack 
C18 column using 5%, 40%, and 80% ACN concentrations to 
elute the main sample into three different fractions (see section 
“Sample fractionation”). During purification of the 5% ACN 
sample by RP-HPLC, the fraction eluted at 67.3 minutes (sam-
ple 1; Figure 1A) showed antimicrobial against E. coli, whereas 
the fraction eluted at 56.2 minutes during 40% ACN sample 
purification by RP-HPLC (sample 2; Figure 2A) showed anti-
microbial activity against M. luteus. Both were completely iso-
lated in the second chromatography step (Figures 1B and 2B).

Figure 1. 5% ACN active fraction purification—sample 1: (A) The 5% ACN fraction isolated from Triatoma infestans hemolymph was separated by 

RP-HPLC using a C18 column, eluted over a linear gradient from solution A from 0% to 20% of solution B in 60 minutes. The labeled fraction (*), eluted at 

67.3 minutes, exhibited antimicrobial activity and was subjected to a second chromatography step. (B) The second RP-chromatographic step on an 

analytic VP-ODS C18 column, with an ACN gradient from 13% to 23% solution B in 60 minutes, to guarantee fraction homogeneity.



Diniz et al 5

Peptide identif ication

After purification, both samples were examined by mass spec-
trometry and the data were analyzed in MagTran 1.02. We 
verified that samples 1 and 2 had approximated molecular 
weights of 951 and 1035 Da, respectively (Figure 3).

To determine the amino acid content and perform protein 
identification, mass spectrometry data were analyzed with 
Mascot software with the Fingerprint tool and using the 
Hemiptera database (118 063 sequences). Both samples showed 
similarities with tachykinin-related peptides I and II (TRP1 
and TRP2), respectively, from different insect species (Figure 4).

According to the official TKRP nomenclature, these 
peptides were named as TRP1-TINF and TRP2-TINF 
(tachykinin-related peptides I and II from T. infestans). As 
observed for TRP1-TINF, the first match corresponded to an 

uncharacterized protein from Acyrthosiphon pisum. However, 
this protein showed an expected threshold P-value > .05, and 
thus this result was discarded. Showing 100% coverage with 
the corresponding sequences, TRP1-TINF is composed of 9 
amino acid residues with the sequence GPSGFLGMR and 
RP2-TINF is composed of 10 amino acid residues with the 
sequence APAAGFFGMR.

Tachykinins are proteins that comprise a superfamily 
initially described by Von Euler and Gaddum30 and have neu-
rotransmitter/neuromodulator activities as their main physio-
logical functions. A subfamily discovered in insects, named as 
tachykinin-related peptides (or tachykinin-like peptides), has 
been widely studied.36,37 The production of TKRP by species 
in the order Hemiptera has been described, and all sequences 
are summarized in Table 1.

Figure 2. 40% ACN active fraction purification—sample 2: (A) The 40% ACN fraction isolated was separated by RP-HPLC using a C18 column, eluted 

over a linear gradient from solution A from 2% to 60% of solution B in 60 minutes. The labeled fraction (*), eluted at 56.2 minutes, exhibited antimicrobial 

activity and was subjected to a second chromatography step. (B) The second RP-chromatographic step on an analytic VP-ODS C18 column with an ACN 

gradient from 49% to 59% solution B in 60 minutes to guarantee its homogeneity.

Figure 3. Mass determination using MagTran software: (A) Sample 1 had an approximate mass of 951.07 Da. (B) Sample 2 had an approximate mass of 

1034.98 Da.
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Figure 4. Mass spectrometry analysis using MASCOT software: (A) Sample 1 mass spectrometry data compared with a Hemiptera database (118 063 

sequences). Sample showed similarity with tachykinin-related peptide I from Banasa dimiata, Pyrrhocoris apterus, Pentatoma rufipes, Oncopeltus 

fasciatus, Nezara viridula, Euschistus servus, and Acrosternum hilare. (B) Sample 2 mass spectrometry data compared with a Hemiptera database 

(118 063 sequences). Sample showed similarity with tachykinin-related peptide II from B. dimiata, P. rufipes, N. viridula, E. servus, and A. hilare.

Table 1. Relationships with TKRPs from Hemipterans.

SPECIES PEPTIDE FAMILy NAME PEPTIDE SEquENCE

Acrosternum hilare
(Nezara hilaris)a

Tachykinin-related peptide I TRP1_ACRHI GPSGFLGMR

Tachykinin-related peptide II TRP2_ACRHI APAAGFFGMR

Tachykinin-related peptide III TRP3_ACRHI GPSSGFFGMR

Tachykinin-related peptide IV TRP4_ACRHI SPASGFFGMR

Tachykinin-related peptide V TRP5_ACRHI APLMGFqGVR

Tachykinin-related peptide VI TRP6_ACRHI APSMGFMGMR

Banasa dimiata
(Pentatoma dimiata)a

Tachykinin-related peptide I TRP1_BANDI GPSGFLGMR

Tachykinin-related peptide II TRP2_BANDI APAAGFFGMR

Tachykinin-related peptide III TRP3_BANDI GPSSGFFGMR

Tachykinin-related peptide IV TRP4_BANDI SPASGFFGMR

Tachykinin-related peptide V TRP5_BANDI APLMGFqGVR

Tachykinin-related peptide VI TRP6_BANDI APSMGFMGMR

Euschistus servusa Tachykinin-related peptide I TRP1_EuSSE GPSGFLGMR

Tachykinin-related peptide II TRP2_EuSSE APAAGFFGMR

Tachykinin-related peptide III TRP3_EuSSE GPSSGFFGMR

Tachykinin-related peptide IV TRP4_EuSSE SPASGFFGMR

Tachykinin-related peptide V TRP5_EuSSE APLMGFqGVR

Tachykinin-related peptide VI TRP6_EuSSE APSMGFMGMR

 (Continued)
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As Rhodnius prolixus is phylogenetically close to T. infestans, 
primary sequence alignment was performed to compare their 
most similar sequences (Figure 5), which revealed a close 
resemblance.

Recent studies have shown that a few components of the 
vertebrate tachykinin family have antimicrobial activity against 
some bacterial strains such as S. marcescens and P. aeruginosa.77-79 
Although none of the TKRP sequences mentioned above were 

SPECIES PEPTIDE FAMILy NAME PEPTIDE SEquENCE

Nezara viridula
(Cimex viridulus)a

Tachykinin-related peptide I TRP1_NEZVI GPSGFLGMR

Tachykinin-related peptide II TRP2_NEZVI APAAGFFGMR

Tachykinin-related peptide III TRP3_NEZVI GPSSGFFGMR

Tachykinin-related peptide IV TRP4_NEZVI SPASGFFGMR

Tachykinin-related peptide V TRP5_NEZVI APSMGFMGMR

Tachykinin-related peptide VI TRP6_NEZVI APLMGFqGVR

Oncopeltus 
fasciatusa

Tachykinin-related peptide I TRP1_ONCFA GPSGFLGMR

Tachykinin-related peptide II TRP2_ONCFA APASGFFGMR

Tachykinin-related peptide III TRP3_ONCFA APSSGFFGTR

Tachykinin-related peptide IV TRP4_ONCFA NPASGFFGMR

Tachykinin-related peptide V TRP5_ONCFA APVMGFqGMR

Tachykinin-related peptide VI TRP6_ONCFA APSMGFMGMR

Pentatoma rufipes
(Cimex rufipes)a

Tachykinin-related peptide I TRP1_PENRu GPSGFLGMR

Tachykinin-related peptide II TRP2_PENRu APAAGFFGMR

Tachykinin-related peptide III TRP3_PENRu GPSSGFFGMR

Tachykinin-related peptide IV TRP4_PENRu SPASGFFGMR

Tachykinin-related peptide V TRP5_PENRu APLMGFqGVR

Tachykinin-related peptide VI TRP6_PENRu APSMGFMGMR

Pyrrhocoris apterus
(Cimex apterus)a

Tachykinin-related peptide I TRP1_PyRAP GPSGFLGMR

Tachykinin-related peptide II TRP2_PyRAP APASGFFGMR

Tachykinin-related peptide III TRP3_PyRAP GPSSGFFGTR

Tachykinin-related peptide IV TRP4_PyRAP TPASGFFGMR

Tachykinin-related peptide V TRP5_PyRAP APSSMGFMGMR

Tachykinin-related peptide VI TRP6_PyRAP APVMGFqGMR

Rhodnius prolixus
(Triatomid bug)b

Tachykinin-related peptide I TRP1_RHOPR SGPGFMGVR

Tachykinin-related peptide II TRP2_RHOPR TSMGFqGVR

Tachykinin-related peptide III TRP3_RHOPR APASGFFGMR

Tachykinin-related peptide IV TRP4_RHOPR TPSDGFMGMR

Tachykinin-related peptide V TRP5_RHOPR APACVGFqGMR

Tachykinin-related peptide VI TRP6_RHOPR GPSSSAFFGMR

Tachykinin-related peptide VII TRP7_RHOPR SPATMGFAGVR

Tachykinin-related peptide VIII TRP8_RHOPR pqERRAMGFVGMR

Relationships of all TKRP sequences described in species in the order Hemiptera.
aNeupert et al.56

bOns et al.57

Table 1. (Continued)
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evaluated in antimicrobial assays, urechistachykinin I and ure-
chistachykinin II, which are tachykinin-related neuropeptides 
isolated from the Echiuroid worm44 and share the C-terminal 
region, presented antimicrobial activity against different Gram-
positive and Gram-negative bacteria and different fungi.80

As a main characteristic of the peptide family, all sequences 
share the same C-terminal region (F-X-G-Y-R-NH2); thus, it 
is expected that they have similar biological effects.

Characterization of isolated TKRPs

Bioassays. TRP1-TINF and TRP2-TINF were artificially syn-
thetized. For synthetic TRP2-TINF, the methionine (second 
amino acid in the C-terminal region) was changed to norleucine, 
reducing the molecular weight to 1006 Da. For comparison, the 
synthetic peptides were also tested against M. luteus and E. coli. 
Both peptides were active against the two microorganisms, indi-
cating the antimicrobial potential of the synthetic molecules.

The synthetic peptides were tested against a broad range of 
bacterial, yeast, and fungal species and their antimicrobial 
activities are reported in Tables 2 and 3. The initial concentra-
tion of TRP1-TINF was 128 µM and that of TRP2-TINF was 
164 µM.

Both TRP1-TINF and TRP2-TINF could partially or 
completely inhibit the growth of several bacteria and fungi. 

Figure 5. Primarily sequence alignment. Tachykinin-related peptides I 

and II from Triatoma infestans (TRP1-TINF and TRP2-TINF) compared 

with tachykinin-related peptides I and III from Rhodnius prolixus 

(TRP2_RHOPR and TRP3_RHOPR). Amino acid residues highly 

conserved between the sequences are highlighted in yellow. (*) Position 

with a single and fully conserved amino acid residue; (:) Position with 

amino acid residues conserved between groups of strong similar 

properties; (.) Position with amino acid residues conserved between 

groups of weakly similar properties.

Table 2. Synthetic TRP1-TINF antimicrobial activities against bacterial and fungal strains.

MICROORGANISMS MIC, μM (MG/ML)

MH PB

Gram-positive bacteria

 Micrococcus luteus 128 (0.20) 32 (0.05)

 Staphylococcus aureus NA NA

 Micrococcus luteus BR2 NA NA

 Bacillus megaterium NA NA

 Bacillus subtilis NA NA

Gram-negative bacteria

 Alcaligenes faecalis NA NA

 Enterobacter cloacae NA NA

 Serratia marcescens NA NA

 Pseudomonas aeruginosa 64 (0.10) 64 (0.10)

 Escherichia coli NA 100 (0.10)

MICROORGANISMS MIC, μM (MG/ML) MBC, μM (MG/ML)

RPMI PDB RPMI PDB

yeasts

 Candida albicans NA NA NA NA

 Candida parapsilosis NA NA NA NA

 Cryptococcus neoformans NA 128 (0.20) NA 128 (0.20)

 Saccharomyces cerevisiae NA NA NA NA

 Candida tropicalis NA NA NA NA

 (Continued)
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Table 3. Synthetic TRP2-TINF antimicrobial activities against bacterial and fungal strains.

MICROORGANISMS MIC, μM (MG/ML)

MH PB

Gram-positive bacteria

 Micrococcus luteus NA 164 (0.18)

 Staphylococcus aureus NA NA

 Micrococcus luteus BR2 NA NA

 Bacillus megaterium NA NA

 Bacillus subtilis NA NA

Gram-negative bacteria

 Alcaligenes faecalis NA NA

 Enterobacter cloacae NA NA

 Serratia marcescens NA NA

 Pseudomonas aeruginosa 164 (0.18) 82 (0.09)

 Escherichia coli NA 82 (0.09)

MICROORGANISMS MIC, μM (MG/ML) MBC, μM (MG/ML)

RPMI PDB RPMI PDB

yeasts

 Candida albicans NA NA NA NA

 Candida parapsilosis NA NA NA NA

 Cryptococcus neoformans NA 164 (0.18) NA 164 (0.18)

 Saccharomyces cerevisiae NA NA NA NA

 Candida tropicalis NA NA NA NA

Filamentous fungi

 Cladosporium sp. NA 164 (0.18) NA 164 (0.18)

 Penicillium expansum 164 (0.18) 164 (0.18) 164 (0.18) 164 (0.18)

 Aspergillus niger NA NA NA NA

 Paecilomyces farinosus NA NA NA NA

 Cladosporium herbarum NA NA NA NA

Abbreviations: MBC, minimal bactericidal concentration values obtained on the liquid growth inhibition assay; MH, Müller-Hinton medium; MIC, minimal inhibition 
concentration; NA, not active on a concentration of 164 μM; PB, poor broth nutrient medium; PDB, potato dextrose broth medium; RPMI, Roswell Park Memorial Institute 
medium.

MICROORGANISMS MIC, μM (MG/ML) MBC, μM (MG/ML)

RPMI PDB RPMI PDB

Filamentous fungi

 Cladosporium sp. NA NA NA NA

 Penicillium expansum 128 (0.20) 128 (0.20) 128 (0.20) 128 (0.20)

 Aspergillus niger NA 128 (0.20) NA 128 (0.20)

 Paecilomyces farinosus NA NA NA NA

 Cladosporium herbarum NA NA NA NA

Abbreviations: MBC, minimal bactericidal concentration values obtained by liquid growth inhibition assay; MH, Müller-Hinton medium; MIC, minimal inhibition concentration; 
NA, not active at a concentration of 128 μM; PB, poor broth nutrient medium; PDB, potato dextrose broth medium; RPMI, Roswell Park Memorial Institute medium.

Table 2. (Continued)
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Neither peptide showed specific activities, although both could 
disrupt bacterial cells at a lower concentration than that 
required for disrupting fungi cells. For instance, TRP1-TINF 
was active against Gram-positive and Gram-negative bacteria 
(M. luteus with 32 µM and P. aeruginosa with 64 µM), and 
TRP2-TINF has predilection toward Gram-negative bacteria, 
presenting activity with lower concentrations toward P. aerugi-
nosa and E. coli.

Hemolysis percentages of 0.9% and 0.6% were observed 
when red blood cells were incubated with 300 μM of TRP1-
TINF and 360 μM of TRP2-TINF, respectively. Thus, the 
peptides showed no significant hemolytic activity (P < .05).

In contrast, when incubated Vero cells with the highest 
tested concentration of both peptides (1000 μM), cell viability 
was approximately 84% and 90% after exposure to TRP1-
TINF and TRP2-TINF, respectively (Figure 6). The selectivity 
index was not calculated, as no median lethal dose values were 
found at the maximum evaluated concentrations.

To investigate the physicochemical dynamics of the pep-
tides, we performed tridimensional structure analysis and deg-
radation analysis in plasma assays. In CD analysis, the structural 
conformation of asymmetric molecules was obtained from the 

patterns of absorption and refraction of the absorbance of 
right- and left-handed circularly polarized light81,82 as a hygro-
scopic liquid was added to the original solution.

As shown on the CD spectra, TRP1-TINF (Figure 7A) 
tended to assume a random coil conformation, whereas TRP2-
TINF (Figure 7B) tended to assume a Poly (Pro) II (PPII) or 
helix-31 conformation.

TRP1-TINF showed a random secondary structure because 
of 2 main factors. It is formed of less than 10 amino acid resi-
dues and nearly half of these residues have small and neutral 
side chains (3 glycine residues and 2 proline residues), lowering 
the possibility of forming a stable secondary structure.

Stable PPII structures presents turns of approximately 120° 
(3 amino acid residues per turn) and contain 10 atoms in each 
turn with a hydrogen bridge/bond.83,84 As TRP2-TINF has a 
PPII conformation and is composed of 10 amino acid residues, 
it represents a structure with 3 turns.

Tachykinin-related peptides are present in different insect 
tissues because of hemolymph circulation,41 thus it is crucial to 
determine their degradation rate in the plasma to develop 
improve the understanding of the peptide bioavailability. The 
percentages of available peptides in the plasma after different 
incubation times are shown in Figure 8.

Within 15 minutes, the percentage of TRP1-TINF 
decreased to 69% peptide remaining; this process occurs gradu-
ally, with only 16% of the whole peptides remaining in solution 
at 120 minutes.

TRP2-TINF was more susceptible to degradation. In 
15 minutes, the peptide concentration decreased to 34% and in 
30 minutes decreased to 14%. By 60 minutes, 2.3% of the pep-
tide remained, and no peptide was detected at 120 minutes. 
The molecular weight of each peptide and the degradation 
curves were analyzed by mass spectrometry to determine the 
amino acid loss (Table 4).

By observing the amino acid loss at each time point, it 
is possible to determine if the sequence was degraded by 
aminopeptidases, carboxypeptidases, or endopeptidases. After 

Figure 6. TRP1-TINF and TRP2-TINF toxicity assays. Cytotoxicity of 

TRP1-TINF (Δ) and TRP2-TINF (•) over Vero cells in a 2-fold series 

dilution at a maximum concentration of 1000 μM.

Figure 7. TRP1-TINF and TRP2-TINF CD spectra: (A) Diffraction pattern of polarized light of TRP1-TINF, corresponding to a random structure. (B) 

Diffraction pattern of polarized light of TRP2-TINF, corresponding to a PPII structure.
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15 minutes of incubation, 3 molecular weights were detected, 
and 903, 846, and 749 Da were also registered. These molecu-
lar weights correspond to the entire sequence and loss of G 
and G-P, respectively. Additional amino acid losses continu-
ally occurred until 120 minutes. At the last time point, 5 
molecular weights corresponding to the full sequence without 
G (846 Da), G-P (749 Da), G-P-S (661 Da), G-P-S-G 
(604 Da), and G-P-S-G-F (457 Da) were observed. These 
losses indicate the susceptibility of the peptides to degradation 
by aminopeptidase enzymes.85

The degradation profile of TRP2-TINF is compatible with 
degradation by a carboxypeptidase. Within 15 minutes, frag-
ments with molecular weights of 850 and 736 Da were detected, 

corresponding to the entire sequence without R and RN. In 
agreement with this, at 30, 60, and 120 minutes RNG loss was 
observed (681 Da). This degradation is indicative of carboxy-
peptidase activity.86

Conclusions
These results increase the understanding of triatomines physi-
ology and represent a pharmacological relevant study object, 
providing the first description of TKRP molecules produced by 
T. infestans and demonstrating the antimicrobial potency and 
physicochemical features of the isolated molecules.
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