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Abstract

Larval therapy (LT) is an alternative treatment which uses fly larvae to heal chronic wounds; its
action is based on debridement, bacterial removal and stimulating granulation tissue. The most
important mechanism for fighting infection with LT depends on larval excretions and secretions (ES).
The larvae are protected by an antimicrobial peptide (1) spectrum. Sarconesiopsis magellanica is a
promising necrophagous fly for use in medicine. This study was thus aimed at identifying and
characterizing S. magellanica AMPs contained in ES, for the first time. ES were fractionated by RP-HPLC
using C18 columns. The products were lyophilized, and their antimicrobial activity characterized. The
sequences were determined by mass spectrometry. The mechanism of action was evaluated by
fluorescence and electronic microscopy. Toxicity was tested on HeLA cells and human erythrocytes; the
physicochemical properties of the identified peptides were evaluated. Two molecules in the ES were
characterized: sarconesin (a new peptide having antibacterial activity against Gram-negative
(Escherichia coli D31, Pseudomonas aeruginosa 27853) and Gram-positive (Staphylococcus aureus ATCC
29213, Micrococcus luteus A270) bacteria and sarconsesin II, having activity against Gram-negative (E.
coli MG1655, P. aeruginosa ATCC 27853) and Gram-positive (S. aureus ATCC 29213, M. luteus A270)
bacteria. The minimum inhibitory concentrations ranged from 1.2 uM upwards; the AMPs did not have
toxicity in any tested cells and their action on bacterial membrane and DNA was confirmed. Sarconesin
had similarity with the CDC42 protein belonging to the Rho-family of GTPases which are important in
organelle development and wound repair. Sarconesin II was seen to be a conserved domain of the ATP
synthase protein belonging to the Flil superfamily. The data reported here indicates that the peptides
could be alternative therapeutic candidates for use in infections against Gram-negative and Gram-

positive microorganisms and as new resources to combat resistance against antimicrobial agents.

Key words: Antimicrobial peptide, larval therapy, Sarconesiopsis magellanica.



Resumo

A terapia larval é um tratamento alternativo que utiliza larvas de moscas para cicatrizar feridas
cronicas: sua agdo € baseada no desbridamento, remocgao bacteriana e estimulagdo do tecido de
granula¢ao. O mecanismo mais importante para combater as infec¢des por TL depende das excregdes e
secrecdes (ES). As larvas sdo protegidas por um espectro de peptideos antimicrobianos (PAMs).
Sarconesiopsis magellanica € uma mosca necréfaga promissora para uso em medicina. Assim, este estudo
teve como objetivo identificar e caracterizar os AMPs de S. magellanica contidos nas ES pela primeira
vez. ES foram fracionados por RP-HPLC utilizando colunas C18. Os produtos foram liofilizados e sua
atividade antimicrobiana caracterizada. As sequéncias foram determinadas por espectrometria de
massas. O mecanismo de acao foi avaliado por fluorescéncia e microscopia eletronica. A toxicidade foi
testada em linhagens de células e eritrécitos humanos e as propriedades fisico-quimicas dos peptideos
identificados foram avaliadas. Duas moléculas presentes no ES foram caracterizadas: 1) sarconesin, um
novo peptideo, com atividade antibacteriana contra bactérias Gram-negativas (Escherichia coli D31,
Pseudomonas aeruginosa 27853) e Gram-positiva (Staphylococcus aureus ATCC 29213, Micrococcus luteus
A270); Um segundo peptideo 2) Sarconesin II, com atividade contra Gram-negativo (E. coli MG1655, P.
aeruginosa ATCC 27853) e Gram-positivo (S. aureus ATCC 29213, M. luteus A270). Nas concentragoes
minimas inibitdrias obtidas a partir de 1,2 uM, os PAMs néo apresentaram toxicidade em nenhuma das
células testadas e sua agdo na membrana bacteriana e no DNA foi confirmada. Sarconesin apresentou
similaridade com a proteina CDC42 pertencente a familia Rho das GTPases, importante no
desenvolvimento de organelas e reparo de feridas. Sarconesin II foi registrado como um dominio
conservado da proteina ATP sintase pertencente a superfamilia Flil. Os dados aqui relatados indicam
que os peptideos podem ser candidatos terapéuticos alternativos para uso em infec¢des contra
microrganismos Gram-negativos e Gram-positivos e como novos recursos para combater a resisténcia

a antimicrobianos.

Palavras-chave: Peptideos antimicrobianos, terapia larval, Sarconesiopsis magellanica.



Resumen

La terapia larva es un tratamiento alternativo que utiliza larvas de moscas para cicatrizar las
heridas crénicas: su accion se basa en el desbridamiento, la eliminacion bacteriana y la estimulacion del
tejido de granulacion. El mecanismo mas importante para combatir las infecciones por TL depende de
las excreciones y las secreciones (ES). Las larvas estan protegidas por un espectro de péptidos
antimicrobianos (PAMs). Sarconesiopsis magellanica es una mosca necréfaga prometedora para su uso en
medicina. Asi, este estudio tuvo como objetivo identificar y caracterizar los PAM de S. magellanica
contenidos en las ES por primera vez. Las ES fueron fraccionadas por RP-HPLC utilizando columnas
C18. Los productos fueron liofilizados y su actividad antimicrobiana caracterizada. Las secuencias
fueron determinadas por espectrometria de masas. El mecanismo de accién fue evaluado por
fluorescencia y microscopia electronica. La toxicidad se probo en lineas celulares y eritrocitos humanos,
y se evaluaron las propiedades fisicoquimicas de los péptidos identificados. Dos moléculas presentes
en las ES fueron caracterizadas: Sarconesin, un nuevo péptido con actividad antibacteriana contra
bacterias Gram-negativas (Escherichia coli D31, Pseudomonas aeruginosa 27853) y Gram-positivas
(Staphylococcus aureus ATCC 29213, Micrococcus luteus A270); adicionalmente, un segundo péptido
denominado Sarconesin II, con actividad contra Gram-negativos (E. coli MG1655, P. aeruginosa ATCC
27853) y Gram-positivos (S. aureus ATCC 29213, M. luteus A270). Las concentraciones minimas
inhibitorias obtenidas partian desde 1,2 uM; los PAM no presentaron toxicidad en ninguna de las células
probadas y su accion en la membrana bacteriana y en el ADN fue confirmada. Sarconesin presento
similitud con la proteina CDC42 perteneciente a la familia Rho de las GTPasas, importante en el
desarrollo de organelos y reparacion de heridas. Sarconesin II fue registrado como un dominio
conservado de la proteina ATP sintasa perteneciente a la superfamilia Flil. Los datos aqui mostrados
indican que los péptidos pueden ser candidatos terapéuticos alternativos para su uso en infecciones
contra microorganismos gram-negativos y gram-positivos, y como nuevos recursos para combatir la

resistencia a los antimicrobianos.

Palabras clave: Péptidos antimicrobianos, terapia larval, Sarconesiopsis magellanica.
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chromatographed again in the same system with an analytic Jupiter C18 column (10um; 300A; 4.6mm x 250mm)
and run in 44%-54% solution B for 60 min (inset). The eluted 3.2 fraction (i.e. sarconesin) had antibacterial activity
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Figure 20. Growth curve and toxicity assays. (A) Growth curve for M. luteus A270 incubated with sarconesin.
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novo sequencing of sarconesin. CID spectrum from mass/charge (m/z) of its double-charged ion gave [M+2H]2+,

m/z 736.9266. The ions from y (red) and b (blue) series (marked at the top of the spectrum) represent the primary
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Figure 29. Synthetic sarconesin hemolytic activity after 1 hour treatment. The peptide’s concentration-
response curve for percentage hRBC lysis is shown. IC50=1100 uM dose-dependent hemolytic effect of sarconesin
on hRBC. The control for 100% hemolysis was a sample of erythrocytes treated with 0.1% Triton-X 100. Peptide
concentration is given in uM. GraphPad Prism was used for analyzing IC50 data. Parameters: non-linear regression;
(mean + standard deVIation, N 3)......coii ittt b ettt b e bbbttt b e bbb et ene 83

Figure 30. RP-HPLC profile of lyophilized larval ES crude extract at 225 nm eluted on a Jupiter C18 Column
(10 mm x 250 mm, 10 pum; 300 A), using a 0-80% B linear gradient for 80 min with solvent A (0.05% TFA/can) and
solvent B (0.05% TFA/H:20) at 1.5 mL/min flowrate. Inset: sarconesin II fraction labelled with an asterisk was
chromatographed in the same solvent system on a Jupiter C18 column (4.6 mm x 250 mm, 10 um; 300 A) using a
30%—45% B linear gradient for 60 MIN..........cccoiiiiiiiiiiiiiiii 95

Figure 31. Sarconesin IIs effect in toxicity assays. (a) Growth curve for E. coli DH5a incubated with sarconesin
II MIC. Bacterial growth was inhibited at 240 min. (b) HeLa cell CC measured by MTT tetrazolium assay. Cells
were incubated with sarconesin II at 25, 50 and 100 uM for 24 h. Untreated HeLa cells were used as negative control
and HeLa cells treated with 30% DMSO were used as positive control. (¢) Hemolytic activity against hRBC.
Sarconesin II was tested at 25, 50 and 100 uM concentrations. PBS was added without peptide for determining 0%
hemolysis. The arrow indicates the concentration at which the fraction had antimicrobial activity. The average of
each experiment done in triplicate is presented in individual columns as mean + SD. One-way ANOVA followed
by post hoc Dunnett’s multiple comparison test was used. ***p < 0.001.........ccceevevriviiiiieeeece s 97

Figure 32. MS/MS fragmentation was used to obtain the complete sarconesin II aa sequence. The CID spectrum
from mass/charge (m/z) of its double-charged ion gave [M + 2H]?*, m/z 720.3984. The ions from y (red) and b (blue)
series (marked at the top of the spectrum) represent the primary structure: VALTGLTVAEYFR. ..........c.ccovvenee. 98

Figure 33. Sarconesin II sequence and conserved domains. (a) Sarconesin II spectrum match indicated by a
blue line below the mitochondrial KNC23160.1 ATP synthase subunit beta sequence [Lucilia cuprina]. Sarconesin II
was found between residues 260 and 274, covering 3% of the whole protein sequence. Sequences in green represent
tryptic peptides. (b) Sarconesin II sequence embedded in Calliphoridae multiple sequence alignment search (301)
shows the putative conserved domain. Sarconesin II appears as an ATP synthase beta subunit protein conserved
residue belonging to the Fli-1 superfamily. (c) Representative model of the mitochondrial ATP synthase subunit

beta (PDB ID: 2w6j) built with Chimera (215). Sarconesin II is exposed on the surface (red). .......ccccovvurriviviirinnnne 100



18
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and blebbing on the outer face (arrows). Some bacteria had variable length, rough cell surfaces or globular

protrusions on their surfaces. These images revealed that sarconesin II could induce alterations in cell morphology.
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1. Chapter1

Isolating and characterizing antimicrobial peptides
derived from larvae of the blowfly Sarconesiopsis

magellanica

1.1. Introduction
1.1.1. Larval therapy

Larval therapy (LT) is a simple, safe and highly successful natural method for healing chronic
wounds; its action has been scientifically proven as using four primordial mechanisms: cleaning
necrotic tissue, disinfection (2-5), inhibiting and eradicating biofilms (6-8) and stimulating granulation
tissue growth (4, 9-13).

LT is an old technology that was used and recognized in the 1930s (14-16), being popular in many
European and North American countries where more than 300 hospitals used it; however, it was
abandoned later on in 1940 as a result of growing interest in antibiotics and surgical advances (17). There
was a resurgence of awareness in it in 1989 as a means of combating bacterial resistance to antibiotics
and treating difficult-to-heal chronic wounds (4, 11). Around 15,000 patients are treated with this

technology annually in Europe and it is also used in most countries around the world (18).
1.1.2. Wounds and incidence

A wound is the loss of tissue continuity (19). Wounds are classified according to their healing time
as acute or chronic. Acute wounds arise as a result of burns, surgeries or trauma and heal in an orderly
way (2). Unlike these, chronic wounds are due to a physio-pathological condition, such as vascular
insufficiency or underlying disease; these chronic wounds include arterial, venous, pressure or diabetic
ulcers (20). These wounds do not heal normally, remaining infected during the inflammatory stage and
inhibiting cell proliferation, remodeling incomplete extracellular matrix, thus requiring a longer healing

time which can be longer than 6 weeks (21). The incidence of these wounds in the adult population is



25

0.18% to 1.3%, of which 75-80% are vascular insufficiencies, 5% pressure ulcers and 15-25% diabetic foot
ulcers (22).

Open lesions enable microorganism entry which can lead to infection, recognized by redness,
swelling, pain and heat. A wound provides the necessary environment for the proliferation of
microorganisms found in/on the skin and which are normally harmless but can become pathogenic in
a wound (23). Figure 1 shows the bacteria frequently found in wounds, the most frequently occurring

being S. aureus and P. aeruginosa (24) (Figure 1).
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Figure 1. Bacteria in wounds before (left) and after LT. Image taken from Jaklic ef al. (24).

1.1.3. LT mechanism of action (MoA)

Despite the beneficial effects of larval therapy since ancient times, its mechanisms of action (MoA)
have only been better understood in relatively recent years. The larvae induce wound healing through
the following MoA: removing necrotic tissue / debridement (25), stimulating granulation tissue (25, 26),
inhibiting and eliminating biofilms (7, 8) and having an antibacterial effect (3, 4, 15, 21). Research into
the mechanisms underlying the clinical effects of LT larval has led to identifying and isolating some

molecules having proteolytic, antimicrobial activities and promoting chronic wound healing (27, 28).
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1.1.3.1. Debridement

It has been shown that when larvae meet their cephalic end when in contact with a wound, they
can rapidly dissolve necrotic tissue as a result of collective proteolytic enzyme excretion and secretion
(ES). These enzymes include collagenase and other enzymes having the same activity as trypsin, leucine
aminopeptidase and carboxypeptidases A and B. The enzymes digest the extracellular matrix and
increase the degree of tissue oxygenation so that necrotic tissue becomes eliminated. Larvae are indeed
living chemical factories; they move on the surface of a lesion, secreting a mixture of proteolytic
enzymes that dissolve the dead tissue so that this liquid is subsequently sucked up and ingested by
them (29). Larval ES products include protease complexes (30). Some of these proteases have been
identified as serine proteases and have been found in species such as L. cuprina, Stomoxys calcitrans,
Hypoderma lineatum, Chrysomya bezziana, Cochliomyia hominivorax and Haematobia irritans (31, 32).
Similarly, serine proteases have been found in wound fluids that are treated with LT, suggesting that
they are released during debridement (33).

Once the necrotic tissue has been enzymatically liquefied, the larvae ingest and digest the resulting
"soup". This action implies that any bacteria and possibly other microorganisms are subsequently lysed
as they pass through the larvae’s digestive tracts. Antibacterial activity seems to be mediated by several
components, among which Proteus mirabilis is a commensal of larval intestine and which secretes two
agents having antibacterial activity, identified as phenylacetic acid and phenylacetaldehyde having

particular action in the intestine’s low pH (11, 21).
1.1.3.2. Granulation tissue

Initial theories regarding the effect of larvae on wounds highlighted larvae’s physical action
through their tracking movements in the lesion, stimulating the appearance of granulation tissue and
promoting healing (34). This criterion was supported later on by the observation that larvae improved
tissue oxygenation in chronic wounds (35). Furthermore, scientists have long suggested that the action
of some substances excreted by L. sericata, such as allantoin (2,5-Dioxo-4-imadazolidinyl urea) or
ammonium bicarbonate (36), could stimulate granulation tissue growth. In effect, Robinson in 1935,

demonstrated stimulation of local granulation tissue growth by using these substances in wounds (36).



27

More recently, Prete (1997) found that food secretions and L. sericata hemolymph acting on human
fibroblast tissues stimulated cell proliferation (26). This author observed that larval extracts caused
significant fibroblast growth in the presence of the epidermal growth factor. Other researchers have
pointed out that fibroblast proliferation is only one aspect of granulation tissue formation and that
additional mechanisms may be involved. Thus, for example, Chambers et al., (2003), indicated that when
larvae are introduced into necrotic wounds they influence wound healing events with proteases in ES
which are involved in remodeling components of the extracellular matrix (25). These authors suggested
that proteinases cause fibrin lysis of the extracellular matrix, releasing proliferative factors (such as
fragments of fibronectin) causing favorable effects in wound healing. Likewise, the metalloproteinases
in ES are involved in collagen degradation to facilitate remodeling and keratinocyte migration (25).
Previous researchers believed that a particular type of enzyme having trypsin-like activity could play
an important role regarding the protease-activating receptor mediating cytokine proliferation in a
wound (37).

Another action, no less important in LT-related lesion healing is the chemotaxis of several
substances forming part of larval ES which enhance a patient's immune system through
proinflammatory agents, involving cytokines and interferon gamma. These substances stimulate
vasodilation and increase capillary permeability by enabling the extravasation of polymorphonuclear
leukocytes and macrophages targeting a lesion site (4, 27, 38), acting against microbial agents,

promoting granulation tissue and wound scarring.

1.1.3.3. Antibacterial activity

Researchers began to study the underlying mechanisms regarding some of the beneficial effects of
LT. The main focus of interest in the early 1930s was to examine the antimicrobial activity of the
components of larval secretions and excretion products. In one of Simons' early studies (39), larval ES
obtained from non-sterile L. sericata larvae were found to have considerable antimicrobial activity
against some species of pyogenic bacteria which became removed following 5 or 10 minutes” exposure.
Two decades later, Pavillard & Wright (40) used paper chromatography to show that larval washes
combined with a suspension of their ES could be fractionated. The fraction was active against S. aureus.

Relatively pure samples of the fraction of the antibiotic were obtained by using a cellulose column and
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a modification of the chromatography technique. A series of injections of this preparation protected
mice from the lethal effects of intraperitoneal inoculation with pneumococci. Final purification of this
active compound was never done. Subsequent research by different laboratories showed that L. sericata
larval ES contained a variety of alkaline compounds inhibiting bacterial growth and increasing pH, thus
creating optimum conditions for the activity of the proteolytic enzymes secreted by the larvae liquefying
necrotic tissue (41). It has been proposed that larvae release antimicrobial ingredients into wounds in
response to infection. Some such ingredients are low molecular weight bacteriostatic compounds, such
as p-hydroxybenzoic acid, p-hydroxyphenylacetic acid, dioxopiperazine proline (42) and an enigmatic
compound having the empirical formula Ci0H1sNeOy, known as seraticin (an antibiotic) (2). The other
compounds may be antimicrobial peptides (AMPs) from the immune system which are released into
wounds, thereby contributing to their healing (3, 10).

These insect peptides belong to the groups of diptericins, cecropins and defensins (43, 44). Much
research aimed at studying antibacterial activity against Gram-positive and Gram-negative germs has
led to inconsistent findings. Some studies have revealed that larval ES are poorly effective against S.
aureus and even less so against Gram-negative bacteria such as Pseudomonas aeruginosa and Acinetobacter
baumannii (7); others have identified larval ES antibacterial molecules giving optimal results when
evaluating their action against bacteria (17, 24, 42, 45, 46).

The reasons for such apparent discrepancy are not entirely clear; however, this may have been due
to the different methods used for collecting larval ES, the types of assay used for detecting antimicrobial
effects and the use of different larval ES concentrations (47).

For example, Bexfield ef al., (46) collected sterile larval ES and used different types of assay for
evaluating antibacterial activity. The inhibition zone assay did not detect antibacterial activity, whereas
the turbidimetric method demonstrated a significant reduction of bacterial growth regarding a
significant amount of species, including S. aureus and Escherichia coli. However, such antibacterial effect
was lacking against S. aureus and P. aeruginosa when these were evaluated using colony forming unit
(CFU) assays and minimal inhibitory concentration (MIC). Mumcuoglu et al., (4) demonstrated that the
larvae ingested fluorescent bacteria and that these subsequently became reduced in the gastrointestinal

tract, suggesting that the bacteria became destroyed in such microhabitat. By contrast, Daeschlein et al.,
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(48) evaluated larval ability to ingest and excrete bacteria, finding that these microorganisms could be
detected in viable form in larval intestine 48 hours after being exposed. However, it has recently been
reported that bacterial control by genes controlling virulence led to increased consumption of these
microorganisms by the larvae (49).

AMPs have been isolated from purified larvae in just L. sericata (45), L. cuprina (50) and Calliphora
vicina (51), while lucifensins have been isolated from larvae, purified, characterized and evaluated. They
have been shown to be mainly effective against Gram-positive bacteria, such as MRSA and its strains
(52, 53). Among the most recent studies on AMPs isolated from flies from the Calliphoridae family
different to those obtained from larval ES, it is worth mentioning a study by Yakovlev et al., (2017) (54)
who studied AMPs in culture medium from both fat bodies and hemocytes derived from Calliphora
vicina larvae. They demonstrated that both cell types synthesized and released an AMP complex to the
culture medium, containing defensins, cecropins, diptericins and proline-rich peptides. Another study
applied AMPs extracted from C. vicina larval hemolymph in environments extremely contaminated by
germs forming biofilms (in in situ and in vitro conditions), highlighting strong destructive matrix activity
and for the bacteria adhered to it; these bacteria (i.e. Escherichia coli, Staphylococcus aureus and
Acinetobacter baumannii) were resistant to conventional antibiotics (55). This AMP complex containing a
combination of defensins, cecropins, diptericins and proline-rich peptides, and interacting
synergistically with various classes of antibiotics, produced much stronger action targeting bacterial
strains (Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumonise and
Acinetobacter baumannii) and biofilm materials compared to the antibacterial effect on the same strains

in a planktonic culture model (56).

1.1.3.4. Biofilm eradication

Adherent bacteria in wounds can form micro-colonies producing a resistant and protective layer
called biofilm. Biofilm-associated infections are notoriously difficult to treat; many topical treatments
are not effective and antibiotics often fail to destroy bacteria in the biofilm (57). It has been established
that bacterial biofilms play an important role in infection and the colonization of chronic wounds (58).

For example, 60% of the samples taken from 77 individuals” chronic wounds in a relatively recent work
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showed that they contained biofilms and, conversely, only 6% of acute wound samples had this
structure (59).

It is widely accepted today that biofilms contribute towards wound chronicity (57, 60). Some
research has shown that larval secretions break the established biofilm (59, 61), inferring an important
role for AMPs in such action. Furthermore, it has been found that larval ES not only destroy biofilms
but also prevent their formation on abiotic surfaces, such as polyethylene, surgical stainless steel and
titanium (61, 62). It has been shown that larval ES degrade S. aureus biofilms (63). Likewise, such
substances (when starting activity on biofilm) cause the release of bacteria associated with it and which
are thus exposed to the action of the immune system and antibiotics if they are simultaneously attacked
by both mechanisms and substances. It has been established that larval ES do not affect many
antibiotics” antibacterial action in these conditions and, when used at high concentrations, improve the
antibacterial action of molecules (antibiotics), i.e. daptomycin, gentamicin and flucloxacillin (62, 63).

It has been shown recently that a larval ES-derived recombinant chymotrypsin was responsible for
degrading a protein-dependent mechanisms involved in bacterial biofilm formation; however, this
protein’s major effect was evidenced on S. epidermidis 5179-R1 nascent and established biofilms (37). The
aforementioned chymotrypsin has been used efficiently for degrading molecules in chronic venous
ulcers of the lower limbs and it has been shown that its action persisted in an environment having
intrinsic gelatinase activity (64).

Researchers have also pointed out recently that externalized larvae collected from larvae pre-
treated with bacteria prevented the formation of P. aeruginosa biofilms, having two dependent
characteristics (65). Initial studies suggested that the expression of antibacterial molecules in larval ES
can be induced, instead of being constitutive (42, 66). For example, antibacterial activity increased three-
to six-fold when larvae removed from chronic wounds were compared to other sterile larvae (42).
Kawabata et al., (66) established that previously-infected larvae had higher antibacterial capability than
sterile larvae. These researchers argued that the wounds’ clinical situation could enable larvae in an
infected environment to influence the production of their antibacterial activity. However, such

hypothesis has not been clinically confirmed (67).

1.1.4. Diptera
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Flies, from the order Diptera, mainly belonging to the Calliphoridae family, have been used for LT,
including Calliphora vicina, Chrysomya rufifacies, C. megacephala, Lucilia caesar, L. cuprina, L. ilustris, L.
sericata, Phormia regina, Cochliomyia macellaria, Protophormia terraenovae and Sarconesiopsis magellanica; the
species Wohlfahrtia nuba from the Sarcophagidae family and Musca domestica from the Muscidae have

also been used (Table 1) (11).

Table 1. Species of flies used in maggot therapy. Image taken from Sherman 2000 (11)

Family Species Refereaces

Calipbonadae Calipéors veins Texh 1938 (13

The taxonomic classification of the species S. magellanica from the subfamily Toxotarsine is as
follows: Kingdom: Animalia. Phylum: Arthropod. Class: Insect. Order: Diptera. Suborder Brachycera.
Family: Calliphoridae. Subfamily: Toxotarsine. Genus: Sarconesiopis. Species: Sarconesiopis magellanica.

The synonyms used for this species are: Sarconesia magellanica, and Sarconesiopsis chilensis.

This species has been reported in Argentina (68), Bolivia, Chile, Colombia, Ecuador and Peru (69).
It has been described by Figueroa-Roa et al., (70) in Valdivia, Chile, from 1996-1997, as non-synanthropic
species since it had a -6.3 synanthropic index (such index varies from +100 to -100, the first value
representing the highest degree of association with man, while negative values show aversion to a
human environment) indicating a poor relationship with man. Mariluis & Peris (71) described the
species as living at heights greater than 900 masl; it is distributed in the Colombian departments of
Boyaca and Cundinamarca (i.e. more than 2,000 masl) (72). S. magellanica has been reported as being the
first colonizing species of decomposing pigs in Bogota (a biomodel animal similar to humans) (73),

specifically in an urban area of Bogota (74, 75). Its antibacterial activity has been confirmed, giving better
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results than those for L. sericata (76) and it has already been evaluated regarding LT, leading to good

effects concerning diabetic wound healing (77) and in Leishmania—related lesions (77).
1.1.5. Insects” innate immune system

Arthropods” immune system mechanisms are one of the factors which have led species to survive
for so long in contaminated environments containing pathogenic microorganisms. The innate immune
system’s humoral and cellular responses become activated when a microorganism crosses arthropods’

physical-chemical barrier (as in other living beings), i.e. the cuticle (78).

1.1.5.1. Cellular response

Immune system cells (hemocytes) are also related to the phagocytosis, nodulation, microorganism
encapsulation and the storage of molecules involved in humoral responses (78-80). The insects’
hemocytes are the equivalent of vertebrates” blood cells (81). The hemocyte types most frequently
encountered in insects are prohemocytes, spherulocytes, oocytes, granulocytes and plasmatocytes (82).

Phagocytosis involves plasmatocytes and oenocytoids and is a form of endocytosis in which
particles foreign to the organism are recognized and sequestered into the cells in large vesicles (82).
These vesicles are fused to lysosomes, in phagolysosomes, where exogenous material is digested. The
remains of digested cells are expelled from a phagocytic cell through exocytosis, according to Gotz &
Boman, 1985, as reported by Brooks (83).

Hemocyte aggregation occurs in nodulation where one or more cell types can be recruited, in the
sense of aggregating and retaining microorganisms or biotic and foreign abiotic materials (84, 85). The
nodules contain pathogens more efficiently and synthesize the melanin around phagocytose, thereby
accelerating elimination of infection (86).

Cellular encapsulation is an immune mechanism in which layers are formed, overlying foreign
bodies and too large cells, or cells become trapped by nodules, such as invasive parasites” nematodes,
eggs or larvae (87, 88). Furthermore, a pathogen can be killed within the capsule by the production of
free radicals (such as nitrogen and oxygen reactants) from the hemocytes involved in encapsulation (85,

89). Encapsulation may also be associated with melanization due to profenoloxidase (PPO) system
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(humoral response) activation, leading to the death of the microorganism by hypoxia (90); melanin is

also responsible for cuticle sclerotization, wound healing and immune defense (91).

1.1.5.2. Humoral response

The humoral immune system involves the specific synthesis of molecules, peptides or enzymes
that may act toxically on an invasive microorganism, and includes AMPs, lysozymes, ROS and the PPO
cascade (79, 92).

The PPO cascade occurs when a pro-enzyme (prophenoloxidase) is converted to phenoloxidase
and catalyzes the oxidation of the phenolic compounds in hemolymph and the cuticle (93), thereby
reducing the hemolymph when it becomes exposed to air and thus producing melanin (94). Laccase
type enzymes are related to cuticle sclerotization and darkening while the other type has tyrosine
activity, being able to hydroxylate tyrosines and oxidize diphenols in quinones (79, 95, 96). The oocytes
are responsible for PPO synthesis in moths and mosquitoes” hemocytes (97, 98) while crystal cells
synthesize them in Drosophila (99, 100).

Lysozymes catalyze the hydrolysis of the 1,4--glycosidic linkage between N-acetylmuramic acid
and N-acetylglucosamine in peptidoglycans in the cell walls of many bacteria, causing cell lysis (101).
Lysozymes play a digestive role, especially in insects ingesting a large amount of bacteria from their
food source (101); they assume an immune function, preventing the systemic proliferation of
microorganisms as well as acting in synergism with other immunological factors (102). Lysozymes’
primary structures are known in the giant silk moth (Hyalophora cecropia), the tobacco horn worm
(Manduca sexta) and the fruit fly (Drosophila melanogaster) (101).

ROS are free radicals produced by metabolic processes such as the ingestion and digestion of blood
in hematophagous insects, and also by parasite infection (103, 104). Free radicals have an unpaired
electron in the last layer, which defines their great oxidative potential. ROS interact with
microorganisms’ cell membranes through the peroxidation of lipids, proteins and DNA (105, 106),
focusing antimicrobial agents helping in the fight against infection and also in controlling insects’

intestinal microbiota (107). It has been observed that ROS are actively produced in low levels in the
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digestive tract of Drosophila; however, oral infection with the bacteria greatly increases the production

of these reagents (108).
1.1.5.3. Signaling pathways regulating the immune response

Three major Drosophila signaling pathways regulate systemic immune responses against bacterial,
fungal and viral infection (Figure 2). The Toll pathway and the immune deficiency (IMD) pathway
control inducible immune responses to bacteria and fungi. The Toll pathway is active in the fat body
and, together with the IMD pathway, controls systemic AMP production. The IMD pathway is also
active in barrier epithelial surfaces, including the gut, and functions in antimicrobial responses together
with reactive oxygen species (ROS)-generating enzymes, such as dual oxidase (Duox) (109, 110). The
Persephone (PSH) cascade senses virulence factors and is activated by live Gram-positive bacteria and
fungi. The other two cascades are activated by pattern recognition receptors binding cell wall

components from Gram-positive bacteria and fungi (111).
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Figure 2. Drosophila signaling pathways regulating systemic immune responses against bacterial,
fungal and viral infection. Image taken from http://what-when-how.com/insect-molecular-biology-and-

biochemistry/insect-immunology-part-2/
1.1.6. Antimicrobial peptides

AMPs are present in most life forms, ranging from bacteria to plants, vertebrates and invertebrates
(112). They form part of insects” complex innate immune system, conferring protection against microbial
infections and are synthesized in fat bodies and hemocytes (44, 113, 114). They are released into the
hemolymph after their proteolytic maturation to counteract pathogen action, although they can also
have local synthesis in several epithelial tissues, such as the gut and epidermis in response to microbes’
exposure in these sites (115-117).

Are small peptides having variable aa composition, usually ranging from 8 to 50 residues in length
and their size could be 2 to 10 kDa. Many of these aa (around 40%) are hydrophobic and have
amphipathic properties (118). They interact with pathogen surface through electrostatic or hydrophobic
mechanisms to initiate killing bacteria using mechanisms such as lysis, disrupting microbial
homeostasis, membrane permeabilization and rupture, inhibiting protein synthesis or inducing reactive
oxygen species (ROS) synthesis causing cell death (119-121). Changes in AMPs’ primary sequence

directly influence their MoA, potency and selectivity against bacteria (122).

AMPs are positively-charged (123), amphipathic, structurally diverse and short (124). Figure 3
shows the discovery timeline for natural AMPs. Natural AMPs are one of the most important parts of
the defense system in both prokaryotic and eukaryotic organisms; most have been reported to have a
dual anti-inflammatory and antimicrobial effect, having a very diverse composition. Thousands of
natural and synthetic AMPs have been discovered (125, 126).

Antibiofilm Pegtades
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Colistin
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Gramicidin Melittin Plant Eurocin
A, Bve( Defensin Micasin
Human Cathelicidin Ploctasin Lucifensin
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Defensin AMPs -
AMPs

Figure 3. AMP discovery timeline. Image taken from Yazici ef al. (125)

The first insect scavengers’ defensins were isolated from an embryonic cell line from the fly
Sarcophaga peregrina (127) and hemolymph of immunized larvae derived from another fly, Phormia

terranovae (128), including different insects (Figure 4) (129). Since then, more than 70 defensins have
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been identified in various arthropods, such as spiders, ticks, scorpions and insect species from the orders
Diptera, Lepidoptera, Coleoptera, Hymenoptera, Hemiptera and Odonata (43, 44).

Class: Insecta
|

I |

Order: Hemiptera Order: Diptera
Brachycera Nematocera
Rhodnius Glossina Stomoxys Drosophila Phlebotomus
. Defensin, cecropin, attacin
Defensin Defensin, attacin, Defensin, stomoxyn drosocin, metchnikovin Defensin

cacropin, diptericin drosomycin, diptericin, MPAC

Trypanosoma Crithidia Leishmania

Kinetoplastida

Figure 4. AMPs identified in insects upon pathogen infection (bacterial or parasitic). Parasites are
shown in red, AMPs in blue and insects in black; MPAC, mature prodomain of attacin C. The relationships

discussed regarding insects and parasites is shown by phylogenetic trees. Figure taken from Boulanger ef al.,

(129).

Isolated insect defensins are 33 to 46 amino acid (aa) long, with a few exceptions such as the N-
terminally extended defensins from the fly Stomoxys calcitrans (130) and the C-terminally extended
defensin found in bees and bumblebees (131). They have sequence similarity ranging from 58% to 95%
(132). Defensins are classified according to their antibacterial activity or against filamentous fungi (44);
antimicrobial defensins have activity against Gram-positive bacteria and antifungal defensins are
mainly effective against filamentous fungi. Insect defensins have an N-terminal flexible loop, a central
alpha-helix and a C-terminal anti-parallel beta sheet, as determined by 2D spectroscopy carried out on
defensins isolated from Sarcophaga peregrina (133) and in recombinant A defensin from Terranovae
phormia (134). Antimicrobial defensins have six cysteine residues participating in a characteristic
conserved motif of three intramolecular disulphide bridges, connected in a Cys1-Cys4, Cys2-Cys5 and
Cys3-Cysb6 pattern. Drosomycin, an antifungal defensin from Drosophila contains an additional short
beta chain terminal and four disulphide bridges (135). With the exception of royalisin, the defense of
royal jelly bees (136) and bumblebee defensins (131), insect defensins’ C-terminal aa are not amidated.
Although insect defensins are believed to have originally been similar to mammalian defensins, their

3D structure and disulphide bridge pattern makes them different.
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Cerovsky et al., have been working on identifying L. sericata AMPs since 2007, focusing on insect
AMPs. They have contributed towards detecting defensins from larval ES (lucifensin), as well as
different parts of the larval body, purifying them and determining their primary structure. These
authors’ experience highlights the fact that only by using modern separation techniques (such as high
performance liquid chromatography (HPLC)) during part of the purification procedures could the
desired peptides (45, 137) and MAMP (138) be discovered; others in larval ES had no clear homology
for existing analogues and therefore justified the need for further research. A larval secretion fraction
greater than 500 Da was recently shown to have activity against several pathogenic strains
(Staphylococcus spp., Bacillus spp., E. coli, Pseudomonas spp., Proteus spp., Enterococcus spp., Enterobacter
spp., etc.) and also against 12 out of 15 MRSA isolates (46). These active antibacterial agents” mass and
empirical formula have been accurately determined as C1oH1sNsOs and one of the molecules has been
patented and recorded as a new antibiotic named seraticin (2). This compound’s molecular structure is
currently being investigated, which will certainly allow chemical synthesis. The MoA, the minimal
inhibitory concentration (MIC) and the determination of molecular targets are currently being studied.
The presence of antibacterial molecules in L. sericata larval ES has thus been universally accepted as
being totally successful against both Gram-positive and Gram-negative bacteria.

Lucifensin, an L. sericata larvae-derived AMP, has been well-characterized as being an antibacterial
substance involved in LT (45) because it has been found to be a constituent of larval ES. This molecule
was originally isolated from the larval intestine of the afore-mentioned fly, being then detected in the
salivary glands, fat body and hemolymph. However, it has been shown that it is the larval immune
system (activated in response to an infectious environment) which is responsible for inducing the
production of this substance in the fatty body (139) for its rapid release into the hemolymph. The latter
has been evidenced when septic injury to the larvae has occurred, producing high levels of lucifensin in
the hemolymph, in turn, leading to an increase in antibacterial activity, a situation that was only
detected in larvae in these conditions, compared to unstimulated ones, where this effect was absent

(140).
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Some antimicrobial molecules have been isolated from L. sericata and other species in recent years
(17, 24, 42, 45-47). For example, a study on the structural characterization and antimicrobial activities of

compounds externally released by L. sericata revealed a variety of antimicrobial products (141).

AMPs have been identified in necrophagous flies’ salivary glands (139) and are important
components of larval ES during this phase of their biological development. Larval external digestion
means that digestive enzymes such as serine and metalloproteinases, antibacterial molecules and other
biochemicals produced by them are constituents of ES (142, 143). As flies live in an environment
contaminated by pathogens’ oral ingestion, their innate defense system is activated, therefore inducing
AMPs (144). These molecules” MoA acting synergistically with other larval ES components, and these
living organisms’ mechanical effect (due to their movement in hard-to-heal chronic wounds), thus
facilitates LT success. Several works have led to identifying, characterizing and evaluating the

antimicrobial activity of blowfly larvae-derived molecules, including AMPs (45, 50, 51, 54, 55, 144).

Studies on AMPs, specifically defensins from the lucifensin class, regarding two necrophagous
flies, L. sericata (45) and L. cuprina (50) and their larvae, have shown that lucifensins produced by the
aforementioned insects” immune system are mainly effective against Gram-positive bacteria such as
Staphylococcus aureus; their methicillin-resistant multidrug strains known by the English acronym
(MRSA) have been isolated, purified, characterized and evaluated.

These compounds have been categorized into two groups: polypeptides (6,466 to 9,025 Da) and
small molecules (130 to 700 Da). Some of these molecules are AMPs known as lucifensins, defensins,
cecropins, attacins, lebocins and other small proline-rich peptides, i.e. moricins, gloverins (145).

Insect AMPs were originally discovered by purifying active peptides/proteins from bacteria-
induced hemolymph. This approach is limited, since only AMPs in relatively high concentrations in the
hemolymph can be purified and identified. Orthologous AMP genes in insect species can also be
identified by analyzing genome sequences. However, whole genome analysis (WGA) may not identify
small AMPs, particularly small peptides generated from precursor proteins by proteolytic processing,
such as proline-rich peptides, because precursor proteins in different insects may not have great
similarity. Thus, a large amount of insect AMPs in hemolymph have not been purified or identified.
Most insect AMPs, including insect defensins, cecropins, gloverins and basic attacins, are basic (i.e.

cationic). Moricins also contain a long amphipathic a-helix (145).
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These insect AMPs are either positively-charged or have a positively-charged surface (even anionic
AMPs contain amphipathic a-helix) at physiological pH which can facilitate AMP binding to negatively-
charged microbial surface via charge-charge interaction. Insect AMP binding to microbial surface is a
prerequisite for antimicrobial activity. Cecropins, moricins, gloverins and attacins adopt unordered
structures in aqueous solution, but convert to more helical structures in a hydrophobic environment,
such as LPS. Insect AMPs can thus convert to more helical structures on binding to microbial surface, a
key factor for antimicrobial activity (121, 146).

Insect AMPs have a broad spectrum of antibiotic activity against bacteria, fungi, some parasites
and viruses. Even AMPs from the same class, but different insect species, may have activity against
differing microorganisms. This may be because AMPs from different insect species may differ regarding
their ability to bind to microorganisms. Whether an AMP is active against a microorganism depends on
its ability to bind to a microorganism and conformational conversion to a more helical structure. Single
insect AMPs may not have strong activity against microorganisms (147); however, AMPs overall
activity in the hemolymph could be very strong and significant (148, 149). Insect AMPs have potential
applications in agriculture, disease vector control and medicine; small peptides may represent more
suitable candidates and must be chemically modified for creating more potent and stable peptides (121,
150).

Insects respond to bacterial attacks or lesions by rapidly producing AMPS which have a broad
spectrum of activity against Gram-positive and Gram-negative bacteria and fungi; more recently, AMPs
have been shown to have activity against some parasites and viruses (121). These peptides are conserved
host immune system evolutionary components, forming part of the first line of defense against
infections and have been identified in almost all life-forms. Insect isolates make up the most abundant
group of the more than 2,500 AMPs listed in the antimicrobial peptide database
(http://aps.unmc.edu/AP/main.php). AMPs are synthesized in the fat body (the equivalent of mammals’
liver), epithelial cells and certain hemolymph cells (equivalent to mammalian blood) and spread
throughout the body through such medium for counteracting infection. Most of these peptides belong

to the category of cationic AMPs having less than 5 kDa molecular mass (151, 152). Iwanaga and Lee
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(1998) identified different sized granules stored in granulocytes in limulid hemolymph. These AMPs

were identified in the small granules, such as tachyplesin, tachycitin, tachystatin and a big defensin (93).

1.1.7. Antimicrobial peptides’ mechanism of action

AMPs can be categorized into two subdivisions based on their mode of action, i.e. direct if directly
interacting with the bacterial membrane by various methods or indirect relating to their interaction with
intracellular components (153).

Most AMPs are capable of folding into highly amphipathic formations when interacting with the
biological membrane or environment mimicking these structures, such as artificially-prepared
liposomes or sodium dodecyl sulphate, having separate areas rich in hydrophobic aa residues and being
positively-charged on the molecular surface (152, 154). The frequent occurrence of positively-charged
aa residues (arginine and lysine) in their molecules enables them to interact with anionic phospholipids
from bacterial membranes. This is followed by peptide integration into the lipid bilayer and the
consequent rupture of the membrane structure in different ways, leading to cytoplasmic component
filtration and cell death (154, 155). Some studies have revealed that cell death may proceed with
relatively little membrane rupture, whether interfering with bacterial metabolism or through
interactions with key putative intra-cellular targets (156). By contrast with conventional antibiotics,
AMPs require only a short time to induce microorganism death (155).

Three models are typically associated with AMP-membrane interaction: barrel-stave, carpet or
toroidal-pore (157, 158) (Figure 5). The first step in AMPs killing bacteria involves the attraction between
a peptide and bacteria. This commonly takes the form of an electrostatic interaction due to opposite
charges between the bacterial membrane and an AMP (159). Attachment only occurs after overcoming
an array of external factors, such as capsular polysaccharides (in Gram-negative and Gram-positive
bacteria), as well as teichoic and lipoteichoic acids (in Gram-positive bacteria). Once peptides interact
with the cytoplasmic membrane (at low peptide/lipid ratios) they become adsorbed and embedded into
and parallel with bacterial surface, spanning the bacteria in an inactive state, commonly known as the
surface (S) state (160). When peptide/lipid ratios increase, peptide arrangement begins to become
orientated perpendicularly and they become inserted into the bilayer forming pores, known as the I

state (161).



41

Three membrane permeabilisation mechanisms have been proposed. The barrel-stave model
involves the formation of small pores (around 1 nm in diameter) called the "barrel" pore which allows
the indiscriminate leakage of ions from cells, an example being alamethicin (162, 163). The carpet model
exerted by ovispirin involves AMPs’ electrostatic attraction and aggregation when forming a "carpet"
on the cell membrane, perpendicularly penetrating it and being attracted to the anionic head group
complex with the phospholipids. This change entails their folding, culminating in the formation of
"toroidal" pores facilitating ion leakage and macromolecule passage; the bilayer becomes breached and
phospholipids are compartmentalized in micelles, opening up the bacterial wall in a detergent-like
manner (164). The toroidal pore model (reported for magainins, protegrins and melittin) exerts its action
through the formation of a pore lined with alternating lipid head groups and a peptide’s hydrophilic
regions. As peptide concentration rises, the phospholipids bend, exposing just the phospholipid head

groups in the pore (162, 163, 165, 166).
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Figure 5. Events occurring on bacterial cytoplasmic membrane following initial AMP adsorption. The

figure was taken from Nguyen (120).

The indirect mode of action is related to the damaging of critical intracellular targets following

peptide internalization, as suggested for pyrrhocoricin, PR-39 and indolicidin (158, 167). Some AMPs



42

can kill bacteria without permeabilizing or disrupting the membrane, causing DNA damage or
inhibiting protein synthesis as two mechanisms for intracellular peptide action (168, 169). AMPs can

have other target sites, including enzymatic activity and inhibiting cell wall synthesis (170, 171).

1.1.8. AMP classification

Such molecules are usually cationic, having net charges ranging from +2 to +9, with an abundance
of lysine and arginine residues (172). Few anionic antimicrobial peptides (AAMPs) have been recorded
from some animal species and human tissues (173). Insect AMPs are usually small, cationic and have
great diversity and repertoire among species (114). AMPs can be classified according to their structure
or function; for instance, there are four structural groups, including a-helical peptides (cecropin and
moricin), cysteine-rich peptides (insect defensin and drosomycin), proline-rich peptides (apidaecin,
drosocin and lebocin) and glycine-rich proteins (attacin and gloverin) (44, 174). Functional classification
tends to be based on target pathogen range instead of any MoA (being very broad in some cases and
specific in others) (114, 175, 176). Insect-derived AMPs (i.e. Diptera, blowflies from the Calliphoridae
family) have a broad antibacterial, antifungal, antiparasitic and antiviral spectrum, even covering

anticancer activities (114, 175-177).

AMPs can also be classified according to their physicochemical properties; however, only two MoA
have been described to date: membranolytic and non-membranolytic (177), see 1.1.7 for examples of
AMP direct and indirect MoA.

AMPs can be divided into three groups based on their structure: a-helical peptides are linear
molecules mainly existing as disordered structures in aqueous media which become amphipathic
helices upon interaction with hydrophobic membranes, e.g. cecropins, magainins and melittins (178).
[-sheet or (-hairpin, stabilized by disulphide bonds are cyclic peptides constrained in such formation
by intramolecular disulphide bonds (e.g. defensins and protegrins) or by an N-terminal to C-terminal
covalent bond (e.g. gramicidin S and tyrocidines). The third group consists of extended AMPs (e.g.
indolicidin and PR-39) (120, 178, 179).

Other researchers have classified them into three categories: linear peptides forming an alpha-
helical structure and containing no cysteine residues (such as cecropins), cyclic peptides containing
disulphide bridges (defensins, drosomycin and thanatin) and linear peptides having remarkable
content of one or two aa residues (mostly proline (drosocin, lebocins, formaecins) and/or glycine

residues (gloverins, pyrocoricins and diptericins)) (132).
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Although they have differing structural characteristics, most AMPs are cationic and can also be
classified into five main groups depending on their primary and secondary structure. Important cationic
peptide subfamilies include cecropins, defensin, thionins, amino acid-enriched class, histone-derived

compounds, beta hairpin and other natural and structural proteins (180).

1.1.9. Discovering new antimicrobial peptides potentially combating resistance

Pathogen microorganisms’ resistance to the antibiotics currently being used is one of the serious

health problems facing humanity. A recent 2018 WHO fact sheet (https://www.who.int/news-room/fact-

sheets/detail/antibiotic-resistance) has stated that antibiotic resistance has increased worldwide,

reaching dangerous levels. New resistance mechanisms are appearing and spreading throughout the
planet day by day, endangering health services’ ability to treat common infectious diseases. Superbugs,
such as vancomycin-resistant enterococci, methicillin-resistant Staphylococcus aureus (MRSA),
carbapenem-resistant E. coli and Klebsiella pneumoniae, as well as third-generation cephalosporin-
resistant strains and drug-resistant tuberculosis are recorded every day in many patients in hospitals
worldwide (181). This situation could lead to the deaths of hundreds of thousands of people who
acquire infections around the world every year (i.e. caused by bacteria resistant to one or more current
antibiotics), in addition to the loss of hundreds of billions of dollars regarding direct excess healthcare
costs and annual productivity losses.

It has been reported that two million people per year acquire serious infections in the USA due to
the action of bacteria which are resistant to current antibiotics, 23,000 of whom die. Excess health service
costs could reach up to US$20 billion and annual productivity losses could exceed US$35 billion (114).
The search for new strategies for fighting antibiotic resistance has become a universal priority, one of
which could involve insect AMPs and this is why this chapter describes a new peptide derived from

Sarconesiopsis magellanica larval ES.

Microorganism resistance to antibiotics is extremely serious and becomes more important every
day (Figure 6). Unlike conventional antibiotics, such as penicillin where microbes readily circumvent it,
it is surprisingly improbable that sensitive microbial strains will acquire resistance against AMPs
(158). After Alexander Fleming's discovery of human lysozyme (the first antimicrobial protein) in 1922,
multiple peptides have been discovered since, though few of them are currently being used (Figure 6)

(182).
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Figure 6. AMPs (a—c) and their application timeline. Selected AMPs in use (orange, top) or in clinical

trials (blue, bottom) are depicted. Figure taken from Mishra et al. (182)

This situation is even more relevant regarding difficult-to-heal chronic wounds in patients
suffering underlying disease, such as diabetes and cardiovascular insufficiency. These types of lesion,
frequently involving polymicrobial colonization of different bacterial strains, forming a "biofilm",
makes them more difficult to treat, control and/or eradicate. Recent studies have shown (183) that while
conventional antibiotics generate resistance to bacteria, they do not promote chronic wound healing;
however, they are still used for treating bacteria colonizing this type of wound. Hence the need to
introduce new or reemerging strategies that can be effective against microorganisms in chronic, necrotic
and infected wounds which do not respond to antibiotic therapy.

Identifying and characterizing antibacterial compounds involved in larval ES is the starting point
for such search and typing natural molecules in insects, mainly Diptera from the family Calliphoridae,
as it has been demonstrated (with some species) that this is an appropriate source for achieving such
ends. It is singularly important that insect-derived antimicrobial peptides do not generate microbial
resistance and can induce pathogen death in a relatively short period of time (155). S. magellanica
represents a good resource for isolating, characterizing and evaluating peptides precisely because it is
a native species which has been studied in relation to biological aspects, life-cycle, population and
reproductive parameters (184), proteolytic profiles (from their larval ES) (185), establishing and
characterizing an embryonic egg-derived cell line (186, 187) and LT using an animal model. Even more
important though is that larval ES constituents have been shown to have potent antibacterial activity

(188). Antibacterial activity has been established from fat bodies and hemolymph derived from this fly’s
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larvae and evaluated in vitro (189); the effect of these substances used topically in diabetic rabbits’
chronic and infected wounds has also been evaluated (190). Research continuity thus involved isolating
and typing this specie’s sarconesins and evaluating their action against Gram-positive and Gram-

negative bacteria.
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1.2. Objective

General objective
Isolating, characterizing and evaluating the antimicrobial activity of AMPs derived from the

blowfly S. magellanica’s larval ES

Specific objectives

1. Identifying S. magellanica AMPs from the ES of IIl instar maggots;

2. Determining the isolated peptides’ primary structure and physicochemical properties;

3. Determining the previously characterized peptides’ antibacterial activity against Staphylococcus
aureus, Pseudomonas aeruginosa, Escherichia coli and Micrococcus luteus.

4. Analyzing the selected peptides’ safety using cytotoxicity (CC) and hemolytic assays; and

5. Comparing the biological activity of the AMPs selected for synthesis with that of native AMPs.

1.3. Materials and Methods

1.3.1. Fly Source and S. magellanica ES collection

1.3.1.1. Capturing adult S. magellanica specimens

Insect capture and colony maintenance followed a previously described procedure (76). Adult S.
magellanica forms were captured in the mountainous part of Bogota’s Parque Nacional; the park is
located at 2,600 masl (4°37°8.90N; 74°3°27.73W) (Figure 7); 6 Ib. portions of pig liver were used as bait
for attracting adult insects, which were carefully collected with entomological nets, stored in vials and
transported to the insectary at the Universidad del Rosario’s Medical and Forensic Entomology

laboratory.
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Figure 7. Sarconesiopsis magellanica. Original image by Andrea Diaz.

The insects were periodically collected in the morning throughout one continuous year. The
material collected in the field was taxonomically identified using Mariluis & Peris’ taxonomic keys
(Mariluis and Peris, 1984). Adult insects from the selected species were placed in 45x45x45 cm Gerberg
cages at 20-25°C, with 60%—70% relative humidity and a 12/12 h photoperiod. The adult forms were fed
on a sugar solution (carbohydrate source) and pigs’ liver as protein feed necessary for providing
continuity for the biological cycle (191); after adults had laid eggs on the liver they were placed in a
glass flask with a liver slice until maggots hatched. The maggots were kept in this flask throughout the
3 instars until they reached the pre-pupa stage; they were then put in a flask containing sand until the
adults emerged to be released in the same cages to continue the cycle. Third instar maggots were used

for extracting their ES.

1.3.1.2. Extracting larval excretions and secretions

S. magellanica-derived ES were collected from third instar larvae, following a previously described
procedure (7); about 200 larvae were used in each assay. Third-instar larvae were incubated with a
bacterial suspension (OD595 = 0.5) of each selected strain to activate the immune system and enhance
the expression of products having antibacterial activity (57, 58). They were then placed in a 15 mL Falcon
tube and disinfected by adding 0.5% formaldehyde for 5 min followed by replacing this solution with
0.5% hypochlorite with constant shaking for the same amount of time and washed with sterile PBS; 2

mL sterile PBS was then added to the larvae which were incubated at 25°C for 1 h. The larval ES mixture
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was removed by syringe and placed in another tube to continue spinning at 13,000 g for 10 min at 4°C.
The precipitate was discarded and the supernatant with the ES was sterilized by filtering through a 0.22

um membrane and stored at -70°C.
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Figure 8. Scheme representing the steps used for isolating, extracting and purifying AMPs and

pertinent bioassays. Original scheme by Andrea Diaz.

The antibacterial action of the larval ES sample-derived products was evaluated (Figure 8). The
compounds were separated by reverse-phase high-performance liquid chromatography (RP-HPLC) for
subsequent analysis by mass spectrometry (MS) and bioinformatics characterization, where
antimicrobial peptides’ aa sequences were obtained. Peptides having antibacterial action were
produced by the Fmoc solid phase peptide synthesis procedure and their action against Gram-positive

and Gram-negative bacteria evaluated by bioassays.
1.3.2. Chromatographic fractionation

RP-HPLC

The products obtained after extraction (ES) were separately homogenized in 1.5 mL of 2 M acetic
acid. The supernatant obtained by spinning at 13,800 x g for 3 min at 4°C was loaded into a Sep-Pak C18
cartridge and equilibrated in acidified water (0.05% TFA). After washing with this solution, 2 elutions
were made with 0% and 80% ACN /0.05% TFA. The 80% Sep-Pak fraction was concentrated in a vacuum
centrifuge, reconstituted with ultra-pure water (Milli-Q Millipore) and subjected to reverse phase C18
on a Jupiter C18 column (10 pm, 300 A, 10 mm x 250 mm) (Phenomenex, Torrance, California, USA)
balanced in water with 0.05% TFA. The RP-HPLC technique was used for obtaining the AMPs. Samples
were purified using 0-80% ACN/H20/ 0.05% TFA gradients for 60 min at a 2 mL / min flowrate using a
Prominence LC-20A system (Shimadzu, Kyoto, Japan).

Ultraviolet absorbance was monitored at 225 nm and 280 nm. Elution peak fractions were manually
collected and vacuum dried (Speed-Vac Savant), suspended in 500 uL deionized water and used in
antibacterial activity tests. Fractions maintaining antibacterial action were purified using a Jupiter C18
analytical reverse phase column (4.6 um, 12 nm, 4.6 mm x 250 mm). A specific gradient was used for
each fraction; this was calculated according to the retention time (RT) observed for each fraction during
the first chromatography stage. A 1 mL / minute flowrate was used for 30 minutes (192). MS analysis of
the fractions was subsequently used for determining aa sequences for elucidating the peptides” primary

structure (193, 194).
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FPLC

The hydrophilic fraction was passed by vacuum centrifugation (Savant Instrument Inc.); the
samples were concentrated and reconstituted in Milli-Q ultrapure water in acidified water (0.05% TFA).
The FPLC system was used with the samples, involving pre-packaged column Superdex Peptide HR
10/30 (300 x 10 mm I.D.) in 50 mM ammonium acetate at 0.5 mL / min flowrate. The peak fractions were
collected manually, concentrated by vacuum centrifuge (Savant Instrument Inc.), reconstituted in 1 mL
ultra-pure Milli-Q water and refrigerated at -80°C until use. When required, they were purified by

analytical RP-HPLC column.

1.3.3. Bioassays

1.3.3.1. Bacterial strains

Previously characterized ATCC strains and those from the species Staphylococcus aureus, S.
epidermidis, Microccocus luteus and Pseudomonas aeruginosa, frequently found in chronic wounds, were
used (Jacklic et al., 2008). These were kept in Muller-Hinton broth until use, after having activated them
by incubation at 37°C for 18 hours. When the bacterial strains reached exponential phase they were
quantified using an ELISA reader at 0.2 optical density (OD). According to previous reports, OD620 =

0.2 absorbance units are equivalent to (au) =5 x107 CFU / mL.

1.3.3.2. Standardizing growth curves

Growth curves were constructed for the selected strains. Bacteria were sown by exhaustion in
Mueller-Hinton agar culture medium and incubated overnight at 37°C for isolating colonies.
Subsequently, 4 morphologically similar colonies were taken and inoculated in 5 mL LB culture medium
at 37°C with constant shaking. OD absorbance was measured at 595 nm every hour for 14 h. This
determined the time during which the bacteria reached exponential phase, thus establishing the

incubation period required for preparing subsequent antibacterial tests.

1.3.3.3. Turbidimetry

Serial 1: 2 dilutions of the selected S. magellanica-derived peptides were evaluated, starting with the

protein concentration obtained after suspending peptides in water. ES dilutions at 20 pL volume were
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placed in 96-well plates; 80 pL of each bacterial strain were then added separately at 5 x 106 CFU / mL
concentration. The plates were incubated at 37°C for 18 h and ES MIC was determined (i.e. the lowest
amount of protein concentration inhibiting bacterial growth). The tests were carried out in triplicate.
Ciprofloxacin at 50 ug / mL concentration over wells containing the bacteria was used as positive control

and LB medium with the respective bacterial solutions as negative control.

1.3.4. Structural characterization

1.3.4.1. Mass spectrometry

The samples were concentrated in a vacuum centrifuge, reconstituted in 10 uL of 0.1% formic acid
(FA) solution and analyzed by liquid chromatography coupled to tandem mass spectrometry LC-MS /
MS, using an LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher Scientific Inc.) coupled to an Easy-
nLCII liquid nano-chromatography system (Thermo Fisher Scientific Inc.). 5 uL of each sample were
automatically injected into a Jupiter C-18 pre-column (10 um, 100 um x 50 mm) (Phenomenex) coupled
to an ACQUA C-18 analytical reverse phase column (5 pm, 75 um x 100 mm) (Phenomenex). Samples
were eluted on a 5% to 95% solvent B (0.1% FA in ACN) linear gradient for 15 minutes at 200 nL. / minute
flowrate. The electrospray ionization source was operated in positive mode, at 2.0 kV voltage and 200°C.
The mass scan interval considered for the full scan (MS1) was 200-2,000 m / z (60,000 resolution in 400
m / z), operating in data-dependent acquisition mode, where the five most intense values per scan were
selected for the collision-induced dissociation fragmentation event. The minimum signal required to
trigger fragmentation events (MS2) for a given ion was set at 5000 cps and 30 seconds was used as

dynamic exclusion time.

1.3.4.2. Bioinformatics analysis

MSConvert software was used for collecting and processing spectra in "*.RAW" format (195), then

converted to "*

.mgf" (mascot generic format) format and used in database searches using the Mascot
tool (196). Mascot-analyzed files were subjected to searches in databanks such as SwissProt, NCBI, using
filters like "Lucilia” in some cases. Peptides having the highest similarity probability were selected.

PEAKS 7.5 software (Bioinformatics Solutions Inc., Waterloo, Ontario, Canada) was also used for

analyzing MS results. The PEAKS DB function and de novo sequence were used for comparing the
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samples’ spectra with those for AMPs deposited in the National Center for Biotechnology Information-
NCBI data banks and in the Universal Protein Resource-UNIPROT. Analysis involved a 10 ppm error
tolerance for the precursor ion and 0.6 Da for the fragments. Methionine oxidation was used as variable
modification. The basic local alignment search tool (BLASTp) was used for searching for fragments

having similarity with data bank molecules (197).

1.4. Results
1.4.1. Purifying S. magellanica excretions and secretions

The ES were fractionated by RP-HPLC for isolating and characterizing the AMPs; 67 fractions were
obtained and evaluated against M. luteus and P. aeruginosa, using the turbidimetric technique (Figure
9). Six fractions capable of preventing target microorganism growth were identified. Fraction 2 (RT 8.06)
had activity against M. luteus. Fractions lacking activity against the previous strain were tested against
P. aeruginosa and bacterial growth was inhibited in fractions 36 (RT 46), 44 (RT 50.87), 45 (RT 51.72), 46

(RT 52.15) and 57 (RT 64.9).

mAau
17504
100
15004 | 190
80
| L
1250+ |
70
[
10004 ’ 60
] “ 2
- [ ;
40
A e
l o)
500+ I ‘ :"3"
ll '
," 3
i e 20
4 49 40 ——
250+ 2 ' | | t4,45,4 3
l - h ' ' ‘I' . . 1 l 10
M J U\ /! \
4 v oL, 7 L
1 s e A == —
: | fi 3
T R) T T v T T

min



53

Figure 9. S. magellanica ES chromatographic profile. This was obtained by RP-HPLC on a Jupiter C18
semi-preparative reverse phase column (Phenomenex). Chromatography involved using 0%-80%
ACN/H20/0.05% TFA gradients for 60 minutes at 2mL/min flowrate. Absorbance was monitored at 225 nm.
The 67 fractions were collected manually and separately. Those having antimicrobial potential against
Micrococcus luteus A270 are highlighted in blue (fraction 2). Those marked as having activity against P.

aeruginosa are indicated in red, i.e. fractions 36, 44, 45, 46 and 57.

Table 2 shows the fractions having antibacterial activity which were then forwarded for second step RP-

HPLC fractionation.

Table 2. S. magellanica ES isolated fractions and ACN elution concentration (%)

S. magellanica (SM)

Bacteria
Fraction [%]
M. luteus 2 0
36 39
44 51
P. aeruginosa 45 51.5
46 52
57 67

1.4.1.1. Fraction 2

Additional purification steps involving size exclusion chromatography on a fast protein liquid
chromatography (FPLC) apparatus were used for effectively fractionating as fraction 2 was obtained
during RP-HPLC hydrophilic stage (Figures 10-13). The FPLC weight patterns gave a lysozyme having
14 KDa molecular weight and 12 min RT (RT), a known peptide having 2.1 KDa with RT=28 min and

the gilpone AMP having 0.637 KDa molecular weight and RT=40 min.
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Figure 10. Calibrating standard molecules by gel filtration chromatography using a Superdex Peptide
HR 10/30 column at 0.5 mL/min flowrate and 280 nm absorbance. The FPLC weight patterns gave a lysozyme
having a 14 KDa molecular weight and 12 min RT, a known peptide having 2.1 KDa with RT=28 min and the

gilpone AMP having 0.637 KDa molecular weight and RT=40 min.
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Figure 11. Fractionation chromatographic profile for molecules from fraction 2 by gel filtration
chromatography using Superdex Peptide HR 10/30 column at 0.5 mL/min flowrate, 280 nm absorbance.

Elution of the molecule at 34 min RT having 1.2 KDa molecular weight.
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Figure 12. S. magellanica fraction 2 chromatographic profile. This was obtained by FPLC.
Chromatography involved using isocratic elution in H20 acidified with 0.05% TFA for 60 minutes at 1.0
mL/min flowrate. Absorbance was monitored at 225 nm. Three fractions were obtained, i.e. the peaks in the
chromatogram (2.65, 3.03, 4.01 min RT); all were collected manually and separately and their antibacterial
action against M. luteus was evaluated. The fraction eluted at 4.01 RT had antibacterial activity and the result

was sent for MS analysis.
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Figure 13. FPLC chromatographic purification profile for S. magellanica fraction 2 obtained from RP-

HPLC at 4.01 min RT.

1.4.1.2. Fraction 36

Fraction 36 second step chromatography involved using 30%-45% ACN/H:0/0.05% TFA gradients
for 60 minutes with 1.5mL/min flowrate. Absorbance was monitored at 225 nm. Two fractions were
obtained, i.e. the peaks in the chromatogram (12 and 14.5 min RT); both were collected manually and

separately and their antibacterial action was evaluated. The fraction eluted at 12 min RT had

antibacterial activity and the result was sent for MS analysis (Figure 14).
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Figure 14. Chromatographic profile for S. magellanica fraction 36. This was obtained by RP-HPLC on a
Jupiter C18 analytical reverse phase column (Phenomenex). Chromatography involved using 30%-45%

ACN/H:20/0.05% TFA gradients for 60 minutes at 1.5mL/min flowrate. Absorbance was monitored at 225 nm.

Two fractions were obtained, i.e. the peaks observed in the chromatogram (12 and 14.5 min RT); both were

collected manually and separately and their antibacterial action was evaluated. The fraction eluted at 12 min

RT had antibacterial activity and the result was sent for MS analysis.

1.4.1.3. Fraction 44
The chromatographic profile for fraction 44 involved using 44%-54% ACN/H20/0.05% TFA
gradients for 60 minutes with 1.5mL/min flowrate (Figure 15). Absorbance was monitored at 225 nm

Thirteen fractions were obtained, i.e. the peaks in the chromatogram (3.65, 5.78, 9.32, 9.99, 10.18, 10.57,
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11.64, 12.01, 12.41, 13.6, 14.09, 15.53, 49.40 min RT); all were collected manually and separately and their
antibacterial action against M. luteus was evaluated. The fraction eluted at 3.65 min RT had antibacterial

activity and the result was sent for MS analysis.

mV

min
Figure 15. Chromatographic profile for S. magellanica fraction 44. This was obtained by RP-HPLC on
Jupiter C18 analytical reverse phase column (Phenomenex). Chromatography involved using 44%-54%
ACN/H20/0.05% TFA gradients for 60 minutes with 1.5mL/min flowrate. Absorbance was monitored at 225
nm. Thirteen fractions were obtained, i.e. the peaks in the chromatogram (3.65, 5.78, 9.32, 9.99, 10.18, 10.57,
11.64, 12.01, 12.41, 13.6, 14.09, 15.53, 49.40 min RT); all were collected manually and separately and their
antibacterial action against M. luteus was evaluated. The fraction eluted at 3.65 min RT had antibacterial

activity and the result was sent for MS analysis.

1.4.1.4. Fraction 45

Chromatographic profile for fraction 45 involved using 44%-54% ACN/H20/0.05% TFA gradients
for 60 minutes with 1.5mL/min flowrate (Figure 16). Absorbance was monitored at 225 nm. All the
fractions were collected manually and separately and their antibacterial action against M. luteus
evaluated. The fraction eluted at 14.58 min RT had antibacterial activity and the result was sent for MS

analysis.
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Figure 16. Chromatographic profile for S. magellanica fraction 45. This was obtained by RP-HPLC on a
Jupiter C18 analytical reverse phase column (Phenomenex). Chromatography involved using 44%-54%
ACN/H20/0.05% TFA gradients for 60 minutes with 1.5mL/min flowrate. Absorbance was monitored at 225
nm. All the fractions were collected manually and separately and their antibacterial action against M. luteus

evaluated. The fraction eluted at 14.58 RT had antibacterial activity and the result was sent for MS analysis.

1.4.1.5. Fraction 46

Chromatographic profile for fraction 46 involved using 44%-54% ACN/H20/0.05% TFA gradients
for 60 minutes with 1.5mL/min flowrate (Figure 17). Absorbance was monitored at 225 nm. Fifteen
fractions were obtained, i.e. the peaks in the chromatogram (3.9, 11.6, 12.4, 12.7, 13.01, 13.3, 13.68, 14.1,
14.64, 15.43, 15.7, 16.3, 17.2, 18.2, 19.77 min RT); all were collected manually and separately and their
antibacterial action against M. luteus evaluated. The fraction eluted at 3.9 min RT had antibacterial

activity and the result was sent for MS analysis.
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Figure 17. Chromatographic profile for S. magellanica fraction 46. This was obtained by RP-HPLC on a
Jupiter C18 analytical reverse phase column (Phenomenex). Chromatography involved using 44%-54%
ACN/H20/0.05% TFA gradients for 60 minutes at 1.5 mL/min flowrate. Absorbance was monitored at 225 nm.
Fifteen fractions were obtained, i.e. the peaks in the chromatogram (3.9, 11.6, 12.4, 12.7, 13.01, 13.3, 13.68, 14.1,
14.64, 1543, 15.7, 16.3, 17.2, 18.2, 19.77 min RT), all were collected manually and separately and their

antibacterial action against M. luteus evaluated. The fraction eluted at 3.9 min RT had antibacterial activity

and the result was sent for MS analysis.

1.4.1.6. Fraction 57

Chromatographic profile of fraction 46 involved using 60%-70% ACN/H20/0.05% TFA gradients
for 60 minutes with 1.5mL/min flowrate (Figure 18). Absorbance was monitored at 225 nm. Thirteen
fractions were obtained, i.e. the peaks in the chromatogram (4.01, 4.4, 6.2, 10.69, 11.44, 11.98, 12.7, 13.06,
14.14, 14.68, 15.8, 16.9, 25 min RT); all were collected manually and separately and their antibacterial
action against M. luteus evaluated. The fraction eluted in 4.4 min RT had antibacterial activity and the

result was sent for MS analysis.
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Figure 18. Chromatographic profile of S. magellanica fraction 57. This was obtained by RP-HPLC on

Jupiter C18 analytical reverse phase column (Phenomenex). Chromatography involved using 60%-70%
ACN/H20/0.05% TFA gradients for 60 minutes with 1.5mL/min flowrate. Absorbance was monitored at 225
nm. Thirteen fractions were obtained, i.e. the peaks in the chromatogram (4.01, 4.4, 6.2, 10.69, 11.44, 11.98, 12.7,
13.06, 14.14, 14.68, 15.8, 16.9, 25 min RT); all were collected manually and separately and their antibacterial
action against M. luteus evaluated. The fraction eluted in 4.4 min RT had antibacterial activity and the result

was sent for MS analysis.

1.4.2. Mass spectrometry, bioinformatics analysis by Mascot and Peaks tools

Mascot and Peaks bioinformatics tools were used for analyzing MS data regarding S. magellanica
fractionated peptides for possible similarity (sequence) with previously reported peptide sequences
(protein) (Table 3). No spectra could be obtained for fraction 2, nor were validated sequences confirmed
for fractions 44, 46 and 57 as the material was not homogenous. Additional purification steps would
have been required and the quantities were not enough for in-depth research with these fractions.

Fractions 44 and 46 contained other sequences, including the same sequence obtained in fraction 45.
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Table 3. Sequences obtained by MS from fractions having antimicrobial activity after second

fractionation by RP-HPLC with C18 analytic column.

Fraction Sequence

2 No spectrum

36 VALTGLTVAEYFR

44 TPM(+15.99)LLVGTKLDLR; VLSGNIEILFDP

45 TPM(+15.99)LLVGTQIDLR

46 TPM(+15.99)LLVGTKLDLR; EGVGSAFLLR

57 AELSM(+15.99)LEGAVLDLR; LLLEYLEEK; LTQSM(+15.99)ALLR

The AELSM(+15.99)LEGAVLDLR sequence obtained from fraction 57 was sought in the
transcriptomes reported for L. cuprina (transcriptome SRX907163), L. sericata (transcriptome ERX614478,
3-4 day pupa transcriptome SRX087348) and also in a complete search for blast proteins in the NCBI
database using diptera, Calliphoridae and Lucilia as search criteria. This fraction 57 was not found in
any of them (accessed May 16t 2018). The fraction was not pure, having other sequences. The sequence
could be identified in fractions 36 and 45 and they were chosen to continue studies reported in Chapters

3 and 2, respectively.

1.5. Discussion

This thesis gives the initial results for 4 fractions purified from the S. magellanica blowfly’s third
instar larval ES and the isolation and characterization of two AMPs (sarconesin and sarconesin II). The
first part of this thesis has involved the initial purification of ES extracts and preliminary screening of
these fractions’ antimicrobial activity (Chapter 1).

Antibacterial activity detected in fractions 44, 45 and 46 was probably due to the same peptide;
however, we could not confirm the molecule responsible for fractions 44 and 46 as more fractionation
steps were needed and we had a little amount of the pertinent material. Some molecules could not be
identified by MS, probably due to inherent properties determining peptide detectability/ionization
efficiency (198). The fractions may have lacked some properties, such as the amount of basic residues,
peptide length and hydrophobicity which have been reported as contributing toward peptide ionization
and fragmentation. Such hydrophobicity could have been the case for fraction 2, having a 1.2 KDa

molecular weight, as it was eluted in the hydrophilic part of the RP-HPLC; peptide hydrophobicity and
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detectability hydrophobicity are selection criteria for peptide and proteomic studies as they have been
widely reported as a determinant of ion detectability (199, 200). It was unclear whether the peptide was
associated with better ionization just because of having higher hydrophobicity (201); other reports have
affirmed that ionization efficiency becomes reduced for peptides eluting at both low and high organic
concentrations (198).

The effect of net charge on peptide ‘flyability’ is further supported by considering peptide length,
where shorter peptides appear to improve detectability; we did not know the charge or even the length
of our undetected fractions and this could have influenced the ionization of our sequences. Larger
amounts of material could facilitate enzymatic digestion with trypsin and thereby molecule ionization,
as tryptic peptides with a lower average amount of basic residues are expected to produce a more
complete set of fragments for identification (202). MS is usually used in positive ion mode; however, it
has been reported that negative ion mode MS has improved sensitivity, identification and elucidation
of organic compounds when being used in specific and sensitive cases (203).

All purified samples’ results were sent for MS for later identification. Two of these samples were
chosen for further work due to their greater signal intensity and clarity of MS data. The other Chapters
of this thesis deal with in-depth evaluation and characterization of the purified and identified peptides

obtained from fractions 36 and 45.

1.6. Conclusion

RP-HPLC techniques ensured the effective purification of the fractions for evaluating their
biological activity;

All the fractions obtained were evaluated against Gram-positive and Gram-negative bacteria;
however, just 2 out of the 6 having antibacterial potential could be further analyzed.

This study showed that additional research is required to further elucidate the unknown fractions
and identify the pertinent molecules. Fraction 2 had antibacterial activity against M. luteus and the other
fractions against P. aeruginosa; further experimental approaches could help answer some of the

questions raised. Other purification methods and means of analysis by MS should be tested. Larger
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amounts of material are needed to effectively evaluate and develop all the required tests to discover the

unknown sequences.
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2. Chapter 2
Sarconesin: Sarconesiopsis magellanica blowfly
larval excretions and secretions having antibacterial

properties

This Chapter reports a study aimed at characterizing the novel Sarconesin AMP purified from S.
magellanica ES. The AMP’s antimicrobial activity against various Gram-positive and Gram-negative

bacteria was also evaluated.

2.1. Objectives

1. Determining the isolated Sarconesin peptide primary structure and physicochemical
properties;

2. Determining the previously characterized peptides” antibacterial activity against Staphylococcus
aureus, Pseudomonas aeruginosa, Escherichia coli and Micrococcus luteus;

3. Analyzing the selected peptides’ safety using cytotoxicity (CC) and hemolytic assays; and

4. Comparing the biological activity of the AMPs selected for synthesis with that of native AMPs.

2.2. Materials and Methods
2.2.1. Peptide purification

The ES were partially purified by Sep-Pak C18 disposable columns for the first analysis; bound
material was eluted with 80% ACN in acidified water and freeze-dried. S. magellanica hydrophobic ES
(80%) were then lyophilized and reconstituted in 2mL trifluoracetic acid (0.05% TFA). ES were purified
by semi-preparative RP-HPLC using a C18 Jupiter column (10um; 300A; 10mm x 250mm) at 2mL/min
flowrate, as described previously (209). Fractions were collected manually, absorbance being monitored
at 225nm. Each fraction’s antibacterial activity was then determined. RP-HPLC (1ImL/min flow rate) was

used with fractions having antibacterial activity, using an analytical C18 Jupiter column (10um; 300A;
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4,6mm x 250mm). The Sarconesin gradient was open, ACN concentration ranging from 44% to 54%.
Absorbance was monitored at 225nm, fractions were collected manually and antibacterial activity was

tested.

2.2.2. Peptide synthesis

The sarconesin peptide was synthesized in solid phase according to Merrifield’s technique (210),
as modified by Houghten (211), using F-moc synthesis strategy. A Wang resin having 0.5 mmol / g
substitution level was wused as polymer support. TBTU (O-(benzotriazol-1-yl) -
N,N,N',N'tetramethyluronium tetrafluoroborate)/ HOBt (n-hydroxybenzotriazole) / N-
methylmorpholine (NMM) in dimethylformamide (DMF ) at 0.3 M concentration with shaking for 5
minutes was used for activating F-moc-aa.

The resin-bound active ester was coupled to the aa chain, reacting for 30 minutes. The resin was
washed with DMF for 1 min after each coupling. Removal of the FMOC protective group involved three
7-minute steps using 1,2-ethanedithiol with DMF for 1 minute. The cycle was repeated until the peptide
chain was complete. The final peptide was cleaved from the resin and deprotected for 8 hours using
82.5% TFA, 5% phenol, 5% water, 5% thioanisole and 2.5% 1, 2-ethanedithiol (EDT). This was
evaporated and the resulting product suspended in water and ACN for further purification by RP-

HPLC (212).

2.2.3. Peptides’ analytical RP-HPLC

Peptide purity was verified by analytical RP-HPLC and peptide mass was characterized by Liquid
Chromatography - Mass Spectrometry/Mass Spectrometry (LC-MS/MS) on a LTQ-Orbitrap Velos
hybrid mass spectrometer (Thermo Scientific) coupled to an Easy-nLClII liquid nano-chromatography

system (Thermo Scientific).

2.2.4. Antimicrobial assays

A liquid growth inhibition assay was used for evaluating the fractions” antibacterial activity (213,
214). Lyophilized fractions were suspended in 500 pL Milli-Q water; the assay was carried out using 96-
well sterile plates. 20 uL of the fractions were aliquoted into each well with 80 uL of the bacterial

dilution, at 100uL final volume. Bacteria were cultured in poor nutrient broth (PB) (1.0 g peptone in 100
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mL water containing 86 mM NaCl at pH 7.4; 217 mOsm). Exponential growth phase cultures were
diluted to 5x104 CFU/mL (DO = 0.001) final concentration (144, 213, 215). Sterile water and PB were used
as growth control and streptomycin was used as growth inhibition control. Microtiter plates were
incubated for 18 h at 30°C; growth inhibition was determined by measuring absorbance at 595 nm. The
assay for determining minimum peptide concentration required for 100% growth inhibition involved
using a serial dilution in 96-well sterile plates at 100 uL final volume (193, 194, 216); 20 pL stock solution
was used in each microtiter plate well at twofold serial dilution and added to 80 pL of the bacterial
dilution. The strains used were Staphylococcus aureus ATCC 29213, S. epidermidis ATCC 12228, Escherichia
coli D31, E. coli DH5a, Pseudomonas aeruginosa 27853, Salmonella enterica ATCC 13314 and Micrococcus
Iuteus A270. Microbial growth was measured by monitoring OD at 595 nm and assays were performed
in triplicate (PerkinElmer Victor 3TM 1420 multilabel, multitask plate reader). S. aureus bacterial growth
curve with sarconesin MIC and %2 MIC was measured every 15 min for 1 h and then every hour for 12
hours. Graphs were background-corrected by subtracting the OD595 for medium without bacteria (217,

218).
2.2.5. Cytotoxicity

Sarconesin toxicity for VERO cells (African green monkey kidney fibroblast) was evaluated. Cells
were obtained from the American Type Culture Collection (ATCC CCL81; Manassas, VA) and
maintained in DMEM culture medium, supplemented with 10% heat-inactivated calf serum. CC was
determined using an MTT colorimetric assay. Briefly, the cells were seeded in 96-well plates (2 x 10°
cells/well) and cultured for 24 h at 37°C in a humidified atmosphere containing 5% CO2. Eight two-fold
serial dilutions of peptide were performed with DMEM to give solutions having final concentrations
ranging from 4.7 to 600 uM. Varying concentrations were added and allowed to react with the cells for
48 h, followed by adding 20 uL MTT (5 mg/mL in PBS) for another 4 h at 37°C. Formazan crystals were
dissolved by adding 150 pL isopropanol and incubating at room temperature until all crystals were
dissolved. Absorbance was measured at 550 nm using a 96 well microplate ELISA reader. Cell survival
was calculated using the following formula: survival (%) = (A550 of peptide-treated cells / A550 of

peptide-untreated cells)*100 (219).
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2.2.6.  Hemolytic activity

Fresh human red blood cells (hRBC) were washed 3 times with PBS (35 mM phosphate buffer, 0.15
M NaCl, pH 7.4) by centrifugation for 7 min at 1000 x g, and suspended in PBS at final 4% (v/v)
concentration. Sarconesin solutions (serial 2-fold dilutions in PBS) were added to 100 uL hRBC
suspension at 200 uL final volume and incubated for 1 h at 37°C. Hemoglobin release was monitored
by measuring supernatant absorbance at 405 nm with a Microplate ELISA Reader. The hemolysis
percentage was expressed in relation to a 100% lysis control (erythrocytes incubated with 0.1% Triton

X-100); PBS was used as negative control

22.7. Mass spectrometry

Active antibacterial fractions were analyzed by (LC-MS/MS) on a LTQ-Orbitrap Velos hybrid mass
spectrometer (Thermo Scientific) coupled to an Easy-nLCII liquid nano-chromatography system
(Thermo Scientific). The chromatographic step involved automatically using 5 uL of each sample on a
C18 pre-column (100 um L.D. x 50 mm; Jupiter 10 pm, Phenomenex Inc., Torrance, California, USA)
coupled to a C18 analytical column (75 um I.D. x 100 mm; ACQUA 5 um, Phenomenex Inc.). The eluate
was electro-sprayed at 2 kV and 200°C in positive ion mode. Mass spectra were acquired by FTMS
analyzer; 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 5,000 cps. The dynamic exclusion time used

was 15 s, repeating at 30 s intervals.
2.2.8. Bioinformatics

MS/MS peak list files were submitted to an in-house version of the MASCOT server (Matrix
Science, USA) and screened against the Uniprot database. PEAKS 8.5 (Bioinformatics Solutions Inc.,
Waterloo, Ontario, Canada) de novo sequencing/database search software was used for establishing
sequences. Analysis involved 10 ppm error tolerance for precursor ions and 0.6 Da for fragment ions.

Oxidation was considered a variable modification.



68

The sarconesin sequence was analyzed for similarities with the L. sericata and L. cuprina genome
and transcriptome and also with other proteins registered in the National Center for Biotechnology (220)
public database, using the Basic Local Alignment Search Tool (BLASTp), with default parameters
(http://blast.ncbi.nlm.nih.gov/;, accessed April 23+ 2018) (221). The PepCalc tool were used for
calculating sequences’ physical-chemical parameters (http://pepcalc.com/; accessed April 30% 2018).
Gene Runner was used for nucleotide translation to protein and Seaview (222) and Boxshade
(http://www.ch.embnet.org/software/BOX_form.html) were used for making and formatting
alignments’ shaded background. The Chimera structure prediction tool (accessed through the European
Bioinformatics Institute (http://www.ebi.ac.uk/thornton-srv/databases/profunc/; accessed April 30t

2018) was used for obtaining the 3D images of secondary structure.

2.2.9. Circular dichroism

The peptide’s far-UV (190-250nm) circular dichroism (223) spectrum was recorded on a Jasco J810
spectropolarimeter (Jasco Inc., Japan) at 25°C, using a 0.1cm path length quartz cell. All CD spectra were
recorded after the accumulation of 4 runs and smoothed using a fast Fourier transform (FFT) filter to
minimize background effects. The solvents used in the experiment were pure water and 10%, 30% and

50% v/v solutions of 2,2,2 TFE in water.

2.2.10. Mechanism of action (MoA)

2.2.10.1. Membrane integrity and esterase activity

Mid-log phase E. coli cells (2x108 CFU/mL) were incubated with or without MIC peptide solution
at 37°C. Bacterial membrane integrity was measured by fluorometry and microscopy using propidium
iodide (PI) at 60 pM final concentration in the dark for 15 min, followed by measuring fluorescence with
485/620 nm excitation/emission wavelengths (224). Esterase activity involved transferring 180 pL to a
96-well black plate to which was added 20 uL of 250 uM 5(6)-carboxyfluorescein diacetate (CFDA),
incubated in the dark for 30 min, followed by measuring fluorescence with 485/535 nm
excitation/emission wavelengths (225, 226). PI microscope slides were made by dropping melted 1%
agarose (w/v) onto them; the dried culture was covered with a glass coverslip and observed by

microscope after placing 20 uL of the cells onto solidified agar pad for immobilization (227). Microscopy


http://www.ch.embnet.org/software/BOX_form.html
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involved using a Leica TCS SP8 confocal laser scanning electron microscope (SEM); the images were

processed with Leica software LAS X.

2.2.10.2. DNA staining

Treated and untreated bacterial cells were fixed on a slide, permeabilized with ethanol and stained

with 4',6-diamidino-2-phenylindole (DAPI) to visualize the DNA using a confocal microscope.

2.2.10.3. Gel retardation assay

Sarconesin binding to E. coli DH5a genomic DNA (gDNA) was evaluated by a gel retardation assay
(228). E. coli gDNA was extracted following the method described by Landry et al. (229). Seven two-fold
increasing amounts of sarconesin (3.1 to 200 pM) were incubated for 1 hour with 500 ng gDNA. The
mixture was incubated for 1 hour at room temperature and analyzed by electrophoresis on 0.8 % agarose

gel (226).

2.2.11.  Statistical analysis

GraphPad Prism software (version 7.00) was used for all statistical analysis. One-way ANOVA (a
= 0.05) was used for comparing the bacterial growth curve following sarconesin treatment to that for
untreated control. One-way ANOVA (a = 0.05) with Dunnett's multiple comparisons test was used for
statistical comparison of combination treatment in toxicity assays (230, 231). GraphPad Prism analysis
was used for obtaining the synthetic peptide’s IC50 data; non-linear regression parameters were mean

+ standard deviation, n=3 (232) and the therapeutic index was defined as the IC50/MIC ratio (212, 233).

2.3. Results

2.3.1.  Peptide purification

ES material analyzed by RP-HPLC was lyophilized, suspended in water and its antibacterial
activity tested. Antibacterial activity was quantified by plate growth inhibition assay using a Gram-
positive M. luteus A270 bacteria as test-organism (Figure 19). Five of these fractions had antibacterial
activity. Fractions 2, 3, 4 and 5 had anti-P. aeruginosa activity while the other compounds having no
activity against P. aeruginosa were tested against Gram-positive M. luteus. Activity was found in fraction

1; fractions having antimicrobial activity were eluted at 8.1, 50.9, 51.7, 52.1 and 64.9 min and
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chromatographed again in the same system with an analytic C18 column. All antimicrobial fractions
were analyzed by MS; when compared through a preliminary database search, just fraction 3 had
homogeneity with diptera proteins. Purification of this fraction revealed the 3.2 molecule, having

antibacterial activity against M. luteus.
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Figure 19. S. magellanica ES antimicrobial fractions eluted with 80% ACN from a Sep-Pak cartridge
obtained from the first RP-HPLC purification step. Chromatography involved using a semi-preparative
Jupiter C18 column (10pum; 300A; 10mm x 250mm) with a 0-80% ACN/0.05% TFA in H20/0.05% TFA linear
gradient for 60 min at 2 mL/min flowrate. Absorbance was monitored at 225 nm. The fractions indicated by
an asterisk had antimicrobial activity and were eluted at 8.1, 50.9, 51.7, 52.1 and 64.9 min RT; fraction 3
(labelled with an arrow) was chromatographed again in the same system with an analytic Jupiter C18 column
(10um; 300A; 4.6mm x 250mm) and run in 44%-54% solution B for 60 min (inset). The eluted 3.2 fraction (i.e.

sarconesin) had antibacterial activity and was purified.

2.3.2.  Antimicrobial assays

The peptides were studied regarding their potential for inhibiting Gram-positive and Gram-
negative bacterial growth. Sarconesin MIC was the same (4.7 pM) for M. luteus A270 and P. aeruginosa
ATCC 27853; minimum MIC (1.2 uM) was obtained for S. aureus ATCC 29213, S. epidermidis ATCC 12228

and E. coli D31; DH5a MIC was 2.4 uM (Table 3). The effect of sarconesin MIC was seen during S. aureus
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growth curve exponential phase which was reached after more than 180 min; incubation with ¥2 MIC

revealed a decrease in bacterial growth (Figure 20A).

Table 4. Minimum inhibitory concentration (MIC); MIC refers to the concentration needed for achieving

100% inhibition of growth.

Strain Sarconesin MIC

M. luteus A270 4.7 uM
Gram + | S. aureus ATCC 29213 1.2 uM

S. epidermidis ATCC 12228 1.2 uM

P. aeruginosa ATCC 27853 4.7 uM

E. coli D31 2.4 uM
Gram -

E. coli DH5a 2.4 uM

S. enterica ATCC 13314

2.4 M
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Figure 20. Growth curve and toxicity assays. (A) Growth curve for M. luteus A270 incubated with
sarconesin. Bacterial growth was inhibited and the antibacterial effect was detected during the exponential
phase. (B) Sarconesin cytotoxicity regarding the VERO cell line and (C) hemolytic activity regarding fresh

human RBC, showing very low toxicity, even at maximum 600 uM concentration.

2.3.3. Toxicity

Sarconesin CC activity was tested against the Vero cell line (Figure 20B). No sign of CC was
observed with sarconesin, even at the highest tested concentration, i.e. 600 uM. Cell viability was 92%
after exposure to sarconesin. The selectivity index was not calculated as no CC50 values were found in
the maximum concentrations evaluated here. Very low (<2%) hemolytic activity was observed on

incubating human RBC with sarconesin at the highest concentration tested (600 pM) (Figure 20C).
2.34. Mass spectrometry

MS analysis of the sarconesin fraction revealed a molecule having 1,471.84 Da mass. The complete
sarconesin aa sequence obtained by PEAKS de novo sequencing revealed a 13 aa sequence having a
post-translational modification (PTM): TPm(+16)LLVGTKLDLR. Collision-induced dissociation
spectrum from mass/charge (m/z) of its double-charged ion gave [M+2H]2+,m/z 736.9266 (Figure 21).
Characterizing the peptide’s primary structure with the MASCOT tool gave the TPFLLVGTQIDLR

sequence.

ey (i 7 [B [R[L[L]V [6 [T [k LD [L|n

Figure 21. The complete sarconesin aa sequence was obtained by MS/MS fragmentation; representative
de novo sequencing of sarconesin. CID spectrum from mass/charge (m/z) of its double-charged ion gave
[M+2H]2+, m/z 736.9266. The ions from y (red) and b (blue) series (marked at the top of the spectrum) represent
the primary structure: TPm(+16)LLVGTKLDLR. The sequenced peptide’s internal fragments whose ions were

found in the spectrum are represented by standard aa letter code.
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Proteomic and peptidomic bioinformatics tools were used for predicting sarconesin’s significant
physicochemical characteristics once the sequence was known. ExXPASy’s (SIB Bioinformatics Resource
Portal) PepDraw and Pep-Calc.com sequence analysis yielded a potential peptide isoelectric point (pl),
molar extinction coefficient and net charge (Table 4). The peptide was predicted to have one negatively-
charged Asp aa residue and a positively-charged Arg residue, thereby contributing to the peptide’s
neutral characteristics (0 net charge). Four of the 13 aa were predicted to be hydrophobic (1 Ile, 3 Leu),
suggesting sarconesin’s poor water solubility. ExXPASy’s ProtParam tool predicted that the peptide
would remain intact for up to 7.2 h in mammalian reticulocytes (in vivo), >20 hours in yeast and >10

hours in Gram-negative E. coli (in vivo). This would likely be due to a Thr (T) residue at the N-terminus.

Table 5. Physicochemical parameters calculated using ExXPASy PepDraw and Pep-Calc.com (accessed

April 30t 2018).
Peptide properties
Sequence: TPFLLVGTQIDLR Net charge Vs pH
Length: 13
Mass: 1471.8372 .
Isoelectric point (pI): 6.42
Net charge at pH 7: 0 — e Saag®
Hydrophobicity: +8.87 Kcal * mol -1 T~
Estimated solubility: poor water solubility !
Extinction coefficient 1: 0M-1*cm-1

2.3.5. Protein model

A search for TPFLLVGTQIDLR in databases found matches with cell division control protein 42
(CDC42) sequences from humans, cows and fruit flies, having 100% sequence similarity. All sequences
are referred to by their NCBI accession numbers (https://www.ncbi.nlm.nih.gov/) to minimize
confusion: CDC42 cell division control protein 42 homologue OS=Bos taurus (Q2KJ93),
CDC42_HUMAN Chain A, structure of the Rho Family Gtp-binding protein Cdc42 in complex with the

multifunctional regulator Rhogdi (gil724583211DOA_A), CDC42_DROME CDC42 homologue


http://www.tulane.edu/~biochem/WW/pepdrawhelp.html#sequence
http://www.tulane.edu/~biochem/WW/pepdrawhelp.html#length
http://www.tulane.edu/~biochem/WW/pepdrawhelp.html#mass
http://www.tulane.edu/~biochem/WW/pepdrawhelp.html#pI
http://www.tulane.edu/~biochem/WW/pepdrawhelp.html#charge
http://www.tulane.edu/~biochem/WW/pepdrawhelp.html#hydrophobicity
http://www.tulane.edu/~biochem/WW/pepdrawhelp.html#ec
https://www.ncbi.nlm.nih.gov/
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OS=Drosophila melanogaster GN=Cdc42 PE=1 SV=1 (P40793). The BLASTp 2.6.1+ tool for comparing the
sequence obtained with those for other Lucilia species proteins found 69% identity with a similar
sequence previously report as a Ras-related protein Racl [Lucilia cuprina, another blowfly from the
Calliphoridae family]: GenBank: KNC23156.1.

Sarconesin sequence was sought in the genomes and transcriptomes reported for L. cuprina
(genome ASM118794V1, transcriptome SRX907163) and L. sericata (genome ASM101483V1,
transcriptome ERX614478, 3-4 day pupa transcriptome SRX087348). Sarconesin was found in all of them
(L. sericata genome scaffold JXPF01028806.1 and transcriptomes ERR658157.22222021.1 and pupa
SRR350018.17744834.1. L. cuprina genome scaffold JRES01000256.1 and transcriptome

SRR1853100.27006533.2 (accessed May 16t 2018) (Figure 22A).
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Figure 22. Sarconesin alignment and protein model. (A) Sarconesin multiple sequence alignment against
selected proteins (https://www.ncbi.nlm.nih.gov/): CDC42 cell division control protein 42 homologue OS=Bos
taurus (Q2KJ93), CDC42_HUMAN Chain A, structure of the Rho family Gtp-binding protein Cdc42 in
complex with the multifunctional regulator Rhogdi (gil724583211DOA_A), CDC42_DROME Cdc42
homologue OS=Drosophila melanogaster GN=Cdc42 PE=1 SV=1 (P40793), Ras-related protein Racl [Lucilia
cuprina] GenBank: KNC23156.1. Sarconesin has 100% sequence similarity with CDC proteins and 69% with

Rac from L. cuprina. Translated sequences from L. sericata. Genome scaffold (JXPF01028806.1), transcriptomes


https://www.ncbi.nlm.nih.gov/
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ERR658157.22222021.1 and pupa SRR350018.17744834.1 genome scaffold (JRES01000256.1) and L. cuprina
transcriptome SRR1853100.27006533.2. (B) Conserved domains found in JXPF01028806.1 L. sericata Blastp,
showing sarconesin as a conserved residue from the CDC42 domain. (C) Representative model of human
CDC42 (PDB ID: 1DOA_A). Sarconesin is encrypted in a site between residues 111 and 123 (234), which folds

as a [>-sheet.

The exon containing sarconesin in the JXPF01028806.1 scaffold (GenBank) was located and
compared to other proteins by Blastp for determining which organisms had the greatest similarity with
the gene. It was shown that this gene was mainly present in other Diptera species (Stomoxys calcitrans
XP_013103099.1, Drosophila sechellia XP_002039460.1, Musca domestica XP_005189222.1, Anopheles gambiae
CAA93820.1 and Ceratitis capitate XP_004518385.1), having 100% similarity. It was established that
sarconesin formed part of a CDC42 conserved domain (Figure 22B). The sarconesin model was built
using CDC42’s known structure (PDB ID: 1DOA) since it has 100% identity with bovine CDC42 and a

PDB model is available. Figure 22C shows the smilarity model constructed for sarconesin.

2.3.6. Circular dichroism

CD deconvolution software was not suitable for peptide analysis since it was designed for larger
proteins (235), so the peptide’s secondary structure analysis thus involved qualitatively comparing it to
CD spectra obtained from known secondary structures in the pertinent literature. The peptide’s CD
spectra were obtained at 25°C in water and in TFE/water ranging from 0 to 50% v/v (Figure 23). The CD
spectrum in water had a strong negative band around 208 nm and a moderate positive band around
190 nm. As TFE concentration increased, the negative band became less intense and the positive band
became more intense, a shoulder appearing between 220 and 230 nm. TFE can aggregate itself around
peptide molecules promoting the displacement of the solvation layer, thereby favoring the formation of
intra-peptide hydrogen bonds, stabilizing the peptide’s secondary-structure. CD spectra features
suggested a mixture of 310-helix and a-helix formations (236). The 310-helix proportion in water was
favored and as TFE concentration in solution increased the a-helix contribution also increased,
suggesting that the a-helix formation could be predominant in a low dielectric environment, as in a

phospholipidic membrane.
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Figure 23. Sarconesin CD spectra in water and different TFE/water ratios.

2.3.7. Mechanism of action
2.3.7.1. Membrane integrity and esterase activity

The red fluorescent dye propidium iodide (PI), which is kept on the outside of intact membranes,
can penetrate damaged cell membranes and intercalate into nucleic acids. PI fluorescence intensity
indicates the level of cell membrane integrity. In the absence of peptide, cells had no PI staining,
indicating that membranes were intact (Figures 24 and 25). The percentage of PI-permeable E. coli cells
increase after treatment with sarconesin; this suggested that the inner E. coli membrane became

disrupted after sarconesin treatment. Altered esterase activity was observed when compared to

bacterial control.
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Figure 24. Representative image showing the change in mean fluorescence intensity of fluorescence

probes PI and CFDA (esterase activity) in E. coli. Histogram represents changes in the mean + SD of PI and

CFDA fluorescence, obtained from three independent experiments (**p < 0.05 vs. control).
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DIC DAPI Merge

Figure 25. Confocal microscopy analysis of bacteria incubated with sarconesin. PBS-, ciprofloxacin- and
sarconesin-treated bacteria stained with DAPI (1-3). PBS- and sarconesin-treated bacteria stained with PI (4-

5).
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2.3.7.2. DNA staining

Neither untreated bacteria nor sarconesin-treated bacteria showed DNA fluorescence, indicating

that DNA did not become denatured by sarconesin treatment (Figure 25).

2.3.7.3. DNA gel retardation

Sarconesin’s DNA-binding properties were examined by analyzing electrophoretic migration of
DNA to clarify the molecular MoA. E. coli genomic DNA migration suppressed by sarconesin at 50, 100

and 200 uM (Figure 26). This indicated that sarconesin could bind to bacterial DNA.
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Figure 26. Sarconesin interaction with bacterial gDNA by gel migration assay. M: DNA marker
GeneRuler 1Kb; 1-8: sarconesin concentrations were 0, 3.1, 6.25, 12.5, 25, 50, 100 and 200 puM.

2.3.8. Synthetic sarconesin
2.3.8.1. Purifying synthetic sarconesin

Synthetic sarconesin was purified in RP-HPLC. Chromatography with sarconesin profile showed

that the synthetic peptide was collected at TR=101 (Figure 27).
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Figure 27. Chromatogram of RP-HPLC purification step from S. magellanica sarconesin synthetic peptide.
Chromatography involved using a semi-preparative Jupiter C18 column (10pum; 300A; 10mm x 250mm) with
a 0-80% ACN/H20/0.05% TFA linear gradient for 120 min at 2 mL/min flow rate. Absorbance was monitored
at 225 nm. Synthetic sarconesin was collected at TR=101 (Figure 9A), zoom image (B).

2.3.8.2. Mass spectrometry
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The complete synthetic sarconesin aa sequence was confirmed by MS (Figure 28).
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Figure 28. CID spectrum for sequenced synthetic sarconesin. The ions belonging to -y (red) series
indicated at the top of the spectrum show the peptide’s primary structure: TPFLLVGTQIDLR. Internal
fragments of the sequenced peptide, whose ions were found in the spectrum, are represented by standard aa

code letters.

2.3.8.3. Hemolytic activity

Its hemolytic activity was assessed to elucidate whether the synthetic peptide had any effect on
hRBC at antimicrobial concentrations. No hemoglobin release was observed in the concentrations at
which the peptide was active against bacteria and yeast; nevertheless, a statistically significant 10%
hemolysis (SD+0.03) was obtained at 275 uM; a percentage hemolysis was also observed at higher
concentrations. This suggested that sarconesin caused human erythrocyte lysis and may even be
cytotoxic at concentrations higher than 275 uM. IC50 is peptide concentration (uM) giving 50%

hemolysis after 1 h at 37°C, obtained by non-linear regression analysis, i.e. 1100 uM (Figure 29).
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Figure 29. Synthetic sarconesin hemolytic activity after 1 hour treatment. The peptide’s concentration-
response curve for percentage hRBC lysis is shown. IC50=1100 uM dose-dependent hemolytic effect of
sarconesin on hRBC. The control for 100% hemolysis was a sample of erythrocytes treated with 0.1% Triton-
X 100. Peptide concentration is given in uM. GraphPad Prism was used for analyzing IC50 data. Parameters:

non-linear regression; (mean + standard deviation, n= 3).

2.3.8.4. Antimicrobial assay and therapeutic index (TT)

Synthetic sarconesin was tested for antimicrobial activity against three Gram-positive bacterial
species, three Gram-negative bacterial species and one yeast species (Table 3). All the microorganisms
tested were sensitive to the synthetic peptide which was active at concentrations beginning with 25 uM
(Table 5). Tl is the ratio of the IC50 value (uM) to the geometric mean MIC value (uM) (237). High values
indicate greater antimicrobial specificity; the highest one was obtained for S. epidermidis ATCC 12228

(TI 44), indicating that the peptide was selective.
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Table 6. Synthetic sarconesin antimicrobial activity against different strains.

Synthetic TL.*
Strain MIC (uM)
M. luteus A270 >200 ND
S. aureus ATCC 29213 50 22
Gram +
S. epidermidis ATCC 12228 25 44
P. aeruginosa ATCC 27853 100 1
E. coli D31 50 22
Gram -
S. enterica ATCC 13314 50 22
Candida albicans MDM 8 50 22
Yeast

*MIC is the minimum inhibitory concentration (UM) of peptide inhibiting bacterial growth after 18
h. Tl is the ratio of the IC50 value (uM) to the geometric mean MIC value (uM). High values indicate
greater antimicrobial specificity.

2.4. Discussion

Bacterial resistance against antibiotics has created special interest in searching for new compounds
as potential antimicrobial drugs which might be more effective in developing new therapeutic tools
(51). This work led to finding a new sequence from S. magellanica; its antibacterial activity was screened,
and its biochemical and structural properties were elucidated by sequence homology. One AMP
responsible for the antibacterial activity previously reported in S. magellanica was found (76). Sarconesin
was seen to have 1,471.8372 Da mass and similarity with Cdc42 and Rac proteins; the AMP was
embedded in a site between human Ccd42 residues 111 and 123, folding as a [3-sheet. A search for the
peptide in AMPs database did not reveal any similarity with previously reported AMPs; however, this
new peptide could be part of the family of linear AMPs (156).

The MIC obtained for sarconesin in this study suggested potent activity, similar to that previously
reported for other peptides that are active below 32pg/mL concentration (238), the thanatin peptide has
been shown to have a MIC below 2.5mM, highlighting the fact that sarconesin required less peptide to
inhibit bacterial growth (205). This further supported the importance of new effective substances,
knowing that several bacteria do become resistant after some days or even hours of exposure (239). The
S. aureus growth curve showed that sarconesin has an effect in less than 180 minutes’ incubation. It

should be stressed that the fractions having antibacterial activity were absent in the peaks having the
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greatest absorbance; this has already been observed in other work where defensin, diptericin (51) and
lucifensin have been detected in very tiny peaks (45).

Sarconesin has C-terminal R and N-terminal T residues; when a search for homology was made, a
K residue was found immediately before the N-terminal T, suggesting that it might be targeted by
trypsin-like activity (240). The peptide so obtained could have resulted from some proteases and other
enzymes in the ES, taking into account that our experimental procedure did not involve trypsin
treatment (2); it has already been reported that ES have trypsin and chymotrypsin in their content (241,
242). Sarconesin could be a product of processing the Cdc42 or Rac protein and have other functions in
the blowfly related to cell cycle; the derived sarconesin also has antibacterial activity. It is worth
emphasizing that Rac’s antimicrobial activity has not been reported before in Calliphoridae blowflies.

As sarconesin was also present in S. scrofa and the flies” food supplement was liver, it could be
assumed that the peptide was a sub-product of CDC42 from S. scrofa and not from S. magellanica.
However, sarconesin in other Lucilia species’ transcriptome and genome showed that this peptide is
present in such blowflies, maybe as a sub-product of Diptera. Indeed, multi-omics studies of maggots
for LT usually involve using insects fed on bovine liver (243, 244). Sarconesin was also present in studies
with maggots fed on sheep blood agar as supplement (144, 245). This exon was also searched through
Blast to discard whether it had greater similarity with Diptera species than with S. scrofa. It was found
to be more similar with Diptera species having different feeding habits and was also associated with a
CDC42 conserved domain. Sarconesin was also found in pupa transcriptome having no contact with
liver residue, showing that this peptide’s origin could most likely be from the fly.

ES pH is usually 8-8.5 (i.e. in Phaenicia sericata) (246, 247) because of a waste product (ammonia),
since ammonia increases wound pH, resulting in alkaline conditions which are unfavorable for many
bacterial species (7, 8). Sarconesin’s net charge would thus be negative as sarconesin is in ES and
knowing that a protein’s net charge is positive at pH below pI (248) (Table 4). This makes sarconesin an
anionic peptide in ES in normal conditions. The MoA regarding bacteria could involve translocation
across the membrane (the common mode of action for anionic peptides) (249), knowing that AMPs can
function as direct antimicrobial compounds (250) and also as effector molecules induced upon microbial

infection (138).
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Sarconesin had 100% sequence similarity with different organisms’ CDC42 protein and 69%
identity with RAC from L. cuprina. Both proteins form part of the Rho-family GTPases (251); sarconesin
may have a similar intracellular MoA, knowing that this protein’s expression activates growth factors
(252) and acts as a molecular switch by responding to exogenous and/or endogenous signals, relaying
such signals to activate an intracellular biological pathway’s downstream components (253). The PI
assay confirmed a membrane disruption mechanism that has already been reported for other AMPs due
to electrostatic interactions, which may be followed by hydrophobic patches’ insertion into the nonpolar
interior of the membrane bilayer (254), having a barrel-stave model for the channel pore similar to that
for alamethicin as sarconesin has a 31-helix conformation (255). Some morphological changes on
bacteria were observed in the sarconesin PI experiment (Figure 25); these most likely occurred when the
antimicrobial agent attacked the cell membrane, as previously reported by Hyde (256).

Sarconesin induced the release of 6-carboxyfluorescein, indicating an effect resulting from a
transient destabilization of the bilayer upon initial interaction, a similar effect previously reported for
the magainin-2 peptide (257). Bacterial DNA, when incubated with sarconesin and DAPI, did not
become degraded and the gel retardation assay showed that sarconesin bound strongly to DNA in vitro,
suggesting inhibiting intracellular functions via interference with DNA (258).

A selectivity index could not be established for the native peptide; nevertheless, no CC was found.
These findings suggest this compound’s appreciable selectivity against bacteria and, therefore, this
observation may be an indicator of their safety as drugs for use with mammalian organisms. A
hemolytic assay was performed to verify whether the peptide could disrupt human erythrocyte
membranes to evaluate the peptide’s pharmacological potential; the peptide had very low (<2%)
hemolytic activity at 600 uM final concentration. Hemolytic activity decreased to 0% at concentrations
ranging between 600-300 uM (Figure 20C). As expected, the peptide had no relevant toxic potential,
even when tested at a concentration 128 times higher than that for M. luteus and P. aeruginosa MIC (i.e.
4.7uM), as sarconesin was identical to a conserved domain from CDC42 in human cells acting as a
molecular switch for controlling a variety of eukaryotic processes (253).

Sarconesin may also have implications for wound healing. It has been reported in cell culture that

ES from other necrophagous flies increase fibroblast proliferation for wound healing (259). Sarconesin
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has specifically been reported as an angiogenesis biomarker of recovery after acute kidney injury, so it
could be a good candidate for future wound evaluation activities (260). The Rho family also has wound-
healing properties and GTPases role in epithelial remodeling during wound-healing and epithelial-
mesenchymal transitions has also been reported (261). There is also evidence that Cdc42 plays a major
role in wound healing regarding host defense against infection (262). Previously identified natural
AMPs from insects are produced by bacteria, fungi, numerous invertebrates, vertebrates and plants and
are usually associated with killing microbes, although they could also be involved in wound repair,
inflammation, chemotaxis and cytokine activity (263).

The sequenced peptide’s antibacterial potency was confirmed when evaluating synthetic
sarconesin’s bioactivity; nevertheless, synthetic sarconesin’s MIC were higher than those obtained for
native sarconesin. Differences between native and analogue synthetic peptides have previously been
observed for surfactant protein B (SP-B) and Pg-AMP1, modified activity being obtained compared to
that for natural protein. This was probably due to a peptide assuming several formations which may
have great importance regarding its activity (264, 265). As synthetic peptides are formed as a TFA salt,
it has been reported that counter-ions may also affect peptide and protein secondary structure; however,
structural modifications have not significantly affected pediocin PA-1 antimicrobial activity (266, 267),
though structural changes could have been caused by D-aa in the sequence. Living organisms use L-aa
to synthesize proteins; a group of D-aa containing peptides (DAACPs) has been discovered in animals,
having at least one of their residues isomerized to the D-form. It can change its biological functions due
to such structural conversion (268) and could differentiate peptides just containing L-aa from those
containing D-aa. Although this was not our stated purpose (i.e. to validate the sequenced peptide’s
antimicrobial potency), each peptide of interest must be examined individually, which can be extremely
time-consuming (269).

Both native and synthetic sarconesin had lower MICs against Gram-positive bacteria; this was
frequently reported as Gram-positive bacteria have only one membrane (the cytoplasmic membrane
surrounding the cell) while Gram-negative bacteria have two: the cytoplasmic membrane and a
peptidoglycan layer on the outer side of the cytoplasmic membrane (270). This may explain why P.

aeruginosa ATCC 27853 required a higher dose of peptide.
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None of the 25, 50, 100 uM MIC concentrations for synthetic sarconesin had hemolysis, confirming
that the peptide had interesting antimicrobial potential. Peptides having action on bacterial membranes
are accompanied by hemolytic toxicity. Ideal therapeutic membrane-targeted antimicrobials should be
selective against microbial cells and not affect mammalian cells (271). Some reported peptides, such as
tetrameric Pg-AMP, have higher than 49.3% hemolysis at 100 pM. Another example would be G8P
analogous D-piscine IC50 reported to be 55 uM and sarconesin’s IC50 1,100 uM also suggesting that it
had higher affinity for prokaryotic cell membranes (212, 272).

Large TI values indicate greater antimicrobial specificity. Sarconesin TI ranged from 11 to 44 for
the tested strains. The modified AMPs D-piscidin 1 I9K had 3.2 TT and D-dermaseptin 54 L7K,A14 49 TI
for P. aeruginosa (273); however, sarconesin TI for this same bacteria was 11. The potent native AMP
gomesin has been reported to have TI values ranging from 0.15 to 0.61 for S. aureus, E. coli and C. albicans,
showing sarconesin’s therapeutic potential as it has higher TlIs (237).

Several reports have demonstrated that after modifying some AMP analogues, their TI values and
antimicrobial effect have become considerably increased, also reducing their hemolytic effect and
reducing their sensitivity to proteases (212, 237, 274-279). It is well known that peptides are relatively
sensitive toward proteolytic degradation (280) as S. aureus strains secrete aureolysin, staphopain A and
staphopain B proteases involved in pathogenesis and resistance to host defense protein/peptides
including complement factors and CAMPs46 (281).

AMPs’ therapeutic applications are limited by their sensitivity to proteases (282); some
modifications, like blocking N- and C-termini and introducing D-aa improve their stability (274-278,
283, 284). Adding hydrophobic residues (W, Y, I, V) would help their interaction with lipid bilayer
lipophilic regions to create pores or other destabilizing structures leading to membrane depolarization
or local disruption and eventually bacterial cell death. Otherwise, adding or replacing aa for positively-
charged residues (R, K) has been reported to considerably improve their biological activity (233, 285,
286), directing antimicrobial proteins to the negatively-charged bacterial cell wall and bacterial
cytoplasmic membrane where they exert their antimicrobial effect.

It has been suggested that the C-terminus is responsible for the membrane interaction and pore

formation, while the N-terminal region is important in bacteria-specific interaction and intracellular
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components like DNA and RNA (287-290). Improved peptide screening and computational biology will
promote peptide drug discovery; it would be interesting to optimize the sarconesin sequence and
evaluate analog molecules to estimate whether its biological action and therapeutic effect can be

increased.
2.5. Conclusion

This chapter has reported a study regarding a small antimicrobial peptide which is a member of a
new Rho family; it contains 13 residues and is active against Gram-positive and Gram-negative bacteria.
The native peptide was purified from S. magellanica by RP-HPLC and characterized by aa sequencing.
Further studies aimed at evaluating its activity against other bacteria, fungi, viruses and parasites are

needed, as well as ascertaining its MoA and investigating its action regarding wound healing.
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3. Chapter 3
Sarconesin II, a new antimicrobial peptide isolated
from Sarconesiopsis magellanica excretions and

secretions

Chapter 3 describes the discovery of the AMP Sarconesin II. S. magellanica larval ES sarconesin II's
antibacterial action and its MoA has been studied, isolated, characterized and evaluated, contributing
towards the urgent need for developing new alternatives to antibiotics due to the increased incidence
of multi-resistant bacteria. The discovery of new AMPs should provide an interesting and promising
strategy and could result in a lower probability of the development of resistance regarding currently-

used antibiotics.
3.1. Objective

1. Determining the isolated peptide Sarconesin II primary structure and physicochemical
properties;

2. Determining the previously characterized peptides’ antibacterial activity against Staphylococcus
aureus, Pseudomonas aeruginosa, Escherichia coli and Micrococcus luteus.

3. Analyzing the selected peptides’ safety using cytotoxicity (CC) and hemolytic assays.

3.2. Materials and Methods

3.2.1. Bacterial strains

The strains used were the multi-drug resistant Pseudomonas aeruginosa PA14, P. aeruginosa 27853,
Escherichia coli MG1655, E. coli DH5a, Staphylococcus aureus ATCC 29213 and Micrococcus luteus A270;
they were obtained from the Butantan Institute’s Special Laboratory for Applied Toxinology (LETA)
(Sao Paulo, Brazil), while the resistant P. aeruginosa PA14 strain was kindly donated by Dr. Beny Spira
(USP, Brazil).

3.2.2. Antimicrobial assays

MIC was assayed according to the standard method (296). Exponential growth phase cultures were

diluted in poor nutrient broth (PB) at 5 x 10* CFU/mL (DO = 0.001) final concentration (144, 213, 297).
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The fractions’ antimicrobial effects were evaluated by liquid growth inhibition assay, using 96-well
sterile plates; 20 uL serial dilutions of the fractions were incubated with bacteria at final 100 uL volume.
Sterile water, PB and streptomycin were used as growth and growth inhibition controls. The plates were
incubated for 18 h at 30°C. Absorbance was measured at 595 nm (193).

Time-kill studies involved using a final inoculum of around 1.5 x 107 CFU/mL at final 2 mL volume
in a polypropylene tube. The samples and control were incubated at 37°C. Serial 100-fold dilutions were
prepared in distilled water at each sampling time (0, 30, 120, 240, 360 and 420 min), where necessary. A
10 pL aliquot of the diluted and/or undiluted sample plated in triplicate on LB agar were incubated for
24 h at 37°C; the colonies were counted. Activity was considered to be bactericidal when the original
inoculum became reduced by 23 log CFU/mL (99.9%); bacteriostatic activity was defined as <3 log

CFU/mL reduction in the original inoculum (298).

3.2.3. Acid and solid phase extraction

The ES were incubated with 2M acetic acid for five minutes and spun for 30 min at 4°C. The
supernatant was eluted with Sep-Pack C18 cartridges (Waters Associates, Milford, MA, USA), using
two ACN concentrations in water (0% and 80%). The hydrophobic part (80%) was lyophilized and

reconstituted in 2 mL 0.05% TFA.

3.2.4. Peptide purification

RP-HPLC was used to fractionate the hydrophobic part of the ES, using a semi-preparative C18
Jupiter column (Phenomenex International, Torrance, CA, USA 10 pm; 300 A; 10 mm x 250 mm), with
a 0 to 80% elution gradient (60 min, 2mL/min flowrate). The fractions were manually collected and
absorbance was monitored at 225 nm (299). The fractions” antibacterial activity was determined, and
fractions eluted with 40% ACN were fractionated on an analytical Jupiter C18 column (10 pm; 300A; 4.6
mm x 250 mm), at 30% to 45% ACN concentration (209). The purified fraction’s (sarconesin II)

antibacterial activity was evaluated against that of previously reported strains.

3.2.5. Toxicity

CC activity was evaluated against HeLa (human cervical carcinoma) cells kept in DMEM culture
medium, supplemented with 10% heat-inactivated bovine serum and antibiotic—antimycotic solution
(100 units/mL penicillin, 100 g/mL streptomycin and 25 g amphotericin B) in 5% COz at 37°C (231). MTT
assays were used to evaluate CC; 5 x 105 cell/well were seeded in 96-well plate for 24 h and eight, two-
fold serial dilutions of sarconesin II (starting at 100 uM) were allowed to react with the cells for 24 h.
30% DMSO and medium were used as control (142). 5 mg/mL of MTT reagent were incubated for 4

hours at 37°C and dissolved with 150 pL isopropanol. Absorbance was measured at 550 nm and CC
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was determined, using the formula: CC% = (peptide treated cells/peptide untreated cells) x 100 (295,
300).

Hemolytic activity was assessed using human erythrocytes. Cells were collected in 0.15 M citrate
buffer, at pH7.4 and washed three times with PBS at final 4% (V/V) concentration. Eight two-fold serial
dilutions of sarconesin II were evaluated at 100 uM final concentration and incubated for 1 hour at 37°C.
Hemolytic activity was determined by measuring absorbance (Abs) at 405 nm and calculated as a
percentage of 100% lysis control (0.1% Triton X-100); % hemolysis = (Abs sample-negative
Abs)/(positive Abs — negative Abs) (301).

3.2.6. Mass spectrometry and sarconesin 11 identification

MS analysis involved using a LC-MS/MS on an LTQ-Orbitrap Velos hybrid mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) coupled to an Easy-nLCII liquid nano-chromatography
system (Thermo Scientific). The chromatographic step involved using 5 uL of each sample on a C18 pre-
column (100 um LD. x 50 mm; Jupiter 10 pm, Phenomenex Inc., Torrance, CA, USA) coupled to a C18
analytical column (75 pm ILD. x 100 mm; ACQUA 5 um, Phenomenex Inc.). Samples had been
previously concentrated in a vacuum centrifuge and diluted in 15 pL 0.1% FA. The eluate was electro-
sprayed at 2 kV and 200°C in positive ion mode. Mass spectra were acquired by FTMS analyzer; full
scan (MS1) involved using 200-2000 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 were
selected for fragmentation by collision-induced dissociation. The minimum threshold for selecting an
ion for a fragmentation event (MS2) was set to 5,000 cps (295).

MS/MS peak list files were screened against a bank database constructed with the Lucilia proteins
obtained from UNIPROT and NCBI (220, 302) to determine their aa sequence. They were compared
using PEAKS 8.5 search software (Bioinformatics Solutions Inc., Waterloo, ON, Canada), using the
following parameters: oxidation considered as variable modification, 10 ppm precursor mass tolerance

and 0.6 fragment ion mass tolerance (301).

3.2.7. Bioinformatics tools

The sarconesin II sequence was searched for similarity against Calliphoridae proteins registered in
the National Center for Biotechnology (220) public database, using the Basic Local Alignment Search
Tool (BLASTp) (303), with default parameters (304).

The antimicrobial peptide database APD (305) and the ClassAMP prediction tool were used for
classifying AMPs (1).

Sequences’ physical-chemical parameters were calculated using the Swiss Institute of

Bioinformatics (SIB) website’s ExXPASy bioinformatics resource portal’s ProtParam tool (306). The online
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I-TASSER server available on the Yang Zhang laboratory website (307) was used to obtain a 3D image
of peptide secondary structure (308).

The Chimera structure prediction tool (accessed through the European Bioinformatics Institute)
was used to obtain the location of sarconesin II in the representative mitochondrial membrane ATP
synthase subunit model (PDB ID: 2w6j) (234). The protein’s molecular weight was calculated at the

following link: https://www.bioinformatics.org/sms/index.html.

3.2.8. Circular dichroism

The peptide’s far-UV (190-250 nm) CD spectrum was recorded on a Jasco ] 810 spectropolarimeter
(Jasco Inc., Tokyo, Japan) at 25°C, using a 0.1 cm path length quartz cell. CD spectra were recorded after
accumulating 4 runs. The peptide was analyzed in pure water and 30, 70 and 100% v/v solutions of 2,2,2
trifluoroethanol (TFE) in water. Fast Fourier transform (FTF) was used to minimize background effects

(309).

3.2.9. Mechanism of action (MoA)

3.2.9.1. Membrane damage and esterase activity

The E. coli suspension (2 x 108 CFU/mL) was incubated with or without sarconesin II MIC solution
at 37°C for 4 h. The cells were washed with PBS three times by spinning (2,000 rpm, 5 min) and bacterial
membrane integrity was assessed by fluorometry and microscopy using propidium iodide (PI 60 uM)
for 15 min and measured with 485/620 nm excitation/emission wavelengths. PI microscope slides were
prepared by placing 10 puL of the mixture, covered with a glass coverslip, and observing them by
microscope (226, 310). Microscopy involved using a TCS SP8 confocal laser SEM (Leica, Mannheim,
Germany); Leica Application Suite X (LAS X) software was used to process the images. Esterase activity
was evaluated by incubating in the dark, washing cells with 250 uM 5(6)-carboxyfluorescein diacetate
(CFDA) for 30 min, followed by measuring fluorescence at 485/535 nm excitation/emission wavelengths

(226, 311).

3.2.9.2. DNA binding activity and fluorescence microscopy

A gel retardation assay determined whether sarconesin II had DNA-binding activity. E. coli DNA
was purified using the method described by Landry et al. (1993) (229); 500 ng gDNA were incubated for
an hour with 25, 50 and 100 uM sarconesin II. The mixtures were subjected to gel electrophoresis on
0.8% agarose gel (258). The previously washed peptide and bacterial cell mixtures were fixed on slides,
permeabilized with ethanol, and stained with 4’,6-diamidino 2-phenylindole (DAPI) for visualizing the

DNA, using a confocal microscope.
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3.2.9.3. Sarconesin II-treated E. coli cells total protein profiling

E. coli cells were grown in Luria-Bertani (281) medium and cell suspension turbidity was adjusted
to final 1 x 108 CFU/mL concentration, measuring bacterial suspension OD at 595 nm (OD595). After
growth, cells were harvested by spinning at 4,000 g for 10 min at 4°C. The pellets were washed twice
with PBS and 108 cells were suspended in 1 mL PB medium for further treatment at different sarconesin
II concentrations (25, 50 and 100 uM) for 12 h at 37°C.

The samples were spun at 13,000 rpm for 3 min at 4°C; supernatants were discarded. This was
followed by adding 225 uL lysis buffer (25 mM Tris—-HCl, pH 7.5, 100 mM NaCl, 2.5 mM EDTA, 20 mM
NaF, 1 mM Na3VOs, 10 mM sodium pyrophosphate, 0.5% Triton X-100, protease inhibitor cocktail)
containing 30 mM IAM to the pellets with sonication in 3 bouts of 30 sec each on ice. The supernatants
were collected by spinning at 14,000 rpm for 15 min at 4°C and stored at —20°C. Supernatant protein
concentration was determined based on absorbance at 280 nm wusing a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).

E. coli cells’ total protein profiling was carried out using 12% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE). The samples were incubated with SDS-loading buffer
at 90°C for 3 min before electrophoresis and then 25 pg of each sample was applied directly to the
polyacrylamide gel. The total running time was 3 h at 120 V. The gel was then stained with silver nitrate
or Coomassie Brilliant Blue R-250. Bacterial cells were incubated with streptomycin (a protein synthesis

inhibitor) as positive control and incubated without antibacterial agents as negative control (312).

3.2.10. Determining cell morphology

3.2.10.1. Gram assay

E. coli culture in logarithmic phase of growth was diluted to ~0.04 OD 600 and incubated for 4 h
with sarconesin II at 37°C. Control PBS and peptide-treated cells were Gram-stained. Images were
acquired using an IX81 microscope (Olympus, Tokyo, Japan), 100 x 1.35NA lens with Cell R software
(167).

3.2.10.2. Scanning electron microscopy (31)

Mid-log phase E. coli cells (1 x 108 CFU/mL) were incubated with MIC sarconesin II for 12 h at 37°C.
The bacterial cells were then spun and washed three times with 0.1 M PBS (pH 7.2) and fixed overnight
at 4°C with 2.5% glutaraldehyde. After washing twice with PBS, the cells were post-fixed on cover
glasses with 1% osmium tetroxide (OsOs) in 0.2 M sodium cacodylate buffer for 1 h, dehydrated in a

graded ethanol series (30%, 50%, 70%, 95% and 100%) for 15 min each time, and dried by the critical
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point method drying from liquid CO:. Gold-palladium was sputtered on samples and observed by
QUANTA 250 SEM (FEI, Hillsboro, OR, USA) at 12.5 kV (313).

3.2.11. Statistical analysis

GraphPad Prism software (version 7.00, La Jolla California USA) was used for all statistical
analysis. One-way ANOVA was used for statistical comparison of combination treatment regarding
toxicity assays, using a = 0.05 with Dunnett’s multiple comparisons test. Data is presented as mean +

standard deviation (SD).

3.3. Results

3.3.1. Purifying S. magellanica ES sarconesin

Larval ES crude extract RP-HPLC fractions were lyophilized, suspended in Milli-Q water and
tested against M. luteus. The sarconesin II fraction having antibacterial activity was eluted at 43.7 min;

this peak was collected and chromatographed in the same solvent system on an analytical C18 column

(Figure 30).
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Figure 30. RP-HPLC profile of lyophilized larval ES crude extract at 225 nm eluted on a Jupiter C18
Column (10 mm x 250 mm, 10 pm; 300 A), using a 0-80% B linear gradient for 80 min with solvent A (0.05%
TFA/can) and solvent B (0.05% TFA/H20) at 1.5 mL/min flowrate. Inset: sarconesin II fraction labelled with an
asterisk was chromatographed in the same solvent system on a Jupiter C18 column (4.6 mm x 250 mm, 10 pm;

300 A) using a 30%—45% B linear gradient for 60 min.
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The sarconesin II fraction’s antibacterial activity against Gram-positive and Gram-negative
bacterial strains was evaluated once it had been purified. Sarconesin II MICs were 15.6 uM for P.
aeruginosa PA14, 7.8 uM for E. coli MG1655 and P. aeruginosa ATCC 27853, 3.9 uM for E. coli DH5a and
S. aureus ATCC 29213 and 1.9 uM against M. luteus A270 (Table 6).

Table 7. Sarconesin II's antibacterial activity spectrum.

Microorganism MIC (uM) 1

Gram-negative bacteria

Escherichia coli K12 MG1655 7.8
Escherichia coli DH5c 3.9
Pseudomonas aeruginosa PA14 15.6
Pseudomonas aeruginosa ATCC 27853 7.8
Gram-positive bacteria

Staphylococcus aureus ATCC 29213 3.9
Micrococcus luteus A270 1.9

I MIC, refers to the minimal peptide concentration without visible bacterial
growth in a liquid medium.

3.3.2. Bacterial growth curve and toxicity

Exponentially grown 107 bacteria/mL were treated with sarconesin II for 7 h, sampling aliquots at
different times, and plated on agar. Cell viability was determined by measuring colony forming units
(CFU/mL). Sarconesin II MIC proved to be bactericidal against the E. coli reference strain after 4 h

peptide exposure (Figure 31a).
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Figure 31. Sarconesin II's effect in toxicity assays. (a) Growth curve for E. coli DH5a incubated with
sarconesin I MIC. Bacterial growth was inhibited at 240 min. (b) HeLa cell CC measured by MTT tetrazolium
assay. Cells were incubated with sarconesin II at 25, 50 and 100 uM for 24 h. Untreated HeLa cells were used
as negative control and HeLa cells treated with 30% DMSO were used as positive control. (c) Hemolytic
activity against hRBC. Sarconesin II was tested at 25, 50 and 100 uM concentrations. PBS was added without
peptide for determining 0% hemolysis. The arrow indicates the concentration at which the fraction had
antimicrobial activity. The average of each experiment done in triplicate is presented in individual columns
as mean * SD. One-way ANOVA followed by post hoc Dunnett’s multiple comparison test was used. **p <
0.001.

Toxicity assays were conducted with 25, 50 and 100 uM sarconesin II concentrations. An MTT
proliferation assay was used to determine peptide CC, using the HeLa cell line. The compound had
more than 95% cell viability at all concentrations (Figure 31b); the amount of formazan produced by
living cells did not vary considerably, having no cytotoxic activity, even at the highest concentration
tested here. Hemolytic activity was evaluated by determining the amount of human hemoglobin

released after incubation with sarconesin II. None of the tested concentrations caused hemolysis (Figure

31c), indicating that sarconesin I had no toxicity.

3.3.3. Mass spectrometry and sarconesin 11 characterization
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Sarconesin II's primary structure was obtained by MS/MS; PEAKS software was used to analyze
the spectrum and revealed a 13 aa-long molecule, having a 1,439.67 Da mass, with VALTGLTVAEYFR
aa sequence (Figure 32). The collision-induced dissociation (CID) spectrum from the mass/charge (m/z)

of its double-charged ion gave [M + 2H]*, m/z 720.3984.
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Figure 32. MS/MS fragmentation was used to obtain the complete sarconesin II aa sequence. The CID
spectrum from mass/charge (m/z) of its double-charged ion gave [M + 2H]?, m/z 720.3984. The ions from y

(red) and b (blue) series (marked at the top of the spectrum) represent the primary structure:

VALTGLTVAEYFR.

The ExPASy tool (SIB Bioinformatics Resource Portal) was used to obtain sarconesin II's
physicochemical properties as the peptide sequence was known: i.e. theoretical isoelectric point (pI),
molar extinction coefficient (¢) and grand average of hydropathicity (GRAVY) (Table 7). The sarconesin
IT instability index was calculated as 2.70, suggesting a stable peptide. The peptide was predicted to
have a neutral charge because of having one basic positively-charged Arg (R) residue and one acid
negatively-charged Glu (E) aa residue. The considered sequence’s N-terminal was Val (V). The peptide
was predicted to have seven out of 13 non-polar hydrophobic aa residues: two Ala (A), Leu (L), Val (V)

and one Phe (F).

Table 8. Sarconesin II's theoretical physicochemical properties.

Peptide properties
Sequence VALTGLTVAEYFR
Length 13
Molecular weight 1439.67
Formula Ce7Hi106N16019
Theoretical isoelectric point (pI) 5.97
Net charge 0
Molar extinction coefficient () 1490 M-1 cm-1
Instability index 2.70
Aliphatic index 120.00
Grand average of hydropathicity (GRAVY) 0.869

ExPASy’s ProtParam tool was used for obtaining physicochemical parameters (306).
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Sarconesin II's other four residues were polar uncharged aa: two Thr (T), one Gly (G) and Tyr (Y).
Owing to a V aa residue at the N-terminal, estimated half-life in vitro suggested that the peptide would
remain intact for up to 100 h in mammalian reticulocytes, >20 h in yeast (in vivo ) and >10 h in E. coli (in
vivo) (306).

A PEAKS DB database search revealed that the S. magellanica ES native peptide fraction might have
been derived from the ATP synthase subunit beta, mitochondrial protein previously reported in Lucilia
cuprina, another Calliphoridae blowfly (314): sequence ID: gil1321322512, NCBI reference Sequence:
XP_023303742.1 and 507 aa total length. Sarconesin II was found to be between residues 260 and 274
long, covering 3% of the whole protein sequence (Figure 33a). Although the peptide was not submitted
to trypsin digestion, the PEAKS software showed (in green) the probable cuts if such enzyme were used.
The Arg preceding sarconesin II's N-terminal Val aa residue and the C-terminal Arg suggested trypsin
cuts.

A BLAST search for Calliphoridae multiple sequence alignment (303) revealed sarconesin II's 100%
matching identity with the mitochondrial ATP synthase subunit beta (Figure 33b), appearing as a
putative conserved domain of the Fli-1 superfamily: flagellar biosynthesis/type III secretory pathway
ATPase (Accession: cI25576). Sarconesin Il and the conserved domain also appeared in other organisms,
such as Homo sapiens (Sequence ID: gil1792791AAA51808.1), Drosophila  melanogaster
(gi1442614522INP_001259081.1) and Mus musculus (gil31980648 INP_058054.2). A representative
model of the mitochondrial ATP synthase subunit beta (PDB ID: 2w6j) (Figure 33c) was built using
Chimera to reveal sarconesin II localization, showing that it is exposed on ATPase surface (234).

(a)
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Figure 33. Sarconesin II sequence and conserved domains. (a) Sarconesin II spectrum match indicated by
a blue line below the mitochondrial KNC23160.1 ATP synthase subunit beta sequence [Lucilia cuprinal.
Sarconesin Il was found between residues 260 and 274, covering 3% of the whole protein sequence. Sequences
in green represent tryptic peptides. (b) Sarconesin II sequence embedded in Calliphoridae multiple sequence
alignment search (303) shows the putative conserved domain. Sarconesin II appears as an ATP synthase beta
subunit protein conserved residue belonging to the Fli-1 superfamily. (c¢) Representative model of the
mitochondrial ATP synthase subunit beta (PDB ID: 2w6j) built with Chimera (234). Sarconesin II is exposed

on the surface (red).

Sarconesin Il was also very similar in length to the ~13-20 aa of other higher vertebrates, such as
frogs and rats, and also other arthropod AMPs (Table 8). The peptide had similar hydrophobicity ~40-

69%, having a ~0-3 diverse net charge, like plantaricin having a neutral charge (305).
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Table 9. Known antimicrobial peptides having similarity with sarconesin II, as identified in the

Antimicrobial Peptide Database (APD2) (Wang et al., 2009).

Peptide . . APD Percentage
Sequence alignment Source organism . o e .
name identifier similarity
Temporin- +AILTTLANWARKEL
HNI (14 aa) VA+LTGL+TVAEYFR Frog Odorrana AP01959 40%
hainanensis (315)
H4-(86-100) VVYALKRNGRT++LYGEF +
(15 aa) +V+AL++TGLTVAEY+FR Rat (316) AP02806 38.8%
CcAMP1 (17 MWITNG+GVANWYFVLAR Stink bug Coridius
aa) VALT+GLTVA+EYF+ + +R chinensis (317) AP02595 38.88%
Plantaricin VGPGAINAG+TYLVSRETLTFER Probiotic Lactobacillus AP02979 38.09%
DL3 (20 aa) V+++A+LTGLT++V+AEYTF+R plantarumDL3(318)
VmCT1 (13 +FL+GALWNVAKSVEF + Scorpion Vaejovis
. g AP02216 37.5%
aa) VALTG+L+TVA+EYFR mexicanus smithi (319) *

The Antimicrobial Peptide Database (APD) prediction tool was used to align sarconesin II (305).
3.3.4. Sarconesin 11's secondary structure

Iterative Threading ASSEmbly Refinement (307) (307) and CD were used to predict and study
sarconesin II structure. Figure 34a gives the CD spectra, giving a characteristic helix-coil transition
spectrum where the peptide had random formation in water, characterized by a strong negative band
at 200 nm, and becoming more structured as TFE concentration increased. The peptide had a
characteristic alpha-helix spectrum in 100% TFE concentration, with some distortions which could
might have been attributed to Tyr!! aromatic contribution to the spectrum. Aromatic aa provided a
positive contribution in 208 and 222 nm bands and a negative contribution in the 195 nm band (320).

Sarconesin II aa sequence was entered into I-TASSER, providing images of possible structures to
further predict sarconesin II's secondary structure (308), giving a typical alpha-helix structure (Figure
34b). The 13 aa were strongly helical. Furthermore, when bioinformatics analysis was used to arrange
the sequence in a-helical wheels it had no hydrophobic face, as reported by the HeliQuest tool; it had a
slightly opposite arrangement of hydrophilic and hydrophobic aa, characteristic of an amphipathic a-

helical peptide (Figure 34c).
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Figure 34. Sarconesin II secondary structure. (a) A Jasco-1500 CD spectrophotometer was used for

measuring sarconesin II's CD spectrum. Sarconesin II CD spectra variation at 0%, 30%, 70% and 100%

trifluoroethanol (TFE) concentrations (b). I-TASSER sarconesin II secondary structure gave an a-helix,

depicted in spiral ribbon format, using ordinary colors. (c¢) Computation of sarconesin II a-helical wheel (321).

No hydrophobic face reported. Note slightly opposite arrangement of hydrophobic (yellow) versus charged

(red, blue) aa.

3.3.5. Mechanism of action (MoA)

3.3.5.1. Membrane integrity

Red fluorescent dye propidium iodide (PI) and carboxyfluorescein diacetate (CFDA) assays were

used to study disruption of the bacterial membrane by sarconesin II. PI penetrates damaged cell

membranes and intercalates nucleic acids (226). PI fluorescent intensity indicated the level of cell

membrane integrity as observed in cells without any treatment (PBS) where bacteria did not incorporate

PL; treated cells had increased fluorescence when incubated with sarconesin II (Figure 35), suggesting

disruption of the cells” inner membrane.

An alteration in sarconesin II esterase activity was observed when compared to bacterial control,

since CFDA is cell permeant and fluorescent only after exposure to intracellular esterases, thereby

confirming membrane alterations.
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Figure 35. PI and esterase change mean fluorescence of bacteria treated with sarconesin II MIC
concentration (B). PI incorporation showing membrane-damaged bacteria. Treated cells (B) showing increased
PI and CFDA fluorescence when incubated with sarconesin II. Esterase activity determined by 5,6-
carboxyfluorescein diacetate cleavage, expressed as a percentage of control PBS (A) activity. Data is expressed

as mean + SD (n = 3). *p <0.001: significantly different from the control.
3.3.5.2. Sarconesin II effects on E. coli DNA and protein profile

Three sarconesin II concentrations were tested to evaluate whether sarconesin II interacted with
bacterial DNA (bDNA) by analyzing the electrophoretic mobility of DNA bands with peptide on an
agarose gel (Figure 36a). The bDNA in the gel retardation assay showed that sarconesin II became
strongly bound to DNA in vitro because gDNA migration from E. coli became suppressed. Figure 36
shows that the peptide bound to the DNA and subtracted charges because it did not migrate, thereby
suggesting inhibiting intracellular functions via interference with DNA.

Cells treated with or without sarconesin II were analyzed in 12% SDS-PAGE to further assess
whether sarconesin II affected E. coli protein profile. The streptomycin control inhibiting protein
synthesis gave no protein profile. Sarconesin II-treated bacteria had the same profile as that for bacteria

with just PBS treatment, suggesting no peptide action on proteins (Figure 36b).
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Figure 36. Assays for evaluating sarconesin II effects on E. coli DNA and proteins. (a) Gel retardation
assay for evaluating sarconesin II effect on DNA. M, GeneRuler 1kb DNA ladder; 1-3. Sarconesin II
concentrations were 0, 25, 50 pM, showing proportionally suppressed migration regarding the increased
amount of peptide compared to bDNA. The fourth concentration at 100 pM showed that migration was
suppressed, suggesting sarconesin II interaction with DNA. (b) Changes in protein profile for E. coli treated
with sarconesin II. Cells treated with or without sarconesin II were washed and sonicated in lysis buffer and
the protein profile was analyzed in 12% SDS-PAGE; proteins were visualized by silver nitrate staining. M,
molecular weight marker (kDa) (SeeBlue Invitrogen). The streptomycin control (2) revealed no protein profile.
There was no difference regarding sarconesin II (3)-treated bacteria compared to the PBS control (1) protein

profile, suggesting no peptide action on proteins.
3.3.5.3. Fluorescence microscopy assays

Bacterial cytoplasmic membrane integrity was assessed with propidium iodide (PI) staining to
investigate whether sarconesin II affected bacterial membrane. The cells had no PI staining in the
absence of peptide, indicating that the membranes remained intact. By contrast, peptide-treated cells
had intense red fluorescence, showing that sarconesin II could disrupt E. coli cell membrane, thereby
confirming damaged bacterial membrane permeability (Figure 37).

4’,6-diamidino-2 phenylindole (DAPI) fluorescent staining was used to evaluate the effect of
sarconesin II by confocal microscopy. DAPI intercalates nucleic acids and yields blue fluorescence when
observed in the whole image field. Figure 37 shows that cells treated with ciprofloxacin had less blue
fluorescence (as the antibiotic promotes double-stranded DNA breakage). Sarconesin II-treated cells

also had partial blue fluorescence, thus suggesting E. coli DNA fragmentation.
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Figure 37. Fluorescence microscopy of E. coli cells incubated for 4 h at 37°C and stained with PI (322) or

DAPI (blue). Untreated control cells, PBS (A), cells treated with sarconesin II (B), cells treated with ampicillin

for PI or ciprofloxacin for DAPI (C). PI assay revealed bacterial membrane alteration when treated with

sarconesin II and DAPI-stained cells had partial fluorescence, showing DNA fragmentation by sarconesin II.

3.3.6. Determining Cell Morphology

3.3.6.1. Gram-stained E. coli cells

E. coli culture in logarithmic phase was incubated with or without peptide at 37°C to observe

whether there were any morphological changes. Control PBS and peptide-treated cells were Gram-

stained. Microscopic comparison of E. coli cell bacterial culture with sarconesin II revealed different

morphologies. Figure 38 shows that cells were elongated due to a phenomenon commonly known as

filamentation.




106

(@) (b)
Figure 38. Confocal microscopy image obtained from E. coli bacterial cultures incubated for 4 h with PBS
(a) or sarconesin II (b). Cultures were obtained after 4 h incubation at 37°C. The arrow indicates filamentous

cell morphology.
3.3.6.2. Examining bacterial membrane change by SEM

SEM (31) observations were made to further evaluate and confirm morphological changes
detected after treatment with sarconesin II. E. coli cells were treated for 12 h with or without sarconesin
IT MIC. SEM preparations were fixed, dehydrated, coated with gold and examined by microscope.
Figure 39A shows that non-treated E. coli cells had intact smooth surfaces, having typical morphological
characteristics, remaining cylindrically shaped, turgid and smooth, while sarconesin II-treated cells
underwent considerable structural changes. After treatment with the peptide, E. coli cells appeared as
highly elongated, filamentous cells having several holes on their outer membrane (Figure 39B). The
surface seemed to have been disrupted; other changes appeared to involve the formation of blebs on

cell surface. This indicated that sarconesin II induced alterations in E. coli cell morphology.

Figure 39. Sarconesin II MIC effect on E. coli bacterial membrane by SEM (31). Untreated E. coli (A) had

a normal smooth surface, while treatment with sarconesin II (B) gave an elongated pattern, membrane
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disruption and blebbing on the outer face (arrows). Some bacteria had variable length, rough cell surfaces or
globular protrusions on their surfaces. These images revealed that sarconesin II could induce alterations in

cell morphology.
3.4. Discussion

Antibiotic resistance constitutes one of the most pressing public health concerns worldwide;
multicellular organism AMPs are considered part of a solution to this problem (323). This chapter has
reported the isolation, characterization and MoA of an efficient AMP purified from S. magellanica third-
instar larval ES (i.e. sarconesin II).

RP-HPLC results showed that S. magellanica ES could be separated into several fractions. The
fraction having 43.7 min RT had antibacterial activity and was named sarconesin II. The S. magellanica
ES profile looked similar to that previously reported for the same material, having a high peak, followed
by sarconesin II sharing the same RT (295). Sarconesin II was further purified to confirm homogeneity,
using the same chromatographic system (Figure 30).

Sarconesin II had good activity against Gram-negative and Gram-positive bacteria, including E.
coli K12 MG1655 (Table 6) (324). E. coli is a Gram-negative bacteria which can use gene mutations and
multidrug efflux pumps, resulting in multidrug resistance (325). Other promising native peptides, such
as cecropin A, tenecin 1 and melittin from insects, and magainin II, pexiganan and LL-37 from
vertebrates, have also been reported as being able to kill this strain (326). Other authors have reported
AMP activity, having a MIC ranging from 40 to 150 uM, regarding maize, lycotoxin I, lycotoxin II and
magainin B against E. coli DH5a. A 3.9 uM MIC was obtained in the study described in this chapter
using sarconesin II; a lower concentration was required for killing the bacteria compared to the range
of previously reported AMPs (327-329).

Regarding sarconesin Il activity against P. aeruginosa, this bacteria has previously been reported as
being a microorganism developing high resistance to a variety of antibiotics, including
aminoglycosides, quinolones and B-lactams (330). Many AMPs, including GL13K, LL-37, TO9W, NLE20,
cecropin P1, indolicidin, magainin II, nisin, ranalexin, melittin and defensin, have also had similarly
potent antimicrobial effects against P. aeruginosa (322, 331-335). The 5-defensin 3 AMP has been shown
to have action against the multi-drug-resistant P. aeruginosa PA14, having a 32 uM MIC, very close to
the MIC found in our study (336).

Sarconesin II has been shown to have antimicrobial activity against Gram-positive bacteria, such
as S. aureus and M. luteus. Previous studies have shown that AMPs have a broad range of antimicrobial
activity against bacteria, parasites, fungi and viruses (337, 338). Two alloferons from the blowfly
Calliphora vicina (the same Calliphoridae family as S. magellanica) are active against human influenza

viruses A and B (339). The study reported here did not involve evaluating activity against other
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microorganisms, but a high probability (0.96) of antiviral activity was found using in silico analysis (1);
this could be interesting for future research, remembering that bactericidal antimicrobial agents are
required to treat immunocompromised patients’ infections and other diseases (340).

It is known that Gram-negative bacteria are more resistant to antimicrobial agents than Gram-
positive bacteria due to their differing cell membranes (341). The sarconesin II requirement for killing
Gram-negative bacteria thus had greater MICs than those obtained for Gram-positive bacteria, also
demonstrating broad peptide activity killing both. Broad-spectrum AMPs have thus been suggested as
an alternative to conventional antibiotics for combatting bacterial infections, as AMPs have rapid killing
kinetics, low levels of induced resistance and low host toxicity (342-346). Time-kill studies (347) for
evaluating sarconesin Il antimicrobial activity against E. coli (Figure 31a) demonstrated that the peptide

totally killed the bacterium after 240 min.

E. coli MIC, or the lowest concentration inhibiting visible bacterial growth, was found to be 3.9 uM.
MBC was not evaluated, but a higher drug concentration is probably required to kill bacteria completely
(348). The MIC for the growth killing assay when plating the bacteria onto agar completely killed the
bacteria after 4 h, suggesting that the MIC and the MBC could probably have been the same because
sarconesin II caused death during the time evaluated, also suggesting a bactericidal MoA.

Faster action has been reported for other Calliphoridae family peptides (i.e. L. sericata lucifensin)
than for sarconesin II. No bacteria-killing assay has been reported for lucifensin, but SEM images after
a 60 min treatment showed the effects on bacterial membrane (45). Just one work was found reporting
time-kill curves for C. vicina and L. sericata total ES against E. coli; both Calliphoridae had good
bactericidal activity against E. coli, inhibiting growth over the first four hours (349).

Time-kill curves against MRSA ATCC 43300 have been reported regarding an insect defensin-like
peptide DLP4 isolated from the black soldier fly Hermetia illucens, giving DLP2 1 x MIC killing effect in
8 h and 4 x MIC in 6 h (350). This suggested a faster effect for sarconesin II if increased MIC against
bacteria were to be tested. As predicted in silico, the time that sarconesin II could remain stable without
degradation in E. coli was 10 h (306); this could be enough time for complete sarconesin II action. It has
been reported that some native drugs could gradually lose their effect after 24 h, and bacteria escaping
drug action can multiply at a faster rate in suitable conditions (348). Sarconesin II action was seen to be
faster than its degradation rate. It is known that AMPs’ biological ability in serum may become largely
reduced, thereby highlighting the importance of their transport and storage (351). Sarconesin II's
instability index (123) suggested a stable peptide, an important role regarding any biological drug’s

application.
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Encouragingly, concentrations where sarconesin II was active did not have any toxicity or
hemolytic activity regarding either HeLa or erythrocyte cells, even when tested at concentrations 100
times higher than bacterial MIC (Figure 31), suggesting the compound’s high selectivity. Nagarajan
obtained similar results when testing the NN2_0018 peptide which also has antibacterial activity against
resistant bacteria (324). The recently discovered peptide LGH2 had low toxicity when evaluated against
sheep RBC at 4 uM (352). When evaluated at a concentration similar to that for sarconesin II (100 puM)
it had 100% hemolysis, while that for sarconesin II continued without having toxicity. Accordingly,
sarconesin II lacked toxicity but did have potent antibacterial activity, making it a promising candidate
for use in therapeutics.

The sarconesin II primary sequence obtained by HPLC-ESI-Orbitrap-MS had the same identity as
that for the ATP synthase beta subunit protein conserved domain. Sarconesin II was also detected in the
organisms of other larval extracts, as the BLAST search showed, and has been previously identified in
research into human breast cancer MCF-7 and MDA-MB-231 cell lines, and as proteases in
basidiomycete Amanita virgineoides (353, 354). Sarconesin II is a derivative of the subunit beta ATP
synthase reported in a broad range of organisms. It is 13 aa long, making it a short sequence having
ideal features for clinical use (329). Sarconesin II probably did not have any toxicity because it is part of
an ATP protein’s conserved domain which is found naturally in human cells and in all eukaryotic cells
(353).

Sarconesin II was not subjected to tryptic cleavage but had particular trypsin cuts which may have

involved proteolysis of the ATP synthase beta subunit protein having a 54.6 kDa molecular weight

(https://www .bioinformatics.org/sms/index.html); the presence of a protein having this molecular
weight was confirmed using the S. magellanica ES protein profile (185). This suggested that the protein
could have been in previous contact with the enzyme, making sarconesin Il a sub product of the protein.
The 3D representative model also highlighted sarconesin II as being exposed on ATPase surface,
facilitating the cutting. This has also been reported for sarconesin, knowing that the ES contain
chymotrypsin and other enzymes (295). This suggests that proteins may play a role in blowflies” innate
immunity during extracellular digestion, helping as a substrate for creating AMPs, probably because
insect AMPs are secreted by fat body cells into the hemolymph (its action as humoral immunity factors
has already been described) (355).

APD analysis revealed sarconesin II-similar AMPs and showed that all of them had antimicrobial
activity against both Gram-negative and Gram-positive bacteria, having similar or higher MICs than
sarconesin II. Moreover, VmCT1 (an a-helical AMP from scorpions) has been reported as having activity

against cancer cells (356, 357) and temporin-HN1 has been reported as having antifungal activity (315).
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The study reported here found no sarconesin II toxicity against a breast cancer cell line; however, it
could be interesting to test it against other cell lines and evaluate its antifungal activity.

APD gave sarconesin II 38.8% similarity with the H4-(86-100) peptide. This can be considered a
good similarity percentage as the APD database contains 3,055 peptides. Similar percentages regarding
other AMPs were found in the APD2 database, i.e. H4-(86-100) was reported as having 35.3% similarity
with temporin-LTb (305). It should be stressed that sarconesin II had action on DNA, like the H4-(86-
100) peptide which has been reported to cause an inhibitory effect on DNA gyrase (316).

The CD spectra indicated that sarconesin II had a random coil in water and adopted an «a-helical
structure in 70% TFE (Figure 34a). This pattern indicated that sarconesin II was prone to assuming a
specific conformation when interacting with membrane-mimicking agents like TFE or SDS. Alpha-
helical characteristics are stronger in TFE. This agreed with TFE’s known properties for promoting
helical structures in peptides (358, 359). Peptide secondary structure was observed by I-TASSER and it
has been reported that increased helix propensity also increases antimicrobial potency (285). AMPs
having a-helices are magainin, cecropin and cathelicidin; however, they can perform their functions
through interactions with intracellular targets or by disturbing cell processes, as well as inhibiting cell
wall, nucleic acid or protein synthesis (162).

An a-helical structure has been found for other members of the Fli family (123). The sarconesin 11
sequence was arranged in a-helical wheels by bioinformatics analysis to further characterize its
structural properties, revealing a slightly opposite arrangement of hydrophobic aa (360); this is
characteristic of amphipathic a-helical peptides and is also known to be important in amphipathic
arrangement (361). The ability to structure an a-helix, without this arrangement is not sufficient to
provide potent, broad-ranging, antimicrobial activity, as demonstrated by scrambled peptide P19(615s)
(362, 363). The importance of amphiphilic helices has been discussed regarding serval AMPs, and it has
previously been shown for another Calliphoridae, Sarcophaga peregrina (flesh fly), whose sarcotoxin IA
and Pd peptides consist of two amphiphilic helices, having hydrophilic and hydrophobic faces (364-
366).

Moreover, such hydrophobic arrangement can facilitate recognition of hydrophobic lipids on
bacterial membranes. Sarconesin II has a C-terminal positively-charged Arg, frequently occurring in
protein active or binding sites, giving a higher probability of interaction with negatively-charged non-
protein atoms (367). Interestingly, some peptides have been classified as being glycine-rich; we cannot
affirm that sarconesin Il is part of this family, considering that it just has 13 aa, where Gly represents 7%
of it. Glycine-rich peptides come mostly from insects and are active against Gram-negative bacteria (132,

174).
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A mechanism for killing bacteria involving membrane disruption is probably particular for
hydrophobic, moderate to strong amphipathic, a-helical peptides, involving Arg, as found for
sarconesin II and reported for AA230 arenicin-3 as an amphipathic molecule rich in Arg and
hydrophobic aa (298). These characteristics have also been found for sapecin which has essential
residues for membrane channel formation in its sequence, such as Asp and Arg. The opposite is true for
plectasin where its sequence does not even have most of the hydrophobic residues at a specific site in
the a-helix chain (368).

Increased sarconesin II in esterase assays indicated bacterial membrane alteration; it has also been
reported that esterase activity in E. coli therefore seems to function as a stress indicator rather than a
viability parameter (225). After PI staining, sarconesin II-treated E. coli cells had increased fluorescence
(Figures 35 and 37) since PI cannot diffuse into viable cells or dead cells having an intact membrane. PI
confirmed sarconesin II entering E. coli cells and binding to DNA, thus confirming its action on the
membrane. Knowing that PI stains dead cells as a result of porous membrane, other peptides have been
reported such as NK-18, thereby showing the alteration of both; the outer and inner membrane were
disturbed after treatment (369), as found for sarconesin II. The AMP cecropin has also been reported to
induce inner membrane perturbation shown by high PI incorporation (370, 371). Bacteria’s killing effect
depends on membrane damage and inhibiting the membrane’s functional proteins which can be critical
for bacteria, even if there is no complete lysis (372).

This could imply that the peptides are not just only associated with the plasma membrane but can
also enter cells. This prompted looking for an intracellular-targeting MoA for this peptide (373).
Peptides affecting Gram-positive bacteria usually act on the membrane; however, no parameters enable
discriminating between peptides acting on Gram-negative or Gram-positive bacteria. Malanovic et al.,
(374) reported no apparent preference for targeting only Gram-positive or Gram-negative bacteria
regarding hydrophobicity and aa residue charge and that AMP secondary structure could be identified
when examining the APD (126).

One bactericidal drug mechanism concerns inducing DNA and protein damage (375). No action
has been observed in proteins; sarconesin II DNA damage was perhaps caused by fragmentation, as
shown by DAPI assay fluorescence (376, 377) or by sarconesin II interaction with and binding to bDNA
during gel retardation assay. One of the better-studied peptides interacting with DNA is buforin II (378).
Rondonin is another neutral peptide having a similar MoA regarding DNA as that for sarconesin II
(193). Other authors have reported that AMPs such as insect defensins DPL2 and DLP4 have differential
ability against differing species (as evidenced on agarose gel) regarding their binding to DNA, having
variable binding for E. coli CVCC1515 or S. typhimurium ATCC 14028 (350). Tryptophan in the
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sarconesin II sequence could also explain the double MoA on membrane and DNA, as this aa was shown
to be involved in hydrophobic interactions with bacterial membranes and DNA (328).

Both MoA discovered for sarconesin Il are probably important for increasing its antibacterial
activity against Gram-negative and Gram-positive bacteria; this was also observed for NK-18 (329).
Another example of double action is indolicidin which can kill bacteria, fungi and HIV. It has antifungal
activity by causing cell membrane damage and also kills E. coli by penetrating cells and inhibiting DNA
synthesis (372).

Morphological changes to the bacteria detected by SEM provided evidence that sarconesin II had
an effect on E. coli cell membrane; a similar effect has been obtained for NK-18 (329). Its MoA has been
related to cell membrane permeabilization. The Gram and SEM images revealed bacterial elongation;
this morphology has also been found for indolicidin which inhibits DNA synthesis, leading to E. coli
filamentation (379). This was indicative of cell division inhibition which, correlated with a lack of
thymidine incorporation into cells, suggested that it was interacting with DNA (380). Once the peptide
was internalized, it led to the formation of membrane vesicles (372). It is worth noting that the SEM
images did not show complete membrane rupture and, as sarconesin Il is an a-helical peptide, it may
have created pores on the membrane (372, 381).

Impaired bacterial cell division also depended on intracellular elastase-like serine protease activity
which can proteolytically activate cathelicidins. Sarconesin II induced filamentation, resulting in the
formation of filamentous bacteria having arrested septation (382). Such morphology indicated a
bacterial stress response and has been observed in bacteria responding to damage from low doses of
antibiotics, starvation and ROS and nitrogen species (383, 384). Furthermore, the appearance of
filamentous cells first suggested an induced SOS repair system response via DNA damage, also called
SulA-dependent filamentation (385, 386).

A second veto pathway responsive to DNA damage has also been identified in E. coli, known as
the sfi-independent pathway causing filamentation in sfi cells via induction of the LexA regulon. (387).
Hill et al., have reported that LexA is necessary and also arrests DNA replication for inhibiting cell
division. Sarconesin II might thus have induced filamentation in E. coli by inhibiting DNA synthesis
(388).

Some AMPs have been reported as being membrane disruptive, such as alamethicin, magainin 2,
cecropin and nisin, while some are membrane non-disruptive but do have internal action on DNA, RNA
or proteins, i.e. buforin II, pleurocidin and PR39 (380). Sarconesin II could thus be a membrane non-
disruptive peptide, also having internal action on DNA.

This chapter has thus provided a certain understanding of the whole sarconesin II antibacterial

MoA. It could reasonably be assumed that sarconesin II's neutral, hydrophilic characteristics first
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initiate an electrostatic interaction with the bacterial cell membrane’s negatively-charged components.
The peptide then induces outer and inner membrane permeabilization and depolarization, creating
pores which the peptide can then use to enter cells. The budding or “wart”-formation can also lead to
cell envelope destabilization, as seen by Gutsmannn (389). Along with peptide internalization,
sarconesin II could interact with DNA through electrostatic interaction, as found by Yang et al. (329). It
would then spontaneously bind to DNA, causing filamentation in bacterial cells, inhibit cell repair
function and lead to killing bacteria. As sarconesin II has two MoA it can easily kill Gram-positive and
Gram-negative bacteria and is a potent AMP that might become a novel tool for combating resistant

bacteria.

3.5. Conclusion

This chapter has described obtaining, characterizing and evaluating the antibacterial activity of a
new S. magellanica larval ES-derived AMP named sarconesin II. It was obtained and purified using RP-
HPLC. Sarconesin II fraction’s antibacterial activity against Gram-positive and Gram-negative bacteria
was demonstrated by MIC and measuring CFU. The peptide had no CC in the tests used here. Some of
this AMP’s relevant physicochemical characteristics obtained by MS/MS and spectrum analysis were:
having a 13 aa sequence (VALTGLTVAEYFR), seven non-polar hydrophobic aa residues and another
four polar uncharged aa (established predictively). It had a neutral charge because of having one basic
positively-charged Arg (R) residue and one acid negatively-charged Glu (E) residue.

The PEAKS database search revealed that the native peptide fraction might have been derived from
the ATP synthase (3 subunit, a mitochondrial protein previously reported in Lucilia cuprina. A BLAST
search for Calliphoridae multiple sequence alignment revealed sarconesin II's 100% matching identity
with the mitochondrial ATP synthase 3 subunit. This peptide’s secondary structure had a characteristic
a-helix, predicted by I-TASSER and CD. The tests used to determine sarconesin II MoA on bacteria
recorded disruption of the cells” inner membrane (PI), accompanied by alterations in sarconesin II's
esterase activity, thereby confirming membrane alterations (CFDA), intracellular function inhibition via
interference with DNA (DNA band electrophoretic mobility), without affecting the protein profile (SDS-
PAGE), and damage to bacterial DNA (fluorescence microscopy). The peptide’s effect on bacterial cell
morphology (Gram staining) revealed elongation (i.e. filamentation), while using SEM demonstrated
sarconesin II action on bacteria (having a highly elongated appearance) as filamentous cells having
blebbing on their outer membrane. This AMP represents a new weapon for fighting against pathogenic
microorganisms, acting mainly on both Gram-positive and Gram-negative bacteria, and showing so far

good efficacy against an antibiotic-resistant pathogen such as P. aeruginosa PA14.
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4. Overall conclusions
Fractions from S. magellanica fly larval ES were isolated, characterized and analyzed for their
antibacterial activity; all of the 67 were evaluated against Gram-positive and Gram-negative bacteria

(using turbidimetry), but only 6 fractions had antibacterial activity.

When analyzing the sequence by MS, two fractions were selected from which it was possible to

characterize and evaluate two new AMPs: sarconesin and sarconesin II;

S. magellanica AMPs had potent antibacterial activity and represent a new alternative for combating

antibiotic resistance and are found in several organisms;

None of the AMPs reported here represent potential danger to mammalian cells, as no toxicity was

seen;

These two new AMPs” MoA were shown to attack bacteria by affecting cell membrane and also

internal structures as DNA;

Sarconesin has similarity with the CDC42 protein and sarconesin II with ATP synthase, are not

toxic and their antimicrobial potential confirms them as good candidates for therapeutic drugs;

The tests involved in this work may help better understanding of the presence of antimicrobial

substances in insects, their MoA and the development of potential new drugs.
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6. Additional files

6.1. Publications

1. Sarconesin: Sarconesiopsis magellanica (Diptera: Calliphoridae) blowfly larval excretions and secretions
with antibacterial properties. Diaz-Roa A, Patarroyo MA, Bello FJ, Da Silva PI Jr. Front Microbiol. 2018
Sep 28;9:2249. doi: 10.3389/fmicb.2018.02249. eCollection 2018. PMID: 30323791 Free PMC Article

https://www.ncbi.nlm.nih.gov/pubmed/30323791

2. Sarconesin II, a New Antimicrobial Peptide Isolated from Sarconesiopsis magellanica Excretions and
Secretions. Andrea Diaz-Roa, Abraham Espinoza-Culuptd, Orlando Torres-Garcia, Monamaris M.
Borges, Ivan N. Avino, Flavio L. Alves, Antonio Miranda, Manuel A. Patarroyo, Pedro I. da Silva Jr.,

Felio J. Bello. Molecules. 2019 May 31;24(11). pii: E2077. doi: 10.3390/molecules24112077.
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6.2. Awards

National Entomology award “HERNAN ALCARAZ VIECCO” 2018: Sarconesin: Sarconesiopsis
magellanica (Diptera: Calliphoridae) blowfly larval excretions and secretions with antibacterial
properties. Authors: Andrea Diaz-Roa, Manuel A. Patarroyo, Felio J. Bello and Pedro L da, Silva Junior.
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Jovem Cientista SBBq-Conesul award. 47a Reunido Anual da SBBq, Joinville, Santa Catarina, 26 - 29

May 2018.

Sociedade Brasileira de Biequimica
¢ Biclogia Molecular — SBBq
Wa hereby certify that

Andrea Dias Roa

Instiuto Butantan, Sao Paulo, SP, Brasil

was selected 10 particpate in the Symposium enfitled; SBBqg-Conesul: Young
Research Platform Session lll: Biotechnology, and presented the seminar
enliled  Sarconesin: an antibacterial peptide from medicinal blowflies
Sarconesiopsis magellanica (Diptera: Calliphoridae), during the 47 Annual
Meeting of the Brazifian Society for Biochemistry and Molecular Biology (SBBg), on
May 26" 10 28", 2018, in the Convention Center of Expoville, in Joinville, SC, Brazil
(SP.24)
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Jovem Cientista third place award Ph.D category. 47a Reunido Cientifica Anual do Instituto Butantan,

Sao Paulo, Brazil, 5 — 7 december 2018.
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Andrea Diaz-Roa

Ficou em Terceiro lugar no Prémio Jovem Cientista no
Categoria Doutorado, opds apresentacao piblica do
trabalho How can a disgusting fly save your life,

na 20° Reuniga Cientifica Anual do Instituto Butantan,
100 anos da Gripe Espanhola - Imagine o Mundo sem
Vacinas, realizada em Sao Paulo, Brosil, de 5 o 7 de
dezembro de 2018
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6.3. Oral presentations

Certificamos que:

Diaz-Roa A, Patarroyo MA, Bello
da Silva Junior PI,

apresentou o trabalho "How can a
disgusting fly save your life" na 202
Reuniao Cientifica Anual do Institutt
Butantan, 100 anos da Gripe
Espanhola - Imagine o Mundo s¢
Vacinas, realizada em Sao Paulo, B
de 5 a 7 de dezembro de 2018.
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The Baltimore Convention Center ~ Baltimore, Marylond USA

Certificate of Presentation

This certificate recognizes that:
Andrea Diaz Roa

Presented:
Sarconesin: a new antibacterial peptide from blowfly Sarconesiopsis magellanica (Diptera:Calliphoridae) larval excretions & secretions

American Society of Tropical Medicine and Hygiene
66" Annual Meeting
November 5-9, 2017
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Instituto Butantan,

ciéncia e saude

19¢rca l b

reunido cientifica
anual 2017

Certificamos que

Diaz_Roa A, Diaz_Roa
A, Patarroyo MA, Bello
FJ, da Silva Junior Pl

apresentou o trabalho
“Antibacterial properties of a
peptide isolate from fly larvae
Sarconesiopsis magellanica
(Diptera: Calliphoridae)"

na 192 Reunido Cientifica
Anual do Instituto Butantan
realizada em Sédo Paulo, Brasil,
de 29/11 a 1/12 de 2017.

—
Renato Mancin Astray Ana Maria Moura
Presidente ds 19* Reunido Ceentifica  Diretora da Divisao de
Anual do Instituto Butantan Desenvalvimento Cientifico
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Congreso Nacional de Ciencias Biologicas, gue tuvo lugar en el Centro Cultural
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XCA
CERTIFICATE OF PRESENTATION
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Isolation, characterization and antibacterial evaluation of antimicrobial peptides, derivatives from fly larvae
Sarconesiopsis magellanica (Diptera: Calliphoridas)

Diaz-Roa A' . Diaz-Roa A? |, Silva Junior PP, Bello FJ'

’Emomobgia Medica- Universidad del Rosario -Colombia, 2L aboratdrio Espedal de Toxnologia Aplicada CeTICS- Instituto
Butartan - Brasil

Introduction: Sarconesiopsis magellanica (Diptera: Calliphoridae) is @ medically imporiant necrophagous fiy which is used for
establishing the post-mortem interval. Dipterous maggots release diverse proteins and peptides contained in larval excration and
secretion (ES) products playing a key role in digestion. The most important mechanism for combating infection using larval therapy
depends on Brval ES. These larvae are protectad against infection by a diverse spectrum of antmicrobial peptides (AMPs), o
already known as lucifersin. Special interest in these peptides has also been aroused regarding understanding their rofe in wound
healing since they degrade necrofic tissue, and kill different bacteria during larval therapy. The action of larvae on wounds ocours
through 3 mechanisms of action: removal of necrotic tissue, stimulation of granulation tissue and antibactenial action of larval ES
Some components of the ES inchude cakium, urea, aflantoin and ammonium bicarbonate and reduce the viability of Gram positive and
Gram regative bacteria. The Lucilia sencaia fly larvae have been the most used, however, we need to evaluate new species that
could potentially be similar or more effective. Objectives: This study was thus aimed at identifying and characterizing S. magel/anica
AMPs contained in ES products for the first time, and comparing them with the common fly usedl. sencats, Methods: These
products were obtained from third-instar lanvae taken from a previously established colony. For the first analysis, ES fractions were
separated by Sep-Pak C 18 disposable columns (first step) The matenal oblained was fractionated by RP-HPLC by using Jupit
C18 sami preparative column. The products were then lyophilized and their antimicrobial activity was characterized by incubation with
different bacterial strains. Results and Discussion: The first chromatographic analysis of ES fromL Sericata gives 6 fractions with
antimicrobial actiwty against Gram positive bacteria Micrococus (ufeus, and 3 fractions with aclivity against Gram negative
bacteria PSsudomonae aeruginosa, while the one from S. magelianica gives 1 fraction against M. Jufsusand 4 against P.
aeruginosa, Maybe one of these fractions could correspond to the peptide already known from L. séricata. These results show the first
work for supporting further experiments aimed at validating S. magelianica use in larval therapy We still nead to search if we find
some new molecules by making mass spectromelry and “de novo sequencing”. Further studies are necessary fo identify and
characternze them to better understand their funciioning.
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