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Abstract

The venoms of spiders and scorpions contain a variety of chemical compounds. Antimicrobial 

peptides (AMPs) from these organisms were first discovered in the 1990s. As of May 2015, there 

were 42 spider’s and 63 scorpion’s AMPs in the Antimicrobial Peptide Database (http://
aps.unmc.edu/AP). These peptides have demonstrated broad or narrow-spectrum activities against 

bacteria, fungi, viruses, and parasites. In addition, they can be toxic to cancer cells, insects and 

erythrocytes. To provide insight into such an activity spectrum, this article discusses the discovery, 

classification, structure and activity relationships, bioinformatics analysis, and potential 

applications of spider and scorpion AMPs. Our analysis reveals that, in the case of linear peptides, 

spiders use both glycine-rich and helical peptide models for defense, whereas scorpions use two 

distinct helical peptide models with different amino acid compositions to exert the observed 

antimicrobial activities and hemolytic toxicity. Our structural bioinformatics study improves the 

knowledge in the field and can be used to design more selective peptides to combat tumors, 

parasites, and viruses.
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1. Introduction

Animal venoms are excellent sources of potential antimicrobial substances [1,2]. In 

particular, there are over 40,000 species of known poisonous arthropods. Spiders and 

scorpions, both belonging to arachnids, are an important part of arthropods. However, less 

than 150 arthropod species have been investigated so far and only a few of them have been 

characterized for antimicrobial activity [3].
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Various compounds have been identified from the venom of spiders and scorpions. 

Interested readers may refer to excellent reviews [4–9]. In the past two decades, there were 

also interests in evaluating antimicrobial activity of the toxic peptides from spiders or 

scorpions. Such peptides with known amino acid sequence and demonstrated antimicrobial 

activity are regarded as antimicrobial peptides (AMPs) and collected into the Antimicrobial 

Peptide Database (APD). By the time this manuscript was written, there were 42 spider’s 

and 63 scorpion’s AMPs [10,11]. Traditionally, these peptides are classified into three 

families: α-helix, β-sheet, and rich in amino acids (e.g., glycines, prolines, or tryptophans) 

[12]. This article deals with AMPs from both spiders and scorpions with a goal of 

elucidating the common theme in the design of these toxic peptides. Following this 

Introduction section, Section 2 describes the timeline of peptide discovery. Section 3 

discusses peptide classification. Subsequently in Section 4, three-dimensional structures of 

spider and scorpion AMPs are overviewed. Various activities of spider and scorpion AMPs 

are described in Sections 5 and 6, respectively. Since these peptides tend to be toxic to 

mammalian cells, we have analyzed them by bioinformatics in Section 7. Finally, we 

provide perspectives for future peptide discovery and potential applications of these 

molecules. Our studies shed light on antimicrobial and toxic activities of the venom AMPs 

from spiders and scorpions that tend to use different amino acids and 3D structures.

2. Discovery of spider and scorpion antimicrobial peptides

The isolation and characterization of AMPs from scorpions and spiders was initiated in the 

1990s. As shown in Table 1, lycotoxins I and II are the first spider AMPs isolated from the 

venom of the wolf spider Lycosa carolinensis by reverse-phase liquid chromatography [13]. 

These peptides are proposed to play a dual role in assisting in the predatory process (as 

toxins) as well as in protecting the animals from infection (as antimicrobials). In 2002, 

cupiennins and oxyopinins were characterized [14, 15]. In 2011, Oxyopinin 4a (Oxt 4a), 

another member of oxyopinins [16], was also isolated chromatographically from the venom 

of the lynx spider Oxyopes takobius. Different from other oxyopinins, Oxt 4a is a unique 

peptide with a disulfide bond between Cys4 and Cys10. This is reminiscent of the Rana box 

structure frequently found in amphibian peptides that can make the peptide more stable [17]. 

Russian scientists continued to document additional helical AMPs from spiders. While 

Budnik et al. reported a family of lycocitins from Lycosa singoriensis in 2004 [18], Kozlov 

et al. discovered a family of latarcins from Lachesana tarabaevi in 2006 by chromatographic 

isolation as well as prediction from the spider venom expressed sequence tag data [19]. In 

2012, both lycosin-I [20] and rondonin [21] were established as spider AMPs. Of note, 

antifungal rondonin, a 10-residue short peptide, is generated by cleaving a protein that 

delivers oxygen in the haemolymph of chelicerates.

Meanwhile, several AMPs from the β-sheet family were also discovered. In 2000, gomesin, 

a small peptide with 18 amino acids (aa), was isolated from the hemocytes of the tarantula 

spider Acanthoscurria gomesiana [22]. This two-stranded β-sheet is stabilized by two 

disulfide bonds. Four years later, two psalmopeotoxins were found with three disulfide 

bonds [23]. During 2011 and 2012, oh-defensin and juruin were also established to have 

three disulfide bonds [24, 25]. There are even more disulfide bonds in LtTx-1a (four S-S 
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bonds) and OtTx1a (five S-S bonds) [26, 27]. In addition, five glycine-rich AMPs were 

discovered from spiders in 2003 and 2010, respectively [28, 29].

The discovery timeline for scorpion AMPs is given in Table 2. The first scorpion AMP was 

reported in 1993. This scorpion defensin was isolated from Leiurus quinquestriatus based on 

the striking structural similarity between insect defensins and scorpion toxins [30]. In 1996, 

three more scorpion peptides were reported [31]. Androctonin consists of two disulfide 

bonds, while buthinin and androctonus possess three disulfide bonds. During 2004 and 2007, 

more three disulfide-linked AMPs were found. These include charybdotoxin, opiscorpine, 

and heteroscorpine [32–34]. In 2008, BmK AS was characterized to have four disulfide 

bonds [35]. Additional peptides with four disulfide bonds were subsequently identified. 

Among them, bactridines 1 and 2 were demonstrated to be antimicrobial [36].

In the helical family, hadrurin was first isolated in two chromatographic steps from the 

Mexican scorpion Hadrurus aztecus in 2000 [37]. Between 2001 and 2004, pandinins, 

IsCTs, opistoporin, Bmkb1, and BmKn2 were also characterized [38–42]. Since 2008, there 

have been reports for new helical AMPs from scorpions every year (Table 2). AaeAP1, 

Cm38, and stigmurin are the newest scorpion peptides reported in 2015 [43–45].

3. Scorpion and spider peptide classification

Recently, a unified classification system has been proposed for peptides based on 

polypeptide chain connection patterns [46]. This classification can be applied to spider and 

scorpion AMPs. In this unified classification, AMPs are separated into four large classes. 

The first class consists of linear peptides (class-LL). Examples are spider lycotoxins and 

latarcins, as well as scorpion hadrurin and IsCT. The second class comprises sidechain-

sidechain connected peptides (class-SS), usually using cysteines to form disulfide bonds. 

Examples have been found in both spiders (e.g., gomesin and oh-defensins) and scorpions 

(scorpion defensin and scorpine). The third class contains sidechain-backbone linked 

peptides (class-SB). The last class is made of backbone-backbone connected circular 

peptides (class-BB). Although the APD contains AMPs of the third and fourth classes 

identified from other organisms [11], such members from spiders or scorpions are awaited to 

be discovered.

The peptides in each class can be further classified in different ways. For example, Zeng et 

al. has classified linear scorpion peptides (referred to as non-disulfide-bridged peptides, 

NDBP) into six subfamilies based on a set of mixed criteria, including activity, peptide chain 

length, and structural similarity [47]. In their classification, subfamilies 1, 2, and 6 are 

function-based, while subfamilies 3–5 are length-based. Alternatively, one can classify the 

linear peptides (class-LL) based on one criterion at a time (visit http://aps.unmc.edu/AP/

class.php). Thus, scorpion or spider AMPs can be classified as antibacterial, antiviral, 

antifungal, antiparasitic, and anticancer peptides (see Sections 5 and 6) based on biological 

activity. Here natural peptides with unknown functions can be placed in the “unclassified” 

group. One may also classify linear AMPs based on peptide size. In the case of scorpions, 

there are 9 long AMPs (51–100 aa), 19 intermediate AMPs (21–50 aa), and 34 short AMPs 
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(10–20 aa). Scorpion and spider peptides may also be classified based on peptide structure 

(below).

4. Three-dimensional structure

We have analyzed the 3D structures of spider and scorpion AMPs annotated in the APD 

database. Of the 42 spider AMPs, only seven have known 3D structures [six with 

coordinates in the Protein Data Bank (PDB) at http://www.rcsb.org/pdb/home/home.do]. In 

the case of scorpion AMPs, nine out of 63 have 3D structures (only four deposited into the 

PDB). These structures (Figure 1) were all determined by two-dimensional 1H nuclear 

magnetic resonance (2D NMR) spectroscopy [48]. Usually, linear peptides do not have an 

ordered structure in water, and become structured in membrane-mimetic environments. 

Commonly used models include organic solvent trifluoroacetic acid (TFE), micelles of 

sodium dodecylsulfate (SDS) and dodecylphosphocholine (DPC) [48]. Another unique 

model is dioctanoyl phosphatidylglycerol (D8PG) [49–51]. The known 3D structures of 

AMPs can be classified into four families: α-helices, β-sheets, mixed αβ structures, and non-

αβ structures (no α or β structure) [52]. Of the seven known spider structures, five are α-

helical (Figure 1, A–D) [16,53–55] and two are β-sheet peptides (Figure 1, E and F) [56,57]. 

The NMR structure of spider lyeTx I [55] was not found in the PDB. In the case of 

scorpions, there are seven helical peptides (IsCT, pandinin-1, pandinin-2, meucin-13, 

meucin-18, meucin-24, and ctriporin), one (androctonin) [58] from the β-sheet family 

(Figure 1H) and one (charybdotoxin) from the αβ family (Figure 1I). The structure of IsCT 

[59] in the space-filling model is presented in Figure 1G. The structure of meucin-24 is 

another typical amphipathic helix [60]. (Structures of other helical peptides were not 

deposited into the PDB). These structures provide useful models to understand the activity 

of the peptides.

5. Spider antimicrobial peptides

Of the 42 spider peptide entries in the APD database, 35 are known to be antibacterial and 

20 can inhibit fungi. Only one is known to be antiviral, while three are known to have 

antiparasitic activity. In addition, two peptides show anticancer properties.

5.1. Antibacterial activity

(1) Helical peptides—Lycotoxins were predicted to have helical structures. They were 

initially shown to be active against Escherichia coli at the minimal inhibitory concentration 

(MIC) of 10–20 µM [13]. Interestingly, database screening revealed high potency of 

lycotoxin 1 against community-associated methicillin-resistant Staphylococcus aureus 
(MRSA) USA300 (MIC 3.1 µM) [61]. Latarcins (1, 2a, 3a, 3b, 4a, 4b, 5, 6a, and 7) 

constitute another family of helical peptides purified from the venom of the spider 

Lachesana tarabaevi [19]. While Ltc6a and Ltc7 showed no inhibitory activity till 70 µM, 

other peptides produced lytic effects on cells of diverse origins (Gram-positive and Gram-

negative bacteria, erythrocytes, and yeast) at micromolar concentrations. To understand the 

structural basis of membrane targeting, both circular dichroism (CD) and NMR were utilized 

to determine the structure of two select peptides. SDS micelles were selected for high-

resolution structural determination by NMR based on similar CD spectra of Ltc1 in SDS 
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micelles and anionic lipid vesicles [53]. While Ltc1 adopted an uninterrupted amphipathic 

helix covering residues 8–23 (Figure 1A), Ltc2a adopted a helix-hinge-helix structure with 

the N-terminus being more hydrophobic (Figure 1B). Note that the non-helical N-terminus 

of Ltc1 contains two aromatic tryptophans (W3 and W7), which might facilitate membrane 

anchoring (Figure 1A). Interestingly, only Ltc2a is able to disrupt lipid bilayers based on 

vesicle dye release and 31P NMR studies, whereas Ltc1 can only cause a lesion on 

membranes [53].

Cupiennins were isolated from the American wandering spider Cupiennius salei. Cupiennin 

1a (35 aa) possesses a hydrophobic content of 48% and net charge of +8 (due to lysines). In 

addition to antimicrobial activities, this peptide also displayed insecticidal activity, which 

might be helpful for capturing the prey. Like hadrurin [37], synthesis of cupiennin 1a in all 

L- or D-amino acids led to similar activity, implying membrane targeting rather than the use 

of chiral targets such as receptors [62]. NMR studies [54] revealed a helix-hinge-helix 

structure (Figure 1C). Such a structure is responsible for antimicrobial activity of the peptide 

against E. coli, Pseudomonas aeruginosa, S. aureus, and Enterococcus faecalis at very low 

concentrations (0.31–5.00 µM) [14, 62]. In particular, it has a more hydrophobic N-terminus 

characterized by three aromatic phenylalanines (Table 3). These aromatic residues may 

facilitate membrane targeting of the peptide. In the case of 13-residue amphibian aurein 1.2 

and its analogs, the two aromatic rings of F3 and F13 account for ∼50% of the exposed 

hydrophobic surface. Indeed, both aromatic rings directly interact with lipid chains 

according to the NMR observations [63]. Remarkably, this effect can be extended from 

amphibian skin AMPs to human skin cathelicidin. In LL-37 encoded by the only human 

cathelicidin gene, the four aromatic rings (F5, F6, F17, and F27) all directly interact with 

anionic phosphatidyglycerol chains [64]. Of note is that in the APD, shorter amphibian 

AMPs tend to have higher contents of phenylalanines (Wang G, unpublished). For example, 

temporin-SHf, the shortest temporin, contains as high as 50% phenylalanines [65]. However, 

peptide activity is not determined by one residue such as phenylalanines [66], but by the 

overall membrane perturbation potential defined by the peptide surface for membrane 

targeting [63].

LyeTx I was isolated from the venom of Lycosa erythrognatha. It is active against both 

Gram-positive and negative bacteria such as S. aureus and E. coli. The MIC spans 4–8 µM. 

It showed a relatively low level of hemolysis (50% lysis at 130 µM). NMR structural 

determination found a helical region for residues 6–25 when bound to DPC micelles [55].

Oxyopinins are the largest linear cationic amphipathic peptides (37–48 aa) isolated from the 

crude venom of the wolf spider Oxyopes kitabensis. CD analyses revealed helical 

conformations for the five Oxyopinins (1, 2a-2d) [15]. Oxt 4a, isolated from a different 

species Oxyopes takobius, is strongly active against Bacillus subtilis, E. coli, Pseudomonas 
fluorescens (MIC 0.5–1 µM), and S. aureus (MIC 10 µM) [16]. Oxt 4a is also highly toxic to 

human erythrocytes (EC50 7 µM). NMR studies revealed a helical structure for residues 12–

25 in complex with DPC micelles (Figure 1D). The N-terminal hydrophobic moiety is 

proposed to be important for peptide cytotoxicity [67].
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Eight linear cationic peptides with cytolytic and insecticidal activity, designated cyto-

insectotoxins (CITs), were identified from the Lachesana tarabaevi spider venom. CIT 1a 

(69 aa), a helical peptide, showed antibacterial activity against Gram-positive and Gram-

negative bacteria at micromolar concentrations as well as toxicity against insects [68].

There are additional spider peptides predicted to have helical structures. For example, 

Budnik et al. isolated lycocitins 1 and 2 from the venom glands of the wolf spider Lycosa 
singoriensis. Both peptides can inhibit the growth of Gram-positive (S. aureus, B. subtilis) 

and Gram-negative (E. coli) bacteria at micromolar concentrations [18]. We may assume that 

these peptides also use the amphipathic helix to attack invading bacteria.

(2) β-sheet peptides—Gomesin (18 aa) showed a variety of antimicrobial activities. Not 

only has it good inhibitory activity against Gram-positive, Gram-negative bacteria, fungi, 

yeast, parasites, gomesin can also kill several cancer cells at very low concentrations [11,36–

38]. As shown in Figure 1E, it has a two-stranded β-sheet structure [56]. Because of these 

properties, there is great interest in engineering gomesin, which is described in the 

application section.

Psalmopeotoxin I (also called PcFk1) adopts a three-stranded β-sheet (Figure 1F) [57]. 

Importantly, this peptide inhibited malaria-causing Plasmodium falciparum at 1.59 µM [23].

(3) Rich in glycines—The APD collected five glycine-rich small proteins (>10 kDa) from 

spiders. Acanthoscurrins 1 & 2 were isolated from hemocytes of the spider Acanthoscurria 
gomesiana [28]. These peptides are only made of seven kinds of amino acids: glycines (72–

73%), leucines (12%), tyrosines (7%), lysines (4–5%), arginines (2%), valines (1%) and 

aspartic acids (1%). Acanthoscurrins had marked activity against E. coli (MIC 2.3–5.6 µM). 

However, no activity could be detected against the Gram-positive strain in the range of 

concentration investigated (up to 5.6 µM) [28]. Another family of Gly-rich peptides is 

composed of three ctenidins found in the hemocytes of Cupiennius salei [29]. Ctenidins are 

linear, cationic peptides with a net charge of +5. These ctenidins are sequence deletion 

variants. Relative to ctenidin-1, ctenidin-3 had an insertion of two glycines at positions 19 

and 20 and one glycine deletion from the C-terminus, while ctenidin-2 is the shortest due to 

the deletion of the sequence GGGLGGGQGG. Antimicrobial activity assays against S. 
aureus and E. coli were conducted using a mixture of these peptides. The amino acid 

composition of ctenidins resembles those of acanthoscurrins. However, acanthoscurrins 

exhibit 1.7 times more hydrophobic amino acid residues (mainly Leu) than the ctenidins, but 

4 times less Asp [29]. We predict that these Gly-rich peptides may not adopt an ordered 

structure prior to binding to its target yet to be elucidated.

5.2. Antifungal activity

There are 20 spider peptides with known activity against fungi. Among them, 12 are helical 

peptides, one β-sheet peptide, and two rich in glycines. Another five have unknown 

structure.

(1) α-helical peptides—Lycotoxins are only weakly inhibitory to Candida glabrata at 

100–150 µM [13]. LyeTx I, 84% similar to lycotoxin 1 in sequence, is active against yeasts 
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Candida krusei (MIC 26 µM) and Cryptococcus neoformans (MIC 13 µM) [55]. Latarcins 

(1, 2a, 3a, 3b, 4a, 4b, 5, 6a, and 7) were found to produce lytic effects on Pichia pastoris and 

Saccharomyces cerevisiae at micromolar concentrations [19]. Lycosin-I, a venom peptide 

from the spider Lycosa singoriensis, displays strong ability to inhibit growth of fungi: 

Penicillium sp., Aspergillus flavus (MIC 3.1 µM), Beauveria bassiana (6.2 µM), Candida 
albicans, and S. cerevisiae (50 µM) [69]. Lycocitins 1 and 2 (18 aa) differ only at the second 

position of the peptide, Lys in lycocitin 1 and Arg in lycocitin 2, respectively. These two 

peptides are highly potent against C. albicans (MICs in the range of 1.25–2.51 µM) [13], 

making them potential templates for designing antifungal peptides.

(2) β-sheet peptides—Gomesin can inhibit the growth of C. neoformans and, at the 

antifungal concentration, it was not toxic to human brain cells. In synergy with fluconazole, 

gomesin better inhibited fungal growth and enhanced the antimicrobial activity of brain 

phagocytes [22,56,70,71].

(3) Rich in glycines—Two Gly-rich peptides, acanthoscurrins 1 and 2, had marked 

activity against C. albicans (MIC 1.15–2.3 µM) [28].

5.3. Antiviral activity

Virucidal activities of spider peptides have not yet widely explored. Only the Ltc1 peptide 

was demonstrated to exhibit significant inhibitory effects on dengue NS2B–NS3pro and 

virus replication in the infected cells (HepG2 cells) [72].

5.4. Antiparasitic activity

Three spider peptides are active against parasites. They are gomesin, psalmopeotoxin I 

(PcFK1) and psalmopeotoxin II (PcFK2), which are all disulfide-linked AMPs (Table 1). 

Synthetic gomesin was found to be highly effective in killing the parasite Leishmania 
amazonensis at 2.5 µM. The activity against the parasite L. amazonensis depends on the 

peptide concentration [22]. In vitro, PcFK1 and PcFK2 can inhibit the intra-erythrocyte 

stage of Plasmodium falcipatum (IC50 1.1–1.59 µM). These peptides could therefore be 

promising templates for the development of antimalarial drugs [23].

5.5. Anticancer activity

Gomesin induced necrotic cell death and was cytotoxic to SH-SY5Y and PC12 cells. The 

mechanism of cytotoxicity implies calcium entry through L-type calcium channels, 

activation of MAPK/ERK, PKC and PI3K signaling as well as the generation of reactive 

oxygen species [73]. Lycosin-I (24 aa), a venom peptide from the spider Lycosa 
singoriensis, displayed strong ability to inhibit cancer cell growth in vitro and could 

effectively suppress tumor growth in vivo. Mechanistically, it activates the mitochondrial 

death pathway to sensitize cancer cells for apoptosis, and up-regulates p27 to inhibit cell 

proliferation [20].

5.6. Hemolytic activity

Spider peptides are not only active against microorganism but also toxic to mammalian cells. 

Some of these peptides are highly toxic. For example, oxyopinin 4a was able to cause 50% 
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lysis (HC50) of human erythrocytes at 7 µM [16]. Another peptide Ltc2a also exhibited a 

strong hemolytic activity, whereas Ltc1 and Ltc5 were moderately hemolytic [19]. Some 

spider peptides, however, are less hemolytic. Gerardo Corzo et al. used the blood cells of 

guinea pigs, pigs, and sheep to test the hemolysis of oxyopinins (e.g., Oxki1 to Oxki2). The 

hemolytic activities of Oxki1, Oxki2, and pindinin 1 in these erythrocytes were lower 

compared with that of pindinin 2 [15]. Lycosin-I showed only 10% hemolysis at 100 µM 

[42,69]. Gomesin only caused 25% lysis of human erythrocytes at 100 µM [22]. Different 

from latarcins 1 and 2, Sergey A. et al. found that rabbit erythrocytes were highly resistant to 

latarcins 3a, 3b, 4a, 4b, 6a, and 7. Only 20% lysis was obtained at 120 µM of Ltc3a, Ltc3b, 

or Ltc4a [19]. Peptide hemolytic activity of cupiennin 1a was found to be related to 

negatively charged sialic acids on the outer leaflet of red blood cells [62]. The low hemolytic 

ability of disulfide-bonded small gomesin (18 aa) makes it attractive for peptide engineering.

6. Scorpion antimicrobial peptides

Of a total of 63 entries in the APD database, 56 scorpion AMPs are antibacterial. 

Furthermore, 22 are known to inhibit fungi, while five are antiviral. Three are known to have 

antiparasitic activity. In addition, six peptides show anticancer properties.

6.1. Antibacterial activity

As of May 2015, 21 scorpion peptides are annotated as “helix” in the APD database (seven 

determined by NMR and 14 determined by CD). Some of these antibacterial peptides are 

rather short (13–19 residues, Table 3). These include IsCT, IsCT2, meucin-13, meucin-18, 

BmKn2, VmCT1, VmCT2, StCT2, hp1404, stigmurin, and ctriposin [74]. IsCT (13 aa) is a 

short Cys-free scorpion peptide with a helical structure (Figure 1G) [59]. It has a net charge 

of +2 as a result of C-terminal amidation. IsCT demonstrated antimicrobial activity against 

both Gram-positive and Gram-negative bacteria [39]. IsCT2 shared high homology with 

IsCT. IsCT2 showed broad activity spectra against microbes (Gram-positive and negative 

bacteria as well as fungi) and relatively weak hemolytic activity to sheep red blood cells 

[40]. Pantinin-1, pantinin-2 and pantinin-3, with 13–14 aa, were identified from the scorpion 

Pandinus imperator [41]. All of the three peptides possess stronger activities against Gram-

positive bacteria than Gram-negative bacteria. Meucin-13 and meucin-18 were isolated from 

a cDNA library of the venom gland of the scorpion Mesobuthus eupeus [75]. They showed 

sequence similarity to amphibian 13-residue temporins and 18-residue brevinins, 

respectively. These peptides are highly potent against Gram-positive and Gram-negative 

bacteria. The amphipathic helices determined by NMR spectroscopy are responsible for 

such activities. Meucin-18, with a longer hydrophobic surface, was more potent and 

hemolytic than meucin-13.

BmKn2, isolated from Buthus martensii Kasch, is an α-helical peptide with no disulfide-

bridge. Chemically synthetized BmKn2 displayed potent activity against 18 clinical isolates 

of N. gonorrhoeae [76]. StCT2 are active against S. aureus, including antibiotic-resistant 

strains such as MRSA [77]. Css54 has typical α-helix secondary structures in hydrophobic 

mimicking environments. It can inhibit the growth of both E. coli and S. aureus (MIC 12.5 

µg/ml). At the same time, Css54 was evaluated in the presence of antibiotics used for the 
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treatment of tuberculosis, isoniazid, rifampicin, pyrazinamide and ethambutol. The best 

combined effect was found with rifampicin [78]. VmCT1 and VmCT2 were isolated from 

the venom glands of Vaejovis mexicanus. These 13-residue short peptides share important 

amino acid sequence similarities among themselves, but their biological activities vary 

dramatically. They showed broad-spectrum antibacterial activity. Interestingly, ctriporin, 

Hp1404, and stigmurin are solely active against Gram-positive bacteria [45,79,80]. Hp1404, 

isolated from Heterometrus petersii, is an amphipathic α-helical peptide with activity against 

Gram-positive bacteria including MRSA. Hp1404 can penetrate the membrane of S. aureus 
at a low concentration, and disrupts the cellular membrane directly at high concentrations. In 
vivo, hp1404 can improve the survival rate of the MRSA infected balb-c mice in the 

peritonitis model [80]. Stigmurin was selected based on a transcriptomic analysis of the 

Brazilian yellow scorpion Tityus stigmurus venom gland. This newly found peptide 

exhibited antibacterial and antifungal activity, with MICs ranging from 8.7 to 69.5 µM [45].

Different from the above short peptides, several peptides are much longer with 44–56 amino 

acids. These include opistoporins 1 and 2, pandinin 1, vejovine, and Im-1. Opistoporins 1 

and 2 differ by only one amino acid: F34 in opistoporins 2 and L34 in opistoporins 1 (OP1). 

In the same concentration range, OP1 was more active against Gram-negative bacteria (1.3–

25 µM) than Gram-positive bacteria. Pandinin 1 and Im-1 [40] can kill both Gram-positive 

and negative bacteria. Vejovine (47 aa), however, is primarily active against Gram-negative 

bacteria (P. aeruginosa, Klebsiella pneumoniae, E. coli, Enterobacter cloacae and 
Acinetobacter baumanii) with MICs 4.4–50 µM [81]. The N-terminal eight amino acids are 

essential for antimicrobial activity. Additional scorpion antibacterial peptides with 3D 

structure not yet determined are listed in Table 4.

Androctonin (25 aa) was isolated from the hemolymph of unchallenged scorpions of the 

species Androctonus australis [31]. It can inhibit both bacteria and fungi. Like spider 

gomesin, scorpion androctonin consists of a two-stranded β-sheet (Figure 1H) [58]. 

Interestingly, the arginines are located at the terminal or turn regions of androctonin. Such a 

feature may allow the peptide to agglutinate bacteria. There are also other disulfide-bonded 

peptides that have the potential to form a β-sheet structure. Buthinin is a 34-residue 

antibacterial peptide with three disulfide bridges. It was isolated from the hemolymph of 

unchallenged scorpions of the species Androctonus australis [31]. Scorpion defensin, 

isolated from Leiurus quinquestriatus, shows a remarkably high degree of sequence 

homology with an insect defensin [30]. Heteroscorpine-1 (HS-1) is a peptide from the crude 

venom of the Thai giant scorpion Heterometrus laoticus. It exhibited good activity in disc 

diffusion assays against B. subtilis, K. pneumoniae, P. aeruginosa and S. aureus. Its sequence 

show high homology to scorpine [32]. Bactridines with four disulfide bridges were isolated 

from the Tityus discrepans scorpion venom. Bactridines had high antibacterial activity 

against a wide range of Gram-positive and Gram-negative bacteria. Complete bacterial 

growth inhibition occurred at concentrations from 20 to 80 µM depending on the bacteria 

and peptide tested [36]. Scorpine was isolated from the venom of the West Africa scorpion 

Pandinus imperator, with antibacterial activity and a potent inhibitory effect on the ookinete 

(ED50 0.7 µM) and gamete (ED50 10 µM) stages of the Plasmodium berghei development. 

Scorpine (75 aa) has a unique amino acid sequence. While its N-terminal segment is similar 
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only to some cecropins, the C-terminal region, with tree-disulfide bonds, more resembles 

defensins [82].

Charybdotoxin is a scorpion toxin known for a long time. It consists of a 3-stranded β-sheet 

packed with a helix (Figure 1I) [83]. This protein fold is further stabilized by three disulfide 

bonds. It was initially known as a blocker of the single Ca2+-activated K+ channel from 

mammalian skeletal muscles [84]. However, its antimicrobial activity was not demonstrated 

until 2004 by Young and Yeaman who identified this AMP based on the conserved γ-core 

motif [33].

6.2. Antifungal activity

Helical peptides, such as opistoporin1, parabutoporin and pantinin-2, can inhibit the growth 

of fungi [74]. Meucin-13 and meucin-18 exhibited extensive cytolytic effects on fungi and 

yeasts [75]. Stigmurin exhibited both antibacterial and antifungal activity with MICs ranging 

from 8.7 to 69.5 µM [45]. The MICs of ctriporin against C. albicans are 5 to 20 µg/ml [85].

Androctonin, a 25-residue β-sheet peptide with two disulfide bridges, is active against fungi 

[31]. Zhu and Tytgat isolated four homologs of scorpine (named opiscorpines 1–4) from the 

African scorpion Opistophthalmus carinatus venom gland. Although antifungal activity for 

the intact molecule of opiscorpine 1 has not been demonstrated, a synthetic fragment (Jan-

f3) corresponding to the N-terminal 35 amino acids was shown to be active against fungi 

Fusarium culmorum and Fusarium oxysporum (IC50 8.8 and 10 µM) [34].

6.3. Antiviral activity

Scorpion peptides can also have antiviral activity. For example, Hp1090 was screened from 

the venomous gland cDNA library of the scorpion Heterometrus petersii. This peptide 

inhibited hepatitis C virus (HCV) infection with an IC50 of 5.0 µM. Furthermore, Hp1036 

and Hp1239 inhibited herpes simplex virus type 1 (HSV-1) infection in vitro [86]. In 

addition, a peptide variant of mucroporin [87] (Mucroporin-M1), but not the original 

peptide, showed virucidal activity against four RNA viruses (measles viruses, SARS-CoV, 

influenza H5N1 and H1N1) [88, 89]. Chen et al. designed Kn2–7 based on BmKn2 by 

making three amino acid changes G3K, A4R, and S10R. Kn2–7 was found to be more 

potent against HIV-1 (EC50 2.76 µg/ml) but showed low cytotoxicity to host cells [90]. This 

is in line with the previous results from the database-guided peptide design. Wang et al. 

showed that increasing positive charges, especially arginines, enhanced anti-HIV activity of 

several AMPs [91,92]. Therefore, it is possible to improve the antiviral activity of AMPs.

6.4. Antiparasitic activity

Scorpion AMPs, including meucin-24, meucin-25 and scorpine, are also active against 

parasites [60]. Meucin-24 and meucin-25 effectively inhibited the development of 

Plasmodium berghei ookinetes in the concentration range from 10 to 20 µM. At 20 µM, 

meucin-24 and meucin-25 inhibited this parasite by 40% and 50%, respectively, higher than 

several well-characterized antiparasitic AMPs such as gomesin [22]. Importantly, 10 µM 

meucin-24 and meucin-25 significantly reduced the parasite density of P. falciparum, which 

is directly responsible for human malaria [60]. Scorpine could completely inhibit both 
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fecundation and ookinete formation at 50 and 3 µM, respectively. The calculated ED50 were 

10 µM for the gamete and 0.7 µM for the ookinete stages of development [82].

6.5. Anti-cancer activity

Some scorpion AMPs have also been tested for anticancer activity. AaeAP1 and AaeAP2 

can inhibit the proliferation of four different human cancer cell lines (H4600, MB435s, 

MCF-7, and PC3) at concentrations ranging between 10−4 and 10−9 M. At a concentration of 

10−5 M (equivalent to approximately 22 mg/L), both peptides caused more than 85% 

inhibition of the cell proliferation. But their effects were somewhat more selective on certain 

cell lines at much lower concentrations, indicating that a general cytotoxic effect was not 

responsible for all of the observed effects [42]. TsAP-1 is effective against human cancer 

cell lines of H157 and H838, while TsAP-2 can inhibit the growth of all five human cancer 

lines (H157, H838, MCF-7, PC3 and U251-MG). Notably, Lys residue substitutions of both 

peptides enhanced their potency against the five cancer cell lines with TsAP-S2 being the 

most potent (IC50 in the range of 0.83 and 2.0 µM) [93].

6.6. Hemolysis activity

Like spider peptides, most of the scorpion AMPs are also hemolytic. In particular, BmKn1, 

BmKn2, meucin-13, meucin-18 [41], hadrurin [37], VmCT1, and VmCT2 [56] are highly 

hemolytic (50–100% lysis < 30 µM). In addition, Css54 [78] caused 80% lysis at 30 µM, 

while HsAp induced 95%-100% hemolysis at concentrations 3.2–6.4 µM [94]. Pandinin 2 

also demonstrated strong hemolytic activity against sheep erythrocytes [41]. It is likely that 

high hydrophobicity, at least of those short peptides, is responsible for toxicity [52].

Some scorpion peptides are moderately hemolytic (HC50 ∼50 µM). For example, 

imcroporin did not achieve 50% lysis at 50 µg/ml [95]. Parabutoporin, opistoporin, and IsCT 

are less hemolytic than melittin, a well-known lytic peptide from insects. IsCT demonstrated 

over 50% hemolysis of sheep red blood cells at 75 µM [39].

A few scorpion AMPs, however, showed poor hemolytic activity (HC50 ≥100 µM). Vejovine 

caused 50% hemolysis of human erythrocytes at 100 µM [81]. AamAP1 is less hemolytic 

than AamAP2. At 100 µM, AamAP1 caused ∼28% hemolysis, while AamAP2 disrupted 

50%. This marked difference in hemolytic activity could be attributed to the overall 

hydrophobic content of the peptides: 61% for AamAP1 and 64% for AamAP2 in the APD 

database. A change of H8 to K8 made AamAP1 more hemolytic and more antimicrobial 

[96]. A new scorpion peptide, stigmurin, also showed a low hemolytic activity (22% lysis at 

140 µM). This is consistent with cytotoxicity obtained using other mammalian cell lines. 

Stigmurin caused 50% killing (IC50) of human cervical cancer cells (SiHa) and African 

green monkey kidney epithelial (Vero E6) cell lines at 118 and 150 µM, respectively [45].

7. Spiders and scorpions use different molecular design strategies for 

cytotoxicity

Potential cytotoxicity is one of the main problems for making practical use of AMPs. To 

provide insight into the molecular basis of cytotoxicity, we analyzed the toxic AMPs from 
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spiders or scorpions collected in the APD database [10,11]. To facilitate the comparison, we 

selected toxic peptides from the helical family, which is dominant for both spiders and 

scorpions (Tables 1 & 2). The amino acid composition for these peptides was analyzed using 

the APD tool [10] and the results are summarized in Table 5. Because hydrophobic amino 

acids are known to be significant for peptide toxicity [52], we have summed the contents of 

all hydrophobic amino acids (L, I, V, A, M, F, W, C). While these scorpion AMPs have on 

average a hydrophobic content of 47%, spider AMPs have a low hydrophobic content of 

41%. To be more precise, we further divided the toxic peptides from both spiders and 

scorpions into two groups: short and long. In the case of spiders, this split does not have an 

effect on hydrophobic content (Table 5). However, the two groups for scorpions are rather 

distinct. While the long group (average peptide length 45) has an average hydrophobic 

content of 40%, the short group (average length 15.8) possesses a much higher hydrophobic 

content of 57.6%. Thus, we may classify these toxic peptides into two families: family I with 

a high hydrophobic content (only in scorpions) and family II with ∼40% hydrophobic amino 

acids. Based on this, we may attribute the toxic effects of short scorpion AMPs to high 

hydrophobic contents as found for the toxic peptides in the entire APD database [52]. A 

search of the APD reveals 110 AMPs with a length between 10–15 aa and hydrophobic 

content between 60–70%. 82 of these peptides originate from frogs, 13 from insects, and 10 

from scorpions [10,11]. In particular, crabrolin was also isolated from the venom of 

European insect hornet [97]. Thus, such a peptide design is shared by both invertebrates 

(e.g., insects and scorpions) and vertebrates (e.g., amphibians). The evolutional relationship 

of scorpion AMPs with select vertebrates has been shown previously by Gao B et al. [75]. 

Structurally, such peptides tend to have a broad hydrophobic surface (usually incorporated 

with aromatic phenylalanines) (Table 5), rendering them more effective in membrane 

disruption [98].

Then, what about the spider AMPs? These peptides have a moderate hydrophobic content 

but an unusual high content of lysines at 23% on average (Table 5). Figure 1 (panels A–D) 

shows a variety of two-domain structural models, where the N-terminal region varies. It can 

be an aromatic region (Figure 1A), a helix (Figure 1, B and C), or a disulfide-bond linked 

loop (Figure 1D), which could modulate the exact mechanism of action of the peptide [53]. 

The C-terminal region is usually helical (Figure 1, A–D). We propose that the C-terminal 

region with multiple basic amino acids is deployed mainly for the purpose of molecular 

recognition, whereas the N-terminal hydrophobic region is primarily for membrane 

anchoring. A hydrophobic cluster exists at the N-terminus of several spider peptides (Table 

3, bold), which can also be important for hemolysis. Indeed, specific mutations in the N-

terminal hydrophobic region of latarcins 2a and 5 reduced hemolytic activity (>36 µM 

reported) [99]. Likewise, substitutions of the two aromatic residues F2 and F6 at the N-

terminus of cupiennin 1a reduced peptide insecticidal activity as well as hemolytic activity 

(>40 µM) [67]. Note that a toxic hydrophobic cluster may not be always located at the N-

termini of natural AMPs. While human cathelicidin LL-37 contains an N-terminal 

hydrophobic helix separated from the major antimicrobial region by a hydrophilic serine at 

position 9 [64,100], BMAP-27 has a hydrophobic region at the C-terminus. The resulting 

peptide showed a reduced hemolytic activity when the C-terminal hydrophobic segment of 
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BMAP-27 was truncated [101]. All these examples further reinforce the general strategy for 

reducing cytotoxicity of membrane-targeting AMPs by reducing hydrophobicity [52,102].

8. Perspectives and therapeutic potential

The venoms of spiders and scorpions are rich in antimicrobial substances. Linear and helical 

peptides are dominant in the known spider and scorpion AMPs (Tables 1 & 2). Our analysis 

reveals two primary structural models for helical peptides. The first helical model is longer, 

allowing for two structural and functional regions (Figure 1, A–D), while the second helical 

model is short, leading to a broad hydrophobic surface with few basic residues (Figure 1G). 

Long helical peptides rich in basic amino acids usually have a broad activity spectrum, while 

those short helices poor in basic amino acids tend to be active primarily against Gram-

positive bacteria such as S. aureus [45,79,80,103]. These structural models explain the 

dominance of helical structures in spiders and scorpions and shed light on their cytotoxicity. 

It remains to be discovered whether spiders use short helical peptides as designed for 

scorpions (Figure 1G). However, spiders deploy Gly-rich peptides (>70%), which have not 

yet been reported for scorpions. These spider peptides are primarily active against Gram-

negative bacteria such as E. coli. Whether scorpions have deployed Gly-rich peptides 

remains to be seen. In addition, sidechain-linked defensin-like peptides have been 

discovered in both spiders (Figure 1, E and F) and scorpions (Figure 1, H and I). Some of 

these peptides such as charybdotoxin play a dual role: antimicrobial and channel-blocking 

[33,84]. Finally, both sidechain-backbone connected and circular AMPs have not yet been 

found in spiders or scorpions. Future studies may reveal whether spiders and scorpions also 

use such structural scaffolds for defense.

Beyond structural scaffolds, amino acid composition of AMPs is clearly important. Boman 

classified AMPs into α-helical, β-sheet, and rich in amino acids such as prolines and 

glycines [12]. The amino acid composition of Gly-rich peptides clearly differs from those 

peptides with helical conformations. Our analysis of amphibian peptides, which usually 

form helical conformations, revealed that alanines, glycines, leucines, and lysines are four 

frequently occurring amino acids (>10%). This was obtained in 2009 from an analysis of 

398 frog AMPs [11]. Consistently, we found the same four frequently occurring amino acids 

although the number of frog AMPs has reached the current 927 in the APD. Thus, these four 

amino acids are critical to determine the helical conformation of the peptides [52]. 

Interestingly, our database-guided ab initio peptide design using only glycines, leucines, 

lysines, and serines led to a peptide that primarily killed Gram-positive bacteria such as 

MRSA [98], whereas the Gly-rich peptides from spiders only inhibited the growth of Gram-

negative bacteria [28]. In helical AMPs, glycines appear to play an important role in 

modulating peptide selectivity. Tossi and colleagues found that the placement of a flexible 

glycine at position 7 of helical peptides improved selectivity (i.e., less hemolytic) [104]. 

Furthermore, a computer-designed selective AMP also contained several glycines [105]. 

Based on the abundant amino acids in the APD, Gellman and colleagues applied the flexible 

glycine idea to reducing hemolytic ability of peptide mimics [106]. In the case of β-sheet 

peptides, they almost always contain disulfide bonds (varying from 1 to 8 in the APD). Our 

amino acid composition analysis of the 298 defensins in the APD revealed that cysteines, 

glycines, and arginines are frequently occurring amino acids, which differ from those found 
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in helical AMPs. All the three residues are known to be essential for structure and activity of 

defensins [52]. The typical pattern of cysteines in such defensin-like AMPs has been used to 

guide the identification of additional defensin genes in the human genome [107]. Yeaman 

and colleagues advanced this by discovering the γ-core motif in nearly all disulfide-bonded 

β-sheet structures [33]. They could link this motif to antimicrobial activity. Such a link 

guided the authors to test antimicrobial activity of existing γ-core motif-containing proteins 

such as charybdotoxin originally not identified as AMPs [33]. All these results indicate the 

importance of amino acid composition in determining structure and activity of AMPs (for a 

systematic summary, please refer to ref. [103]).

The identification of novel AMPs opens the door to potential applications. Spider lycotoxin 

1 was found to be highly potent against MRSA [61]. Meucin-24 and meucin-25 showed a 

narrow-spectrum activity against P. falciparum, making them interesting templates for 

developing antimalarial peptides [60]. It is demonstrated that anti-HIV activity of scorpion 

peptides [90], as well as other AMPs, can be improved [91,92]. Gomesin is a wide-spectrum 

peptide. Its small size and folded β-sheet structure makes it attractive as a template for 

engineering antifungal, anticancer or antimalarial peptides. The two disulfide bonds of 

gomesin are essential for antibacterial activity, hemolysis and serum stability [108,109]. To 

reduce peptide cytotoxicity, linear forms of gomesin have been designed. [D-Thr(2,6,11,15), 

Pro(9)]-Gm is the best cysteine-free analog of gomesin with a higher therapeutic index and 

good activity against C. albicans [110]. The systemic use of the linearized peptide, however, 

may be limited due to reduced serum stability [111]. As a different strategy, the peptide can 

be made more stable by forming a peptide bond between the N and C-termini of gomesin. 

This peptide may become useful for systemic treatment of cancer or malaria [112].

To avoid the potential problems with direct use of AMPs, therapeutic peptides may also be 

expressed at a needed site. Lazarez et al. have demonstrated that expression of spider 

peptides could prevent Chlamydia infection [46]. In the HEK293 cell line model, expression 

of cytoinsectotoxin 1a (induced by 0.02 µg/ml doxycycline) was found to be most effective 

(85% inhibition). Since spider AMPs also have insecticidal activity, Hughes et al. designed a 

method to utilize this effect [113]. The peptide was expressed inside the yeast that was 

ingested by the insects. At day 1, those alanine mutants at positions 6–9 or 12–15 displayed 

armyworm killing, and the mutants at positions 7–10 achieved 80–100% insect-killing at day 

2. Likewise, expression of the same peptide in tobacco made the plant more resistant to 

bacteria, as well as insects such as the corn earworm and cigarette beetle [114].

Finally, it could be a useful strategy to combine AMPs with commercial antibiotics. As 

examples, Garcia et al. found the best effect in the treatment of tuberculosis when spider 

peptide Css54 was used in combination with rifampicin [78]. Barbosa and colleagues 

observed a synergistic effect between gomesin and fluconazole in inhibiting fungal growth 

[71]. Because pathogen killing can be achieved at lower doses in the case of combination 

therapy, this practice would reduce potential cytotoxicity and production cost when AMPs 

are administered at high doses. Because of this, combination therapy is actively pursued 

(reviewed in refs. [115–117]). The synergistic effects observed for spider or scorpion AMPs 

laid a solid basis for us to develop such a treatment.
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Figure 1. 
Structural biology of spider (A–F) and scorpion (G–I) antimicrobial peptides. Shown are the 

NMR structure of spider (A) latarcin 1 (PDB ID: 2PCO), (B) latarcin 2a (PDB ID: 2G9P), 

(C) cupiennin 1a (PDB ID: 2K38), (D) oxyopinin 4a (PDB ID: 2L3I), (E) gomesin (PDB ID: 

1KFP), (F) psalmopeotoxin I (PDB ID: 1×5V), scorpion (G) IsCT (PDB ID: 1T51), (H) 

androctonin (PDB ID: 1CZ6), and (I) charybdotoxin (PDB ID: 2CRD), respectively. In these 

structural views, the peptide chain is colored from the N (blue) to the C-terminus (red). To 

emphasize the broad hydrophobic surface of IsCT in panel G, as well as the hydrophobic 
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nature of sulfurs involved in the disulfide bond in panel D, they are displayed in space-filling 

models (G). The figure was generated using the software RasMol (https://www.umass.edu/

microbio/rasmol/). See the text for further details.
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Table 1

Discovery timeline of antimicrobial peptides from spiders1

Year α-Helical peptides β-Sheet peptides Rich in glycines Total peptides
per year

1998 Lycotoxins I & II 2

2000 Gomesin (2S–S) 1

2002 Cupiennins 1a-1d;
Oxyopinins 1, 2a-2d

9

2003 Acanthoscurrins 1 & 2
(Gly-rich)

2

2004 Lycocitins 1 & 2 Psalmopeotoxins I
& II (3S–S)

4

2006 Latarcins 12

2008 Cyto-insectotoxin
1a

1

2010 LyeTx I Ctenidins (Gly-rich) 4

2011 Oxyopinin 4a (1S-
S)

Oh-defensin (3S–S) 2

2012 Lycosin I;
Rondonin

Juruin (3S–S) 3

2013 latartoxin 1a (4S–S);
Spiderine OtTx1a
(5S–S)

2

1
Data obtained from http://aps.unmc.edu/AP on May 15, 2015. The number of disulfide bonds, if there is any, is indicated between parentheses.
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Table 2

Discovery timeline of antimicrobial peptides from scorpions1

Year α-Helical peptides β-Sheet peptides Total AMPs per
year

1993 scorpion defensin (3S–S) 1

1996 Androctonin (2S–S); Buthinin (3S-
S); Androctonus (3S–S)

3

2000 Hadrurin Scorpine (3S–S) 2

2001 Pandinins 1 & 2; IsCT1 3

2002 Opistoporins 1&2; IsCT2;
Parabutoporin

4

2004 Bmkb1; BmKn2 Charybdotoxin (3S–S); Opiscorpine
1 (3S–S)

4

2007 Heteroscorpine (3S–S) 1

2008 Mucroporin BmK AS (4S–S) 2

2009 Imcroporin; Meucin-13;
Meucin-18;

Bactridines 1 & 2 (4S–S) 5

2010 Im-1; Meucin-24; Meucin-25;
StCT1

4

2011 Vejovine; Ctriporin; Hp1090 3

2012 StCT2; HsAp1; VmCT1;
VmCT2; AamAP2; BmKbpp

7

2013 UyCT1; UyCT2; UyCT3;
UyCT5; Css54; Pantinins 1–3;
TsAP-1, TsAP-2; Hp1036; Hp1239

12

2014 Hp1404; Heterins 1 & 2;
Spiniferin

4

2015 AaeAP1; AaeAP2; Cm38;
Stigmurin

4

1
Data obtained from http://aps.unmc.edu/AP on May 15, 2015. The number of disulfide bonds, if there is any, is indicated between parentheses.
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Table 5

Amino acid sequence analysis of toxic helical peptides from spiders and scorpions1

Organism Spiders Scorpions

Peptide group 5 Short (24–28 aa) 5 Long (35–48 aa) 7 Short (13–24 aa) 4 Long (44–47 aa)

Examples Lycosin-I;
Latarcins

Oxyopinins IsCT2, VmCT2,
Meucin-13

Opistoporin 1,
Parabutoporin

Average
length

26.6 39.2 15.8 45.0

Pho% 42.1% 40.3% 57.63% 39.97%

Abundant
hydrophobic
residues

L 10.5%; F 9%;
A 9%

L 8.2%; F 9.2%;
A 10.2%

I 13.5%; L 15.3%;
F 15.3%

L 8.3%; A 13.3%;
I/V 11.1%

Net charge +8.4 +8.0 +1.43 +4.75

Lysine% 24.8% 21.4% 10.8% 17.2%

Arginine% 9.8% 5.1% 0% 1.1%

1
Only toxic peptides from the helical family were split into short and long groups and analyzed. Both peptide number and length are indicated for 

each group.
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