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Biopesticides are a type of pesticides derived from natural materials including plants and bacteria. In this entry, we
reviewed the structural and biological features of Jaburetox and Soyuretox, two plant urease-derived recombinant
peptides that present entomotoxic and fungitoxic effects without harming beneficial species or the environment. We also
discussed other bioactive peptides in the context of their action mechanism.
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1. Jaburetox and Soyuretox: Historical Aspects and Potential as
Biopesticides

1.1. Transgenic Plants Expressing Biocide Polypeptides and Plant Defense

Hunger continues to afflict mainly the poorer countries around the world. In 2016, 10.7% of the world population were
chronically undernourished (www.worldhunger.org). According to data provided by the World Bank

(www.databank.worldbank.org), over the last 15 years, the word population has increased with an annual growth rate of
~1% (1.075 in 2019), from 6.59 (2006) to 7.67 (2019) billions inhabitants. With the increase in life expectancy, from 69.2
(2006) to 72.5 (2018) years, particularly in the richer countries, even considering a decrease of growth rate, estimates are

that the world population could reach 9.7 billion (www.population.un.org) in 2050. By then, food demand will be 60%

higher (www.webforum.org). As agricultural land is finite (it increased only from 47.18 in 2006 to 48.43 in 2016 millions
square kilometers according to the World Bank), and is expected to shrink due to urbanization, climate change and soil

degradation, increases in food production will require an even more efficient agriculture. The output of agriculture is
hampered, however, by losses in the field or after harvesting, by a variety of insect pests, nematodes, fungi and diseases
induced by bacteria or viruses W&, Herbivores alone feeding on foliage, sap and root can decrease more than 20% of net
plant productivity and food losses to insects are expected to even grow in a scenario of global warming .

To efficiently control insect pests in agriculture, combining different strategies is frequently required, including the use of
resistant crop varieties. When there is no natural plant genotypes genetically resistant to insect pests, development of
genetically modified (GM) resistant plants is an option. A milestone in the development of insect-resistant crops was
established in the late 1980's, by genetically engineering a tobacco plant to express an entomotoxic protein from the
bacterium Bacillus thuringiensis (Bt) A&l 1n 2018, the list of genetically modified plants that were commercialized had 26
species, either tolerant to herbicides or with increased resistance to insects (most expressing Bt toxins), grown or

imported in 75 countries (www.gmoanswers.com). Bt toxins (or Cry proteins) have some restrictions, such as the low
toxicity against sap-sucking insects B2, Moreover, an increasing level of resistance of insects against Cry insecticidal
proteins has been reported 8. Fortunately, there is a number of plant entomotoxic proteins that can be used instead or in
synergy with the Bt technology to control insect pests in hew generations of transgenic plants yet to be developed &,

This is the case of Jaburetox and Soyuretox, recombinant peptides derived from Jack Bean (Canavalia ensiformis) and
Soybean (Glycine max) ureases, respectively (doi:10.1016/j.peptides.2007.08.009, doi:10.3390/ijms20215401). These
peptides are intrinsically disordered proteins (IDP’s), proteins that do not have a stable 3D structure but can present
relevant biological activities (doi:10.1146/annurev-biochem-072711-164947, doi:10.1007/s10930-009-9201-4). Jaburetox
and Soyuretox have entomotoxic effects that can contribute to the rational control of insect pests without harming other
animals (doi:10.1016/j.peptides.2007.08.009, doi:10.1016/j.bbagen.2013.11.010). Studies evaluating transgenic crops
that express the peptides have shown that these plants were less susceptible to insects and nematodes indicating an
enormous potential for IDP's on pest control (https://doi.org/10.1016/j.biori.2019.12.002).




1.2. Plant Proteins and Peptides with Insecticidal and Fungitoxic Properties

Insect pests and phytopathogenic fungi are detrimental to several crops and cause significant economic losses in
agriculture worldwide. To cope with herbivory and fungal diseases, plants have evolved sophisticated defense
mechanisms. Plant tissues accumulate, constitutively or after induction, various classes of defensive compounds that
confer resistance against herbivores and infection by fungi, bacteria, viruses, as well as nematodes. The most known
plant proteins involved in defense mechanisms against insect pests include lectins 29, ribosome-inactivating proteins of
types 1 and 2 14, inhibitors of proteolytic enzymes and glycohydrolases 22, modified forms of storage proteins 131114],
among others. Several plant peptides display antifungal properties such as defensins 12, lipid transport proteins L8],
chitinases L4, lectins (8, thionins 2, cyclopeptide alkaloids 2% and other less common types. For a general review on
these topics please refer to Dang and Van Damme 24 and Grossi-De-S4 et al. [,

Ureases represent another group of plant proteins with insecticidal and antifungal properties which widen the proposed
physiological roles of these enzymes [22123124125]  yreases (urea amidohydrolase; EC 3.5.1.5) are well conserved and
nickel-dependent enzymes that catalyze urea hydrolysis into ammonia and carbon dioxide, synthesized by plants, fungi
and bacteria [28127]128129]  Canatoxin is a less abundant urease isoform isolated from Canavalia ensiformis (jack bean)
seeds BABY  strycturally similar to the seed's major urease, both proteins display insecticidal and antifungal properties
independent of their ureolytic activity 231261271 Soybean (Glycine max) and pigeon pea (Cajanus cajan) ureases were
also shown to display insecticidal B233I34] gnd antifungal B2E5IEE properties. Noteworthy, ureases are insecticidal
against hemipteran pests (such as the stink bug Nezara viridula and the cotton stainer bug Dysdercus peruvianus), which
were not susceptible to the entomotoxic activity of Cry toxins from B. thuringiensis €Il Since these proteins are abundant
in many edible vegetables, particularly in legumes, they can be generally regarded as biosafe E71.

1.3. Ureases and Derived Peptides as Sources of Insecticidal and Fungitoxic (Poly)Peptides

The insecticidal 28! and fungitoxic ¥ effects of canatoxin were described before its characterization as an isoform of jack
bean urease (JBU) BL. In the first study of canatoxin’s insecticidal effect, it became clear that only insects relying on
cathepsin-like digestive enzymes (such as the cowpea weevil Callosobruchus maculatus and the kissing bug Rhodnius
prolixus) are sensitive to the toxin, while insects with digestion based on trypsin-like enzymes (such as the tobacco
hornworn Manduca sexta or the fruitfly Drosophila melanogaster) show no susceptibility. The hypothesis of a proteolytic
activation of the toxin was then proposed 8. The hydrolysis of canatoxin with C. maculatus digestive enzymes yielded a
10 kDa entomotoxic peptide named pepcanatox 2%, Our group has demonstrated through inhibition of cathepsin-like
enzymes, that the enzymatic activity of cathepsin B (cysteine proteinase) and cathepsin D (aspartic proteinases) is
necessary for the release of toxic fragments of Canatoxin 2829, Cathepsin B is a cysteine proteinase that can act as an
exopeptidase or endopeptidase at acidic pH 21, Cleavage by cathepsin B has a preference for basic and hydrophobic
amino acids 2. Meanwhile, cathepsin D cleavage occurs at acidic pH and has a preference for hydrophobic residues 43,
Subsequently, the major proteolytic activities of midgut homogenates of D. peruvianus nymphs were shown in vitro to
catalyze the release of pepcanatox from JBU 24 Cysteine, aspartic and metalloproteinases are present in both
homogenates. Fluorogenic substrates containing JBU partial sequences flanking the N-terminal or the C-terminal portion
of the entomotoxic peptide were efficiently cleaved by the D. peruvianus nymph midgut homogenates. Different classes of
enzymes in the homogenates cleaved both substrates suggesting that in vivo the release of the entomotoxic peptide
results from the concerted action of at least two different proteinases 44,

Jaburetox-2Ec, a recombinant peptide with 93 amino acids (~11 kDa) equivalent to pepcanatox, was produced
heterologously in Escherichia coli from the corresponding sequence of the JBU isoform JBURE-II 3. Here the term
“peptide” is used solely to emphasize the fact that it is a fragment of a much larger protein regardless of its molecular
mass. Later on, the peptide called simply Jaburetox was developed, with the same urease-derived sequence and the 6
His tail found in Jaburetox-2Ec (Figure 1), but lacking the V5 epitope present in the latter 48], Both peptides, Jaburetox-
2Ec and Jaburetox, display equivalent insecticidal activity, evidencing that the epitope V5 is not implied in their
entomotoxicity 61,

Since one of the most well studied mechanisms of defense against insect pest is digestive enzyme inhibition, this
possibility was explored by our group for ureases and derived peptides. As described by Carlini et al. 28l and Ferreira da-
Silva et al. 2% canatoxin showed no inhibitory effect on the proteolytic (cathepsin B or D-like) or a-amylase activities.
Moreover, the peptides derived from Canatoxin’s digestion with cathepsin-like enzymes, including pepcanatox, did not
display either proteolytic or amylase inhibitory properties 2. Although Jaburetox itself was not tested, taking into account
its virtually identical sequence when compared to pepcanatox, it is safe to assume that Jaburetox has no inhibitory effects
upon digestive enzymes.



Jaburetox is lethal to several insects susceptible to canatoxin (the cotton stainer bug D. peruvianus, the kissing bugs R.
prolixus and Triatoma infestans) and also kills insects that are resistant to intact ureases, such as lepidopterans (fall
armyworm Spodoptora frugiperda, cotton bollworm Helicoverpa armigera) and dipterans (Aedes aegypti) 22148l hecause
the hydrolysis of the protein to release the peptide is no longer required.

Concerning the antifungal property of ureases and derived peptides, the most abundant jack bean isoform, JBU, was
shown to display antifungal properties against a panel of 16 phytopathogenic filamentous fungi species of 11 genera,
blocking spore germination and/or mycelial growth, and inhibiting multiplication of yeasts at submicromolar concentrations
(3511491 jaburetox also displayed antifungal properties against filamentous fungi and yeasts 49,

Antifungal effects were observed in vitro also for isoforms of soybean urease (SBU) B2I39, The participation of ureases in
plant defense against fungal diseases was demonstrated in urease-null soybean plants obtained by gene silencing B4,
Later, the peptide called Soyuretox, homologous to Jaburetox (Figure 1), but derived from the ubiquitous isoform of the
soybean urease, was heterologously expressed in E. coli, characterized structurally and its entomotoxic and antifungal
effects were demonstrated 22,

Jaburetox showed no acute toxicity to mice and rats 45 and was found not toxic in a risk assessment study 33 while
Soyuretox was not toxic to zebrafish embryos B2, These data suggest that these peptides may be safe alternatives to
attain resistance to insect herbivory and/or fungal disease in transgenic plants.
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Figure 1. Structural representation of entomotoxic peptides and Jack Bean Urease. (A) Graphical representation of the
location of the peptides (red) in the protein structure of Jack Bean Urease (pdb: 3LA4). Each monomer of the JBU
hexamer is represented with a different shade of grey. (B) Jaburetox, (C) Soyuretox and (D) comparison of the primary
sequences.

2. Structural Aspects of Jaburetox and Soyuretox and their impact in the
biological activity

A series of studies were conducted in order to characterize the structural properties of Jaburetox and Soyuretox, including
the use of different techniques such as Molecular Dynamics simulation, Light Scattering, Circular Dichroism (CD) and
Nuclear Magnetic Resonance (NMR). NMR reveals that Jaburetox is an IDP, showing low signal dispersion in the proton
dimension. The SSP (Secondary Structure Propensity) analysis of chemical shifts generated by NMR predicted that the
peptide is widely disordered with a small tendency to form a-structures. Jaburetox exhibits a large hydrodynamic radius,
suggestive of a disordered polypeptide, through dynamic light scattering analysis (doi.org/10.1111/febs.13201). CD

demonstrated that Jaburetox increased its secondary structure content when in contact with SDS-micelles and large
unilamellar vesicles (doi.org/10.1016/j.colsurfb.2017.08.053). The HSQC NMR spectrum for Soyuretox also showed low
signal dispersion in the proton dimension, revealing its IDP behavior, assuming a more ordered structure of the molecule

when in the presence of SDS micelles (10 mM). CD showed disordered behavior for both peptide at pH 6.5 although

Soyuretox acquired some secondary structure at pH 8 (doi.org/10.3390/ijms20215401). Despite this structural difference,
both peptides showed similar entomotoxic and fungitoxic effects.



3. Structural Aspects of Other Intrinsically Disordered Bioactive
Polypeptides

Even though approximately 30% of eukaryote proteins have disordered regions composed of fifty or more amino acid
residues 24, there are relatively few reports of antimicrobial and insecticidal IDPs in the literature. Without aiming to be
exhaustive, we briefly discuss here some examples and establish comparisons to Jaburetox and Soyuretox when
relevant.

Plants are an inexhaustible source of bioactive molecules, including those that are part of their highly evolved defense
mechanisms 22, One important example are the cyclotides, naturally occurring macrocyclic peptides found in several
families of plants. They present a unique head-to-tail cyclized backbone, stabilized by three disulfide bonds forming a
cystine knot. This arrangement makes cyclotides exceptionally stable against chemical, thermal and biological
degradation. These macromolecules are able to cross cellular membranes and control intracellular protein-protein
interactions, enabling them to act upon different targets 2. Cyclotides present diverse host-defense roles including
insecticidal activity and it is believed that this property is derived from their ability to bind to membranes and form pores
(58], Kalata B1 is the most studied cyclotide, derived from the African plant Oldelandia affinis B8, Daly et al. 29 reported
that the N-terminal pro-domain of the kalata B1 precursor is intrinsically unstructured. This terminal region induces the
self-association of the precursor to form a dimeric structure, which can, in turn, be determinant for the role of the N-
terminal as a vacuolar-targeting signal. According to the authors, the disorder in the terminal region could be linked either
to the fact that it is a functional segment with higher mobility or because it partially folds upon binding to a target, as could
be also the case for Jaburetox and Soyuretox (2289 Thys, the pore-forming capacity seems to be part of the toxic
mechanism of both, urease-derived peptides and cyclotides. However, the intrinsically disordered nature of the cyclotides
does not seem to be related to their insecticidal effect but rather to a role in signaling. The relevance of IDPs in signal
transduction in plants is better documented and, in this case, it is believed that the intrinsically disordered nature is
necessary to confer the low affinity and high specificity needed to perform the required interactions €4,

Concerning antifungal IDPs, histatins are a family of small, histidine-rich, cationic proteins present in mammalian saliva
that constitute the first line of defense against oral candidiasis caused by C. albicans and to other pathogenic fungi.
Histatin 5, an intrinsically disordered model protein, is the major histatin component of the unstimulated parotid secretion
and the most potent antifungal protein of all the histatin family 2631 Histatin-5 has antifungal activity against C. albicans
at 15 uM €4 a similar fungitoxic concentration for Jaburetox and Soyuretox 2252 The physiological concentration of
histatin-5 in human saliva is 15 to 50 pM, while the concentration of protein required to kill half of maximum number of
cells (EDsp) is 1.4 uM. There is an extensive debate regarding the mode of action of this protein, with evidences pointing
against pore formation or membrane lysis. The targets of histatin-5 appear to be intracellular and, once taken up by cells,
it affects mitochondrial functions causing oxidative stress and ultimately killing the cells by ion imbalance and volume
dysregulation induced by osmotic stress (€3], In addition, this peptide is related to depletion of intracellular ATP content and
also oxidative damage due to ROS formation in intracellular organelles €8, The production of oxidative molecules by
histatin-5 is a common aspect with the mode of actions of Jaburetox and Soyuretox, which induced ROS generation both
in insect hemocytes 4 and in C. albicans cells 2. Since the fungitoxic mode of action of histatin-5 is not completely
understood, it is not clear how the intrinsically disordered nature of the protein participates in the process. Nevertheless,
histatin-5 mechanism of action against C. albicans is similar to what is known so far for Jaburetox and Soyuretox,
including membrane interaction and permeabilization, and ROS formation. There is also evidence that Jaburetox is taken
up by hemocytes (€8] thus suggesting intracellular targets.

Hornerin is an IDP of 254 kDa that belongs to the S100-fused-type family. This protein is believed to be one of the main
reasons why healthy human skin is remarkably resistant towards the infection by Pseudomonas aeruginosa, an
environmental opportunistic pathogen widespread in water and soil 9. Recently, fragments of hornerin were
characterized as potent microbicidal agents and that this feature is maintained, independent of the amino acid sequence,
provided they are linear cationic peptides containing a high percentage of disorder-promoting amino acids and a low
percentage of order-promoting ones. The authors reported that the antimicrobial capacity of these cationic intrinsically
disordered antimicrobial peptides (CIDAMPSs) depends on their chain length, net charge, lipidation and environmental
conditions 9. The CIDAMPs have an intracellular mode of action, as hornerin transverses bacterial membranes by an
energy-dependent mechanism and accumulates in the cytoplasm. The molecular targets of CIDAMPs seems to be
different sites of the protein synthesis machinery 4. The described features of CIDAMPS and the other IDP active
peptides are summarized in Table 1.

Table 1. Other intrinsically disordered proteins with biological activities.



IDP Source Biological Activity Disorder Region Reference

Kalata African Signaling, ability to bind
B1 plant Oldelandia and to form pores in N-terminal pro-domain [59]
affinis membranes
|-||st5atln Mammalian saliva Antifungal activity No defined structure in solution [65][66]

Almost all the protein is unstructured, except
Hornerin Human skin Antibacterial activity the N-terminus. Cationic peptides generated [za
from hornerin present antimicrobial activity

| 4. Biotechnological Applications and Perspectives

The use of GM crops resistant to pests such as fungi, nematodes and insects is an appealing strategy considering the
current need of efficiently increasing the yield of the agricultural production with less impact in the environment and health
[72], since their discovery in the 80's, the use of transgenic crops has been dominated by the Bt technology. Nevertheless,
some insect species are not susceptible to them and its intensive application has led to the development of resistance [Z!
[73]. Considering the fact that IDPs do not need to fold in a proper way to be biologically active, this feature can potentially
be an advantage regarding their expression in transgenic plants. In the case of Jaburetox, its disordered structure gives
the peptide the capacity to withstand a vast range of temperatures and pH without losing its biological activity 9, a
desirable feature for a biotechnological tool. Moreover, the conformational flexibility of Jaburetox and Soyuretox allows
them to interact with several binding partners with different subcellular distributions, leading ultimately to diverse targets.
This feature gives them the ability of avoiding or at least delaying the generation of resistance.

In this context, three types of transgenic crops expressing urease-derived peptides have been developed with promising
results 47876 Soybean plants overexpressing Soyuretox were challenged with the root-knot nematode Meloidogyne
javanica, a major agricultural pest in several countries 28, As a result, the average reproductive factor of the nematode
was significantly reduced. On the other hand, Didoné 74 reported that maize (Zea mays) expressing Jaburetox fed to the
important polyphagous pest S. frugiperda led not only to a 39% lethality of larvae, but also to other sub-lethal statistically
significant effects, such as body weight reduction, decreased ingestion and remarkably, fertility decline. In addition,
Ceccon 8 demonstrated that Jaburetox-expressing tobacco plants also produced high mortality and a pronounced
reduction in the leaf consumption by the lepidopteran H. armigera. These authors started the development of gene
stacking strategy, with plants expressing simultaneously Jaburetox and a double-stranded RNA complementary to
the rieske gene, which has the advantage of diminishing the possibility of resistance development events 4], The use of
plants overexpressing Soyuretox or Jaburetox would, in principle, be a way to avoid harming beneficial or innocuous
insects, since only those species that fed on the plants would be affected. Nevertheless, since off-target effects could be
an issue related to the broad insecticidal activity of Jaburetox/Soyuretox, transgenic crops can be improved using tissue-
specific or damage-induced promoters 78],

These latest studies 4378l gre a proof of concept that IDPs in general, and the urease-derived peptides in particular,
are very attractive pesticides that can be engineered for use as an effective and environmental-friendly strategy, alone or
in combination with other IDPs or toxic molecules. The multidisciplinary research approaches employed by our group and
collaborators improved significantly the understanding of the structural and biological aspects of these IDPs and
encourage us to pursue a full comprehension of their mechanism of action that would, ultimately, facilitate their application
in the field.
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