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"Whether it be the sweeping eagle in his flight, or the open apple-blossom, the toiling 
work-horse, the blithe swan, the branching oak, the winding stream at its base, the 
drifting clouds, over all the coursing sun, form ever follows function, and this is the 
law. Where function does not change, form does not change. The granite rocks, the 
ever-brooding hills, remain for ages; the lightning lives, comes into shape, and dies, in 
a twinkling. 
It is the pervading law of all things organic and inorganic, of all things physical and 
metaphysical, of all things human and all things superhuman, of all true 
manifestations of the head, of the heart, of the soul, that the life is recognizable in its 
expression, that form ever follows function. This is the law.” 

(Sullivan, 1896) 
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RESUM 

L'agricultura contemporània exigeix cada cop més un ús sostenible d’agroquímics per 
tal de reduir l'impacte ambiental i el risc per la salut del consumidor. Alguns bacteris 
entomopatògens produeixen proteïnes insecticides que s'acumulen en cossos 
d'inclusió o cristalls paraesporales (com ara les proteïnes Cry i Cyt), així com proteïnes 
insecticides que són secretades al medi de cultiu. Entre les últimes, hi ha les proteïnes 
Vip, que es divideixen en quatre famílies d'acord amb la seva identitat d'aminoàcids. 
Les proteïnes Vip1 i Vip2 actuen com toxines binàries i són tòxiques per a alguns 
coleòpters i hemípters. Per la família de les Vip4, que és l’última família de proteïnes 
Vip descoberta, encara no s’hi coneixen espècies susceptibles. Les proteïnes Vip3 no 
presenten homologia de seqüència amb cap altra família de proteïnes conegudes i 
són tòxiques per a una àmplia varietat d’espècies de lepidòpters. El mode d’acció de 
les Vip3 encara no està completament dilucidat, però s'assumeix una mecanisme 
similar al de les proteïnes Cry en termes generals (activació proteolítica, unió a la 
membrana epitelial en forma de raspall de l'intestí mitjà, i formació de porus). Les 
proteïnes Vip3A no comparteixen els mateixos llocs d’unió amb les proteïnes Cry, per 
la qual cosa són bones candidates per co-expressar-se amb proteïnes Cry en plantes 
transgèniques (cultius-Bt) amb la finalitat de prevenir o retardar l’aparició de 
fenòmens de resistència en insectes susceptibles, i per ampliar l'espectre insecticida. 
Les proteïnes Vip3A són, per tant, una eina important per a la protecció de cultius 
contra plagues d'erugues en la protecció integrada de cultius (PIC). 
Aquesta tesi té com a objectiu principal caracteritzar més profundament la funció i 
l’estructura de les proteïnes Vip3A. Primerament es va avaluar la toxicitat de 5 
proteïnes Vip3A diferents contra 8 espècies d'erugues plaga al capítol 1; les 
protoxines de Vip3Aa, Vip3Ab, Vip3Ad, Vip3Ae i Vip3Af i les seves corresponents 
formes activades amb tripsina comercial es van assajar per determinar la seva 
toxicitat contra Agrotis ipsilon, Helicoverpa armigera, Mamestra brassicae, 
Spodoptera exigua, Spodoptera frugiperda, Spodoptera littoralis, Ostrinia nubilalis i 
Lobesia botrana. No es van trobar diferències de toxicitat importants entre les formes 
de protoxina i toxina activada. Les proteïnes Vip3Aa, Vip3Ae i Vip3Af mostraren en 
general una bona activitat insecticida contra totes les espècies d'insectes amb 
l'excepció d’ O. nubilalis. De fet, O. nubilalis es va mostrar tolerant a l’acció de les 
Vip3A i només la Vip3Af va causar una mortalitat marginal. La proteïna Vip3Ad no va 
resultar tòxica per a cap de les espècies assajades, mentre que la Vip3Af va mostrar 
un ventall d'activitat més ampli. 
L’estructura 3D de les proteïnes Vip3A no és coneguda; per esta raó, els següents 
passos d’esta tesis es centraren en aconseguir un millor coneixement de l’estructura 
de les proteïnes Vip3A i del seu plegament. Les proteïnes Vip3 s'expressen en forma 
de precursor el qual necessita un pas previ d’activació mitjançant les proteases del 
tracte digestiu de l'insecte. Al segon capítol, l'estabilitat d’una Vip3Aa front l’acció de 
les proteases es va investigar en presència de SDS. La protoxina de la Vip3Aa16 (que 
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té un pes de 89 kDa) es va tractar amb tripsina comercial i amb extracte de proteases 
de d'intestí mitjà d’ A. ipsilon a concentracions elevades. Quan les reaccions no van 
ser neutralitzades adientment, els resultats de l'anàlisi de l’electroforesi en SDS-PAGE 
equívocament sugerien que la protoxina es processa per complet, tot i que la mostra 
digerida encara retenia íntegrament la toxicitat contra A. ipsilon. No obstant això, 
quan la reacció proteolítica es va aturar de manera eficient, es va fer patent que la 
protoxina només s'escindeix en un lloc de tall primari, independentment de la 
quantitat de tripsina o d’extracte de l’intestí mitjà de l’insecte utilitzat. Els dos pèptids 
de 66 kDa i de 19 kDa generats com a conseqüència de l’activació co-elueixen després 
de la cromatografia de filtració en gel, indicant que ambdós romanen units després 
de l'escissió. Es va confirmar, per tant, que el fragment de 66 kDa és extremadament 
resistent a l’acció de les proteases i que la degradació observada a l’electroforesi 
quan la reacció enzimàtica de les proteases no es correctament neutralitzada és 
producte de la interacció de l’SDS amb la Vip3Aa. Estos resultats es varen reproduir 
en el capítol 3er amb la proteïna Vip3Af1 i la espècie plaga S. frugiperda. La 
degradació aparent de la toxina es va observar quan la Vip3Af es va tractar amb la 
major concentració de peptidases. La Vip3Af aparentment degradada també fou 
tòxica contra les larves nounades de S. frugiperda. Encara més, quan la Vip3Af que 
havia estat sotmesa al tractament amb tripsina durant 72h es va tractar amb 
quantitats addicionals de tripsina, la degradació aparent del pèptid de 62 kDa no es 
vaobservar més. En conclusió, es proposa que l'activació proteolítica de les proteïnes 
Vip3A es produeix de manera esglaonada, per mitjà de la qual la protoxina es divideix 
en dos pèptids principals, seguit d’un canvi subtil de plegament del fragment de 62-
66 kDa amb probablement implicat en l’acció insecticida. 
En el 4t capítol, la tècnica de l’escaneig d'alanina es va realitzar en 558 d'un total de 
788 aminoàcids que formen la proteïna Vip3Af1. L’escaneig d'alanina és una tècnica 
molt utilitzada per identificar i localitzar posicions crucials o epítops en la seqüència 
d’una proteïna i permet aprofundir en la relació estructura-funció de les proteïnes. 
De les 558 substitucions analitzades, 19 comprometeren l'expressió de la proteïna i 
11 disminuïren considerablement la toxicitat contra S. frugiperda. Les substitucions 
que van reduir l'activitat insecticida s'agrupen principalment en dues regions de la 
seqüència (entre els aminoàcids 167-272 i entre els aminoàcids 689-741). La majoria 
de les substitucions que afectaren l'activitat front S. frugiperda ho feren de manera 
similar contra A. segetum. La caracterització de la sensibilitat front a proteases de les 
11 proteïnes mutants seleccionades per disminuir la toxicitat va revelar 6 patrons de 
proteòlisi diferents, identificats mitjançant electroforesi en SDS-PAGE. L'estudi de la 
fluorescència intrínseca de tots els mutants seleccionats només va revelar canvis lleus 
en el pic d'emissió, indicant que probablement les mutacions provoquen només 
canvis menors en l'estructura terciària. L’estructura tridimensional de la Vip3Af1 es 
va predir in silico per primera vegada. 
Finalment, en el capítol 5è, 12 mutants diferents es van generar mitjançant 
mutagènesi dirigida en diferents posicions al llarg de la seqüència de la proteïna 
Vip3Af1. La mutagènesi dirigida és una aproximació comú per a la millora la 
funcionalitat de les proteïnes, així com per aprofundir en els coneixement de les 
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proteïnes a nivell molecular, especialment quan l'estructura de la proteïna és 
desconeguda. Deu dels 12 mutants generats es varen expressar amb èxit i tots ells 
foren funcionalment actius, la qual cosa subratlla l'alta resilència de la seqüència de 
la Vip3Af1. No va ser possible millorar significativament la potència insecticida contra 
S. frugiperda en cap de les mutacions. Les mutacions en la posició 689 (G689S, G689E 
i N682K-G689S), així com les mutacions E483H i W552H van donar patrons 
proteolítics diferents al perfil natiu de la Vip3Af (tipus salvatge). Els espectres 
d'emissió de fluorescència intrínseca no suggereixen un canvi en el plegament 
significatiu. En este capítol es discuteixen les possibles implicacions que les mutacions 
tenen sobre les interaccions intramoleculars i s’infereix en la conformació de la 
proteïna. 
Els resultats obtinguts en esta tesi aporten una millor comprensió de l'estructura i 
funció de les proteïnes Vip3A. Esta informació és útil per a la presa de decisions quan 
s'empra B. thuringiensis o les seves proteïnes insecticides com un recurs fitosanitari 
en els programes de control integrat de plagues i en estratègies de maneig de la 
resistència . 
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SUMMARY 

Modern agriculture demands for more sustainable agrochemicals to reduce the 
environmental and health impact. Some entomopathogenic bacteria produce 
insecticidal proteins which accumulate in inclusion bodies or parasporal crystals (such 
as the Cry and Cyt proteins), as well as insecticidal proteins which are secreted to the 
culture media. Among the latter, there are the Vip proteins, which are divided into 
four families according to their amino acid identity. The Vip1 and Vip2 proteins act as 
binary toxins and are toxic to some Coleoptera and Hemiptera. For the most recently 
reported Vip4 family, no target insects have been found as yet. Vip3 have no 
sequence similarity to any other proteins families known and are toxic to a wide 
variety of Lepidoptera. Its mode of action is yet not completely elucidated but a 
general mode of action similar to that of the Cry proteins (proteolytic activation, 
binding to the brush border membrane of the midgut epithelium, and pore 
formation) is assumed. Vip3A proteins do not share binding sites with Cry proteins, 
which makes them good candidates to be combined with Cry proteins in transgenic 
plants (Bt-crops) to prevent or delay insect resistance, and to broaden the insecticidal 
spectrum. Vip3A are an important tool for crop protection against caterpillar pests in 
integrated pest management (IPM) strategies. 
This thesis aimed to deeper characterise the function and structure of the Vip3A 
proteins. In chapter 1, the toxicity of 5 different Vip3A proteins against 8 different 
caterpillar pests was first assessed: Vip3Aa, Vip3Ab, Vip3Ad, Vip3Ae and Vip3Af and 
their corresponding trypsin-activated toxins were tested for their toxicity against 
Agrotis ipsilon, Helicoverpa armigera, Mamestra brassicae, Spodoptera exigua, 
Spodoptera frugiperda, Spodoptera littoralis, Ostrinia nubilalis and Lobesia botrana. 
No major differences were found when comparing protoxins vs. trypsin-activated 
toxins. Vip3Aa, Vip3Ae and Vip3Af displayed overall good insecticidal activity against 
all insect species with the exception of O. nubilalis, which was found to be tolerant to 
all Vip3A tested and only marginal mortality was caused by the Vip3Af. Vip3Ad 
protein was not toxic to any of the tested species whereas Vip3Af showed the 
broadest range of activity. 
The·3D-structure of the Vip3A proteins are not known, therefore, consecutives steps 
were performed to achieve a better insight on the Vip3Aprotein folding and 
structure. Vip3 proteins are expressed as a precursor that is to be activated by the 
insect gut proteases. In the 2nd chapter, stability of the Vip3Aa against proteases was 
investigated in the presence of SDS. Vip3Aa16 protoxin (of 89 kDa) was treated at 
high concentrations of trypsin and Agrotis ipsilon midgut juice. When the reactions 
were not properly neutralized, the results of SDS-PAGE analysis (as well as those with 
Agrotis ipsilon midgut juice) equivocally indicated that the protoxin could be 
completely processed, although it retained full toxicity against A. ipsilon. However, 
when the proteolytic reaction was efficiently stopped, there was revealed that the 
protoxin was only cleaved at a primary cleavage site, regardless the amount of trypsin 
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used. The 66 kDa and the 19 kDa peptides generated by the proteases co-eluted after 
gel filtration chromatography, indicating that they remain together after cleavage. 
The 66 kDa fragment was found to be extremely resistant to proteases and that the 
misleading degradation observed in the SDS-PAGE was a consequence of the 
inefficient neutralisation of the enzymatic reaction and the interaction of the SDS 
molecules with the Vip3A protein. These results were reproduced in the 3d chapter 
with the different Vip3Af protein and the different pest species S. frugiperda. The 
misleading degradation previously reported for the closely related Vip3Aa16 was also 
observed in the Vip3Af at the highest concentration of peptidases used. The 
apparently degraded protein was active against S. frugiperda neonates. When the 
trypsin-activated toxin was further treated with trypsin, the misleading over-
processing of the 62 kDa core was no longer observed in the SDS-PAGE. The 
proteolytic activation of the Vip3A is proposed to be stepwise fashion, which first step 
involves the formation of a toxin core of 62-66 kDa fragment that undergoes a subtle 
folding change likely involved in the insecticidal mechanism. 
In the 4th chapter, the alanine scanning technique was performed on 558 out of the 
total of 788 amino acids of the Vip3Af1 protein. Alanine scanning is a successful 
technique for mapping crucial positions or epitopes in a protein and allows a greater 
insight into protein structure-function relationships. From the 558 residue 
substitutions, 19 impaired protein expression and 11 compromised the insecticidal 
activity against S. frugiperda. Substitutions that reduced insecticidal activity mainly 
clustered in two regions of the protein sequence (amino acids 167-272 and amino 
acids 689-741). Most of the substitutions that impaired the activity to S. frugiperda 
behave likewise to Agrotis segetum, with few exceptions. The characterisation of the 
sensitivity to proteases of these 11 mutant proteins displaying decreased insecticidal 
activity revealed 6 different band patterns as evaluated by SDS-PAGE. The study of 
the intrinsic fluorescence of all selected mutants revealed only slight shifts in the 
emission peak, likely indicating only minor changes in the tertiary structure. An in 
silico modelled 3D structure of Vip3Af1 is proposed for the first time. 
Finally, in the 5th chapter, 12 different mutants were generated by site-directed 
mutagenesis all along the Vip3Af1 protein sequence. Site-directed mutagenesis is a 
common approach to function improvement as well as to deepen in the protein 
knowledge, especially when the protein structure is unknown. Ten of these mutants 
were successfully expressed and were functionally active, highlighting the high 
resilience of the Vip3Af1 sequence. None of the Vip3Af mutations caused an 
improvement of the insecticidal potency against S. frugiperda. Mutations in position 
689 (G689S, G689E and N682K-G689S), as well as mutations E483H and W552H gave 
proteolytic patterns different to the native profile of the wild type. The intrinsic 
emission fluorescence spectra did not show a significant folding change. Implications 
on the intramolecular interactions and on the conformation of the protein are further 
discussed. 
The results obtained in this Thesis give to a better understanding of the protein 
structure and function of Vip3A proteins, which will be helpful for the decision making 
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when and how using B. thuringiensis or its insecticidal proteins as a phytosanitary 
resource in pest management programs and resistance management strategies.
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GENERAL ASPECTS OF Bacillus thuringiensis  

Bacillus thuingiensis (Berliner) is an endospore-forming Gram-positive bacterium that 
is widely used as microbial control agent of insect pests. It was firstly found in 1902 
by the japanesse biologist Shigetane Ishiwatari in dead insects of the silkworm 
Bombyx mori (Lepidoptera: Bombycidae) being responsible of an unknown disease 
affecting the silk industry. The bacterium was named by then as Bacillus sotto in 
reference to the aspect of the infected larvae, but it was not until 10 years later that 
Ernst Berliner properly characterized the bacterium from infected insects of the 
Mediterranean flour moth Ephestia kuehniella (Lepidoptera: Pyralidae) collected 
from the province of Thuringe, in Germany, and in reference to the origin of the 
isolate he named it Bacillus thuringiensis. In the late 20’s, the applicability of the 
microorganism was used for the first time and during the last 50 years for the 
biological control of Ostrinia nubilalis (Lepidoptera: Crambidae) (Melo et al., 2016; 
Sanchis, 2011). 
Bacillus thuringiensis (Bt) is a saprophytic, cosmopolitan and ubiquitous 
microorganism belonging to the Bacillus cereus group. Bt-spores are found in a 
variety of environmental compartments such as soil, dead and living insects, stored 
grains, phylloplane and in stagnant waters surfaces associated to the presence of 
mosquitoes cadavers. Whereas the persistence and growing of Bt in soils and leaves 
surfaces is controversial, it does not need insects for multiplication and the reported 
cases of epizootia are rare. Thus, Bt is best considered as an opportunist pathogen 
(de Maagd et al., 2001; Dubois et al., 2012; Martin, 1994). 

Bacillus thuringiensis APPLICATIONS 

Although the Invertebrate Pathology is a recent science of the mid-twentieth 
Century, the first quotes on insect pathology date back to 2500 BC in China or in 
350 BC in Greece, with reference to natural preparations for counteract silkworm and 
honeybee diseases. Since then, an enormous number of bacteria, virus, fungus, 
nematodes and insects have been considered useful for the protection of goods. The 
use of microbiological control agents (MCA) begun in the 19th Century with the 
investigation of Beauveria bassiana, although it was not a widespread practice until 
the discovery of Bacillus thuringiensis. Since then, several bacterial species have been 
identified including Bacillus thuringiensis (Bt) sub-species, Lysinibacillus sphaericus, 
Paenibacillus spp. and Serratia entomophila (Lacey et al., 2015, 2001; Sanchis, 2011).  
Bacillus thuringiensis produce several proteins which are active against a variety of 
invertebrate organisms. The δ-endotoxins (Cry and Cyt proteins) are produced as 
parasporal crystalline inclusions (Fig. I-1) when the bacterial growth reach the 
stationary phase, whereas Vip proteins are soluble and secreted to the surroundings 
during the exponential growth phase. Other virulent factors that account for the 
toxicity are α-exotoxins, β-exotoxins, hemolysins, enterotoxins, chitinases and 
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phospholipases which contribute to the necrotrophic biology. Additionally, the 
spores have shown a synergistic effect of the insecticidal activity (de Maagd et al., 
2001).  

 

Fig. I- 1. Sporulated culture and parsporal bodies of Bacillus thuringiensis. 
A. Parasporal body protein inclusions containing Cry proteins (in Federici, 1998). B and C (upper images) phase 
photomicrographs of vegetative cells (left) and spores (right), 1000X and (lower images) transmission electron 
micrographs of longitudinal sections of Bacillus thuringiensis (in Sanchis, 2011) . 

The different proteins of Bt are active against different orders of insects such as 
Coleoptera, Lepidoptera, Hemiptera, Diptera (mosquitoes and black flies), 
Hymenoptera, Mallophaga and Blattodea, but also against some nematodes, acari 
(mites and ticks), snails or the protozoan causing human trichomaniasis. Some Cry 
toxins have also been reported to have bactericidal and lectin-like activity (Lacey et 
al., 2015; Melo et al., 2016; Palma et al., 2014). However, Bt is not restricted solely 
to its use as entomopathogen. It has also been reported to promote plant growth 
(PGPR) and it has gained attention in the medical area due to the strong activity 
against human-cancer cell lines of some parasporins. Other interesting industrial 
applications include bioremediation of heavy metals, biosynthesis of silver 
nanoparticles or the production of polyhydroxyalkanoate biopolymer (Jouzani et al., 
2017; Melo et al., 2016; Palma et al., 2014) 
The use of entomopathogens can be done by the 3 strategies of classical, 
conservative and augmentative biological control, although the most common way 
for pest control is the augmentative-inundative application of MCA. The success of 
the use of Bt as MCA is largely due to the practical similarity to conventional 
pesticides: Bt-based products are relatively cheap and easy to formulate, have long 
shelf life and can be applied using conventional application equipment. Furthermore, 
the wide range of pests covered and the high selectivity, as well as the safety and low 
environmental impact makes Bt a desirable tool for crop protection. In addition, the 
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use of Bt is compatible with other strategies for crop management such as 
agricultural practices, biological control using natural enemies and chemical 
treatments. Bt-formulations are by far the MCA most used at a global scale (Fig. I-2) 
and account for almost 98% of the bacterial MCA (Lacey et al., 2015). 

 

Fig. I- 2. Estimated world biopesticide sales by type in 2010 (millions of $US).  
CPL Business Consultants (2010). The 2010 Worldwide Biopesticides Market Summary, vol. 1. CAB International 
Centre, Wallingford in Lacey et al., (2015). 

The first Bt biopesticides used commercially were Sporéine, Thuricide and 
Bactospéine throughout the 1930s and 1960s. After the WorldWar II there was an 
increase in the production and usage of broad spectrum synthetic pesticides as the 
agriculture systems became more intensified (Alexandratos and Bruinsma, 2012; 
Sanchis, 2011). As a consequence of the overused of chemical pesticides, some 
undesirable effects such as environment contamination, health problems for 
consumers and operators and the loss of effectiveness due to insect resistance 
prompted the urgency to develop a more sustainable agriculture. Since the 90’s, 
there is a more rationale use of synthetic pesticides in developed countries but still 
up to 3.8 million tonnes of pesticides are spread annually whereas MCA account only 
for 1-2% of the pesticides global market (De et al., 2014; EPA, 2017; Lacey et al., 2015; 
Tilman et al., 2001). From the total amount of pesticides used worldwide, the large 
part accounts for herbicides followed by insecticides and fungicides, though this 
distribution varies within different regions in the planet (Fig. I-3) (Carvalho, 2006; De 
et al., 2014; EPA, 2017; EUROSTATS).  
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Fig. I- 3. Worldwide consumption of pesticide in De et al., (2014). 

 
Efforts on discovering new MCA or their applications are made from the last 20 years 
in order to face a more sustainable and safe agriculture. Bt products were typically 
formulated as water dispersible granules or wettable powders whereas nowadays, 
low impact formulas based on micro- and nano-formulations are being implemented 
to microbial sprays. Additionally, toxin microencapsulation in inert cells of 
Pseudomonas fluorescens have also been used (De et al., 2014; Hernández-Rodríguez 
et al., 2013; Jouzani et al., 2017; Mahadeva Swamy and Asokan, 2013; Panetta, 1993).  
Bt insecticidal proteins are also being expressed in genetically modified crops (Bt-
crops). Among the biotechnology-based improved crops, Bt-crops are the most 
largely cultivated, together with glyphosate tolerant crops (ISAA; James, 2015; Moar 
et al., 2017). Other type of genetically modified crops (GMO) conferring valuable 
properties such as drought resistance stress or diverse viral disease resistance are 
already available. Furthermore, attempts to apply the utmost cutting edge 
technologies of gene silencing and genome editing such the breakthrough 
CRISPR/CAS technology to biotech-crops are lately being reported (Kupferschmidt, 
2013; Lacey et al., 2015; Li et al., 2012; Shan et al., 2013; Wang et al., 2014).  
 
The use of entomopathogens fits well into integrated pest management (IPM) 
systems. The practical value of MCA do not rely only on the efficacy and the 
production cost, but on additional advantages as the low impact to the environment, 
the unnecessary re-entry and pre-harvest intervals after applications, the safety to 
human consumers and the harmless effect to non-target organisms, which allow the 
preservation of natural enemies and a greater biodiversity in the agrosystem.  
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INSECTICIDAL PROTEINS 

Entomopathogenic bacteria have enormous potential for insect control and they can 
provide us with an arsenal of insecticidal compounds (de Maagd et al., 2003). By far, 
the most widely used and best known insecticidal proteins are the Cry proteins from 
Bacillus thuringiensis. These proteins accumulate in the parasporal crystal at the time 
of sporulation and are released into the culture medium only after the cell wall 
disintegrates. Formulations based on B. thuringiensis crystals and spores have been 
successfully used to control a wide range of lepidopteran pests, as well as some 
coleopteran, blackfly, and mosquito species (Sanahuja et al., 2011; Sanchis, 2011). 
The insecticidal potency of some Cry proteins is such that their respective cry genes 
have been transferred to plants, conferring total or very high protection against the 
most damaging pests (Estruch et al., 1997; James, 2014; Shelton, 2012).  
Despite the wide success of Cry proteins in insect control, some important pests were 
found to be highly tolerant to Cry proteins, such as Agrotis ipsilon (Lepidoptera: 
Noctuidae) and Diabrotica spp. (Coleoptera: Chrysomelidae), which cause significant 
damage to corn seedlings. Screening programs that aimed to evaluate insecticidal 
active components in culture supernatants from Bacillus isolates identified a culture 
supernatant from Bacillus cereus AB78, which resulted in 100% mortality of 
Diabrotica virgifera virgifera and Diabrotica longicornis barberi larvae (Warren, 
1997). The active component in this supernatant was found to be proteinaceous. 
Anion exchange chromatography followed by SDS-PAGE showed that the insecticidal 
activity was due to two different proteins of 80 and 45 kDa, which were named 

Vip1Aa and Vip2Aa, respectively (from Vegetative Insecticidal Protein). Sequences 
with homology to the respective vip1Aa and vip2Aa genes were found in about 12% 
of the 463 B. thuringiensis strains tested (Warren, 1997). In the same study, the 
vegetative culture supernatant from B. thuringiensis strain AB88 contained an 88.5 
kDa protein that was highly toxic to A. ipsilon and other lepidopteran larvae, which 
was named Vip3Aa. More recently, Vip4Aa was reported by direct sequence 
submission to the NCBI GenBank (accession number AEB52299). In silico analysis 
predicted a molecular mass of approximately 108 kDa for Vip4Aa (Palma et al., 2014). 
Alternative names for Vip proteins were also given before the standardization by the 
Bt Toxin Nomenclature Committee (Crickmore et al., 2014) (Fig. I-4), such as 
Insecticidal Secreted Proteins (Isp), with the classes Isp1, Isp2, and Isp3 (NCBI 
GenBank accession numbers AJ871923, AJ871924, AJ872070), which are 
homologous to Vip1, Vip2, and Vip3, respectively. It should be mentioned that 
another secreted insecticidal protein from B. thuringiensis, named Sip, has been 
reported. This protein shares no homology to the Vip proteins and should not be 
mistaken with one of them (Donovan et al., 2006). 
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Fig. I- 4. Nomenclature system for Vip proteins.  
The system consists of four ranks based on the amino acid sequence identity (Crickmore et al., 2014). The 
primary, secondary, and tertiary ranks distinguish proteins with less than approximately 45, 78, and 95% 
sequence identity, respectively. The quaternary rank distinguishes proteins sharing >95% sequence identity, 
which can be considered products of “allelic” forms of the same gene, but can also have the same sequence 
which originated from different isolates. 

To date, 15 Vip1, 20 Vip2, 105 Vip3, and one Vip4 proteins have been reported 
(Crickmore et al., 2014, accessed on May 2017). Fig. I-5 shows the dendrogram with 
the hierarchy of the Vip proteins based on their degree of amino acid identity. Vip1 
and Vip2 act as binary toxins for some Coleoptera and Hemiptera (Feitelson et al., 
2003; Sattar and Maiti, 2011; Schnepf et al., 2003; Warren, 1997; Yu et al., 2011a), 
and Vip3 are active against a wide range of species of Lepidoptera (Estruch et al., 
1996; Ruiz de Escudero et al., 2014). No target insects have been found as yet for 
Vip4. In contrast to the Cry protein family, Vip1, Vip2, and Vip3, and Vip4 share almost 
no sequence homology among each other, with Vip1 and Vip4 being the most similar 
(34% amino acid identity). 
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Fig. I- 5. Dendogram showing the relationships among Vip proteins based on their degree of amino acid identity.  

Amino acid sequences were aligned using the Clustal X interface (Thompson et al., 1997). The evolutionary 

distance was calculated by the maximum likelihood analysis and the tree was constructed using the MEGA5 
program (Tamura et al., 2011). Accession numbers of the protein sequences used in this analysis: Vip1Aa1 ([Seq. 
ID no.] 5 in Warren et al., 1998), Vip1Ab1 (Seq. ID no. 21 in Warren et al., 1998), Vip1Ac1 (accession number 
HM439098), Vip1Ad1 (accession number JQ855505), Vip1Ba1 (accession number AAR40886), Vip1Bb1 
(accession number AAR40282), Vip1Ca1 (accession number AAO86514), and Vip1Da1 (accession number 
CAI40767), Vip2Aa1 (RCSB Protein Data Bank accession number 1QS1A), Vip2Ab1 (Seq. ID no. 20 in Warren et 
al., 1998),  Vip2Ac1 (accession number AAO86513), Vip2Ad1 (accession number CAI40768), Vip2Ae1 (accession 
number EF442245), Vip2Af1 (accession number ACH42759), Vip2Ag1 (accession number JQ855506), Vip2Ba1 
(accession number AAR40887), Vip2Bb3 (accession number KJ868170), Vip3Aa1 (accession number AAC37036), 
Vip3Ab1 (accession number AAR40284), Vip3Ac1 (named PS49C; Seq. ID no. 7 in Narva and Merlo patent 
application US20040128716), Vip3Ad2 (accession number CAI43276), Vip3Ae1 (accession number CAI43277), 
Vip3Af1 (accession number CAI43275), Vip3Ag2 (accession number FJ556803), Vip3Ah1 (accession number 
DQ832323) Vip3Ai1 (accession number KC156693), Vip3Aj1 (accession number KF826717), Vip3Ba1 (accession 
number AAV70653), Vip3Bb2 (accession number ABO30520), Vip3Ca1 (accession number ADZ46178), Vip4Aa1 
(accession number HM044666). 
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The binary Vip1/Vip2 toxin  

In addition to B. cereus and B. thuringiensis, vip1 and vip2 genes have also been found 
in other bacterial species, such as Lysinibacillus sphaericus (formerly known as 
Bacillus sphaericus) and Brevibacillus laterosporus (Ruiu, 2013; Schnepf et al., 2003). 
Studies on the distribution of vip1 and vip2 genes have shown that they are found in 
around 10% of B. thuringiensis strains (Hernández-Rodríguez et al., 2009; Sattar et 
al., 2008; P.R. Shingote et al., 2013; Warren, 1997; Yu et al., 2011b). These two genes 
have been found in the same operon, and with two different open reading frames 
separated by an intergenic spacer of 4 to 16 bp within a 4 to 5 kb genomic sequence 
(Bi et al., 2015; Shi et al., 2007; Warren, 1997), and in a megaplasmid (around 328 kb 
length) in B. thuringiensis strain IS5056 (Murawska et al., 2013). At the time of writing 
this thesis the “Bacillus thuringiensis Toxin Nomenclature” data base lists the 
following vip1 and vip2 genes: 3 vip1Aa, 1 vip1Ab, 1 vip1Ac, 1 vip1Ad, 2 vip1Ba, 3 
vip1Bb, 1 vip1Bc, 2 vip1Ca, and 1 vip1Da, and 3 vip2Aa, 1 vip2Ab, 2 vip2Ac, 1 vip2Ad, 
3 vip2Ae, 2 vip2Af, 2 vip2Ag, 2 vip2Ba, and 4 vip2Bb (Crickmore et al., 2014). 
Vip1 and Vip2 proteins are expressed concomitantly, and translation from the same 
transcript appears to be essential to ensure high levels of both proteins. They are 
produced during the vegetative growth phase of B. thurigiensis and their levels 
remain high until after the sporulation stage. The gene transcripts are detected at 
the start of the logarithmic phase, reaching their maximum expression in the 
stationary phase, and remaining at high levels in the sporulation stage (Bi et al., 2015; 
Estruch et al., 1996; Shi et al., 2007, 2004).  

Protein Structure and Function 

Classical bacterial A-B toxins, such as the cholera toxin, interact with cells as a 
complex composed of one or several polypeptides associated in solution (in the case 
of the cholera toxin, the A component is surrounded by 5 B-polypeptides). 
Alternatively, Gram positive bacilli from the genera Clostridium and Bacillus produce 
proteins (A+B toxins) with a synergistic binary mode of action in which the two 
proteins do not form an aggregate before binding to the cell surface (Barth et al., 
2004). The Vip1/Vip2 toxin is an example of an A+B toxin related to mammalian toxins 
from Clostridium spp. (C. botulinum, C. difficile, C. perfringens, and C. spiroforme) and 
B. anthracis. Sequence homology with the mammalian toxins, the lack of toxicity of 
the individual proteins, translational frameshift mutation experiments of the vip1 
gene, along with toxicity bioassays against susceptible insects confirmed the binary 
mode of action of these proteins (Warren, 1997).  
Sequence analysis of the Vip1Aa and Vip2Aa proteins revealed the presence of an N-
terminal signal peptide of about 30 and 50 amino acids, respectively (Shi et al., 2007, 
2004; Warren et al., 1998). The signal peptide was shown to be cleaved during 
secretion, rendering mature proteins of approximately 82 kDa (for Vip1Aa) and 45 
kDa (for Vip2Aa) (Bi et al., 2015; Warren, 1997). Sequence alignment revealed that 
the N-terminus of Vip1 is highly conserved (75-91% identity) (Fig. I-6). In contrast, the 
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C-terminus of Vip1 is much less conserved (23-35% identity) (Shi et al., 2007, 2004; 
Warren, 1997).  
 

 
Fig. I- 6. Multiple-sequence alignment of the Vip1 proteins.  
Sequence identity is indicated by shading, where violet is 100% sequence identity, pale blue is 80–100%, yellow 
is 60–80%, and white is < 60%. Intervals of 10 amino acids are marked with “*”. “SP”: Signal Peptide. Proteins 
used in this analysis are as follows: Vip1Aa1 (Seq. ID no. 5 in Warren et al., 1998), Vip1Ab1 (Seq. ID no. 21 in 
Warren et al., 1998), Vip1Ac1 (accession number HM439098), Vip1Ad1 (accession number JQ855505), Vip1Ba1 
(accession number AAR40886), Vip1Bb1 (accession number AAR40282), Vip1Ca1 (accession number 
AAO86514), and Vip1Da1 (accession number CAI40767). 

Vip1 has moderate sequence identity with the binding component C2-II of the C2 
C. botulinum toxin (29%), and the Ib of the iota toxin from C. perfringens (31%). It also 
shares 33 to 38% identity with the C. spiroforme toxin and the B. anthracis protective 
antigen, and with the toxin B of C. difficile at amino acids 142-569 (Leuber et al., 2006; 
Shi et al., 2007, 2004). Vip2 shares more than 30% sequence identity with the 
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clostridial Rho-ADP-ribosylating exotoxin C3 (Han et al., 1999). These similarities 
suggested that the Vip1 protein is the “B” component, and that the Vip2 protein is 
the “A” component of the binary toxin (Barth et al., 2004). Thus, Vip1 would act as 
the binding and translocation component (channel forming protein) (Blaustein et al., 
1989; Knapp et al., 2002; Schmid et al., 1994), and Vip2 would enter the cell and exert 
its toxic effect.  
Vip2 is an NAD-dependent actin-ADP-ribosylating toxin (Jucovic et al., 2008) which 
has two distinctive domains: the N-terminal domain (comprised of the amino acids 
from 60-265) and the C-terminal domain (comprised of the amino acids from 266-
461), which is the NAD-binding domain (Fig. I-7) (Han et al., 1999).  

 
Fig. I- 7. Multiple-sequence alignment of the Vip2 proteins.  
Sequence identity is indicated by shading, where violet is 100% sequence identity, pale blue is 80–100%, yellow 
is 60–80%, and white is < 60%. Intervals of 10 amino acids are marked with “*”. “SP”: Signal Peptide. The N-
terminal domain (N-Domain) and C-terminal domain (C-domain) are framed within boxes. The proteins used in 
this analysis are as follows: Vip2Aa1 (RCSB Protein Data Bank accession number 1QS1A), Vip2Ab1 (Seq. ID no. 
20 in Warren et al., 1998), Vip2Ac1 (accession number AAO86513), Vip2Ad1 (accession number CAI40768), 
Vip2Ae1 (accession number EF442245), Vip2Af1 (accession number ACH42759), Vip2Ag1 (accession number 
JQ855506), Vip2Ba1 (accession number AAR40887), Vip2Bb3 (accession number KJ868170).  

Despite their limited sequence homology to each other, the crystallography structure 
analysis of the Vip2 N- and C-terminal domains showed homology in their structure 
(Fig. I-8). Each domain core is formed mainly by the perpendicular packing of a five-
stranded mixed β-sheet with a three-stranded antiparallel β-sheet. The three-
stranded sheet is flanked by four consecutive α-helices, and the five-stranded sheet 
by an additional α-helix (Han et al., 1999). The overall fold of each domain resembles 
the catalytic domains of classical A-B toxins. In fact, crystal structure superposition of 
Vip2 and the clostridial toxin C3, along with sequence alignment, suggests that the 
class of Vip2 toxins has arisen by a single gene duplication of an ancestral ADP-ribosyl 
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transyl transferase. This duplication event would have been followed by further 
divergence by which the N-terminal domain would have lost the catalytic function 
and evolved into a binding component, to finally give rise to a new protein family with 
the ability to bind to other carrier proteins (e.g., Vip1), and thereby act as binary 
toxins (Barth et al., 1998; Han et al., 2001, 1999). 

 
Fig. I- 8.: Tridimensional structure of Vip2 showing the two domains in different colors (N-domain in blue and C-
domain in orange).  
(a) Schematic ribbon representation showing the NAD molecule (in blue) bound to the C-terminal domain. (b) 
Schematic drawing with secondary structure nomenclature (reprinted from Han et al., (1999) by permission from 
Macmillan Publishers Ltd.).  

Insecticidal Activity  

The toxicity of Vip1, Vip2, and their combination has been tested against a number 
of insect species belonging to the orders Coleoptera, Lepidoptera, Diptera, and 
Hemiptera, as well as in nematodes (Table I-1). So far, toxicity has been found against 
10 coleopteran species (Bi et al., 2015; Boets et al., 2011; Feitelson et al., 2003; 
Schnepf et al., 2003; Prashant R Shingote et al., 2013; Warren, 1997) and to the 
hemipteran Aphis gossypii (Sattar and Maiti, 2011; Yu et al., 2011a). 
Testing of individual Vip1 or Vip2 proteins against a number of insect species from 
different orders has confirmed the fact that they must act together to be toxic, since 
alone neither displayed any toxic activity against the species tested (Table I- 1). 
Another interesting feature of these toxins comes from experiments combining 
different pairs of proteins. The binary toxin Vip1Aa/Vip2Aa (carried and expressed 
from the same operon) is active against D. virgifera virgifera, but Vip1Ab/Vip2Ab 
(carried and expressed from the same operon) has no activity against this insect. 
Interestingly, the Vip1Aa/Vip2Ab combination is active, whereas its counterpart 
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Vip1Ab/Vip2Aa is not, suggesting that the lack of toxicity of the Vip1Ab/Vip2Ab pair 
to D. virgifera virgifera is due to the Vip1Ab component (Warren, 1997).  

Table I- 1. Activity spectrum of individual Vip1 and Vip2 protoxins and their combinations as binary 
toxins (1/2). 

 
For information on the source of the toxicity data, please refer to Chakroun et al., 2016a,2016b. 
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Table I- 1. Activity spectrum of individual Vip1 and Vip2 protoxins and their combinations as binary 
toxins (continued, 2/2). 

 
For information on the source of the toxicity data, please refer to Chakroun et al., 2016a,2016b. 

Mode of Action 

The molecular mechanism of the insecticidal activity of the Vip1/Vip2 toxin is not 
totally understood (Fig. I-9). The multistep process begins with the ingestion of the 
toxin by the larva, probably followed by the proteolytic activation in the midgut by 
trypsin-like proteases. The activated monomer of Vip1Ac has been shown to form 
oligomers containing seven Vip1 molecules (Leuber et al., 2006). These oligomers 
would recognize specific receptors in the midgut brush border membrane, where the 
toxin would then insert into the membrane. Evidence that the Vip1 component is 
involved in receptor recognition was in part provided by the fact that Vip1Aa cannot 
be replaced by Vip1Ab without losing toxicity to D. virgifera virgifera (Warren, 1997). 
The first Vip1-binding protein receptor described for a Vip1 protein by ligand blot 
experiments was identified in A. gossypii by ligand blot and was approximately 50 kDa 
in size; concomitantly, no binding of Vip1 was observed to brush border membrane 
vesicles (BBMV) from non-susceptible insect species (Sattar and Maiti, 2011). 
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Fig. I- 9. Proposed mode of action of the binary Vip1/Vip2 toxin. The Vip1 protoxin is proteolytically processed by 
midgut proteases. The activated toxin binds to specific receptors either as a monomeric form or after 
oligomerization. Vip2 then binds to the oligomeric Vip1 protein and enters the cell either by endocytosis of the 
whole complex or directly through the pore formed by Vip1. Once inside the cytosol, Vip2 would catalyze the 
transfer of the ADP-ribose group from NAD to the actin monomers, preventing their polymerization. 

 
In vitro experiments showed that Vip1 formed membrane pores in artificial lipid 
bilayers (Leuber et al., 2006). The pores had two different conductance states, 
suggesting the simultaneous formation of two different channels. Vip1Ac channels 
are asymmetric and moderately anion selective. The putative channel-forming 
domain of Vip1 contains two negatively charged (E340 and E345) and two positively 
charged (K351 and H363) amino acids, which are hypothesized to contribute to the 
selectivity of the channel (Leuber et al., 2006). 
The mechanism by which Vip2 enters the cell is still unknown, but based on its 
homology with the C2-I component of the C2 clostridial binary toxin, it seems likely 
that Vip2 enters the cell via receptor-mediated endocytosis (Barth et al., 2004). 
Leuber et al. (2009) have proposed that a second possibility, in which the strong 
outward proton gradient across the midgut brush border membrane of insect cells 
(maintained by the highly alkaline midgut fluids of the larvae) could favor that Vip2Ac 
be “directly” delivered into the cytoplasm of the midgut cells via the channel formed 
by Vip1Ac. Experimental evidence favoring either one of these mechanisms is lacking. 
Once inside the cytosol, the catalytic Vip2 domain would catalyze the transfer of the 
ADP-ribose group from NAD to actin, preventing its polymerization and thus 
inhibiting microfilament network formation (Han et al., 1999; Jucovic et al., 2008).  
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Expression in Plants 

Despite the economic importance of Vip1 and Vip2 as effective toxins against the 
major corn pest D. virgifera virgifera, the expression of the binary toxin in planta has 
not been possible due to the cytotoxic activity of the Vip2 protein. In fact, Vip2 
expression in yeast resulted in serious developmental pathology and phenotypic 
alterations (Jucovic et al., 2008). To overcome this problem, Jucovic et al. (2008) 
designed a new zymogene strategy which consisted of the expression of a zymogenic 
form of Vip2 called “ProVip2”. The Vip2 proenzyme was obtained by extension of the 
C-terminal portion of the protein in such a way that it masked the enzymatic activity. 
The additional C-terminal peptide was effectively eliminated by the proteolytic action 
of D. virgifera virgifera midgut enzymes, and insects on a diet containing ProVip2 
transgenic corn and Vip1 were all killed. Transformed plants had a phenotype 
unrecognizable from controls. 

The Vip3 lepidopteran-active protein 

Similarly to the Vip1 and Vip2 proteins, Vip3 proteins are produced during the 
vegetative growth phase of B. thuringiensis and can be detected in culture 
supernatants from 15 h post-inoculation to beyond sporulation, which reflects their 
high stability (Estruch et al., 1996; Mesrati et al., 2005). A study of the vip3Aa16 gene 
reported that the transcription start point was located at 101 bp upstream of the 
start codon, and that the -35 and -10 promoter regions were very similar to the B. 
subtilis promoters that are under the control of the σE holoenzyme. These results 
strongly suggested that the vip3Aa16 gene is transcribed by a σ35 holoenzyme, the B. 
thuringiensis homolog of σE (Mesrati et al., 2005). 
Genes coding for Vip3 proteins are commonly found among B. thuringiensis strains, 
and hence some studies have found them even in 50 and up to 87% of the strains 
tested, and in more than 90% of strains carrying cry1 and cry2 genes (Beard et al., 
2008; Espinasse et al., 2003; Hernández-Rodríguez et al., 2009; Liu et al., 2007; 
Mesrati et al., 2005; Rice, 1999; Yu et al., 2011b). vip3 genes are approximately 2.4 
kb in length and they are normally carried on large plasmids (Mesrati et al., 2005; Wu 
et al., 2004), although in some cases they have been proposed to be located in the 
bacterial chromosome (Franco-Rivera et al., 2004). Many screening strategies of B. 
thuringiensis isolates have been performed with the aim of isolating new vip3 genes 
(Abulreesh et al., 2012; Asokan et al., 2012; Baranek et al., 2015; Bhalla et al., 2005; 
Franco-Rivera et al., 2004; Hernández-Rodríguez et al., 2009; Liu et al., 2007; 
Loguercio et al., 2002; Murawska et al., 2013; Rang et al., 2005; Sattar et al., 2008). 
At the time of writing this document, there are 63 vip3Aa, 2 vip3Ab, 1 vip3Ac, 6 
vip3Ad, 1 vip3Ae, 4 vip3Af, 15 vip3Ag, 1 vip3Ah, 1 vip3Ai, 2 vip3Aj, 2 vip3Ba, 3 vip3Bb, 
and 4 vip3Ca genes reported (Crickmore et al., 2014, accessed on May 2017). It is not 
surprising that most of the studies on the Vip3 proteins have been carried out with 
the most abundant Vip3Aa proteins, and hence very little information is available on 
Vip3B and Vip3C proteins and on other less common proteins of the Vip3A family 
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(Vip3Ab, Vip3Ac, etc.). Unfortunately, early papers omitted the tertiary rank in the 
Vip3 name, referring just to Vip3A. Although these studies were most likely carried 
out on Vip3Aa, in this document it was followed the nomenclature provided by the 
authors whenever we found not possible to identify the protein by either the 
accession number or by any other means.  

Protein Structure and Function 

The number of amino acids in any particular Vip3 protein is around 787, and the 
protein has an average molecular mass of approximately 89 kDa. The N-terminus of 
Vip3 is highly conserved, while the C-terminal region is highly variable (Rang et al., 
2005; Ruiz de Escudero et al., 2014; Wu et al., 2007) (Fig. I-10) and it has been 
proposed to be involved in target specificity (Wu et al., 2007).  
Vip3A proteins contain three cysteine residues. Point mutations in each of these 
three residues resulted in loss of activity. However, this loss of activity was related 
with trypsin sensitivity rather than to the disruption of potential disulfide bonds 
(Dong et al., 2012b).  
The N-terminus of Vip3 proteins contains a signal peptide which is responsible for the 
translocation of the protein to the periplasmic space across the cell membrane. It 
consists of a few positively charged amino acids, followed by a hydrophobic region, 
which are not removed after secretion from the bacterial cell (Chen et al., 2003; Doss 
et al., 2002; Estruch et al., 1996). Without a clear putative cleavage site, the extent 
of the signal peptide varies depending on the protein sequence itself and on the 
program used for prediction, and ranges from 11 to 28 amino acids (Chen et al., 2003; 
Doss et al., 2002; Estruch et al., 1996). Since the secretion of proteins commonly 
implies the excision of the signal peptide, the secretion mechanism for the Vip3 
proteins is still unclear. 
The highly conserved amino acid sequence of the N-terminal region of Vip3A proteins 
is an indication that this region likely plays an important role in either the protein 
folding or by directly affecting binding to the membrane receptors. However, 
contradictory results have been obtained in experiments testing the insecticidal 
activity of mutant Vip3A proteins with deletions at the N-terminal end. Deletion of 
the first 198 amino acids (which corresponds to the 22 kDa proteolytic fragment 
described by Estruch and Yu (Estruch and Yu, 2001) abolished the toxicity to 
Helicoverpa armigera (Lepidoptera: Noctuidae) and Spodoptera exigua (Lepidoptera: 
Noctuidae) (Li et al., 2007). 
Deletion of the first 27 N-terminal amino acids from Vip3Aa rendered the protein 
inactive due to total loss of solubility (Chen et al., 2003). The deletion of the first 39 
N-terminal amino acids from Vip3Aa differentially affected the toxicity of this protein 
toward the two susceptible insect species: Spodoptera litura (Lepidoptera: 
Noctuidae) and Chilo partellus (Lepidoptera: Crambidae) (Selvapandiyan et al., 2001). 
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Fig. I- 10. Multiple-sequence alignment of the Vip3 proteins.  
Sequence identity is indicated by shading, where violet is 100% sequence identity, pale blue is 80–100%, yellow 
is 60–80%, and white is < 60%. Intervals of 10 amino acids are marked with “*”. “SP”: Signal Peptide. “T”: 65-
kDa fragment after proteolysis: “PPS1” and “PPS2”, first and second processing sites, respectively (as described 
in Rang et al., 2005). The proteins used in this analysis are as follows: Vip3Aa1 (accession number AAC37036), 
Vip3Ab1 (accession number AAR40284), Vip3Ac1 (named PS49C; Seq. ID no. 7 in Narva and Merlo patent 
application US20040128716), Vip3Ad2 (accession number CAI43276), Vip3Ae1 (accession number CAI43277), 
Vip3Af1 (accession number CAI43275), Vip3Ag2 (accession number FJ556803), Vip3Ah1 (accession number 
DQ832323) Vip3Ai1 (accession number KC156693), Vip3Aj1 (accession number KF826717), Vip3Ba1 (accession 
number AAV70653), Vip3Bb2 (accession number ABO30520), Vip3Ca1 (accession number ADZ46178), Vip4Aa1 
(accession number HM044666). 
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Contrary to the above results, Gayen et al. (2012) found that deletion of the first 200 
N-terminal amino acids enhanced the insecticidal potency of the core active toxin 
about 2 to 3-fold against H. armigera, A. ipsilon, Spodoptera littoralis (Lepidoptera: 
Noctuidae), and Scirpophaga incertulas (Lepidoptera: Pyralidae). Similarly, in another 
study (Bhalla et al., 2005), deletion of 33 amino acids from the Vip3Aa N-terminus 
caused no loss of toxicity against S. litura, Plutella xylostella (Lepidoptera: Plutellidae), 
and Earias vitella (Lepidoptera: Noctuidae).  
The function of some C-terminal modifications has also been studied without leading 
to a general conclusion. Usually, the effect of the same change varies among different 
insect species, preventing a consensus about the contribution of certain regions or 
amino acid positions to the toxicity of Vip3A proteins (Bhalla et al., 2005; Chen et al., 
2003; Gayen et al., 2012; Li et al., 2007; Selvapandiyan et al., 2001). There is general 
agreement in that the last amino acids of the C-terminus are critical for the activity 
and stability of Vip3 proteins, since their deletion, substitution by non-conservative 
residues, or addition of amino acids to the end of the protein, completely abolishes 
the protein activity (Gayen et al., 2012; Selvapandiyan et al., 2001) and the 
susceptibility to proteases (Estruch and Yu, 2001; Li et al., 2007). A triple mutation at 
the C-terminus of Vip3Aa1 resulted in an unstable protein that was completely 
hydrolyzed by the midgut juice of A. ipsilon larvae but retained toxicity against Sf9 
cells (Estruch and Yu, 2001). 
An analysis of the Vip3 protein sequences conducted by the authors of this review, 
and performed with the NCBI-CDD database (Marchler-Bauer et al., 2011), revealed 
the presence of a carbohydrate binding motif (CBM_4_9 superfamily, pfam02018) in 
all of the Vip3 proteins with the exception of Vip3Ba (Fig. I- 11). The CBM spans from 
position 536 to a position near amino acid 652, with a consistent e-value between 10 
e-4 and 10 e-17, depending on the Vip3 protein considered. The analysis of Vip3 
sequences also revealed positive hits with different multi-domains in the N-terminal 
region, with lower e-values of around 10 e-4, and with differences depending on the 
Vip3 protein being considered. We did not detect any hydrophobic region susceptible 
to forming a transmembrane domain other than the short succession of hydrophobic 
amino acids in the signal peptide (Doss et al., 2002; Estruch et al., 1996).  
Comparison of the Vip3Aa1 sequence with that of the Vip3B and Vip3C type proteins 
reveals differences distributed throughout the length of the protein (Fig. I-10). 
Nevertheless, maximum divergence was found at the C-terminus, as occurs among 
Vip3A family proteins. The N-termini of the putative signal sequences of Vip3B and 
Vip3C are almost identical to that of all Vip3A proteins. The proteolytic processing 
sites are less conserved among the three Vip3 proteins, but major differences are 
found in the middle of the protein sequence; the insertion of 5 amino acids 
downstream of the first processing site for Vip3Ca1, and 17 amino acids downstream 
of the second processing site for Vip3Ba1 are responsible for the change in the 
expected size of the toxin “active form” from 66 kDa to 69 kDa. The Vip3B inserted 
sequence consists of three repetitions of the pattern DCCEE, which is characterized 
by its high content of negatively charged amino acids (D and E) and cysteine residues. 
From a total of 11 cysteine residues found in Vip3B proteins, eight (78%) are located 
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in this inserted sequence (Palma et al., 2012; Rang et al., 2005). Whether the 
insertion of this repetitive pattern contributes to the limited insecticidal activity of 
the Vip3B proteins is not known.  

 

Fig. I- 11. Conserved Domain (CDD) Analysis of representative Vip3 proteins.  
The same sequences as in Fig.I- 10 were used. CBM: carbohydrate binding motif; ApbA: ketopantoate reductase 
motif; Tar: methyl-accepting chemotaxis protein motif; COG1511: motif of a predicted protein membrane of 
unknown function; TIGR03545 represents a relatively rare but broadly distributed uncharacterized protein family 
of proteins, distributed in 1-2% of bacterial genomes. 

The chrystallographic 3D structure of Vip3 proteins has not yet been elucidated. It 
has been recently described that Vip3A proteins form heterotetramers as pro-toxins 
and toxins (Kunthic et al., 2016; Palma et al., 2017). Secondary structure prediction 
suggests that the N-terminus is mainly composed of α-helix structures, whereas the 
essential components of the C-terminus are β- structures and coils, which would be 
consistent with its proposed role in insect specificity (Rang et al., 2005; Wu et al., 
2007). The fact that Vip3 proteins do not show homology to any protein outside their 
group prevents in silico modeling based on structure homology. Only a partial tertiary 
structure of the Vip3 protein corresponding to the last 200 amino acids has been 
modelled by homology to domain II of the Cry proteins (Wu et al., 2007).  
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Insecticidal Activity 

Most of the information on the insecticidal activity of Vip3 proteins has been 
obtained with the most abundant variants of the Vip3Aa subfamily, and very little 
data exists on the toxicity of Vip3B, Vip3C, and other Vip3A proteins outside of the 
Vip3Aa subfamily.  
 Insecticidal spectrum of Vip3 proteins. Vip3A proteins are toxic to a large 
number of lepidopteran species. It is worth mentioning that Vip3A proteins are very 
active against insect species from the genus Agrotis, which are known to be tolerant 
to Cry proteins, and also to species from the genus Spodoptera, which display low 
susceptibility to Cry proteins (Van Frankenhuyzen and Nystrom, 2009). In this regard, 
it has been shown that deletion of the vip3A gene from the B. thuringiensis HD1 strain 
significantly decreased its toxicity towards A. ipsilon and S. exigua (Donovan et al., 
2001). On the other hand, other species susceptible to Cry proteins, such as Ostrinia 
nubilalis (Lepidoptera: Crambidae), Culex quinquefasciatus (Diptera: Culicidae), and 
Chironomus tepperi (Diptera: Chironomidae), are marginally or not susceptible to any 
Vip3A protein tested (Doss et al., 2002; Estruch et al., 1996; Yu et al., 1997, 2012). 
With Vip3 proteins, depending on the Vip3 protein and the insect species considered, 
it is not uncommon to find that, while the mortality is reached at a high concentration 
of Vip3 protein, a strong growth inhibition (or even complete growth arrest) is 
observed at lower concentrations (Abdelkefi-Mesrati et al., 2011b; Ben Hamadou-
Charfi et al., 2013; Jamoussi et al., 2009; Palma et al., 2012; Ruiz de Escudero et al., 
2014). Therefore, the “functional mortality” (dead insects plus those remaining at L1) 
better represents the effectivity of the Vip3 protein in those cases (Ali and Luttrell, 
2011; Chakroun et al., 2012; Ruiz de Escudero et al., 2014). 
Table I- 2 summarizes the results which have been reported on the insecticidal 
activity of proteins of the Vip3Aa subfamily. Only the values of the protoxin form are 
given since there are no reports indicating relevant differences in the insecticidal 
activity between the protoxin and the activated form (Ruiz de Escudero et al., 2014), 
with the exceptions of Vip3Aa16 against S. exigua and Vip3Af1 against Spodoptera 
frugiperda (Lepidoptera: Noctuidae) (Chakroun et al., 2012; Hernández-Martínez et 
al., 2013). Despite the very small differences among Vip3Aa sequences, some 
proteins may exhibit significant differences in toxicity to the same insect species 
(Palma et al., 2013a; Ruiz de Escudero et al., 2014; Selvapandiyan et al., 2001). For 
example, among all Vip3Aa proteins tested, only Vip3Aa1 and Vip3Aa14 have been 
described as low or non-active against H. armigera (Table I-2). Nonetheless, 
considering that most of the data in Table I-2 were obtained in different laboratories, 
insecticidal differences are likely to come from factors other than slight differences 
in protein sequence, such as the protocol used for protein preparation, purity of the 
sample, method of quantification, bioassay conditions, or variability among insect 
populations. Independent laboratories have observed a decrease in the toxicity of 
some Vip3A proteins after purification with metal-chelate chromatography (Baranek 
et al., 2015; Hernández-Martínez et al., 2013). The effect of the method of 
purification on the toxicity depends on both the type of protein and the insect species  
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Table I- 2. Spectrum of Activity and toxicity of the Vip3Aa subfamily proteins (1/2). 
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Table I-2. Spectrum of Activity and toxicity of the Vip3Aa subfamily proteins (continued, 2/2). 

 
a Unless otherwise stated, LC50s are given in nanograms per square centimeter and refer to the protoxin form of the 
proteins. NA, not active; NI, no information on the LC50 is 
available, although the protein was active. 
b Although the LC50 is given in nanograms per square centimeter, the bioassay was performed by using diet 
incorporation. 
c

 —, not specified. 
d The 50% inhibitory concentration is shown instead of the LC50. 
For information on the source of the toxicity data, please refer to Chakroun et al., 2016a,2016b. 
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tested. The length of the bioassay can also drastically affect the final outcome with 
some proteins, as has been shown for Vip3Aa16 with S. exigua and S. frugiperda, for 
which the LC50 values decreased by a factor of 10 when mortality was scored at 10 d 
instead of 7 d (Chakroun et al., 2012). Ali and Lutrell (2011) found that the insecticidal 
response of Helicoverpa zea and Heliothis virescens (Lepidoptera: Noctuidae) to 
Vip3Aa varied greatly among different batches of the same protein as well as with 
the buffer used.  
Table I- 3 summarizes the bioassay data on Vip3A proteins other than those of the 
Vip3Aa subfamily, and Table I-4 that of Vip3 proteins other than those of the Vip3A 
family.  

Table I- 3 Spectrum of Activity and toxicity of the Vip3A proteins other than those of the Vip3Aa 
subfamily.  

 
For information on the source of the toxicity data, please refer to Chakroun et al., 2016a,2016b. 



Introduction 

PhD Thesis: B. thuringiensis Vip3A structure-function relationship 56 

Table I- 4. Spectrum of activity and toxicity of Vip3B and Vip3C protein families. 

 
For information on the source of the toxicity data, please refer to Chakroun et al., 2016a,2016b. 

 Interactions with other insecticidal proteins. Synergism has been observed 
between the Vip3Aa and Cyt2Aa proteins against Chilo suppressalis (Lepidoptera: 
Crambidae) and S. exigua after their co-expression in E. coli; contrarily, this protein 
combination was slightly antagonistic on C. quinquefasciatus (Yu et al., 2012). 
Bergamasco et al., (2013) reported synergism between Vip3A and Cry1Ia in three 
Spodoptera species (S. frugiperda, S. albula, and S. cosmioides (Lepidoptera: 
Noctuidae)) but slight antagonism in Spodoptera eridania (Lepidoptera: Noctuidae). 
Antagonism between Vip3A and Cry1A or Cry1Ca proteins was described in 
H. virescens (Lemes et al., 2014): antagonism was found in combinations of Cry1Ca 
with Vip3Aa, Vip3Ae, or Vip3Af, and of Vip3Af with either Cry1Aa or Cry1Ac. In the 
same study, Vip3Aa and Cry1Ca showed antagonism in S. frugiperda, whereas the 
same combination was synergistic in Diatraea saccharalis (Lepidoptera: Crambidae).  
The mechanisms underlying synergism and antagonism are unknown. For the 
antagonism between the Vip3A and Cry1C proteins, Lemes et al., (2014) 
hypothesized a physical interaction of the two proteins impairing the access of the 
binding epitopes to the membrane receptor. Hetero-oligomer formation with 
increased ability of membrane insertion or pore formation has been proposed to 
explain synergism between Cry1Ac and Cry1Aa (Lee et al., 1996). However this 
possibility between Vip3 and Cry1 proteins seems very unlikely because of their lack 
of homology.  
 Genetically engineered vip3A genes. Genetic engineering allows the 
construction of chimeric genes that code for parts of different proteins to obtain new 
proteins with novel or improved properties. Knowledge of the domains of a protein 
is of great advantage in the design of chimeric proteins. Despite the lack of 
information on the tertiary structure of Vip3A proteins, two chimeras have been 
created by sequence swapping between the vip3Aa and vip3Ac genes with the aim 
to increase host specificity (Fang et al., 2007). These chimeras between Vip3Aa and 
Vip3Ac were created by combining around 600 amino acids from the N-terminus of 
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one protein and around 180 amino acids of the C-terminus of the other (Table I-5). 
The two chimeric proteins exhibited new toxicity properties: Vip3AcAa (with the N-
terminus of Vip3Ac) was more toxic than the two original proteins towards all the 
insects tested, and it even caused growth inhibition towards the Vip3A-tolerant 
O. nubilalis. In contrast, Vip3AaAc was less toxic than its counterpart and the original 
proteins, and it even lost completely the activity against Bombyx mori (Lepidoptera: 
Bombycidae) (Fang et al., 2007) (Table I- 5). Li et al., (2007) achieved an 18-fold 
increase in toxicity against S. exigua by changing the last two amino acids of the 
chimeric Vip3AcAa protein (from IK to LR). 
Similar attempts have been conducted by combining the vip and cry genes. Fusion of 
the vip3Aa gene with cry1A rendered a fusion protein that retained the toxicity of 
Cry1Ac, but partially lost that of Vip3Aa, possibly due to incorrect Vip3A folding 
(Saraswathy et al., 2008). In another study, the vip3Aa gene was fused with the 
5’ region of cry9Ca, and the resultant chimeric protein was more toxic than the 
individual proteins and the mixture of them, probably because Vip3Aa increased the 
solubility of the Cry9Ca protein (Dong et al., 2012a). In an attempt to improve the 
Vip3Aa yield, a mutant vip3Aa gene (with the signal peptide deleted) was fused with 
the promoter and the 3’ terminal half of cry1C, with the result of a 9-fold increase in 
the expression of the recombinant protein which was concentrated in inclusion 
bodies. Unfortunately, this protein showed lower insecticidal activity than the 
original Vip3Aa protein against the insects tested, probably due to low solubilization 
or improper folding of the protein (Song et al., 2008) (Table I- 5).  

Table I- 5. Genetic engineered Vip3A proteins and effects on insect toxicity. 

 
For information on the source of the toxicity data, please refer to Chakroun et al., 2016a,2016b. 

Another type of approach has been the introduction and expression of vip3A genes 
in B. thuringiensis strains expressing different cry genes, to create new strains to be 
used in insecticidal formulations with broader spectrum of action. Commercial 
formulations of B. thuringiensis strains contain low amounts of Vip proteins, since 
these are secreted to the growth medium which is mostly discarded during the 
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processing of the formulation (Lisansky et al., 1993). This problem can be alleviated 
by directing the expression of the vip3A gene to the sporulation stage using 
sporulation-dependent promoters and specific transcription sequences from 
different cry genes (Arora et al., 2003; Sellami et al., 2011; Thamthiankul 
Chankhamhaengdecha et al., 2008; Zhu et al., 2006). The engineered strains in all 
these cases showed improved production of Vip3A proteins and higher toxicity 
towards the insects tested. Cloning and expression of the vip3Aa gene in 
Pseudomonas fluorescens has also been accomplished with the aim of producing 
spray insecticides based on the Vip3A protein, either combined or not with Cry 
proteins (Hernández-Rodríguez et al., 2013). The heterologously expressed Vip3Aa 
protein, which was not secreted to the media and remained “encapsulated” within 
the bacterial cell, retained full toxicity. 

Mode of Action 

Study of the mode of action of the Vip3 proteins started soon after their discovery in 
1996 by Estruch et al. (1996), who proposed that Vip3 proteins would exert their 
toxicity via a process different from that of the Cry proteins, based on the lack of 
structural homology of these two types of proteins. Despite being so different, both 
types of toxins exert their toxic action through apparently the same sequence of 
events: activation by midgut proteases, crossing the peritrophic membrane, binding 
to specific proteins in the apical membrane of the epithelial midgut cells, and pore 
formation (Lee et al., 2003) (Fig. I- 12). Recently, Jiang et al. (2016) have reported 
evidence on an apoptotic pathway in addition to the pore formation event. So far, all 
published studies on the mode of action of Vip3 proteins have been carried out with 
those of the Vip3A family, and mostly on those of the Vip3Aa subfamily. A recent 
study on the Vip3Ca protein indicate that this protein has a similar mode of action to 
the Vip3A proteins (Gomis-Cebolla et al., 2017). 

 
Fig. I- 12. Proposed mode of action of the Vip3 proteins. 
The full length protoxin is proteolytically processed by midgut proteases. The 65 kDa fragment binds to specific 
receptors (either with the 22 kDa fragment still bound or not). Pores are then formed that lead to the death of 
the cell. 
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 Behavioral and histopathological effects. The behavioral symptoms observed 
in susceptible insects after ingestion of the Vip3Aa protein resemble the ones 
observed after Cry intoxication: feeding cessation, loss of gut peristalsis, and overall 
paralysis of the insect (Yu et al., 1997). After ingestion of the Vip3Aa protein, the 
analysis of gut cross-sections of susceptible insects shows extensive damage in the 
midgut, with disrupted, swollen and/or lysed epithelial cells, and leakage of cellular 
material to the lumen (Abdelkefi-Mesrati et al., 2011a, 2011b; Ben Hamadou-Charfi 
et al., 2013; Boukedi et al., 2015; Chakroun and Ferré, 2014; Sellami et al., 2015; Yu 
et al., 1997). No damage was observed either in the foregut or in the hindgut, and 
neither in the midgut of non-susceptible insects (Yu et al., 1997).  
 Proteolytic processing. In vitro proteolysis of full length Vip3Aa proteins using 
insect midgut juice showed that they are processed to several major proteolytic 
products, generally of around 62-66, 45, 33, and 22 kDa (Abdelkefi-Mesrati et al., 
2011a, 2011b; Ben Hamadou-Charfi et al., 2013; Chakroun and Ferré, 2014; Yu et al., 
1997). The 22 kDa fragment corresponds to the N-terminus of the protein (from 
amino acids 1 to 198 in Vip3Aa1), the 66 kDa fragment to the remainder of the 
protein (from amino acid 199 to the end in Vip3Aa1), and the 45 and 33 kDa 
fragments are thought to be derived from the 66 kDa portion (Estruch and Yu, 2001).  
 The minimal toxic fragment of the Vip3Aa protein has also been studied. 
Although an early study claimed that the minimal fragment that retained insecticidal 
activity after proteolysis was the 33 kDa fragment (Estruch and Yu, 2001), all 
subsequent studies are in favor of the 62-66 kDa fragment as being the Vip3Aa toxic 
core (Abdelkefi-Mesrati et al., 2011a, 2011b; Ben Hamadou-Charfi et al., 2013; Caccia 
et al., 2014; Chakroun et al., 2012; Chakroun and Ferré, 2014; Gayen et al., 2012; 
Hernández-Martínez et al., 2013; Lee et al., 2006, 2003; Li et al., 2007; Liu et al., 
2011). Interestingly, the 20 kDa fragment produced upon proteolytic processing of 
the Vip3Aa16 protoxin co-purifies with the 62 kDa fragment, suggesting that, after 
activation of the full length protein, the two fragments remain together (Chakroun 
and Ferré, 2014). 
Compared to Cry proteins, the 62-66 kDa toxic core of Vip3A proteins is more 
susceptible to the action of proteases. Incubation of either Vip3Aa or Vip3Ae with 
commercial serine-proteases or insect midgut juice showed the unstable nature of 
the 62 kDa fragment, which started to break down even before all the protoxin is 
processed (Abdelkefi-Mesrati et al., 2011a; Ben Hamadou-Charfi et al., 2013; Caccia 
et al., 2014; Chakroun and Ferré, 2014; Yu et al., 1997). Partial purification of 
peptidases from the S. frugiperda midgut juice showed that cationic trypsin-like and 
anionic chymotrypsin-like peptidases are involved in the formation of the Vip3A 
62 kDa fragment, whereas cationic chymotrypsin-like peptidases participated in its 
further processing (Caccia et al., 2014).  
In general, the proteolytic activation does not seem to be a critical step in 
determining Vip3A insect toxicity and specificity. It has been shown that the midgut 
juice of a non-susceptible insect (O. nubilalis) could process Vip3A in vitro to a 65 kDa 
fragment which was fully toxic when fed to susceptible insects (Yu et al., 1997). 
However, in some cases the rate of processing of the full length protein has been 
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proposed to account for differences in the toxicity of a given Vip3A protein to 
different insect species (Abdelkefi-Mesrati et al., 2011a; Caccia et al., 2014; Chakroun 
et al., 2012). Indeed, some studies have shown that differences in mortality 
disappeared when the trypsin activated protein was used instead of the full length 
protein (Chakroun et al., 2012; Hernández-Martínez et al., 2013).  
 Binding to the larval midgut epithelium. In vivo immunolocalization studies 
have shown that Vip3A binds to the apical microvilli of midgut epithelial cells 
(Chakroun and Ferré, 2014; Yu et al., 1997) (Fig. I-13). Specific binding to the brush 
border membrane vesicles (BBMV) prepared from susceptible insects was first shown 
using biotin-labeled Vip3Aa and Vip3Af (Abdelkefi-Mesrati et al., 2011b; Ben 
Hamadou-Charfi et al., 2013; Bergamasco et al., 2013; Lee et al., 2006, 2003; Liu et 
al., 2011; Sena et al., 2009). Interestingly, Vip3Aa also binds specifically to the BBMV 
of the non-susceptible O. nubilalis (Lee et al., 2003), which indicates that specific 
binding is necessary but not sufficient to produce toxicity.  

 

Fig. I- 13. Immunolocalization of Vip3Aa in midgut tissue sections after ingestion by S. frugiperda larvae.  
Left panel: Control larvae. Right panel: Larvae that ingested Vip3Aa. Nuclei were stained blue, and the apical and 
the basal membranes were stained red. Binding of Vip3Aa to the apical membrane is shown in green. BM: basal 
membrane, AM: apical membrane, L: gut lumen. (reprinted from Chakroun and Ferré, 2014). 

Quantitative binding parameters were obtained using the 125I-labeled Vip3Aa and 
S. frugiperda BBMV. This binding was found to be saturable, mostly irreversible, and 
differentially affected by the presence of divalent cations (Chakroun and Ferré, 2014). 
Vip3A proteins were also found to have lower affinities but higher numbers of binding 
sites compared with the Cry1A and Cry2A proteins. Interestingly, homologous 
competition showed that both the 62 kDa and the 20 kDa fragments of the trypsin-
activated 125I-Vip3Aa bound to BBMV, and both were displaced by the addition of 
non-labeled Vip3Aa. By contrast, using biotin-labeled Vip3Aa, Liu et al. (2011) found 
that only the 62 kDa fragment was able to bind to the BBMV of H. armigera, and also 
that the 20 kDa fragment was found exclusively in the supernatant of the binding 
reaction.  
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Competition binding assays showed the absence of shared binding sites between 
Vip3A and Cry proteins. This has been shown for Vip3Aa with Cry1Ac, Cry1Ab, Cry1Fa, 
Cry2Ae, and Cry2Ab in all insect species tested, and for Vip3Af with Cry1Ab and Cry1F 
in S. frugiperda (Ben Hamadou-Charfi et al., 2013; Chakroun and Ferré, 2014; Gouffon 
et al., 2011; Lee et al., 2006; Liu et al., 2011; Sena et al., 2009). However, Bergamasco 
et al. (2013) reported partial competition of Cry1Ia for the Vip3Aa binding sites in S. 
eridania BBMV, but not in S. frugiperda, S. albula, and S. cosmioides BBMV. 
Competition among proteins of the Vip3A family has only been tested in S. frugiperda 
(Chakroun and Ferré, 2014). Vip3Ae, Vip3Af, and even the non-active Vip3Ad, 
competed for the Vip3Aa binding sites with no significant differences in their binding 
parameters. A general model of the binding sites of Vip3A proteins in relation to Cry 
proteins is shown in Fig. I- 14. 

 

Fig. I- 14. General binding site model for the Cry and Vip proteins in the midgut epithelial membrane of lepidopteran 
larvae. 
Cry1Fa and Cry1A proteins, in addition to the shared binding site, may have other sites depending on the insect 
species considered. Recognition of Vip3Aa sites by Cry1Ia has been found only in S. eridania (out of four 
Spodoptera species tested). 

Interaction of Vip3Aa with the BBMV of the susceptible insects involves specific 
binding molecules different from the ones recognized by Cry1A proteins. Ligand blot 
analyses revealed that Vip3Aa recognized 80 and 110 kDa proteins in Manduca sexta 
(Lepidoptera: Sphingidae), while Cry1Ab bound to proteins of 120 and 210 kDa (Lee 
et al., 2003). The same study showed that Vip3Aa was unable to bind to the purified 
aminopeptidase N (APN) and the cadherin ectodomain toxin-binding region (TBR) 
from M. sexta, both membrane proteins known to bind Cry proteins (Lee et al., 2003). 
In Prays oleae (Lepidoptera: Yponomeutidae) and Agrotis segetum (Lepidoptera: 
Noctuidae) Vip3Aa bound to a 65 kDa protein, while Cry1Ac bound to a 210 kDa band 
in P. oleae and to a 120 kDa band in A. segetum (Abdelkefi-Mesrati et al., 2009; Ben 
Hamadou-Charfi et al., 2013). In S. littoralis, Vip3Aa bound proteins of 55 and 100 kDa 
(Abdelkefi-Mesrati et al., 2011b), and in Ephestia kuehniella (Lepidoptera: Pyralidae), 
S. frugiperda, S. albula, S. cosmioides, and S. eridania, to a protein of 65 kDa 
(Abdelkefi-Mesrati et al., 2011a; Bergamasco et al., 2013), to which Cry1Ia also bound 
in the four Spodoptera species (Bergamasco et al., 2013).  
Very few studies have addressed the identity of the Vip3A binding molecules in the 
insect midgut. Two Vip3Aa binding molecules have been identified so far using the 
yeast two hybrid system. The first one was a 48 kDa protein from A. ipsilon with 
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homology to a family of extracellular glycoproteins called tenascins, which could be 
associated with apoptotic processes (Estruch and Yu, 2001). The second binding 
molecule was the S2 ribosomal protein from S. litura, identified as a Vip3A receptor 
in Sf21 cells (Singh et al., 2010). Silencing of the S2 gene reduced the toxicity of Vip3A 
to both Sf21 cells and fifth-instar S. litura larvae. Both S2 and Vip3Aa co-localized in 
the surface and cytoplasm of Sf21 cells, suggesting that the interaction takes place in 
the cell surface and, once pores are produced, the Vip3-S2 complex internalizes 
(Singh et al., 2010). How this S2-Vip3A protein interaction could trigger the lysis of 
the cells was not explained and remains unknown. In H. armigera, the molecules that 
bind to Vip3Aa were found to be slightly associated with lipid rafts (Sena et al., 2009). 
In an attempt to understand how midgut cells respond to the intoxication by Vip3 
proteins, gene expression profiles of S. exigua larvae treated with a sublethal dose of 
Vip3Aa were obtained using a genome-wide microarray that included more than 
29,000 unigenes (Bel et al., 2013). No alteration was found in the expression levels of 
the two Vip3A binding proteins described above (S2 and the tenascin X-tox-like 
protein), nor in genes related to the mode of action of the Cry proteins. It was 
concluded that the lack of significant changes in the transcription levels of the genes 
analyzed was most likely due to the fact that either they were not involved in the Vip3 
mode of action, or because the mechanisms of defense against Vip3A toxins do not 
rely on the regulation of the members involved in the mode of action.  
 Pore formation. Despite the absence of any predicted pore-forming domains 
in the Vip3 proteins, the pore formation activity of the Vip3Aa protein activated with 
trypsin or midgut juice has been demonstrated by voltage clamping assays with 
dissected midguts of M. sexta (Lepidoptera: Sphingidae) and also in planar lipid 
bilayers (Lee et al., 2003). In contrast, the full length Vip3Aa protein was unable to 
form pores. The ion channels were able to destroy the transmembrane potential, and 
they were voltage independent and cation selective (Lee et al., 2003).The pore 
forming ability of the activated Vip3Aa was also demonstrated by fluorescence 
quenching using H. armigera BBMV (Liu et al., 2011). The formation of Vip3Aa ion 
channels was restricted to susceptible insects, and they have been found to have 
biophysical properties that differ from those of Cry1Ab in M. sexta (Lee et al., 2003). 

Resistance and Cross-Resistance 

Very few cases have been reported on resistance to Vip3 proteins. Laboratory 
selection of a H. virescens colony led to 2,040-fold resistance to Vip3Aa compared to 
the unselected population (Pickett, 2009). Resistance was found to be polygenic with 
possible paternal influence, and ranged from almost completely recessive to 
incompletely dominant; fitness costs were temperature dependent, with reduced 
mating success, fecundity, and fertility (Gulzar et al., 2012). After 12 generations of 
selection with Vip3A, a freshly established laboratory colony of S. litura reached a 
resistance level of 285-fold compared to a susceptible colony (Barkhade and Thakare, 
2010). The resistant insects were found to lack two casein-degrading bands in non-
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denaturing electrophoretic gels and to have reduced proteolytic activity (2-fold) 
toward several protease substrates. 
The presence of Vip3Aa resistance alleles in field populations was studied in 
H. armigera and H. punctigera (Lepidoptera: Noctuidae) was studied in Australia by 
using the F2 screening method (Mahon et al., 2012). The results showed that 
resistance alleles in both insect species existed as natural polymorphisms at a 
relatively high frequency (0.027 and 0.008 respectively), above mutation rates 
normally encountered (Mahon et al., 2012). Interestingly, within each species, the 
resistance of two different F2 families was due to alleles at the same locus, and 
resistance was found to be essentially recessive, most probably conferred by a single 
gene, and did not confer cross-resistance to Cry1Ac or Cry2Ab (Mahon et al., 2012). 
The frequency of resistant alleles in H. armigera did not increase over the following 
four seasons (until 2014/2015), and resistant insects were found to activate the 
Vip3Aa protoxin more slowly than susceptible insects, although no significant 
differences in binding to membrane receptors were found (Chakroun et al., 2016c). 
Further studies on the resistant H. punctigera strain confirmed that there was no 
linkage between the Vip3A and the Cry2Ab resistance loci (Walsh et al., 2014). A study 
on the presence of Vip3Aa resistance alleles in field populations of S. frugiperda from 
different states of Brazil, using the F2 method, estimated an overall frequency of 
0.0009, which is relatively low (Bernardi et al., 2015). 
The increased use of Vip3 toxins in pyramided Bacillus thuringiensis treated crops (Bt-
crops) to improve both pest control and resistance management, sparked interest in 
the evaluation of cross-resistance between Cry and Vip3A proteins (Kurtz, 2010). So 
far, no significant cross-resistance between these two classes of proteins has been 
described. Vip3Aa was found to be equally toxic to a susceptible and to three Cry 
resistant H. virescens strains (YHD2, resistant to Cry1Ac, Cry1F, and slightly cross-
resistant to Cry2A, and CXC and KCBhyb, both resistant to Cry1Ac, Cry1Aa, Cry1Ab, 
Cry1F, and Cry2Aa2) (Jackson et al., 2007). Two studies on Cry1Acresistant strains of 
H. zea showed no significant cross-resistance to Vip3A or Cry2Ab (Anilkumar et al., 
2008; Welch et al., 2015). A study on two H. armigera populations from Cry1Ac-
cotton planting regions in China showed a lack of significant correlation between the 
responses to Vip3Aa and those to Cry1Ac, suggesting little or no cross-resistance 
between these two toxins (An et al., 2010). Cross-resistance to Vip3A has also been 
studied in two S. frugiperda Cry1F-resistant populations, one collected from Bt maize 
fields in Puerto Rico and the other collected from the southeast United States. Both 
populations were very susceptible to Vip3Aa, indicating the absence of cross-
resistance between the Vip3Aa and Cry1F proteins (Huang et al., 2014; Vélez et al., 
2013). A study using a different Vip3A protein, Vip3Ac, showed that it was equally 
toxic to susceptible and Cry1Ac-resistant Trichoplusia ni (Lepidoptera: Noctuidae) 
strains (Fang et al., 2007). However, in this case, the resistant strain was slightly less 
susceptible to Vip3Aa (resistance ratio of 2.1) and to two Vip3A chimeric proteins 
(resistance ratios of 1.8 and 3.2) (Fang et al., 2007). 
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Expression in Plants 

The vip3Aa gene has been successfully introduced in cotton and in corn, and later 
combined with other cry genes to confer higher protection and delay insect 
resistance (https://www.epa.gov/ingredients-used-pesticide-products/current-and-
previously-registered-section-3-plant-incorporated). VipCotTM and Agrisure 
VipteraTM were registered in the USA in 2008 and 2009, respectively (Syngenta Seeds, 
Inc.). The former is the result of event COT102 in cotton, which produces the 
Vip3Aa19 protein (http://www.isaaa.org/gmapprovaldatabase/gene/default.asp?Ge 
neID=24&Gene=vip3A(a); http://en.biosafetyscanner.org/schedaevento.php?eve 
nto=208), whereas the latter contains the event MIR162 in corn, which produces the 
Vip3Aa20 protein (http://iaspub.epa.gov/apex/pesticides/f?p=CHEMICALSEARCH 
:30#p). Both events have been pyramided with cry1Ab (VipCotTM Vip3Aa + mCry1Ab, 
and Agrisure VipteraTM Vip3Aa + Cry1Ab), and later with cry1Fa (VipCotTM Vip3Aa + 
Cry1Ac + Cry1Fa, and Agrisure VipteraTM Vip3Aa + Cry1Ab + Cry1Fa) to confer a wider 
and more robust protection against Lepidoptera(Adamczyk and Mahaffey, 2008; 
Burkness et al., 2010; Kurtz et al., 2007). Furthermore, the corn event MIR162 has 
been stacked with other cry genes expressing proteins active against Coleoptera 
(Cry3A and eCry3.1Ab) to confer protection against these two insect orders (Carrière 
et al., 2015). A three-year study on the field performance of VipCotTM expressing just 
the Vip3Aa protein indicated that the plants were highly efficacious against H. 
armigera early in the season, but that the efficacy declined as the season progressed, 
though not so drastically as Cry1Ac in BollgardTM or IngardTM cotton (Llewellyn et al., 
2007). In 2015, the first modified Vip3A, with improved toxicity, was introduced in 
tobacco conferring almost total protection towards H. armigera, A. ipsilon, and S. 
littoralis (Gayen et al., 2015).  
Cotton has also been transformed with a synthetic vip3A gene fused to a chloroplast 
transit peptide coding sequence (Wu et al., 2011). The Vip3A protein accumulated in 
the chloroplasts and its concentration in the plant was higher than in plants 
transformed with just the synthetic gene. Transformed plants provoked 100% 
mortality to larvae of S. frugiperda, S. exigua, and H. zea.  
 
  

https://www.epa.gov/ingredients-used-pesticide-products/current-and-previously-registered-section-3-plant-incorporated
https://www.epa.gov/ingredients-used-pesticide-products/current-and-previously-registered-section-3-plant-incorporated
http://www.isaaa.org/gmapprovaldatabase/gene/default.asp?Ge%20neID=24&Gene=vip3A(a)
http://www.isaaa.org/gmapprovaldatabase/gene/default.asp?Ge%20neID=24&Gene=vip3A(a)
http://en.biosafetyscanner.org/schedaevento.php?eve%20nto=208
http://en.biosafetyscanner.org/schedaevento.php?eve%20nto=208
http://iaspub.epa.gov/apex/pesticides/f?p=CHEMICALSEARCH%20:30#p
http://iaspub.epa.gov/apex/pesticides/f?p=CHEMICALSEARCH%20:30#p
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OBJECTIUS 

L'objectiu general d'esta Tesi Doctoral és aportar nova informació en relació a 
l’estructura molecular i la conformació de les proteïnes Vip3A i la seva relació amb 
l’acció insecticida sobre plagues de lepidòpters d’interès agrícola. Amb un millor 
coneixement de l’estructura de les proteïnes Vip3A es pretén contribuir a una major 
comprensió de les bases moleculars del mode d’acció i de l’avaluació de risc, així com 
dels fenòmens de resistència que puguen sorgir com a conseqüència del seu ús 
habitual en la protecció integrada de cultius. 
 
Per a este efecte, es varen plantejar els següents objectius específics: 
 
1. Caracteritzar l'espectre insecticida de diferents proteïnes Vip3A.  

1.1. Provar l’eficàcia en condicions preliminars de les proteïnes Vip3Aa, Vip3Ab, 
Vip3Ae, Vip3Af i Vip3Ad front a 8 espècies de lepidòpters de tres famílies 
diferents. Establir paràmetres quantitatius de l’eficàcia del control (LC50) de 
les combinacions proteïna/insecte més significatives. Analitzar possibles 
diferències en l’eficàcia de les pro-toxines i les toxines activades del les 
Vip3A en estudi. 

1.2. Establir la combinació toxina-insecte model amb què desenvolupar l’estudi 
de la relació estructura-funció de les Vip3A. 

 
2. Analitzar l’estabilitat front l’acció de les proteases digestives en presència de 

detergent (SDS). Inferir en aspectes estructurals de la Vip3Aa i de la Vip3Af. 
2.1. Analitzar les cinètiques d’activació de les proteïnes front diferents 

concentracions de serín-proteases. 
2.2. Provar la influència de l’SDS en el procés digestiu i en la caracterització dels 

fragments d’activació en SDS-PAGE mitjançant l’ús d’inhibidors específics i 
la separació de fragments per cromatografia de filtració en gel. 

2.3. Identificar els principals fragments resultants de l’activació de la pro-toxina 
mitjançant seqüenciació de la N-terminal i la petjada peptídica. 

 
3. Establir els aminoàcids i regions crítiques per a l'activitat insecticida i l’estabilitat 

d’una proteïna Vip3A mitjançant l'escaneig d'alanina. 
3.1. Bio-assajar la col·lecció de mutants d’alanina front a una espècie susceptible 

de plaga i seleccionar les mutacions que causen una disminució significativa 
en la funció insecticida. Confirmar els resultats sobre una segona espècie. 

3.2. Caracteritzar la contribució de les posicions crítiques seleccionades a 
l'estabilitat de la proteïna front tripsina i front l’extracte de proteases 
digestives de les espècies susceptibles bio-assajades. Identificar els 
fragments principals produïts després del tractament proteolític mitjançant 
seqüenciació de la N-terminal i/o petjada peptídica. 
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3.3. Analitzar les diferències en el plegament de les proteïnes mutades amb 
reduïda activitat insecticida mitjançant l’obtenció de l’espectre d’emissió de 
fluorescència intrínseca. 

3.4. Proposar una model tridimensional d’una proteïna Vip3A. 
 

4. Realitzar mutacions dirigides per tal d'incrementar el potencial insecticida de la 
Vip3Af i inferir en aspectes estructurals. 
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OBJECTIVES 

The main goal of this thesis is to shed some light on the molecular structure and 
spatial architecture of Vip3A proteins and their relationship with their insecticidal 
action on lepidopteran pests of agricultural interest. A better understanding of the 
Vip3A structure will contribute to ease the safety risk assessment and to a greater 
understanding of the molecular mode of action, as well as to the resistance events 
that may arise as a result of their common use for crop protection. 
 
To that end, the following specific objectives were stablished:  
 
1. Characterize the insecticidal spectra of different Vip3A proteins. 

1.1. To perform preliminary assays for the assessment of the effectiveness of 5 
Vip3A proteins (Vip3Ab, Vip3Ae, Vip3Af Vip3Ad) against 8 caterpillar species 
of three different taxonomic families. To establishing quantitative 
parameters of the effectiveness (LC50) for the protein / insect combinations 
with most promising results. Address the possible differences of the pro-
toxins and the activated toxins. 

1.2. To select the insect-toxin combination for further development of the 
structure-function relationship study. 

 
2. Analyze the stability against digestive proteases in the presence of SDS and 

inference of structural aspects of the Vip3Aa and Vip3Af proteins. 
2.1. To analyze the activation kinetics of the Vip3A proteins treated with 

different concentrations of proteases. 
2.2. To test the influence of the SDS on the digestion using specific inhibitors 

and the characterization of the resulting proteolytic fragments by gel 
filtration chromatography. 

2.3. To identify the main proteolytic fragments by N-terminal sequencing and 
peptide mass fingerprinting. 

 
3. Identify critical amino acid positions for the insecticidal performance and to set 

“hot spots” in the Vip3A primary sequence by alanine-scanning. 
3.1. To test the alanine-mutant collection against a susceptible pest and select 

mutations that cause a significant decrease in the insecticide activity. 
Confirmation of the results on a second species. 

3.2. Describe the contribution of selected positions to the protein stability 
against trypsin and midgut juice from the susceptible species tested. 
Identify the main proteolytic fragments by N-terminal sequencing and / or 
peptide mass fingerprinting. 
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3.3. To analyze the differences in protein folding of the mutated proteins with a 
reduced insecticidal activity by obtaining the intrinsic fluorescence emission 
spectra. 

3.4. To propose a three-dimensional model of a Vip3A protein. 
 
4. Perform site-directed mutagenesis of a Vip3A protein in order to attempt an 

increase of the insecticide potency and infer structural aspects. 
 
 
 
 



 

 

CHAPTER I 
1. A screening of five Bacillus 
thuringiensis Vip3A proteins for 
their activity against lepidopteran 
pests. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Results from this chapter are included in: 
 
Ruiz de Escudero I, Banyuls N, Bel Y, Maeztu M, Escriche B, Muñoz D, Caballero P, 
Ferré J,. (2014). A screening of five Bacillus thuringiensis Vip3A proteins for their 
activity against lepidopteran pests. J Invertebr Pathol.; 117: 51–55. 



 

 

      



Chapter 1: Insecticidal screening of 5 Vip3A proteins 

PhD Thesis: B. thuringiensis Vip3A structure-function relationship 73 

1.1. Introduction 

Vip3 insecticidal proteins are produced by Bacillus thuringiensis during the vegetative 
growth phase and most of them have activity against lepidopteran species. The Vip3 
proteins are currently classified in three subfamilies based on their amino acid 
identity: Vip3A, Vip3B and Vip3C (Crickmore et al., 2014). Most studies on the 
insecticidal activity of Vip3 proteins have been carried out with Vip3Aa, which is the 
first protein discovered of this family (Estruch et al., 1996). This protein has been 
shown to have a broad activity spectrum against lepidopteran pests (for a review see 
(Milne et al., 2008). Vip3A proteins have been shown to target receptors in the insect 
midgut different to those used by Cry proteins (Gouffon et al., 2011; Lee et al., 2006; 
Liu et al., 2011; Sena et al., 2009), which makes them a good alternative or 
complement to Cry proteins for resistant management. Plants expressing the vip3Aa 
gene along with cry genes have been developed and transgenic corn and cotton 
expressing vip3Aa have been commercialized for the control of lepidopteran pests 
(Raybould and Quemada, 2010).  
Since the discovery of Vip3Aa, B. thuringiensis collections have been screened for 
new vip3 genes, with the result of a considerable increase in the number of new 
members in the vip3 family (Asokan et al., 2012; Beard et al., 2008; Hernández-
Rodríguez et al., 2009; Mesrati et al., 2005; Palma et al., 2012; Rang et al., 2005). 
Despite this, there are still very few data on the activity of Vip3 proteins other than 
Vip3Aa variants. In this paper we have tested the insecticidal activity of five Vip3 
proteins against eight lepidopteran pests and the results have revealed important 
differences in their insecticidal spectrum despite the high amino acid identity among 
some of them. 

1.2. Materials and methods  

1.2.1.  Insect colonies.  

Insects were grown in the insectaries of the Public University of Navarra and of the 
University of Valencia under controlled conditions of temperature, humidity and 

photoperiod (25±2 ºC, 705 % RH, and L16:D8 h). Insects were reared on different 
semi-synthetic diet. Agrotis ipsilon, Helicoverpa armigera, Mamestra brassicae, 
Spodoptera exigua, Spodoptera frugiperda and Spodoptera littoralis (Lepidoptera: 
Noctuidae) were maintained in a growth wheat germ-based semi-synthetic diet 
(Greene et al., 1976). For Ostrinia nubilalis (Lepidoptera: Crambidae) and Lobesia 
botrana (Lepidoptera: Tortricidae), a flour corn diet was used (Ruiz de Escudero et 
al., 2007). 
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1.2.2.  Source of vip3 genes and protein preparation.  

Escherichia coli clones carrying plasmids carrying the genes vip3Aa1 (pGA85, NCBI 
accession No. AAC37036), vip3Ab [pGA65; identical to vip3Ab1 (NCBI accession No. 
AAR40284) except in that the 2nd codon is GAC (encoding D) rather than AAT 
(encoding N)], vip3Ad2 (pGA59, NCBI accession No. CAI43276), vip3Ae1 (pGA60, NCBI 
accession No. CAI43277) and vip3Af1 (pGA58, NCBI accession No. CAI43275), were 
kindly provided by Bayer CropScience NV (Ghent, Belgium) and were expressed in 
E. coli WK6. A multiple amino acid sequence alignment was performed using ClustalX 
v2.1 (Larkin et al., 2007) and the percent identity among proteins was calculated 
using the Multiple Sequence Aligment Editor software GeneDoc 2.7.0 (Nicholas et al., 
1997) (Table 1.1). 

 
Table 1. 1. Percent identity between Vip3A proteins at the amino acid level. 

 Vip3Aa1 Vip3Ab Vip3Ad2 Vip3Ae1 Vip3Af1 

Vip3Aa1 -     
Vip3Ab 83 -    
Vip3Ad2 85 80 -   
Vip3Ae1 81 90 82 -  
Vip3Af1 88 86 80 83 - 

 
Protein expression was done by picking out one single colony of recombinant E. coli 
and inoculating in preculture of LB medium (20 ml) with ampicillin (100 µg/ml). After 
overnight incubation at 37 °C in an orbital shaker at 180 rpm, 5 ml of preculture were 
transferred to a 500 ml of the same culture medium and incubated at 37 °C in an 
orbital shaker at 180 rpm. When the OD600 reached a value between 1.6 and 1.8, 1 
mM isopropyl-D-thiogalactopyranoside (IPTG) was added for induction of vip3 gene 
expression. The culture was grown overnight at 37 °C in a shaking incubator at 180 
rpm. Cells were centrifuged at 8,800 g for 30 min. The pellet was resuspended (3 ml 
per gram of pellet) in lysis buffer (20 mM phosphate buffer pH 7.4, 0.5 M NaCl, 3 
mg/ml lysozyme, 10 µg/ml DNAse and 100 µM phenylmethylsulfonyl fluoride) and 
incubated with shaking for 30 min at 37 °C. Cells were lysed by sonication of 15 ml 
aliquots in a Bandelin Sonoplus sonicator HD 2070 (on ice, twice for 60 s, with a 10 s 
pause in between, at 70% maximal power). The Vip3A proteins in the supernatant 
were recovered following centrifugation at 27,000 g and then filtered through a 0.45 
µm filter followed by a second filtration through a 0.2 µm filter. To obtain the trypsin-
activated Vip3A proteins, the protoxin samples were incubated with 1% bovine 
pancreas trypsin (Sigma-Aldrich) (wt of Vip protein/wt trypsin) at 37 °C for 1 h. 
Because we had observed instability of the VipA proteins when stored at −20 °C 
directly in the E. coli lysate extract, both protoxins and activated toxins were 
subjected to ammonium sulfate precipitation (70%). After centrifugation at 10,000g 
for 15 min, the pellet was stored at −20 °C until required.  
Vip3A production, solubilization and activation were checked by 12% sodium dodecyl 
sulfate polyacrilamide gel electrophoresis (SDS-PAGE). All the protoxin forms had an 
apparent molecular mass of around 89 kDa and the trypsin-activated proteins of 
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around 66 kDa (Fig. 1.1). Concentration of the protoxins and activated toxins was 
estimated densitometrically from the intensity of the corresponding bands in the gel 
with a 1D Manager ver. 2.0 program (TDI Tecnología de Diagnóstico e Investigación). 
 

 

Fig. 1. 1. Electrophoresis of E. coli extracts expressing either Vip3A protoxins or activated toxins. 
M: Molecular Weight Marker (Bio-RadPrecision Plus Protein Unstained Standards), 1: Vip3Aa protoxin, 2: Vip3Aa 
toxin, 3: Vip3Ab protoxin, 4: Vip3Ab toxin, 5: Vip3Ad protoxin, 6: Vip3Ad toxin, Vip3Ae protoxin, 8: Vip3Ae toxin, 
9: Vip3Af toxin, and 10:Vip3Af protoxin. 

1.2.3. Bioassays. 

Before being used in bioassays, the precipitated Vip3A protoxins were solubilized in 
20 mM phosphate buffer, 0.5 M NaCl, pH 7.4. Surface contamination assays were 
carried out by applying 50 µl of the sample dilutions on artificial diet (in 2 cm2 
multiwell plates). Qualitative bioassays were carried out in duplicate at a single 
protein concentration (2.5 µg/cm2) and with 16 neonate larvae per replicate. For 
L. botrana bioassays, protoxins and toxins were incorporated in the diet at a final 
concentration of 50 µg/ml of diet as described in Ruiz de Escudero et al. (2007). 
Controls with just buffer were run in parallel. Only those bioassays with mortality in 

the controls lower than 10% were considered. Trays were incubated at 25±2 ºC, 705 
% RH, and L16:D8 h and mortality was scored at 7 and 10 days. “Functional mortality” 
was defined as dead larvae plus larvae arrested at L1. This parameter was included 
because Vip3A proteins with low activity against some insect species could still be 
chosen for their potential interest by arresting larval development, which under field 
conditions can be as effective to control the pest as killing the larvae. Quantitative 
bioassays were replicated at least three times using between five and seven 
concentrations of Vip3A protein samples and 16 neonate larvae for each 
concentration. Estimation of LC50 in dose-response bioassays was performed using 
the Polo-PC software (LeOra-software, Berkeley, CA). LC50 values were considered 
significantly different when fiducial limits of Relative Potency did not include the unit 
or they did not overlap.  
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1.3. Results and Discussion 

As a first approach to determine which of the five Vip3A proteins were active against 
the eight test insect species, a qualitative screening assay was first carried out. Vip3A 
proteins were tested at a high concentration to select those species that were most 
susceptible. Table 1.2 shows the results obtained with the protoxin form of the 
proteins and Table 1.3 with the activated toxins. Comparing the results in both tables, 
no major differences were found in the toxicities of the protoxins vs. the activated 
toxins. Therefore, the lack of toxicity of the proteins against some of the insect 
species is most likely not due to a problem in the conversion of the protoxin to the 
toxin form. The result obtained with Vip3Aa and S. exigua is in contrast with that of a 
previous publication in which the activated toxin was significantly more active than 
the protoxin (Chakroun et al., 2012). This discrepancy may be explained by the 
different type of Vip3Aa protein used (Vip3Aa16 instead of Vip3Aa1) and/or the 
different preparation of the protoxin.  
 
Table 1. 2. Effect of Vip3A protoxins at 2.5 µg/cm2 [percent mortality (M) or functional mortality (FM)] 
on neonate larvae from different insect speciesa. 

 
a Values represent the mean of two replicates. 
b Data extrapolated from Hernández-Martínez et al., (2013). 
c Not tested. 
d Values are the mean of four replicates. 

 



Chapter 1: Insecticidal screening of 5 Vip3A proteins 

PhD Thesis: B. thuringiensis Vip3A structure-function relationship 77 

Table 1. 3. Effect of Vip3A activated toxins at 2.5 µg/cm2 [percent mortality (M) or functional mortality 
(FM)] on neonate larvae from different insect speciesa. 

 
a Values represent the mean of two replicates. 
b Data extrapolated from Hernández-Martínez et al., (2013). 
c Not tested. 
d Values are the mean of four replicates. 

 
To evaluate the results of this first screening assay, we considered of “potential 
interest” those proteins for which the protoxin affected at least 80% of the insects in 
any of the parameters measured (mortality or functional mortality). According to this 
criterion, the proteins active against most of the insect species were Vip3Aa, Vip3Ae 
and Vip3Af, followed by Vip3Ab. Vip3Ad was not toxic to any of the species tested.  
Considering the results in Tables 1.2 and 1.3 by insect species, A. ipsilon, S. frugiperda 
and S. littoralis were susceptible to Vip3Aa, Vip3Ab, Vip3Ae and Vip3Af; S. exigua was 
susceptible to Vip3Aa and Vip3Ae, and moderately susceptible to Vip3Ab; 
M. brassicae and L. botrana were susceptible to Vip3Aa, Vip3Ae and Vip3Af; 
H. armigera was moderately susceptible to Vip3Aa, Vip3Ae and Vip3Af, and 
O. nubilalis was tolerant to all Vip3A proteins tested, although it showed some 
susceptibility to Vip3Af. 
To confirm the qualitative results and to obtain quantitative parameters of the most 
active proteins (Vip3Aa, Vip3Ab, Vip3Ae and Vip3Af), concentration-mortality assays 
were performed with those combinations of protein/insect for which the Vip3A 
protein was considered of “potential interest” according to the criterion indicated 
above. The results are shown in Table 1.4. Vip3Ab was found highly toxic to A. ipsilon 
(LC50 = 62 ng/cm2) (a species non-susceptible to Cry toxins), and moderately toxic to 
the three Spodoptera species tested (LC50 values from 163 to 2020 ng/cm2). 
Compared with Vip3Aa, Vip3Ae and Vip3Af, Vip3Ab was less active to S. littoralis 
(Table 1.4).  
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Table 1. 4. Quantitative parameters from concentration-mortality responses (at 7 days) of most active 
Vip3A protoxins on their respective insect species. 

 
a Fiducial limits. 
b Intercept  
c L. botrana LC50 values are given in µg of protein per ml of diet. 

The relative potencies of Vip3Aa, Vip3Ae and Vip3Af depended of the insect species 
considered, revealing the difference of activity among different proteins despite the 
similarity of the sequences (Table 1.1 and Fig. 1.2). For example, Vip3Ae was the most 
active protein against A. ipsilon, S. frugiperda and L. botrana whereas it was the least 
toxic of the three proteins against M. brassicae (Table 1.4) (Hernández-Martínez et 
al., 2013). The quantitative results confirmed the low susceptibility of H. armigera to 
the Vip3A proteins observed in the toxicity screening (the LC50 values were above 840 
ng/cm2). M. brassicae and L. botrana were found to be very susceptible to Vip3Aa, 
Vip3Ae, and Vip3Af, with LC50 values similar or lower than these obtained by Palma 
et al., (2013). It is also worth noting the higher susceptibility of S. littoralis to Vip3Aa 
and Vip3Ab compared to the other two Spodoptera species, as well as its fast dose-
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mortality response to the Vip3A proteins tested as evidenced by the values of the 
slopes (Table 1.4) (Chakroun et al., 2012; Hernández-Martínez et al., 2013).  

 
Fig. 1. 2 Multiple sequence alignment of the 5 Vip3A proteins used for the insecticidal screening 
Sequence identity is indicated by shading: black for 100%, dark grey for 80-100%, light grey for 60-80%, and 
white for less than 60% identity. Symbols above the sequences indicate divergent amino acids in Vip3Ad2 as 
compared to the other four Vip3A proteins: single dots indicate conservative changes, double dots indicate non-
conservative changes, and a “-” sign indicates a deletion. Grey shadow indicates the “Signal Peptide” (SP) (Rang 

et al., 2005) and the triangle (▲) indicates the beginning of the 65 kDa toxin (T) fragment characterized in 
Vip3Aa1 by Estruch and Yu (2001). 

The present study is the first one that compares the toxicity of a relatively large 
number of Vip3A proteins with a considerable number of insect species. The results 
presented here, along with those already available in the literature for the Vip3 
protein family, will help to design new combinations of insecticidal protein genes 
(e.g., with cry genes) in transgenic crops or in recombinant bacteria (Hernández-
Rodríguez et al., 2013). 

1.4. Conclusions 

Five B. thuringiensis Vip3A proteins (Vip3Aa, Vip3Ab, Vip3Ad, Vip3Ae and Vip3Af) and 
their corresponding trypsin-activated toxins were tested for their toxicity against 
eight lepidopteran pests: A. ipsilon, H armigera, M brassicae, S exigua, S frugiperda, 
S littoralis, O. nubilalis and L. botrana. Toxicity was first tested at a high dose at 7 and 
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10 days. No major differences were found when comparing protoxins vs. trypsin-
activated toxins. The proteins that were active against most of the insect species 
were Vip3Aa, Vip3Ae and Vip3Af. Vip3Ad was not toxic to any of the species tested. 
Considering the results by insect species, A. ipsilon and S. frugiperda were susceptible 
to Vip3Aa, Vip3Ab, Vip3Ae and Vip3Af; M. brassicae and L. botrana were susceptible 
to Vip3Aa, Vip3Ae and Vip3Af; H. armigera was moderately susceptible to Vip3Aa, 
Vip3Ae and Vip3Af, and O. nubilalis was tolerant to all Vip3 proteins tested, although 
it showed some susceptibility to Vip3Af. After assessing the toxicity range of the 5 
different Vip3A proteins to different target pests, it was decided to continue the work 
of this thesis by further exploring the Vip3Aa and Vip3Af proteins as were the most 
active proteins. 
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2.1. Introduction 

Bacillus thuringiensis (Bt) is a ubiquitous Gram-positive sporulating bacterium that 
produces several entomopathogenic proteins. The proteins that have received more 
attention, and are thus the best known, are the δ-endotoxins (Cry and Cyt toxins), 
produced as parasporal crystalline inclusions during the stationary phase of growth. 
Other proteins associated with insecticidal activity, including the Vip proteins, are 
secreted into the medium during the vegetative growth phase(Palma et al., 2014). 
Some Cry and Vip proteins (such as Vip3A proteins) show high insecticidal activity 
against a wide range of insect species (for a review, see van Frankenhuyzen 2009 for 
Cry proteins, and Chakroun et al. 2016 for Vip proteins), and the genes encoding 
them have been transferred to crop plants to protect them against insect pests. 
Vip3 proteins do not share sequence homology with other Bt insecticidal toxins and 
their 3D structure is yet unknown. The proposed mode of action of Vip3A proteins 
shares some similarities with that of the Cry proteins in that both undergo activation 
(proteolytic processing) in the insect midgut, bind to receptors on the surface of the 
midgut cells and, finally, make pores that lead to cell lysis, septicemia, and eventually, 
death of the insect (Adang et al., 2014; Caccia et al., 2016; Chakroun et al., 2016a; 
Lee et al., 2003; Liu et al., 2011). The molecular processes behind this cascade of 
events are still unclear for Vip3A proteins and differ from those of the Cry proteins. 
The binding sites of the Vip3A proteins in the midgut are different from those 
described for the Cry proteins (Abdelkefi-Mesrati et al., 2011b, 2009; Ben Hamadou-
Charfi et al., 2013; Lee et al., 2006; Sena et al., 2009), and the cell pores formed are 
structurally and functionally different (Lee et al., 2003). The high insecticidal activity 
of the Vip3A proteins, along with the differences in the mode of action with Cry 
proteins, has prompted their use in crop protection and pest management. Some Bt-
cotton and Bt-corn varieties combine the expression of Vip3Aa with one or more Cry 
proteins (ISAA). 
Vip3A proteins (MW about 89 kDa) have an N-terminal signal sequence that, unlike 
most secreted proteins, is not processed when the protein is delivered to the media 
(Estruch et al., 1996). Once in the midgut of the insect, as a first step in the mode of 
action, the Vip3A proteins are activated. The activation is necessary since the full 
length Vip3Aa is unable to form pores in vitro (Lee et al., 2003), and differences in the 
rate of activation have been related with differences in susceptibility amongst 
lepidopteran species (Abdelkefi-Mesrati et al., 2011a; Chakroun et al., 2012; Gomis-
Cebolla et al., 2017). Furthermore, reduced protease activity has been found in a 
Vip3Aa-resistant strain of Helicoverpa armigera (Lepidoptera: Noctuidae) (Chakroun 
et al., 2016c), and it has been proposed as the mechanism of resistance in a Vip3Aa 
resistant strain of Spodoptera litura (Lepidoptera: Noctuidae) (Barkhade and Thakare, 
2010). 
The activation of the Vip3Aa protein by the insect midgut juice (MJ) was described 
soon after its discovery. Incubation of Vip3Aa with insect MJ led to four major 
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proteolysis products of about 62, 45, 33, and 22 kDa (Yu et al., 1997). Similar patterns 
of proteolysis (with a band of about 65 kDa and several other bands of lower 
molecular weight) have been observed by other authors with MJ from many insect 
species protein (Abdelkefi-Mesrati et al., 2011a, 2011b; Ben Hamadou-Charfi et al., 
2013; Caccia et al., 2014; Lee et al., 2003; Marucci et al., 2015; Sellami et al., 2015). 
Similarly, the in vitro activation of Vip3A proteins with trypsin produces a major 
fragment of about 62-65 kDa, along with other fragments, mainly one of about 20 
kDa that would correspond to the N-terminal region (Estruch and Yu, 2001). Although 
the 33 kDa fragment was proposed to be the minimum toxic fragment after 
proteolysis(Estruch and Yu, 2001), further studies have led to the 62-65 kDa protein 
being considered the protease resistant core and the active form of the protein 
(Abdelkefi-Mesrati et al., 2011a, 2011b; Baranek et al., 2015; Ben Hamadou-Charfi et 
al., 2013; Caccia et al., 2014; Chakroun et al., 2012; Hernández-Martínez et al., 2013; 
Lee et al., 2003; Liu et al., 2011; Ruiz de Escudero et al., 2014). However, some studies 
on the stability of Vip3A proteins to proteases seemed to show that the 62-65 kDa 
core was not stable, as revealed by SDS-PAGE, since the 62-65 kDa fragment was 
processed to smaller fragments when the concentration of proteases was increased 
(Caccia et al., 2014; Li et al., 2007; Song et al., 2016a). 
In the present work, the activation process for Vip3 proteins was closely examined in 
order to better understand the Vip3Aa protein stability and to shed light on its 
structure. In our hands, the SDS-PAGE analysis of the Vip3Aa protein processed at 
high concentrations of trypsin (or MJ), indicated an apparently fast and complete 
degradation of the protein. However, when the proteolytic reaction was efficiently 
stopped, it was revealed that the protoxin had been only cleaved at a primary 
cleavage site, regardless the amount of proteases used, generating two bands of 66 
kDa and 19 kDa. These findings are important for the interpretation of many 
published results in which Vip3A processing is shown. Finally, the trypsin treatment 
of the protoxin in the presence of SDS revealed the presence of secondary cleavage 
sites that have allowed us to propose a relationship between the predicted secondary 
structure of the protein and its stability. 

2.2. Materials and Methods  

2.2.1. Vip3Aa expression and purification 

The Vip3Aa protein was obtained from the vip3Aa16 gene fused to a six histidine-tail 
and cloned in Escherichia coli (Abdelkefi-Mesrati et al., 2009). Expression of the 
vip3Aa16 gene was achieved as described elsewhere (Abdelkefi-Mesrati et al., 
2011a), except for that the pre-culture was allowed to reach an OD of 1.2 before 
being transferred to the main culture medium, and that isopropyl-β-D-
thiogalactopyranoside (IPTG) was added to the latter when it reached an OD of 0.4. 
After 5 h at 37 °C, the cells were harvested by centrifugation and then lysed 
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(Abdelkefi-Mesrati et al., 2011a). After centrifugation at 17,000 g, the supernatant 
containing the Vip3Aa protein was collected and used for subsequent purification. 
Affinity chromatography purification of Vip3Aa was carried out using His TrapTM FF 
crude columns (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The column was 
equilibrated with Phosphate-Buffered Saline solution (PBS, Roche, Germany) pH 7.4, 
with 10 mM of imidazole. The supernatant was then loaded onto the column and 
washed with PBS with 45 mM imidazole. The Vip3Aa protein was eluted with elution 
buffer (PBS containing 150 mM imidazole) and 1 ml fractions were collected in tubes 
containing 50 µl of 0.1 M EDTA. Fractions with a high protein concentration (as 
determined photometrically at 280 nm) were combined and dialyzed overnight 
against 20 mM Tris-HCl, 0.15 M NaCl, 5 mM EDTA, pH 8.6, or against 50 mM 
carbonate buffer, 5 mM EDTA, pH 10.5. The final concentration of Vip3Aa was 
determined either by densitometry after SDS-PAGE or by the Bradford’s method 
(Bradford, 1976), using bovine serum albumin (BSA) as a standard.  

2.2.2. Vip3A proteolytic processing 

The Vip3Aa protein was subjected to different proteolysis treatments. Aliquots were 
taken out at desired times, mixed with SDS-PAGE loading buffer (10 µl sample with 5 
µl loading buffer), heated at 99°C for 10 min, snap frozen in liquid nitrogen, and 
stored at -20°C until use. When trypsin inhibitors were used, the aliquots were mixed 
with trypsin inhibitors and either immediately or after a short incubation time (10 
min at RT), the loading buffer was added to the samples to be processed for SDS-
PAGE as usually. The loading buffer composition was 0.2 M Tris-HCl pH 6.8, 1 M 
sucrose, 5 mM EDTA, 0.1% bromophenol blue, 2.5% SDS, and 5% β-mercaptoethanol. 

2.2.3. Trypsin treatments 

The affinity-purified Vip3Aa protein was subjected to proteolytic activation with 
commercial trypsin (trypsin from bovine pancreas, SIGMA T8003) in either Tris-HCl 
buffer (20 mM Tris-HCl, 0.15 M NaCl, 5 mM EDTA, pH 8.6) or carbonate buffer (50 
mM carbonate buffer, 5 mM EDTA, pH 10.5). Vip3Aa was incubated with trypsin at 
either 1:100, 24:100, or 120:100 ratios (trypsin:Vip3A, w:w) at both 4°C and 30°C. 
The irreversible inhibitors used to stop the trypsin action, were: PMSF 
(phenylmethanesulfonyl fluoride, from SIGMA), TLCK (Nα-tosyl-L-lysine chloromethyl 
ketone hydrochloride, from SIGMA), AEBSF protease inhibitor (4-(2-
aminoethyl)benzenesulfonyl fluoride hydrochloride, from ThermoFisher), and E64 
(trans-epoxysuccinyl-L-leucylamido(4-guanidino)butane, from SIGMA). The 
denaturing agent used, urea, was added directly to the sample tubes to reach the 
concentration of 8 M.  
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2.2.4. Midgut juice (MJ) treatment 

MJ was obtained from Agrotis ipsilon 5th instar larvae. For that purpose, 15 larvae 
were dissected and their peritrophic membranes, containing the food bolus, were 
pulled out and transferred into an ice-cold container, homogenized, and centrifuged 
for 10 min at 16,100 g at 4°C. The supernatant was collected and centrifuged again 
for 10 additional min. The final supernatant was quickly distributed into small 
aliquots, snap frozen in liquid nitrogen, and stored at -80°C. The protein content was 
quantified by the Bradford (Bradford, 1976) method using BSA as a standard. 
Vip3Aa was incubated with MJ at a ratio of 40:100 (MJ:Vip3A, w:w). The sample was 
incubated at 30°C for 30 min. 

2.2.5. MALDI TOF/TOF analyses 

The analyses were performed in a 5800 MALDI TOF/TOF (ABSciex) at the proteomics 
facility of the SCSIE (Servei Central de Suport a la Investigació Experimental), at the 
University of Valencia, Valencia, Spain. Protein fingerprinting was performed on 
tryptic fragments separated by SDS-PAGE. 
To perform the molecular weight analyses, the Vip3Aa protein was first treated with 
trypsin (24:100 trypsin:Vip3A, w:w) and the mixture was incubated at 30°C for 3 days. 
The analyses of the Vip3Aa molecular weight were performed after diluting the 
sample 1:2 in trifluoroethanol with SA as a matrix. The analyses were performed in a 
positive linear mode in a mass range of 10000-100000 m/z. The spectra were 
analyzed by the mMass software (Strohalm et al., 2008), Version 5.5.0 . 

2.2.6. Gel filtration chromatography 

Gel filtration chromatography was performed with an ÄKTA explorer 100 
chromatography system (GE Healthcare) in a Superdex-75 10/300 GL column (GE 
Healthcare Life sciences, USA) equilibrated and eluted with 20 mM Tris-HCl, 300 mM 
NaCl, pH 8.9, to a flow rate of 1 ml/min. 

2.2.7. Toxicity tests 

The biological activity of the Vip3A samples was assessed with A. ipsilon first instar 
larvae. The A. ipsilon colony was established with insects obtained from Andermatt 
Biocontrol AG (Stahlermatten, Switzerland) which had been reared in the laboratory 
for more than 14 generations. The insects were reared on an artificial diet and 
maintained in a rearing chamber at 25 ± 3°C, with 70 ± 5 RH and a 16/8h light/dark 
photoperiod. 
Surface contamination assays were carried out with a single larva in each 2 cm2 well 
in multiwell plates. The toxicity of full length Vip3Aa or the processed Vip3Aa was 
tested using protein concentrations of 40 and 65 ng/cm2 (which corresponds to the 
LC90 value extrapolated from published data (Hernández-Martínez et al., 2013)). For 
each replicate, 16 to 32 neonate larvae were used. Mortality was scored after 7 days. 



Chapter 2: Structure of the Vip3Aa by protease digestion analysis 

PhD Thesis: B. thuringiensis Vip3A structure-function relationship 87 

The larvae remaining in the first instar stage after 7 days were also recorded and 
added to the number of dead larvae to obtain the “functional mortality”. 

2.2.8. Protein structure prediction software 

The secondary structure prediction was generated by the Geneious software, version 
10.1.1. (Kearse et al., 2012). 

2.3. Results 

2.3.1. Stability of Vip3Aa protoxin to trypsin processing 

Trypsin treatment of the Vip3Aa protein in Tris-HCl buffer (pH 8.6), at 1:100 
trypsin:Vip3A (w:w) for 30 min (corresponding to the conditions used in most studies) 
rendered a major band of around 66 kDa (usually identified as the Vip activated toxin) 
as well as other smaller bands of about 42, 32, 29, and 19 kDa (Fig. 2. 1a). Whereas 
the concentration of the smaller bands decreased with the incubation time, the 66 
kDa band seemed to become more intense as the incubation proceeded. To confirm 
this observation, the experiment was repeated using different ratios of trypsin:Vip3A 
(24:100 and 120:100, w:w). In these conditions, the accumulation with time of the 
66 kDa band became even more evident, and at the same time the smaller bands 
eventually disappeared (Fig. 2. 1b and c). This phenomenon was also observed when 
trypsin digestion was performed at a lower temperature (4°C), as well as when the 
Tris buffer was substituted by carbonate buffer (pH 10.5) (data not shown). 
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Fig. 2. 1. Time course of trypsin processing of Vip3Aa as revealed by SDS-PAGE.  
Reactions were performed at 30°C at different concentrations of trypsin in Tris-HCl buffer. The ratios of 
trypsin:Vip3A (w:w) were: (a): 1:100, (b): 24:100, and (c): 120:100. Aliquots were withdrawn at different times, 
as shown at the top of each lane. Molecular weight markers (MW) are indicated in kDa. C = protoxin after 3 days 
of incubation at 30°C. 

Gel filtration chromatography of the 30 min processed Vip3Aa protein (with 24:100 
trypsin:Vip3Aa) showed a main peak at 8.3 min, corresponding to the void volume of 
the column (the exclusion limit for globular proteins of this column was 100 kDa), and 
a peak at 13.0 min (of around 23 kDa by SDS-PAGE), which corresponded to trypsin 
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(Fig. 2. 2, fraction 12). SDS-PAGE analysis of the fractions containing the first peak 
showed two main bands, one of 66 kDa and the other of 19 kDa (Fig. 2. 2, lanes 8 and 
9 in inset), suggesting that the band pattern obtained at short incubation times in Fig. 
2. 1 is the result of the trypsin acting on Vip3Aa while in the loading buffer. 
Furthermore, the presence of both polypeptides in these fractions indicated that, 
once cleaved, the 19 kDa peptide remains bound to the 66 kDa polypeptide. The 
elution of the cleaved Vip3Aa protein in a peak corresponding to a molecular size 
larger than 100 kDa indicates that either the cleaved Vip3Aa protein occurs in 
solution either as an oligomeric protein, or that it adopts a non-globular shape. 

 
Fig. 2. 2. Gel filtration chromatography of Vip3Aa treated with trypsin.  
Vip3Aa was incubated with trypsin (24:100 trypsin:Vip3A, w:w) for 30 min (“Input” in figure inset). The sample 
was loaded into a Superdex-75 10/300 GL column and elution fractions (1 ml each) were analysed by SDS-PAGE 
(“Output” in figure inset). Molecular weight markers (M) are indicated in kDa. 

2.3.2. Checking the efficiency of protease inhibitors or high concentration urea 
on stopping the trypsin action 

Several irreversible trypsin protease inhibitors (PMSF, TLCK, AEBSF, E64), as well as a 
denaturant agent (8 M urea), were used to stop the action of trypsin upon Vip3Aa 
prior to SDS-PAGE. The protease inhibitors or the urea were added after 30 min of 
Vip3Aa incubation with trypsin (24:100 trypsin:Vip3Aa, w:w). The loading buffer was 



Chapter 2: Structure of the Vip3Aa by protease digestion analysis 

PhD Thesis: B. thuringiensis Vip3A structure-function relationship 90 

added either immediately or 10 min after addition of the inhibitors or the urea, and 
then the samples were heated for SDS-PAGE. The inhibitors were used at the highest 
concentration recommended in the literature. The results showed that none of the 
tested trypsin inhibitors stopped the action of trypsin when the loading buffer was 
added just after the addition of the inhibitors (Fig. 2. 3a). In these conditions only E64 
was able to partially stop the reaction. However, if the addition of loading buffer was 
delayed 10 min, the AEBSF inhibitor was able to completely stop the trypsin action, 
rendering a pattern in SDS-PAGE of three bands: the 66 and 19 kDa peptides derived 
from the Vip3Aa protoxin, and a 23 kDa band corresponding to trypsin (lane 6 in 
Fig. 2. 3b). Unexpectedly, after preincubation, E64 performed worse than in the 
previous conditions. These experiments were replicated using a lower rate of 
trypsin:Vip3Aa (10:100, w:w) and a concentration of inhibitors 10 times higher, and 
the results did not change (data not shown). Therefore, except for AEBSF, the rest of 
inhibitors tested were not able to inhibit completely the activity of trypsin, even used 
at very high concentration. On the other hand, 8 M urea was very efficient stopping 
the action of trypsin, rendering a profile similar to that obtained with AEBSF 
(Fig. 2. 3a). Some minor bands could be observed after a 10 min preincubation in the 
presence of urea (Fig. 2. 3b), probably because a small fraction of Vip3Aa became 
digested by trypsin while becoming denatured. 

 

a                                                                            b 
Fig. 2. 3. Trypsin digestion of Vip3Aa using inhibitors to stop the reaction. 
 The reactions were stopped with the addition of irreversible trypsin protease inhibitors or urea. Loading buffer 
was added either immediately (a) or 10 min after addition of the inhibitors or the urea (b) and the samples heated 
and subjected to SDS-PAGE. Lanes 1: molecular weight markers; lanes 2: untreated protoxin; lanes 3: control 
with no inhibitors; lanes 4: 1 mM PMSF; lanes 5: 0.1 mM TLCK; lanes 6: 1 mM AEBSF; lanes 7: 10 mM E64; lanes 
8: 8 M urea. Molecular weight markers are indicated in kDa. 

Taken together, the above experiments show that when the trypsin activity is 
completely inhibited (by either AEBSF or 8 M urea) before SDS-PAGE, only two tryptic 
fragments are generated, of 66 kDa and 19 kDa, even at extremely high 
concentrations of trypsin (24:100 trypsin:Vip3A, w:w). Thus, Vip3Aa has just one 
primary cleavage site under native conditions, as opposed to the several secondary 
cleavage sites revealed under denaturing conditions. 
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2.3.3. Analysis of the biological activity of the trypsin-treated Vip3A protein 

To determine whether the samples treated with high concentration of trypsin 
(24:100 trypsin:Vip3A, w:w) for different times (and with very different SDS-PAGE 
profiles) differed in their insecticidal activity, bioassays were performed with A ipsilon 
(Lepidoptera: Noctuidae) neonate larvae. The results showed that the Vip3Aa 
samples treated for either 30 min or 3-4 days retained the insecticidal activity 
similarly to the unprocessed protein (Table 2. 1). Since the 19 kDa fragment 
disappears with time, the results suggest that this fragment is not essential for 
toxicity. 
 
Table 2. 1. Toxicity of Vip3Aa before and after different trypsin treatments. 
 Bioassays were performed with A. ipsilon neonates and the mortality scored after 7 days. Functional 
mortality is defined as the number of dead larvae plus 1st instar arrested larvae. Values represent 
the mean and standard error of n replicates. Mortality in the controls (just buffer or buffer with 
trypsin added) was always ≤10%. 

 
 

2.3.4. Vip3Aa processing by trypsin in the presence of SDS and β-
mercaptoethanol 

Since the SDS-PAGE loading buffer contains SDS and β-mercaptoehanol, experiments 
were performed in which the Vip3Aa protoxin was incubated with trypsin (for 30 min 
at a 24:100 trypsin:Vip3A, w:w), in the presence of SDS and/or β-mercaptoehanol (at 
the same concentrations that they would be once the loading buffer is added to the 
sample). The reactions were stopped with 1 mM AEBSF, let stand for 10 min at RT, 
and processed for SDS-PAGE as usual. The results showed that the presence of SDS 
reproduced the same band pattern observed when the trypsin reaction is not 
stopped with protease inhibitors before SDS-PAGE (Fig. 2. 4), evidencing that bands 
other than 19 and 66 kDa appear by the action of trypsin in the presence of SDS on 
secondary cleavage sites. 
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Fig. 2. 4. Trypsin processing of Vip3Aa in the presence of SDS and β-mercaptoethanol. 
Vip3Aa was treated with trypsin (24:100 trypsin:Vip3A, w:w) with or without SDS or β-mercaptoethanol, 
incubated for 30 min at 30°C and subjected to SDS-PAGE. Lane 1: molecular weight markers; lane 2: control 
without SDS or β-mercaptoethanol; lane 3: with SDS; lane 4: with β-mercaptoethanol; lane 5: with SDS and β-
mercaptoethanol; lane 6: Vip3Aa without trypsin (protoxin). All reactions were stopped with 1 mM AEBSF 
followed by 10 min incubation at RT. Molecular weight markers (kDa) are indicated in the left. The band of 
around 23 kDa corresponds to trypsin. 

2.3.5. Identification of peptides generated by the trypsin treatment 

Molecular weight analysis by MALDI TOF/TOF of the trypsin-treated Vip3Aa protein 
incubated for 3 days (at 24:100 trypsin:Vip3A, w:w) revealed peaks of mass/charge 
of 66539, 33246, and 22169, which corresponded to a 66 kDa polypeptide (66.539 
kDa exact molecular weight) with one, two, and three charges, respectively (see 
Supplementary Fig. S-2.1 in the Annex section). 
The tryptic peptide mass fingerprint was obtained for the main bands obtained after 
trypsin treatment followed by SDS-PAGE. The results allowed us to putatively identify 
the SDS-PAGE bands based on the Vip3Aa16 sequence (GenBank Acc. No. 
AAW65132.1). Unfortunately, this type of analysis does not always allow one to 
pinpoint the exact N- and C-terminus of the peptides, since some tryptic fragments 
which are generated are either too small or too large to allow detection. The 
fingerprinting results unambiguously indicated that the band of 66 kDa consisted of 
a polypeptide starting at amino acid residue D-199 and ending at the C-terminus of 
the protein (amino acid K-789). The fingerprint of the band of approx. 19 kDa 
matched with sequences from the N-terminal region of the protein, starting at the N-
terminus and ending at either K-195, K-197, or K-198 (most likely the latter). The 
bands of approx. 42, 32, and 29 kDa all gave matches with the C-terminal part of the 
protein. The start residue of the band of 29 kDa was confirmed by Edman’s 
degradation, and was identified as S-509; the last residue of this band coincided with 
the protein C-terminus. The bands of 42 and 32 kDa yielded tryptic fragments 
matching the region covered by the band of 29 kDa, indicating that they are larger 
versions of the 29 kDa fragment. 
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2.3.6. Stability of Vip3Aa protoxin to A. ipsilon midgut juice 

When the Vip3Aa protein, apparently degraded after treatment with a very high 
concentration of MJ (40:100, MJ:Vip3A, w:w) (Fig. 2. 5, lane of Input in inset), was 
subjected to gel filtration chromatography, the Vip3Aa protein eluted as a single main 
peak at 8.35 min, along with several other peaks associated with the MJ (Fig. 2. 5). 
SDS-PAGE of the fractions that contained the 8.35 min peak showed two main bands, 
one of 66 kDa and the other of 19 kDa (Fig. 2. 5, lane A1 in inset). This result confirmed 
the existence of a core of 66 kDa extremely stable to MJ proteases and showed that 
the apparent degradation of Vip3Aa at high concentrations of MJ, as observed by 
SDS-PAGE, was an artefact. 

 
Fig. 2. 5. Gel filtration chromatography of Vip3Aa treated with A. ipsilon midgut juice (MJ).  
Vip3Aa was incubated with 40:100 MJ:protein (w:w) for 1 h (“Input” in figure inset). The sample was loaded into 
the column and the elution fractions (1 ml each) were analysed by SDS-PAGE. The protein profile of the output 
(fraction A1) is shown in the figure inset. Molecular weight markers (MW) are indicated on the right in kDa. 

2.4. Discussion 

Since the discovery of Vip3 proteins, the mode of action on susceptible insects has 
been assimilated to that of the much better known Cry proteins. Though with 
important differences, especially at the membrane target sites, the main steps have 
been mirrored in those of the Cry proteins, including the activation of the protein by 
proteases in the midgut. Therefore, the full length Vip3Aa protein, or protoxin, is 
activated in the insect midgut producing a protease resistant core, the one identified 
as the 62-66 kDa fragment. This fragment has been proposed to be the one crossing 
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the peritrophic membrane and binding to specific sites in the epithelial membrane. 
However, this model has been challenged by results which have pointed out to that 
the 62-66 kDa fragment is not as resistant as supposed to proteases. Although the 
62-66 kDa fragment appears as the main proteolysis band in SDS-PAGE when the 
concentration of trypsin or midgut juice is low, it is no longer the main band in SDS-
PAGE gels when higher concentrations of proteases are used (Caccia et al., 2014; Li 
et al., 2007; Song et al., 2016a). Many other studies have shown the apparent 
instability of the 62-66 kDa fragment (Abdelkefi-Mesrati et al., 2011a, 2011b; Lee et 
al., 2003; Liu et al., 2011; Marucci et al., 2015) and similar results have been obtained 
with the closely related Vip3Ca protein (Chakroun and Ferré, 2014). 
Our results show that, when exposed to trypsin or MJ proteases (even at very high 
concentrations), the Vip3Aa protoxin is cleaved at a primary cleavage site, between 
amino acids 198 and 199, rendering two fragments of 19 kDa and 66 kDa which are 
stable to further processing. The stability to further processing of the 66 kDa core is 
extremely high: it withstands concentrations as high as 120:100 trypsin:Vip3Aa and 
40:100 A. ipsilon MJ:Vip3Aa, no matter the incubation times, a situation close to that 
encountered in vivo, when the protoxin is ingested by the larva.  
The apparent degradation of the 66 kDa fragment at high concentrations of trypsin 
or MJ is due to the action of the proteases upon addition of SDS with the loading 
buffer. This is inferred from the results when the sample is subjected to gel filtration 
chromatography and trypsin is separated from the activated Vip3Aa prior to SDS-
PAGE analysis (Fig. 2. 2) or when the reaction is properly stopped (Fig. 2. 3). As clearly 
shown in Figure 2. 4, trypsin can act on the target protein even in the presence of this 
concentration of denaturant, presumably because Vip3Aa unfolds before trypsin is 
inactivated, making available less accessible cleavage sites. The unexpected increase 
of the 66 kDa band with time at high concentrations of trypsin (Fig. 2. 1) is explained 
because, since trypsin autodigests, the shorter the incubation time of the Vip3Aa 
protein with trypsin, the higher the trypsin concentration still present in the sample, 
and thus, the more efficient processing of the 66 kDa peptide by trypsin under 
denaturing conditions. 
Gel filtration chromatography shows that the proteolytically processed Vip3Aa 
protein elutes as a high molecular mass protein. The SDS-PAGE analysis of the elution 
peak shows two bands of 66 kDa and 19 kDa, which indicates that these two 
molecules remain associated under native conditions, as it was previously reported 
(Chakroun and Ferré, 2014). The elution of the processed protein from the gel 
filtration column as a high molecular mass protein (the exclusion limit of the column 
is 100 kDa) is in agreement with a recent study that shows that the trypsin-activated 
Vip3Aa protein aggregates in solution to form an oligomer or because the protein 
may adopt a non-globular shape (Kunthic et al., 2016). Other examples are known of 
proteins that, after activation, the two main fragments remain together and co-elute 
chromatographically. The MJ-activated Cry8Da protein (64 kDa) can be further 
digested giving two bands of 54 kDa and 8 kDa by SDS-PAGE, but which elute together 
by gel filtration chromatography (Yamaguchi et al., 2010). Also, Cry4A is cleaved into 
two fragments of 20 kDa and 45 kDa by protease activation that cannot be separated 
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by gel filtration chromatography (Yamagiwa et al., 1999). Two fragments of 55 kDa 
and 8-11 kDa, which cannot be separated by size exclusion chromatography, are also 
obtained during the activation of the coleopteran active Cry3Aa protein (Carroll et 
al., 1997).  
The role of the 19 kDa in the toxicity of the activated Vip3Aa is controversial. While 
Li et al. (Li et al., 2007) found that deletion of the N-terminal first 189 amino acids 
abolished the insecticidal activity of a chimeric Vip3AcAa protein, Gayen et al. (2012) 
found that a Vip3Aa deletion mutant lacking the first 200 amino acids of the protein 
not only did not abolish the activity, but it slightly enhanced it against the three insect 
species tested, and that the expression of this deleted protein in tobacco plants 
provided even higher plant protection against several feeding insects than the 
expression of the wild type protein (Gayen et al., 2015). It is possible that the 
discrepancy between these two studies is due to the method used for the expression 
and purification of the deletion mutants, if not to the different Vip3A proteins used. 
Other studies with smaller deletions also gave contradictory results (Bhalla et al., 
2005; Chen et al., 2003; Selvapandiyan et al., 2001). According to our results, the 
presence of the 19 kDa fragment in the toxicity seems not to be essential, since 
similar insecticidal activities were found for the samples incubated at 24:100 trypsin: 
Vip3Aa for 30 min or 3 days (Table 2. 1), with the latter almost lacking the 19 kDa 
fragment (Fig. 2. 1). 
An unexpected result from this study is the difficulty in completely terminating the 
reaction of Vip3Aa with trypsin. Even the highest concentration of inhibitors 
recommended by the suppliers was unable to stop the reaction, except for AEBSF, 
and this only after incubation for 10 min. This lack of efficacy, along with the 
susceptibility of Vip3Aa to SDS unfolding, is responsible for the degradation patterns 
of Vip3 proteins obtained when analyzed by SDS-PAGE. In the light of our results, all 
previous data on Vip3 proteins proteolysis, either by commercial proteases or by MJ, 
should be revised, since most reported band patterns would reflect the susceptibility 
of the Vip3 protein under denaturing conditions. This would affect more severely to 
those experiments performed at high concentrations of either trypsin or insect 
midgut juice. It is very likely that the lack of termination of the trypsin reaction would 
be the reason why the 33 kDa fragment was originally proposed to be the minimum 
toxic fragment after proteolysis (Estruch and Yu, 2001). 
No 3D structure of any Vip3 protein has yet been resolved. To shed light on the 
Vip3Aa structure, we have exploited the susceptibility of this protein to trypsin 
digestion under denaturing conditions (i.e., in the presence of SDS) to uncover 
secondary trypsin sites. The main bands obtained upon trypsin treatment of Vip3Aa 
in the presence of SDS were analyzed by MALDI TOF/TOF and the tryptic fragments 
were identified based on the Vip3Aa16 sequence (GenBank Acc. No. AAW65132.1). 
The analysis provided the exact molecular weight of the main fragment (66.539 kDa) 
and identified the 19 kDa fragment as the N-terminal fragment generated by the 
primary cleavage site. Secondary cleavage sites yielded the bands of approx. 42, 32, 
and 29 kDa, whose tryptic fragments gave matches with the C-terminal part of the 
protein, suggesting that this region is the most stable region of the 66 kDa core. 
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Interestingly, the predicted secondary structure of the Vip3Aa protein shows a cluster 
of beta sheets in the C-terminal region of the protein (where the putative 
carbohydrate-binding motif is also located), whereas the rest of the protein is mainly 
composed of alpha helices (Fig. 2. 6). This bias in the secondary structure suggests 
that the beta sheets might form a structure that stabilizes this region. 

 

Fig. 2. 6. Schematic representation of the Vip3Aa secondary structure and identification of the peptides generated 
by trypsin digestion of Vip3Aa.  
Alfa helices are represented as blue cylinders, beta sheets are represented as purple arrows and turns are 
represented in gray. CBM = Predicted Carbohydrate Binding Motif. Black arrows under the secondary structure 
represent the polypeptides identified by Mass fingerprinting. Insect rearing and bioassays. 

2.5. Conclusions 

The results presented here show that Vip3A proteins, and by extension other Vip3 
proteins, are readily cleaved at a primary site by proteases rendering the 19-22 kDa 
and 62-66 kDa fragments. Despite the fact that the two fragments remain attached, 
the long-time exposure to proteases seems to eventually digest the small fragment. 
In contrast, the largest fragment is extremely stable to trypsin or MJ proteases. 
However, its susceptibility to SDS unfolding, along with the low efficacy of trypsin 
inhibitors to stop the proteolytic reaction, makes the SDS-PAGE analysis reveal 
secondary cleavage sites which give artefactual band patterns and, in some cases (at 
high concentration of MJ or trypsin), even the apparent complete degradation of the 
protein. The information provided here is useful for further biochemical and 
structural studies with the Vip3Aa and other Vip3 proteins, and may help explain 
some reproducibility problems faced when working with these type of proteins. 
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3.1. Introduction 

Microbial control agents (MCA) have become a widespread resource for agricultural 
pest management since the 20th century. MCA-based products are environmental-
safe with no risk to human consumers, allowing a more sustainable production of 
food. Nowadays there is a great variety of green products based on microbial agents, 
whereas Bacillus thuringiensis (Bt) based strategies are by far the most used (Lacey 
et al., 2015). 
Bacillus thuringiensis Berliner is a Gram-positive sporulating bacterium which 
produces several entomopathogenic toxins and enzymes of agronomic interest. 
Among them, δ-endotoxins (Cry and Cyt proteins) are produced during the 
sporulation growth phase in parasporal inclusions and are highly toxic to a variety of 
insect pests. Different to them, vegetative insecticidal proteins (Vip) are soluble 
proteins that are secreted during the vegetative growth phase of Bt. Vip3 proteins 
are a family of Vip proteins active specific against lepidopteran pests. Cry and Vip 
proteins differ in their practical mode of action and therefore their combination in 
the same pest management strategy is becoming a common practice. Nowadays Cry1 
and Vip3A proteins are often found co-expressed in some biopesticides and in 
commercial transgenic plants (Bt-crops) (Carrière et al., 2015; Chakroun et al., 2016a; 
EFSA, 2012; Kurtz et al., 2007; Moar et al., 2017; Sanchis, 2011), constituting an 
important tool for both conventional and organic farming. 
The details in the mode of action of Vip3A proteins are not exempt of controversy. It 
is acknowledged that after ingestion different gut peptidases process the protein 
rendering the active toxin, which then crosses the peritrophic membrane and binds 
to specific receptors in the brush border midgut epithelium (Chakroun et al., 2016a; 
Chakroun and Ferré, 2014; Lee et al., 2003; Palma et al., 2014; Sena et al., 2009). 
Soon after the ingestion, the insect larvae stop feeding and moving (Yu et al., 1997). 
The starvation contributes to the disruption of the peritrophic matrix exposing the 
ectoperitrophic space to the lumen content(Caccia et al., 2016). Following the 
specific binding event, the Vip3 toxins might be inserted into the membrane and form 
pores (Lee et al., 2003; Liu et al., 2011), bound to the S2 ribosomal protein and 
translocated into the cell cytoplasm (Singh et al., 2010), or trigger a signaling cascade 
that activates an apoptotic process (Estruch and Yu, 2001; Jiang et al., 2016); In all 
cases, this succession of events leads to the histopathologic alteration in the gut 
epithelium and the eventual death of the insect (Abdelkefi-Mesrati et al., 2011b; 
Chakroun and Ferré, 2014; Gomis-Cebolla et al., 2017; Song et al., 2016b; Yu et al., 
1997).  
Proteolytic processing is a key starting point on the insecticidal performance. The 
activation step and the protease sensitivity has been often related to different 
insecticidal response (Abdelkefi-Mesrati et al., 2011b; Caccia et al., 2014; Chakroun 
et al., 2016c, 2012; Estruch and Yu, 2001; Hernández-Martínez et al., 2013; Li et al., 
2007). Right from the beginning, Estruch and Yu (Estruch and Yu, 2001) proposed that 
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the 89 kDa Vip3A protein acted as a precursor which is promptly cleaved by insect 
proteases, splitting the protein in two fragments of 20 kDa (corresponding to the 200 
first residues of the N-terminal) and of 65 kDa (corresponding to the activated toxin). 
The identity of these fragments was further confirmed in later works by protein 
sequencing (as shown in chapter II and chapter IV). Estruch and Yu also described two 
additional secondary cleavage sites in the 65 kDa fragment which render two 
overlapping minor bands of 45 kDa and 33 kDa. The described proteolytic profile was 
also found by other authors (Ben Hamadou-Charfi et al., 2013; Yu et al., 1997), 
whereas the accumulation of the 65 kDa band was not predominant in the Vip3Aa12 
(Song et al., 2016a). In the case of Vip3C proteins, the main core active toxin 
corresponds to 70 kDa size (Gomis-Cebolla et al., 2017).  
Vip3 sequences do not share close nor far homologues with known structures and 
their conformation structure has been rarely reported. Therefore, structural 
inferences are mostly reduced to sequence analysis, in silico predictions and protein 
engineering (Dong et al., 2012b; Gayen et al., 2012; Li et al., 2007; Rang et al., 2005; 
Selvapandiyan et al., 2001; Wu et al., 2007). It has been recently reported that Vip3A 
proteins can be found either as a globular protein or with an elongated shape, and 
are able to aggregate forming homo-tetramers (Kunthic et al., 2016; Palma et al., 
2017, 2014).  
In a previous work, Bel and coworkers (Bel et al., 2017) shown how an apparent 
degradation of the Vip3Aa16 after activation was a consequence of the interaction 
of the serine-proteases with the Vip3 proteins denatured by the action of the SDS. 
This effect can be a useful tool to infer in the different folding states among Vip3 
proteins that might account for their specificity against target pests. In this work we 
present similar results with a different subclass of Vip3A and hypothesize on 
structural features. The results presented herein and in Bel et al. open the possibility 
that the loss of the toxicity reported elsewhere could be rather related to different 
mechanisms other than higher sensibility to proteases, such as an impairment of the 
binding, a disruption of the putative active site, or a suboptimal folding of the whole 
protein. 

3.2. Material and Methods 

3.2.1. Vip3Af Expression and Purification 

The Vip3Af protein was kindly provided Bayer CropScience NV (Ghent, Belgium). The 
vip3Af1 gene (GenBank accession No. AJ872070.1) was fused to a His-tag sequence 
at the N-terminus and cloned in the pMaab10 plasmid (Beard et al., 2008) in BL21 
Escherichia coli strain. Vip3Af was expressed as reported elsewhere (Ruiz de Escudero 
et al., 2014). 
The protein was purified by metal-chelate affinity chromatography of the crude 
extract lysate similarly as previously described by Hernández-Martínez et al. 
(Hernández-Martínez et al., 2013) (2012) using HisTrap FF columns (GE Healthcare). 

https://www.ncbi.nlm.nih.gov/nuccore/57283990?report=fasta
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Eluted fractions were collected in 2 mL tubes containing EDTA at a final concentration 
of 5 mM. The first 8 fractions were pooled and dialyzed o/n at 4 ºC against 
20 mM Tris-HCl, 300 mM NaCl, pH 9. The dialyzed protein was maintained in the 
refrigerator until use.  

3.2.2. Midgut Juice and Trypsin Preparation 

Midgut juice (MJ) was obtained from midguts from 5th instar larvae of Spodoptera 
frugiperda (Lepidoptera: Noctuidae). The larvae were dissected in cold ice and the 
bolus content were extracted by carefully excising the midgut epithelium and the 
peritrophic membrane. Bolus from eight to ten larvae were mixed and centrifuged at 
16,000 g and 4 °C for 10 min. The supernatant fraction was the immediately snap 
frozen in liquid nitrogen and stored in deep freezing conditions at -80 °C. Total 
protein concentration in the midgut juice was quantified with Bradford reagent using 
BSA as standard (Bradford, 1976). 
A stock solution of 10 mg/ml of commercial trypsin from bovine pancreas (Ref. 
T8003, Sigma-Aldrich) was prepared with pure water, distributed in small aliquots 
and stored until use at -20 °C up to one month.  

3.2.3. Proteolytic Kinetics Assays 

The kinetics of the Vip3Af were studied as previously described for the close-related 
Vip3Aa (Bel et al., 2017). 50 to 100 µg of affinity-purified protoxins were incubated 
with different concentrations of either trypsin or midgut juice of S. frugiperda in 100-
280 µl final volume of 20 mM Tris, 300 mM NaCl, pH 9 at 30 °C. At the desired time 
of 0.1, 0.5, 1, 2, 6, 24, 48 and 72 h, a volume equivalent to 3 µg of Vip3Af was taken 
and mixed with SDS-PAGE loading buffer (0.2 M Tris-HCl pH 6.8, 1 M sucrose, 5 mM 
EDTA, 0.1% bromophenol blue, 2.5% SDS, and 5% β-mercaptoethanol) (2:1, 
sample:loading buffer), followed by a heating step of 5 min at 99 °C after which 
samples were immediately frozen in liquid nitrogen and stored at -20 ºC until use. 
Proteolytic processing fragments were separated in in 12% SDS-PAGE.  
For a quantitative comparison of the processing rate, the amount of Vip3Af protoxin 
(89 kDa) and activated toxin (62 kDa) at the different incubation times was quantified 
densitometrically using the TotalLab 1D v 13.01 software. The densitometry values 
from the 65 kDa, 33 kDa and 20 kDa bands were relativized to the input value in the 
gel, and the background was corrected. Graphical representation was performed 
using the software GraphPad Prism v 5.00. 

3.2.4. Size Exclusion Chromatography 

A sample of 180 µg of the Vip3Af protoxin was treated with midgut juice from 
S. frugiperda at a ratio of 5:100 (MJ:Vip, w:w) in a final volume of 380 µl at 30 °C for 
72 h. The reaction product was subjected to gel filtration chromatography with an 
ÄKTA explorer 100 chromatography system (GE Healthcare) in a Superdex-75 10/300 
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GL column (GE Healthcare Life sciences, Uppsala, Sweden) equilibrated and eluted 
with 20 mM Tris-HCl, 150 mM NaCl, pH 9, to a flow rate of 1 mL/min. 

3.2.5. Protease Stability of the Vip3Af Activated Toxin 

Once the samples of the kinetics experiments were incubated for 72 h, the remaining 
activated samples were cold down and set aside at 4 °C for 48 h. In order to indirectly 
detect any conformational change in the activated Vip3Af, each samples were divided 
into two equivalent volumes and further treated with either 24:100 trypsin 
(trypsin:Vip, w:w) or 1.5:100 (MJ:Vip, w:w) midgut fluid form S. frugiperda and 
incubated at 30 °C for 0.1, 0.5, 1, 2 and 24 h. A volume equivalent to 3 µg of Vip3Af 
was taken from the reaction mixture as described above. 

3.2.6. Biological Activity of the Digested Vip3Af 

The toxicity of the Vip3Af activated with midgut juice of S. frugiperda at a ratio of 
5:100 (MJ:Vip, w:w) at 30 °C for 30 min was tested against S. frugiperda. Insect 
population of S. frugiperda was reared on a semi-synthetic diet (Greene et al., 1976) 
and maintained under controlled conditions (25 ± 2° C, 70 ± 5% RH and 16:8h L:D). 
Surface contamination bioassays were conducted by applying 50 µl of the Vip3Af in 
2 cm2 diameter well in a multiwell plates filled with the semi-synthetic diet and let 
dry. A protein concentration of 150 ng/cm2 was chosen based on the reported LC50 
of the Vip3Af1 affinity purified (Hernández-Martínez et al., 2013). A single neonate 
was placed in each well, 16 neonates per treatment. Bioassays were replicated twice 
and mortality was scored at 7 days. Trays were maintained in the insect rearing 
chamber. 

3.3. Results  

3.3.1. Kinetics of the Activation of Vip3Af Protoxin with Trypsin and Insect Gut 
Proteases  

The treatment of Vip3Af with 24:100 trypsin (trypsin:Vip, w:w) in Tris-HCl buffer 
(pH 9) gave the two characteristic bands of 65 kDa and 20 kDa in all time points 
analysed, plus additional minor bands of ca. 45 kDa, 33 kDa, and 30 kDa at 30 min of 
the reaction start (Fig. 3. 1a). As the time course of the reaction progressed, the 
intermediate bands progressively vanished in parallel to the degradation of the 
trypsin yet visible in the SDS-PAGE, whereas the intensity of 65 kDa band slightly 
increased. It is also newsworthy the odd emergence of a dim band of 90 kDa from 6 h 
onwards. When Vip3Af was treated with an even higher concentration of trypsin 
(120:100 trypsin:Vip, w:w), this effect was more remarkable (Fig. 3. 1b). At the initial 
time point of 0.1 h, the higher digestion of the 65 kDa band, and the later increment 
in the band intensity was more notorious, whereas the band of 45 kDa is not 
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conspicuously formed. The band of 20 kDa mostly remained stable and only a slight 
decrease was observed at the very end of the experiment (Fig. 3. 1c).  

 
Fig. 3. 1. Kinetics of Vip3Af1 proteolytic activation with trypsin.  
Reactions were conducted at 30 °C in Tris-HCl buffer (20 mM Tris, 300 mM NaCl, pH9) and (a) 24:100 trypsin 
(trypsin:Vip, w:w) or (b) 120:100 trypsin (trypsin:Vip, w:w). A sample volume corresponding to 3 µg of Vip protein 
was taken at different time intervals and subjected to SDS-PAGE. Bands of 62 kDa (○), 20 kDa (●) and 33 kDa 

(☐) were quantified by desitometry (c). “I”: input protoxin. “M”: molecular weight marker (kDa). “T”: band 
corresponding to the trypsin.  
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Fig. 3. 2. Kinetics of Vip3Af1 proteolytic activation with S. frugiperda midgut juice (MJ).  
Reactions were conducted at 30 °C in Tris-HCl buffer (20 mM Tris, 300 mM NaCl, pH9) and (a) 0.5:100, (b) 1.5:100 
or (c) 5:100 midgut juice (MJ total protein:Vip, w:w). A sample volume corresponding to 3 µg of Vip protein was 
taken at different time intervals and subjected to SDS-PAGE. “I”: input protoxin. “M”: molecular weight marker 
(kDa). 
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A different effect was observed when Vip3Af was treated with different ratios of 
midgut juice. An uncomplete processing of the 89 kDa protoxin was achieved during 
the first 30 min at a ratio of 0.5:100 (MJ:Vip, w:w) (Fig. 3. 2a). The main bands of 
65 kDa and 20 kDa accumulated over time as the protoxin band (89 kDa) 
disappeared, accounting for complete digestion of the protoxin form. The increment 
of the 65 kDa band was not observed over time at higher concentrations of midgut 
juice (Fig. 3. 2a and Fig. 3. 2b) when the protoxin form was completely digested. 
Interestingly, a lower band of around 60 kDa was formed since the beginning of the 
reaction at the concentrations of 0.5:100 (MJ:Vip, w:w) and more significantly at 
1.5:100 (MJ:Vip, w:w) (Fig. 3. 2a and Fig. 3. 2b). Other minor bands of about 38 kDa, 
33 kDa and 25 kDa appeared to be more intense as the midgut juice concentration 
was increased (Fig. 3. 2b). Complete digestion of the 65 kDa band was observed in 
the SDS-PAGE when Vip3Af was treated with midgut juice at the ratio of 5:100 
(MJ:Vip, w:w) (Fig. 3. 2c). 

3.3.2. Size exclusion Chromatography of the Vip3Af Treated with High 
Concentrations of Midgut Juice 

The Vip3Af treated with high concentrations of midgut juice (5:100, MJ:Vip, w:w) for 
72 h appeared to be completely digested (Fig. 3. 2c and inset in Fig. 3. 3). Gel 
filtration of this preparation revealed a single peak coincidental with the void volume 
of the column used, which corresponds to a globular proteins size larger than 
100 kDa. The analysis of this peak by SDS-PAGE showed only a band of about 65 kDa. 
The 20 kDa band is not observed probably due to the low sample concentration after 
elution.  

 
Fig. 3. 3. Gel filtration chromatography of Vip3Af1 treated with S. frugiperda midgut juice (MJ).  
The incubation took place at 30 ºC, 5:100 midgut juice (MJ total protein:Vip w:w) for 72 hours. The treated 
sample was injected into a Superdex 75 10/300 GL column in a flow rate of 1mL/min. The inset shows the input 
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sample (“I”) and the elution fraction A8 as revealed by SDS-PAGE. “M”: molecular weight marker (kDa). 
Absorbance measured at 280 nm. 

3.3.3. Stability of the Vip3Af differently activated to further protease treatment. 

Trypsin-activated toxin and MJ-activated toxin gave different SDS-PAGE profiles after 
further protease treatment. When the trypsin-activated form was further treated 
with midgut juice (Fig. 3. 4a- “midgut juice”), the result was similar to that from the 
protoxin digestion (Fig. 3. 2b). Likewise, the MJ-activated form (Fig. 3. 4b- “midgut 
juice”) revealed an apparent degradation of the protein, similar to that observed 
when the protoxin was treated with the highest concentration of midgut juice 
(Fig. 3. 2c). This effect is likely explained by an accumulation effect of the peptidases 
from the midgut fluids, probably due to a higher stability of these proteases 
compared to trypsin.  

 
Fig. 3. 4. Protease stability of the 62 kDa fragment core of the Vip3Af1. 
The activated toxin (Input) was obtained after 72 h treatment of the Vip3Af1 protoxin with (panel a) trypsin 
(corresponding to the last lane in Fig. 1a) or with (panel b) S. frugiperda midgut juice (corresponding to last lane 
in Fig. 2a). Both activated forms were treated again with either with 24:100 trypsin (trypsin:Vip, w:w) (“Trypsin”) 
or with 1.5:100 S. frugiperda midgut juice (MJ total protein:Vip, wt:wt) (“Midgut juice”) at 30 ºC for 24 h. 
Reactions were conducted at 30 ºC in Tris-HCl buffer (20 mM Tris, 300 mM NaCl, pH9). Samples (3 µg) were 
taken at different time points and loaded into a SDS-PAGE. “I”: Input samples. “M”: molecular weight marker 
(kDa). “T”: band corresponding to the trypsin. 
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Different to the results observed after protoxin digestion with trypsin (Fig. 3. 1a), 
when the trypsin-activated form was further treated with trypsin 
(Fig. 3. 4a- “trypsin”), the band intensity of the 65 kDa fragment did not increased 
over time. This highlights a remarkable stability of the 65 kDa “core” and the 20 kDa 
fragment to trypsin digestion. Conversely, when the MJ-activated form was further 
treated with trypsin (Fig. 3. 4b- “trypsin”) the proteolytic profile resembled that from 
the protoxin treatment (Fig. 3. 1a). 

3.3.4. Toxicity test. 

The single dose bioassays at 150 ng/cm2 (Table 3. 1) gave a mortality and functional 
mortality higher than 69% in both Vip3Af protoxin and the Vip3Af treated with 5:100 
midgut juice (MJ:Vip, w:w) for 72 h at 30 ºC, indicating that the profile observed in 
the SDS-PAGE of an apparently degraded protein (Fig. 3. 2c) completely retains the 
insecticidal function. 

Table 3. 1. Susceptibility of S. frugiperda to Vip3Af1 before and after 72 h treatment with 5:100 
S. frugiperda midgut juice (MJ:Vip, w:w).  
Treated and untreated Vip3Af1 were applied at 150 ng/cm2 in surface contamination bioassays with 
neonates and the mortality was scored after 7 days. Functional mortality: dead larvae + stunting 
larvae (L1 instar). Values represent the mean and standard error of 2 replicates. Mortality in the 
controls (20 mM Tris, 150mM NaCl, pH 9) was ≤15%.  

 

3.4. Discussion 

Secondary cleavage sites in the Vip3Aa protein after treatment with high 
concentration of trypsin or insect midgut juice have been recently described by Bel 
and co-workers (Bel et al., 2017). The apparent degradation of Vip3Aa toxins 
observed in the SDS-PAGE was proved to be an in vitro effect caused by the 
denaturing interaction of the SDS present in the SDS-PAGE loading buffer. While 
Vip3Aa proteins are progressively unfolded by the SDS, the trypsin and other 
peptidases present in the insect midgut juice resist the denaturation and retain 
enzymatic activity even at the high temperature gradually achieved during the 
sample heating step, acting upon inaccessible cutting sites under Vip3Aa-native 
conditions. 
A similar effect to high concentration of proteases was observed in the Vip3Af1 
protein, suggesting that this might be a common phenomenon in the Vip3A proteins. 
Some minor differences with regards to the Vip3Aa are however noticed. Though the 
65 kDa fragment apparently accumulated over time as the trypsin self-digests, in 
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contrast to what occurs in the Vip3Aa16 a complete digestion of the 65 kDa fragment 
at the first time-points of the kinetics was not observed, not even at the highest ratio 
of trypsin (120:100 trypsin:Vip, w:w) (Fig. 3. 1). Moreover, the N-terminus fragment 
of 20 kDa almost completely disappeared in the Vip3Aa16, whereas in the Vip3Af1 
this band is yet enough intense after 72 h incubation (Fig. 3. 1c). The interaction of 
the SDS with protein during denaturation has been commonly assumed to give long 
unfolded peptides. Nowadays it is known that secondary structures such as α-helices 
or β-sheets might be formed as a consequence of the protein interaction with the 
SDS micelles (Parker and Song, 1992). Furthermore, the way in which SDS differently 
interacts with proteins can be used to define domains and infer in the proteins 
structure, (e.g. by “gel shifting” of mutated proteins) (Shi et al., 2012). Therefore, the 
differences found between Vip3Af1 and the Vip3Aa16 might reflect a different 
interaction of both proteins to SDS molecules, which might account to some 
differences in their native structure. 
The results obtained herein showed that a misleading degradation also occurs in the 
Vip3Af after being treated with S. frugiperda midgut juice (Fig. 3. 2). The 
progressively emergence of the 65 kDa fragment in the SDS-PAGE over time was not 
observed at high concentrations of midgut juice (Fig. 3. 2, Fig. 3. 4). This difference 
with the trypsin treatment (Fig. 3. 1) is likely explained by the higher stability of the 
different proteases content of the midgut juice, which must be still present in the 
reaction mix after 72 h. This apparently degraded sample retained full toxicity against 
S. frugiperda (Table 3. 1). When the deceiving over-digested protein was subjected 
to gel filtration chromatography, a single band of about 65 kDa corresponding to the 
“core” active toxin was observed (Fig. 3. 3). This phenomenon accounts for the 
differential size separation of Vip3Af and the proteases, which have lower molecular 
weight of around 25 kDa and 27 kDa for chymotrypsin and trypsin, respectively. The 
fraction of the Vip3Af eluted from the chromatography, free of proteases, is 
therefore no longer digested when the loading buffer containing SDS is added. The 
Vip3Af eluted with the void volume, indicating a protein size larger than 100 kDa. 
Assuming a globular conformation of the Vip3A proteins, the activated form would 
be eluted at a peak corresponding to 90 kDa max. (the sum of the 65 kDa band and 
the 20 kDa band which co-elute together (Bel et al., 2017; Chakroun and Ferré, 2014; 
Kunthic et al., 2016)). However, the seemingly higher size of the native Vip3Af 
indicates a native conformation either as a predominantly elongated chain or a 
globular fold with a quaternary structure, in agreement to what has been recently 
shown for other Vip3A proteins (Bel et al., 2017; Kunthic et al., 2016; Palma et al., 
2017).  
Researchers commonly activate Vip3A proteins by adding 1:100 to 5:100 trypsin:Vip 
(w:w) for 1-2 h. After one hour, the protoxin is completely processed at the primary 
cleavage sites into the 65 kDa and the 20 kDa bands. When the protoxin is treated 
with higher amounts of trypsin (Fig. 3. 1a), after 1 h incubation there are yet many 
“non-native” secondary bands. Further addition of the same amount of trypsin 
(24:100 trypsin:Vip, w:w) after 72 h, gave only dim secondary bands (Fig. 3. 4a –
“Trypsin”), suggesting some differences in the activated-toxin conformation. We 
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propose that once the protoxin is first treated with trypsin, the excision of the 200 
amino acids from the N-terminus probably triggers a compaction of the “core” into a 
globular form, in agreement to Kunthic et al., (2016). Furthermore, Lee et al., (2003) 
showed that the activation step was crucial for the formation of pores in brush border 
vesicles membranes (BBMV) of susceptible insects, perhaps facilitated by the 
compacting into a globular shape. It is worth to consider that, in vivo, further 
activation steps might occur in the brush border membranes of the insect midguts 
by exopeptidases, such as aminopeptidase and carboxypeptidases, which could 
account for further folding changes (Caccia et al., 2014; Song et al., 2016a; Srinivasan 
et al., 2006). 
Although the X-ray structure of Vip3 proteins is not yet disclosed, an in silico model 
of the 3D-structure of the Vip3Af1 (see chapter IV) shows the C-terminal part of the 
protein predominantly formed by β-sheets, in compliance to the C-terminus model 
proposed by Wu et al. (Wu et al., 2007). Additionally, there is Carbohydrate Binding 
Motif (CBM 4,9; from Ser536 to Gln652 in the Vip3Af1) predicted within this region, 
which typically is mainly composed by β-sheets (Chakroun et al., 2016a). The 
secondary structures are differently affected by SDS; while α-helices are quickly 
unfolded, β-sheets are more robust and resistant to SDS restructuration (Nielsen et 
al., 2007). Accordingly, Bel and colleagues (Bel et al., 2017) proved that the smaller 
band of 29 kDa matched the C-terminal end of the Vip3Aa sequence and was not 
further processed by trypsin in the presence of SDS, not even at the highest enzyme 
concentration. Here we show that a 33 kDa band is also steady maintained at high 
concentrations of trypsin, which is likely to account for the C-terminal end of the 
Vip3Af protein.  
Further addition of midgut juice to the activated toxin gave similar results to that 
from the protoxin digestion with midgut juice, regardless of the peptidase used in the 
first treatment (trypsin or mj) (Fig. 3. 4). In S frugiperda larvae, the protease 
composition account mostly by chymotrypsin-like peptidases (87%), trypsin (7%) and 
elastase (1%) (Caccia et al., 2014; Srinivasan et al., 2006). Provided that in the midgut 
juice there is a cocktail of serine proteases with different isoforms, these results 
might be explained by the contribution of the different protease-types in each 
reaction, regardless on the protein folding.  
To check whether the misleading degradation effect previously described was rather 
anecdotic or on the contrary could be generalized to other Vip3A, regardless the Vip3 
subclass or the insect gut specific proteases, we reproduced the main experiments 
published by Bel et al., (2017) with a different Vip3A and a different insect species. 
The results obtained here supports that this is a common effect observable in Vip3A 
proteins and confirm the high stability of the Vip3A “active core”. Some dissimilarities 
in the way Vip3A proteins interact with SDS micelles at more detailed scale might 
reflect conformation differences that can underpin the variety of pests susceptible to 
different Vip3 proteins. 



 

 

 
 



 

 

CHAPTER IV 
4. Critical amino acids for the 
insecticidal activity of Vip3Af 
from Bacillus thuringiensis. 
Inference on structural aspects. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

      



Chapter 4: Alanine scanning of Vip3Af 

PhD Thesis: B. thuringiensis Vip3A structure-function relationship 1
1
3 

113 

4.1. Introduction 

Vegetative insecticidal proteins (Vip) are entomotoxic proteins of increasing 
importance in the framework of sustainable pest management and crop protection 
strategies. Different to the well-known δ-endotoxins, Vip proteins are produced 
during the vegetative growth phase of Bacillus thuringiensis (Berliner) (Bt) and 
secreted to the growth medium as soluble proteins. Of particular interest are Vip3A 
proteins, which were first described in the late 90’s and were found to be active 
against lepidopteran species with potencies different to those of the widely used Cry 
proteins, such as the Cry-tolerant Agrotis ipsilon (Lepidoptera: Noctuidae) or of many 
other species from the Spodoptera genus (Estruch and Yu, 2001; Gayen et al., 2012; 
Warren, 1997). Despite their discovery more than 20 years ago, the details on the 
mode of action of Vip3A proteins as insecticidal toxins are not fully understood. 
Nevertheless, there is wide consensus on a general mechanism similar to that of Cry 
proteins, consisting of a proteolytic activation in the insect lumen gut, binding to 
specific receptors on the midgut epithelium, and formation of ion channels which 
lead to the insect death (Lee et al., 2003; Liu et al., 2011). A different, though not 
mutually exclusive mechanism, including an apoptotic pathway was initially 
suggested (Estruch and Yu, 2001; Lee et al., 2003). It has been recently proposed that 
Vip3A proteins act via mitochondrial swelling and caspase activation on Sf9 cells 
(Jiang et al., 2016). Although it has been shown that specific binding of Vip3A proteins 
can occur in non-susceptible species (Chakroun et al., 2016c; Chakroun and Ferré, 
2014; Lee et al., 2003), both mechanisms described above have in common that Vip3 
and Cry proteins bind to different specific receptors and, therefore, their 
combination in the same pest management strategy is a promising tool to hinder the 
evolution of resistance to Bt toxins in addition to increasing the insecticidal potency 
and diversifying the range of target pests. Nowadays, the co-expression of Vip3 
proteins with other entomotoxic proteins, such as Cry toxins, are available to growers 
both in some Bt-based biopesticides and in pyramided Bt crops (Carrière et al., 2015; 
Chakroun et al., 2016a; EFSA, 2012; Gayen et al., 2015; Kurtz et al., 2007; Moar et al., 
2017; Sanchis, 2011), whereas promising applications based on nanoparticles and 
microencapsulation in bacterial cells are under exploration to render on-demand and 
more flexible green products based on Bt toxins (Hernández-Rodríguez et al., 2013; 
Mahadeva Swamy and Asokan, 2013; Panetta, 1993). 
To date, 105 alleles of Vip3A proteins are known (Crickmore et al., 2014), most of 
which have been tested and are active to a wide range of lepidopteran species with 
high selectivity at the species level. Whereas the spatial conformation in three 
domains of some of the Cry proteins is well established, Vip3 proteins do not share 
homology with any other known protein and the elucidation of their protein structure 
is a milestone yet to be achieved (de Maagd et al., 2003; Palma et al., 2014; Palma 
and Berry, 2016; Wu et al., 2007). However, recent studies have shown that Vip3A 
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are globular proteins with a quaternary structure (Kunthic et al., 2016; Palma et al., 
2017, 2014). 
Alanine scanning is a successful technique for mapping crucial positions or epitopes 
in a protein and allows a greater insight into protein structure-function relationships. 
It consists of a systematic change, one by one, of the native amino acid residues to 
alanine residues. Alanine is the amino acid with the second smallest side chain, after 
glycine. It is composed of a chemically inert methyl group. The substitution of a 
residue to an alanine ‘removes’ the specific properties of a particular side chain while 
maintaining the β-carbon, ensuring the most frequent dihedral angle that connect 
the side chain with the amino acid backbone. Thus, the alanine mutagenesis 
simplifies the analysis of systematic residue substitutions in a protein sequence 
without changing the preferred secondary structure by introducing new chemical or 
steric properties that might blur the interpretation of the results (Cunningham and 
Wells, 1989; Morrison and Weiss, 2001).  
In the present work, an extensive examination of the Vip3Af1 primary structure was 
performed for the first time by means of the alanine scanning technique. A total of 
558 out of the 788 residues of the Vip3Af1 sequence were changed to alanine and 
studied in detail. This is a first step in a better understanding of the Vip3A protein 
structure and the relationship to its biochemical hallmarks insecticidal activity. 

4.2. Materials and Methods 

4.2.1. Alanine Mutants Library 

The vip3Af1 gene (GenBank accession No. AJ872070.1) encoding the 788 amino acid 
protein Vip3Af1 (NCBI accession No. CAI43275, from now on: Vip3Af1(WT)), was 
modified to encode a His-tag sequence at the N-terminus. The alanine mutants 
library consisted of a total of 558 clones in Escherichia coli strain DH5α. Each clone 
differed from the others by a single amino acid codon which had been changed to an 
alanine codon from the Vip3Af1(WT) sequence cloned in the pMaab10 plasmid 
(Beard et al., 2008). The changes were performed using the QuickChange Lightning 
Site-directed Mutagenesis Kit (Agilent Technologies, Inc.). The sequence positions 
that were not changed to Ala were (Table 4. 1): i) the Met1 corresponding to the start 
codon; ii) N-terminus region (from amino acids 15 to 165), assuming that this region 
is not involved in the specificity of the toxin; iii) the 30 Ala residue positions in the 
Vip3Af1(WT), and iv) 48 positions for which mutagenesis failed and no mutant 
protein could be obtained. The collection was kindly provided by Bayer CropScience 
NV (Ghent, Belgium). 

https://www.ncbi.nlm.nih.gov/nuccore/57283990?report=fasta
https://www.ncbi.nlm.nih.gov/protein/57283991?report=fasta
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Table 4. 1. List of missing positions of the Vip3Af1(WT) protein which could not be tested.  
Amino acid positions correspond to the Vip3Af1 protein sequence (accession No. CAI43275). 

 

4.2.2. Protein Expression  

For the initial screening, Vip3Af Ala-mutant clones and the Vip3Af1(WT) clone were 
expressed by picking up one single colony and inoculating it into a 3 ml of LB medium 
with ampicillin (100 µl/ml). After overnight incubation at 37ºC with mild shaking, 2 
ml of this preculture was transferred to 20 ml of the same growth medium and 
incubated at 37ºC with mild shaking until the culture reached an OD600 of 
approximately 4.7. Aliquots of 100 and 1000 µl were taken and centrifuged for 20 
min at 16,900 g at 4ºC. The supernatant was discarded and the pellets were stored 
at -20ºC until used, without any further treatment, for the initial toxicity assays. 
For the rest of the work, since the E. coli strain DH5α is not inducible, selected clones 
were subjected to plasmid purification and the plasmid was transformed into the 
IPTG inducible strain E. coli WK6. All clones were grown and expressed as previously 
described (Ruiz de Escudero et al., 2014). After centrifugation, the crude extract 
supernatant was filtered through a 0.2 µm membrane before purification.  

4.2.3. Western Blot  

After separation by SDS-PAGE, proteins were electroblotted in duplicate onto 
nitrocellulose membranes. Membranes were blocked with 3% of bovine serum 
albumin (BSA) in PBST buffer (Phosphate Buffered Saline with 0.1 % Tween 20), and 
after washing three times with PBST, membranes were incubated either with a 
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polyclonal antibody raised against anti-Vip3Aa, which cross-reacted against Vip3Af 
proteins (1:2000 dilution), or with a monoclonal anti-His antibody (1:5000 dilution). 
Membranes incubated with the anti-Vip3 antibody were probed with an anti-rabbit 
IgG-conjugated horseradish peroxidase (1:5000 dilution) and bands were visualized 
with a chemiluminescence detection kit (RPN2209; GE Healthcare) using an 
ImageQuant LAS400 image analyser (GE Healthcare). Membranes incubated with the 
anti-His antibody were probed with an anti-mice IgG conjugated to alkaline 
phosphatase (1:2000 dilution) and the results were visualized with the NBT/BCIP 
color detection reagent.  

4.2.4. Protein Purification 

Purification of the crude extracts was carried out with a metal-chelate affinity 
chromatography in a similar way as previously described by Hernández-Martínez et 
al. (Hernández-Martínez et al., 2013) using HisTrap FF columns (GE Healthcare). 
Fractions of 1 ml were eluted from the column and collected in tubes containing 50 
µl of 0.1 M EDTA. The fractions containing Vip3Af were pooled and dialyzed against 
20 mM Tris, 150 mM NaCl, 5 mM EDTA, pH 8.6, before storage at -20ºC.  
For purification by isoelectric point precipitation, the pH of the clarified crude 
extracts was lowered to 4.7 with 0.1 M acetic acid while stirring on ice. The 
precipitated protein was pelleted by centrifugation and stored at -20ºC.  

4.2.5. Insect Rearing and Bioassays 

Insect colonies of Spodoptera frugiperda and Agrotis segetum (Lepidoptera: 
Noctuidae) were reared on a semi-synthetic diet (Greene et al., 1976) in a rearing 
chamber under controlled conditions of temperature, humidity and photoperiod (25 
± 2 ºC, 70 ± 5% RH and 16:8 h L:D). 
Surface contamination bioassays were conducted by applying 50 µl of the Vip3Af 
protein sample on a 2 cm2 diameter well in multi-well plates filled with the semi-
synthetic diet and let dry. A single neonate was used in each well. Bioassay plates 
were maintained in the insect rearing chamber. All bioassays were scored at 7 days 
for mortality and functional mortality (dead larvae plus stunt larvae at L1). Three 
types of bioassays were conducted: 

i) For the screening of the alanine mutants library, pellets from 100 µl of bacterial 
cultures were resuspended in 1 ml of PBS. Every clone was bioassayed at a single 
concentration (corresponding approximatively to 150-190 ng/cm2 of Vip3Af protein) 
using 16 individualised neonates of S. frugiperda. A negative control (E. coli DH5α 
without the pMAAB plasmid containing the vip3Af gene) and a positive control (E. coli 
expressing the Vip3Af1(WT) protein) were always done in parallel. Mutants that 
displayed no insecticidal activity were selected for having a mutation considered 
critical for the protein function. Selected mutants were screened twice. In order to 
dismiss a false positive result, the expression of Vip3Af protein on these samples was 
checked by SDS PAGE. 
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ii) For the semi-quantitative bioassays, Vip3Af proteins were expressed and partially 
purified by isoelectric point precipitation, since it was previously reported that affinity 
purification with Ni-columns can affect the insecticidal activity of Vip3A proteins 
(Hernández-Martínez et al., 2013). The precipitated Vip3Af proteins were solubilised 
in 20 mM Tris, 300 mM NaCl, pH 9, and tested at a concentration of 1 µg/cm2, which 
is 130-fold higher than the LC50 for S. frugiperda and 28-fold higher than the LC50 for 
A. segetum (Table 4. 2). A total of 16 neonates of S. frugiperda were assayed for each 
mutant. The Vip3Af1(WT) protein purified by isoelectric point precipitation served as 
a positive control. The mutant proteins for which loss of insecticidal activity was 
confirmed on S. frugiperda, were also bioassayed against A. segetum in the same 
way. Bioassays were repeated two to three times. 

Table 4. 2. Quantitative parameters from concentration-mortality responses (at 7 days) of 
Vip3Af1(WT) partially purified by isoelectric point precipitation on S. frugiperda and A.  segetum. 

 
† Fiducial limits. 

﹡a: intercept 

iii) Quantitative toxicity assays were performed against S. frugiperda and A. segetum 
with Vip3Af1(WT) partially purified by isoelectric point precipitation. As in the semi-
quantitative bioassays, the precipitated Vip3Af1(WT) protein was solubilised in 20 
mM Tris, 300 mM NaCl, pH 9, and then serially diluted to 7 different concentrations. 
The solubilisation buffer was used as a control. Regression curves were estimated 
from at least three replicates using the Polo-PC probit analysis program (LeOra-
software, 1987). LC50 values were considered significantly different when fiducial 
limits did not overlap. 

4.2.6. Midgut Juice Preparation 

Spodoptera frugiperda and A. segetum 5th instar larvae were dissected on ice and the 
bolus content, along with peritrophic membrane enclosing it, was collected. Once the 
peritrophic membrane was removed as reported in chapter III, the bolus contents 
from eight to ten larvae were mixed and centrifuged at 4 ºC for 10 min at 16,000 g. 
The supernatant was collected and distributed in small aliquots, immediately frozen 
in liquid nitrogen and stored at -80 °C. Total protein concentration in the midgut juice 
was quantified with Bradford reagent using BSA as standard (Bradford, 1976). 

4.2.7. Proteolytic Pattern Assays 

Affinity purified Vip3Af proteins (5 µg) were incubated with 5:100 trypsin (trypsin:Vip, 
w:w) or with midgut juice from either S. frugiperda or A. segetum at 0.4% in a final 
volume of 40 µl. After 1 h incubation at 37 ºC, PMSF was added at a final 
concentration of 250 µM, followed by SDS-PAGE loading buffer (0.2 M Tris-HCl pH 
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6.8, 1 M sucrose, 5 mM EDTA, 0.1% bromophenol blue, 2.5% SDS, and 5% β-
mercaptoethanol) (2:1, sample:loading buffer) and then the samples were heated at 
99 ºC for 5 min. Samples were either run immediately in 12% SDS-PAGE or frozen in 
liquid nitrogen and stored at −20 ºC for further analysis. The Vip3Af1(WT) was 
included as an internal control in all reactions. Reactions without the addition of 
trypsin or midgut juice were always conducted in parallel as a control for the potential 
thermolability of the mutant proteins. The whole assay was replicated twice. The size 
of the SDS-PAGE main bands in each protein sample was determined using the 
TotalLab 1D v 13.01 software.  
To test whether the proteolysis patterns could be affected by the presence of SDS in 
the loading buffer (Bel et al., 2017), mutants W552A (pattern “b”) and E483A (pattern 
“f”) were subjected to incubation with 24:100 trypsin (trypsin:Vip, w:w) for 1 min to 
up to 3 days at 30ºC. The samples were processed and analysed by SDS-PAGE as 
indicated above. Additionally, the reaction mixtures after 30 min incubation with 
5:100 trypsin (trypsin:Vip, w:w) at 37ºC were subjected to gel filtration 
chromatography in a Superdex-200 10/300 GL column using an ÄKTA explorer 100 
chromatography system (GE Healthcare Life Sciences, Uppsala, Sweden) equilibrated 
and eluted with 20 mM Tris-HCl, 150 mM NaCl, pH 9, to a flow rate of 0.75 ml/min. 

4.2.8. Peptide Identification  

Trypsin-generated fragments from the affinity-purified Vip3Af1(WT) were 
electrophoretically separated in 12% SDS-PAGE. For Edman degradation analysis, 
proteins in the gel were transferred onto a PVDF membrane. Protein bands were then 
cut out and sent for Edman degradation. N-terminal amino acid sequencing was 
performed by using a Procise 494 (Applied Biosystems) at CIB-CSIC (Madrid, Spain).  
For the peptide mass fingerprinting, protein bands were directly cut out from the gel 
and digested with trypsin. The peptide mass and sequence was determined by liquid 
chromatography and tandem mass spectrometry (LC-MS/MS) in a nanoESI qQTOF 
(5600 TripleTOF, ABSCIEX) at the proteomics facility of the SCSIE (Servei Central de 
Suport a la Investigació Experimental), at the University of Valencia (Valencia, Spain). 
The mass transitions were scaned first from 350–1250 m/z and then followed by a 
second scan from 100–1500 m/z. The peptides sequence identified were compared 
to the Vip3Af1(WT) protein sequence to match the region corresponding to each 
SDS-PAGE proteolytic band. Expected molecular weights were calculated using the 
online SIB Compute pI/Mw tool (Gasteiger et al., 2005). 

4.2.9. Intrinsic Fluorescence Emission Spectra 

The intrinsic fluorescence of the Vip3Af proteins, before and after trypsin treatment, 
was checked in a Varian Cary Eclipse fluorimeter (Agilent Technologies, Australia) 
with an excitation at 280 nm (excitation slit of 5 nm) and recording the emission 
spectra from 300 to 450 nm (emission slit of 20 nm). Fluorescence of the affinity 
purified proteins (5-10 µg) in 20 mM Tris, 300 mM NaCl, pH 9, was measured in a 
quartz cuvette in a final volume of 1.3 ml. After recording the spectra, the samples 
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were subjected to trypsin treatment (24:100 trypsin:Vip, w:w), at 37 ºC for 1 h). 
Graphic curves represent the average of three scans. The curves were smoothed with 
the moving average algorithm. 

4.2.10. In silico prediction of the 3D structure of Vip3Af1(WT)  

The ab initio modelling of the full sequence of the Vip3Af1(WT) protein was done 
using the fully automated server Robetta available online using guinzo domain 
prediction (http://robetta.bakerlab.org). The prediction of disulfide bonds were done 
using Disulfind online server (http://disulfind.dsi.unifi.it) (Ceroni et al., 2006) and the 

DiANNA 1.1 web server online tool (http://clavius.bc.edu/~clotelab/DiANNA/) (Ferrè 
and Clote, 2006). 

4.3. Results  

4.3.1. Screening of the Alanine Mutants Collection. 

As a first step to determine the positions critical for the insecticidal activity of the 
Vip3Af1(WT), a quick screening was carried out on S. frugiperda neonates with E. coli 
cells expressing each of the 588 clones (Table 4. 1). A total of 54 clones were found 
to show a substantial decrease of the insecticidal activity. In the experimental 
conditions in which the wild type Vip3Af1 protein (Vip3Af (WT)) produced a mortality 
higher than 80% and a functional mortality of 100%, these 54 clones produced a 
mortality lower than 25% and a functional mortality lower than 45%. The expected 
mutations in these clones were confirmed by PCR amplification and sequencing 
(Table S-4.1, Annex section). After verifying Vip3Af expression in those clones with 
low activity by SDS-PAGE (Fig. 4. 1), 19 were found not to express the protein 
(Table 4. 1). Since sequencing of the vip3Af gene and vector indicated no sequence 
error, we infer that these positions might be critical for the stability of the wild type 
protein or its expression.  

http://robetta.bakerlab.org/
http://disulfind.dsi.unifi.it/
http://clavius.bc.edu/~clotelab/DiANNA/)
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Fig. 4. 1. Detection of the expression of Vip3Af proteins (89 kDa) in the collection of Ala-mutants used in the 
screening.  
Direct broth (10 µl of the culture adjusted to an OD600 of 4.7) was loaded and subjected to SDS-PAGE. “M”: 
molecular weight marker (kDa); minus sign (-): absence of Vip3Af expression; plus sign (+): Vip3Af expression, 
and “wt”: Vip3Af1(WT) as a positive control. 

To confirm the above data, the 35 clones expressing Vip3Af which decreased the 
insecticidal activity were subjected to a more accurate semi-quantitative bioassay 
testing their Vip3Af proteins partially purified by isoelectric point precipitation. The 
expression of the Vip3Af proteins was -verified by Western blot (Fig. 4. 2).  

 
Fig. 4. 2. Detection of Vip3Af in the crude extract after isoelectric point precipitation.  
Membranes were probed with monocolonal antibodies against histidine for His-tag detection (a) and with 
polyclonal antibodies against Vip3A proteins (b). Lane 1: Vip3Af1(WT) as a positive control; lane 2: E. coli wk6Ø 
as a negative control; lanes 3 to 8: mutants Y272A, W552A, Y719A, M238A, G689A, and E483A, respectively. 
Western blot was performed to all samples but these mutants were chosen for graphic representation of the 
results as representative of each of the proteolytic band patterns. “M”: molecular weight marker (kDa). 

In a first step, all clones were tested against S. frugiperda. Then, the clones exhibiting 
a significant decrease in toxicity against this insect species were subsequently tested 
against A. segetum (Table 4. 3). For S. frugiperda, the top 11 positions driving the 
strongest activity inhibition (defined as mortality lower than 42% and functional 
mortality lower than 70%; these values were chosen as to allow to include at least 
one mutant protein from each SDS-PAGE band pattern, as shown in the next section) 
were T167A, E168A, F229A, M238A, Y272A, E483A, W552A, G689A, I699A, Y719A, 
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and G727A. The graphical representation of the distribution of these 11 critical 
positions, along with other positions for which the decrease of insecticidal activity 
was less drastic (mortality less than 50%), is shown in Fig. 4. 3. Except for two of these 
positions (residues 483 and 552), the remaining positions fell into two clusters, one 
between residues 167 to 272, and the other between residues 689 and 741.  

Table 4. 3. Insecticidal activity of the Vip3Af1(WT) and the mutant proteins on S. frugiperda and 
A. segetum at a concentration of 1 µg/cm2 (average of two replicates) with indication of the 
proteolytic band pattern.  
Bioassays were scored after 7 days. M%: mortality. fM%: functional mortality. ND: not determined 
due to the lack of His-tag in the protein. 
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4.3.2. Proteolytic cleavage of the wild type and mutant Vip3Af proteins  

To indirectly assess whether the change to Ala could affect the structure of the 
protoxin, the 35 mutant proteins selected in the screening for decreased insecticidal 
activity were subjected to proteolytic treatment and classified according to their 
proteolysis band pattern. Six different band patterns were revealed by SDS-PAGE 
(Fig. 4. 4). The patterns were comparable no matter whether they were obtained 
with bovine trypsin or with midgut juice from either S. frugiperda or A. segetum.  
Different sizes of the most conspicuous bands characterise these patterns, especially 
the bands corresponding to the 62 kDa and 20 kDa fragments, the two more intense 
bands in the Vip3Af1(WT), which characterize the pattern “a” and which are 
generated by the action of proteases on the primary cleavage site (Bel et al., 2017). 
The 62 kDa band was not among the main bands in patterns “b”, “c”, “e” and “f”, and 
the 20 kDa band was not present in patterns “d” and “f”, which showed a major band 
of 27 kDa. Patterns “b”, “e” and “f” were only represented once among the 35 pre-
selected mutants. It is also worth to note that patterns “a” and “d” (both maintaining 
the 62 kDa band) were found in those mutants clustering in the first half of the 
protein, whereas patterns “c” and “e” (both being very similar except for the faint 
presence of the 62 kDa band in “e”) were found in mutants clustering near the C-
terminus. Patterns “b” and “f” were found in the two mutants not included in these 
two clusters. 
It has been recently shown that proteases, in the presence of SDS, can act on 
secondary cleavage sites of Vip3Aa in the interval between the moment that the 
loading buffer is added and the moment that the proteins are heat denatured (Bel et 
al., 2017). To test whether our proteolysis patterns could be affected by the presence 
of SDS in the loading buffer, mutants W552A (pattern “b”) and E483A (pattern “f”) 
were subjected to incubation with trypsin for up to 3 days. The results showed that, 
regarding the major bands, the pattern that appeared after 1 min incubation was the 
same as the one obtained after 3-days incubation (when no trypsin remains in the 
reaction mixture) (Fig. 4. 5 a and b). Similarly, the major bands pattern obtained for 
these two mutants did not changed after subjecting the reaction mixture to gel 
filtration chromatography, indicating that removal of trypsin before SDS-PAGE does 
not have an effect on the major bands that characterize the proteolysis pattern 
(Fig. 4. 5 c and d). Minor bands are probably a consequence of the SDS effect on the 
protein. Therefore, under the experimental conditions used, these band patterns 
reflect the digestion of these mutated protoxin to proteases in vitro. 
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Fig. 4. 4. Representative proteolytic band patterns of the selected mutant proteins of Vip3Af1(WT) after SDS-PAGE.  

Protein samples (5 g) were incubated with 5:100 trypsin (trypsin:Vip, w:w) (a), 0.4% midgut juice from S. 
frugiperda (b) or 0.4% midgut juice from A. segetum (c) (wt/wt, midgut juice total protein/Vip). Incubations were 
performed at 37 ºC for 1 h. Lanes “wt”: Vip3Af1(WT), “M”: molecular weight marker (kDa), “a to “f”: mutants 
Y272A, W552A, Y719A, M238A, G689A and E483A, respectively. The different proteolysis profiles are defined 
according to their main protein bands after SDS-PAGE as follows: Pattern “a” (corresponding to the “wt): 62 kDa 
and 20 kDa; pattern “b”: 40 kDa and 20 kDa; pattern “c”: 53 kDa and 20 kDa; pattern “d”: 62 kDa and 27 kDa; 
pattern “e”: 62 kDa, 57 kDa and 20 kDa, and pattern “f”: 27 kDa. “*” indicates the bands analysed for peptide 
identification either by EDMAN degradation or by peptide mass fingerprinting. 
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Fig. 4. 5. Analysis of the effect of the SDS on the proteolytic pattern of Vip3Af-mutant proteins E483A (pattern “f”, 
panels a and c) and W552A (“pattern b”, panels b and d) after trypsin treatment.  
Protein samples were treated with 24:100 trypsin (trypsin:Vip, w:w) at 30 ºC for the kinetics analysis (panels a 
and b); Each line of the SDS-PAGE corresponds to 3 µg of protein sample. For the size exclusion chromatography 
(panels c and d), protein samples were treated with 5:100 trypsin (trypsin:Vip, w:w) during 30 min at 37 ºC and 
injected into a Superdex-200 10/300 GL column. Panels c and d show the input sample and the elution protein 
fractions as revealed by SDS-PAGE. M”: molecular weight marker (kDa), “I”: sample input (Protoxin in panels a 
and b, Toxin in panels c and d), “E”: eluted fraction. “T”: Trypsin. 

4.3.3. N-terminal sequence analysis of tryptic fragments and peptide 
identification  

Some proteolytic fragments were subjected to N-terminal sequencing to determine 
their position in the protein (see Fig. 4. 4). The 20-kDa fragment, obtained after 
trypsin treatment of the Vip3Af1(WT), yielded the sequence ALPSF, the first amino 
acid corresponding to Ala12. The N-terminal sequence of the 62-kDa was DXXPA, 
which only matched with the query sequence on DSSPA (D = Asp199) (see “I” in 
Fig. 4. 4). The protein is thus cleaved after Lys198, within a highly conserved region 
rich in lysine residues, cleaving the protein in two main fragments of 20 kDa and 62 
kDa. The N-terminal sequence of the 27 kDa fragment obtained after trypsin 
treatment of the E483A mutant (pattern f) was IVPPS, which perfectly matches with 
the sequence starting with Ile528 and, considering the molecular weight of the 
fragment, it spans from Ile528 till almost the C-terminus of the protein. This result was 
in agreement with the region identified using the peptide mass fingerprinting. The 
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peptide identification of the other bands highlighted with an asterisk in Fig. 4. 4, 
shows that the 40 kDa band from the mutant W552A (pattern b) is derived from the 
central region of the protein, matching small peptides from Ser247 to Lys602, a region 
that corresponds to a theoretical size of 39.8 kDa. Similarly, the 53 kDa band present 
in “pattern c” matched different small peptides spanning the region from Tyr178 to 
Lys661, which would correspond to a theoretical size of 54.4 kDa. The remaining 
bands, of 27 kDa present in “pattern d” and of 57 kDa present in the pattern from 
mutant G689A (the only representative of “pattern e”), matched peptides all over 
the protein sequence, making it impossible to identify the source of these bands. 
Interestingly, all fragments analysed by peptide mass fingerprinting always revealed 
the presence of 2 small peptides in the N-terminus (53-NQQLLNEISGK-65) and in the 
C-terminus (743-SNLMSSTSHISGTFKTESNNTGLYVELSR-773). 

4.3.4. Emission Spectra from Vip3Af1(WT) and Vip3Af-selected mutants 

An indirect measure of the spatial conformation and folding of the Vip3Af1(WT) and 
the selected mutant proteins was obtained by analysing the intrinsic fluorescence 
emission spectra of the protoxin and the toxin forms (Fig. 4. 6). All Vip3Af protoxins 
and the processed forms showed emission maxima below 348 nm (the maximum 
expected for free Trp in water (Teale and Weber, 1957)), indicating that most Trp are 
buried into the hydrophobic core of the protein. The existing tryptophan in the Vip3Af 
are located in the C-terminal end at positions W552, W658 and W684. In the 
transition from protoxin to toxin, there is only one case (M238A) for which the 
quantum yield decreases, along with a slight shift to the red, suggesting a change in 
the surrounding of the Trp residues to higher polarity, perhaps by being exposed to 
the aqueous buffer. For the other mutant proteins, the transition from protoxin to 
toxin renders either practically no increase in the quantum yield –as was the case for 
Vip3Af1(WT) - or a significant increase, which suggest either changes to less polar 
environments or the minor contribution of the single tryptophan from the trypsin 
molecule. 

 
Fig. 4. 6. Emission spectra of the intrinsic fluorescence of Vip3Af1(WT) and mutant Vip3Af proteins with reduction 
of their insecticidal activity (1/3).  
Proteins (3 -8 µg/mL) were excited at 280 nm and the emission was scanned from 300 to 450 nm. “P”: protoxin; 
“T”: protoxins treated with 24:100 trypsin (trypsin:Vip, w:w) at 37 ºC for 1 h. The maximum emission peak is 
indicated within brackets. 
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Fig. 4. 6. Emission spectra of the intrinsic fluorescence of Vip3Af1(WT) and mutant Vip3Af proteins with reduction 
of their insecticidal activity (2/3).  
Proteins (3 -8 µg/mL) were excited at 280 nm and the emission was scanned from 300 to 450 nm. “P”: protoxin; 
“T”: protoxins treated with 24:100 trypsin (trypsin:Vip, w:w) at 37 ºC for 1 h. The maximum emission peak is 
indicated within brackets.  
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Fig. 4.6. Emission spectra of the intrinsic fluorescence of Vip3Af1(WT) and mutant Vip3Af proteins with reduction 
of their insecticidal activity (3/3).  
Proteins (3 -8 µg/mL) were excited at 280 nm and the emission was scanned from 300 to 450 nm. “P”: protoxin; 
“T”: protoxins treated with 24:100 trypsin (trypsin:Vip, w:w) at 37 ºC for 1 h. The maximum emission peak is 
indicated within brackets. 
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4.3.5. Structure prediction of the Vip3Af1(WT) 

The in silico modelling of the Vip3Af1(WT) resulted in a structure parsed into 5 
different domains, three of which are modelled by homology whereas the other two 
are modelled ab initio. Domain 1 spans up to amino acid 188 (domain confidence 
level 0.18, ab initio), Domain 2 spans from position 189 to 272 (domain confidence 
level 0.20), Domain 3 extends from amino acid 273 to 542 (domain confidence level 
1.01, ab initio), Domain 4 is predicted from residue 543 to residue 715 (domain 
confidence level 0.42) and Domain 5 spans from amino acid 716 till the end of the 
protein (domain confidence level 0.83).  
The three-dimensional structure of this model (Fig. 4. 7) identifies two main regions: 
The N-terminus depicted mainly by α-helix structures, and the C-terminus with 
greater prevalence of ß-sheet structures. The central region of the protein is greatly 
formed by disordered structures.  

 
Fig. 4. 7. Representation of the critical positions in a 3D conformation of the Vip3Af1(WT). 
The structure was predicetd ab initio using Robetta (confidence level of the domains conforming the model vary 
from 0.18 to 0.83) visualised with PyMOL v 1.8 (Schrödinger, 2015). The structure in the upper left corner is 
coloured from blue (N-term) to red (C-term) and serves as a guide to visualize the 5 predicted domains. Yellow 
shadows indicate the hypothetical contacting region. 
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The prediction of whether residues, represented in the alignment shown in 
Figure 4. 3,  were exposed or buried was conducted using the Conseq server (Berezin 
et al., 2004). No disulphide bonds are expected in any of the 3 cysteine residues along 
the Vip3Af1(WT) sequence according to the two online servers employed; 
nevertheless, DiANNA server predicted C401 as a half-cystine with a score of 0.53.  

4.4. Discussion 

A total of 558 out of 788 residues of the Vip3Af1(WT) were analysed for their specific 
contribution to the insecticidal selectivity and potency, and to protein stability, by 
means of alanine scanning. Most of the substitutions constituted neutral mutations, 
stressing the high level of resilience and adaptability of Vip3A proteins to preserve 
protein function and homeostasis, even when most of these changes involved the 
substitution of highly conserved residues among the Vip3A subfamily. Only 10% of 
the residues analysed play a crucial role in either protein stability, protein folding, 
proteolytic processing or insecticidal activity of the Vip3Af1(WT). In all, we have 
detected 54 substitutions affecting the function/stability of the protein, 19 out of 
which accounted for non-synonymous substitutions compromising protein 
expression, or alternatively rendering such unstable proteins that were degraded 
immediately after their expression since it was not possible to detect the protein 
expression in SDS-PAGE (Fig. 4. 1). The remaining 35 substitutions decreased the 
insecticidal potency against S. frugiperda in different degrees (Table 4. 3). Further 
characterization of these 35 variants by protease analysis was performed in order to 
indirectly assess the impact of the substituted residues on the tertiary structure of 
the protein. The clustering of the most critical positions affecting insecticidal activity 
against S. frugiperda revealed 2 main ‘hot spots’ along the Vip3Af1(WT) sequence, 
one located near the N-terminus (Leu167 − Tyr272) and the other near the C-terminus 
(Gly689 – Phe741) (Fig. 4. 3). These clusters correspond to the end of domain 1 and the 
whole domain 2, and the end of domain 4 and beginning of domain 5, predicted in 
the ab initio tertiary structure, respectively (Fig 4. 6). Likewise, the different 
proteolytic patterns cluster in preferred regions of the sequence: with the exception 
of G689A (which gives patter “e”), the 62 kDa band was only present in the variants 
clustered in the N-terminal region, represented by proteolytic patterns “a” and “d”, 
whereas pattern “c” was only represented in the C-terminus cluster along with patter 
“e”. Most of the changes compromising the insecticidal activity consisted of a variety 
of hydrophobic amino acids. Alanine is the smallest of the hydrophobic residues, 
thus, a hydrophobic bulk decrease might imply local steric modifications negatively 
affecting the protein function. 
It is very likely that mutants displaying profile “a” do not alter the tertiary structure 
of the protein, since this is the band pattern obtained for the wild type protein. Thus, 
the loss of insecticidal activity in these variants is likely to be due to the change in 
their respective native residues, which might be critical for the insecticidal function, 
either by constituting a key structural residue whose change leads to a locally 
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misfolded protein or by constituting a key functional residue whose change interferes 
with critical interactions with other molecules. Pattern “a” was characterised by the 
main bands of 62 kDa and 20 kDa, similarly to the 65 kDa and 22 kDa bands initially 
described for the Vip3Aa1 by Estruch and Yu (Estruch and Yu, 2001). Peptide 
identification confirmed that the protein sequence is split in two at Lys198, giving two 
main fragments which match the C-terminal end and the N-terminus, respectively. 
There is evidence that after proteolytic digestion, these two main fragments co-elute 
after gel permeation chromatography (Fig. 4. 5), suggesting that they remain 
bounded after cleavage (Chakroun and Ferré, 2014). It is likely that these regions are 
spatially close enough in the protoxin native conformation such that intramolecular 
interactions such as hydrogen bonds or salt bridges, present far from the primary 
cleavage site, remain intact following proteolytic activation. We propose that the 
contact regions between this pair could be from residues 53-65 and from residues 
743-773, since these peptides always appeared in the mass fingerprinting of the 
different proteolytic fragments. These two regions are placed close to the two “hot 
spots” in the Vip3Af1(WT) sequence described for the insecticidal activity (Fig. 4. 3 
and Fig. 4. 7). 
The other band patterns different from “a” (i.e. patterns “b” to “f”) reveal changes in 
the structure that make secondary cleavage sites (those sites different from the main 
cleavage site after Lys198) more easily available to proteases. The fact that the 
proteolytic patterns obtained are similar after trypsin treatment and after midgut 
juice treatment from both S. frugiperda and A. segetum (Fig. 4. 4) suggests that the 
decrease of toxicity of these mutants is related to the instability to proteases in vivo. 
Since the fluorescence emission spectra indicate that none of the selected mutants 
lead to a detectable unfolding of the protein, the possible conformational changes 
made by the residue exchanges must be local, affecting just their immediate vicinity. 
The absence of a major folding change of the Vip3 proteins after activation is in 
agreement with the recently published study on the 3D topology of the Vip3Ag4 
(Palma et al., 2017). An exception to his general effect is mutant E483A, in which a 
drastic change in the protein fold after activation takes place as revealed by the 
unique proteolytic band of only 27 kDa (Fig. 4. 5). This single fragment contains the 
three Trp of the Vip3Af, suggesting that the partial folding of the β-structure in the 
C-terminus remains unchanged. 
The largest fragment from the trypsin treatment, the 62 - 66 kDa polypeptide, is 
considered to be the core active toxin (Abdelkefi-Mesrati et al., 2011a, 2011b; Bel et 
al., 2017; Ben Hamadou-Charfi et al., 2013; Caccia et al., 2014; Chakroun et al., 2012; 
Chakroun and Ferré, 2014; Estruch and Yu, 2001; Gayen et al., 2015, 2012; 
Hernández-Martínez et al., 2013; Lee et al., 2006, 2003; Li et al., 2007; Liu et al., 
2011). We have found that some of the mutants with proteolytic patterns lacking the 
62 kDa band still retain some insecticidal activity, which could suggest that fragments 
smaller than 62 kDa are toxic (Table 4. 3). However, since the toxicity of these 
mutants was tested with the protoxin form and not with the processed protein, we 
cannot attribute the toxicity of the mutants to the fragments smaller than 62 kDa. It 
is very likely that the toxicity observed in vivo with the protoxin is due to an 
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intermediate 62 kDa core before the processing to a smaller fragment is completed, 
suggesting that the activation process is a multi-step event with intermediate sized 
fragments.  
Regarding the smallest fragment of 19 – 22 kDa at the N-terminus, there is 
agreement in that it contains a signal peptide involving the first 34 residues, which is 
not removed after protein secretion (Chen et al., 2003; Doss et al., 2002; Estruch et 
al., 1996; Rang et al., 2005). However, Doss et al. (Doss et al., 2002) suggested a 
putative cleavage site between residue Thr10 and Arg11 in Vip3Aa based on the S score 
prediction. It is likely that the signal peptide in the Vip3Af1 is cleaved after Arg11, since 
trypsin cleaves after amino acids Lys or Arg. Few attempts have been made to 
elucidate the role of the N-terminus of the Vip3A proteins other than identifying the 
presence of a predicted signal peptide (Bhalla et al., 2005; Chen et al., 2003; Li et al., 
2007; Liu et al., 2017; Selvapandiyan et al., 2001) and, among these, the results are 
controversial: deletion of the first 200 residues in Vip3Aa led to opposite results, from 
complete suppression of insecticidal activity and total sensitivity to trypsin digestion, 
to an increase of up to 2.8-fold in the toxicity against different caterpillar species, 
both when tested as the purified toxin and when expressed in a tobacco transgenic 
line (Gayen et al., 2015, 2012; Li et al., 2007). 
The lack or decrease of toxicity in Vip3Aa mutants with C-terminal modifications was 
often related to an increase in the sensitivity towards proteases in the gut 
environment of susceptible insects. A triple mutation in the C-terminal sequence of 
Vip3Aa1, and also the Vip3Aa3 protein, which lacks the 44 last residues of a typical 
Vip3Aa sequence, render a highly unstable protein against gut fluids preventing the 
insecticidal function in susceptible pest species but not against the insect cell line Sf9 
(Estruch and Yu, 2001). Either the deletion or the addition of a few residues to the 
very C-terminal end of a Vip3A chimeric protein was found to lead to complete trypsin 
hydrolization of the 62 kDa fragment and to abolish the insecticidal activity (Li et al., 
2007a). A more drastic deletion of up to 220 residues in the C-terminus of Vip3Aa9 
rendered a completely inactive protein whereas the deletion of the last 154 amino 
acids marginally decreased the toxicity against Chilo partellus (Lepidoptera: 
Crambidae) while this mutant was not toxic against Spodoptera litura (Lepidoptera: 
Noctuidae) (Selvapandiyan et al., 2001). Experiments conducted by C-terminal 
sequence swapping on Vip3A proteins displayed opposite results depending on the 
sequence combination of the resulting chimera, including an increase in the 
insecticidal potency and even a broaden of the target range in comparison to the 
native proteins (Fang et al., 2007). The importance of the C-terminal region in the 
protease resistance and toxicity is in agreement with our results clustering critical 
positions for the protease sensitivity and the toxicity against S. frugiperda in a 
carboxy-terminal region within the last 100 amino acids of the protein (Fig. 4. 3). We 
propose that the protein stabilisation role of the C-terminus might be achieved by 
intra-chain interactions (e.g. hydrogen bonding, salt bridges) between the β-sheets 
of the C-terminus and the α-helices of the N-terminus. The disruption of these 
interactions by mutation to a residue with different physicochemical properties 
might lead to the exposure of a secondary cleavage site downstream of the main first 
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processing (192-XXKVKX-199 (Rang et al., 2005)), perhaps in sequence 259-KENVK-
263 for the mutant in pattern “e” and 212-KEK-216 for pattern “c” (Fig. 4. 3 and 
Fig. 4. 7). 
The high divergence of the C-terminal sequences amongst Vip3A proteins has been 
proposed to be rather related to evolutionary diversification than to the lack of 
functional constraints (Wu et al., 2007), and thus, we would expect a higher 
acceptance of alanine substitution in this region without hindering the protein 
function. Though the C-terminal region of Vip3 proteins is quite diverse, there are still 
several residues in the C-terminus highly conserved amongst different Vip3A 
sequences which are likely to pose functional or structural constraints, and therefore 
not likely to be subjected to positive selection pressure. This is in fact the case for all 
residues identified to be critical for the insecticidal performance when substituted by 
an alanine throughout the protein sequence (Table 4. 3, Fig. 4. 3). The alanine 
replacements in these conserved sites constitute neither a homologous nor a 
conservative change and, therefore, the chemical properties of the native residues 
may take part in crucial interactions driving insecticidal response.  
The effect of alanine substitutions on the insecticidal activity of Vip3Af is similar for 
the two caterpillar pest species tested, with some exceptions. Substitutions T167A 
and E483A apparently are not as critical for A. segetum as for S. frugiperda 
(Table 4. 3). In contrast, most of the selected mutations in the C-terminus of the 
Vip3Af (G689A, I699A, Y719A, and G727A) were more critical for the insecticidal 
activity against A. segetum than for S. frugiperda. Wu et al. (Wu et al., 2007) 
proposed that Gly689 in the Vip3Af1(WT) (position 711 in the reference paper) was a 
site subjected to positive selection pressure and it is likely that this position plays its 
role in sequence diversification whereas the specific change to an alanine results in a 
negative mutation. The different behaviour of the above-mentioned mutations 
between A. segetum and S. frugiperda supports the hypothesis of the C-terminal 
sequence being responsible for target diversification and specificity. It is worth noting 
that both pest species have quite similar susceptibility profile to Vip3A proteins and 
that larger differences could be observed if other species were tested (for overall 
different Vip3 susceptibility refer to Chakroun et al. (Chakroun et al., 2016a, 2016b)). 
The only mutation rendering the proteolytic pattern “b”, W552A, suppressed the 
insecticidal activity. This position is located within the predicted carbohydrate 
binding motif (CBM 4,9), which is a common feature in all Vip3 proteins known so far 
with the exception of Vip3B proteins (Chakroun et al., 2016a). Interestingly, aromatic 
residues such as tryptophan, tyrosine and, less commonly, phenylalanine, are 
considered as key residues for CBM ligand recognition and binding (Boraston et al., 
2004). 
The secondary and the tertiary structure of the Vip3Af1(WT) predicted in the present 
work suggest that the N-terminal region is mainly composed of α-helices and the C-
terminus is predominantly constituted by β-sheets, in agreement with what was 
described previously for Vip3 proteins (Wu et al., 2007). This disposition might be a 
common feature among Vip3 proteins as judged from the high homology in their 
consensus sequences (Fig. I- 10, Introduction section) and is also the secondary 
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structure disposition among the well-known Cry proteins (Palma et al., 2014). 
Although a reliable conclusion on the tertiary structure cannot be drawn without 
further empirical information, the architecture of the Vip3Af1(WT) is predicted to 
have 5 domains with a high rate of disordered regions, coils and loops in the last 4 
domains (Fig. 4. 6). Furthermore, the structure predicted by the Robetta server 
locates the above discussed Gly689 (the position that gives pattern “e” when mutated 
to Ala) in a loop between two β-sheets just as in the model predicted for the C-
terminal region by Wu et al., ( 2007).  
In agreement with the in silico prediction, none of the cysteine substitutions in 
C292A, C401A or C507A affected the toxicity against S. frugiperda, suggesting the 
absence of disulphide bonds stabilizing the chain structure. Contrary to our results, 
the insecticidal activity of the Vip3Aa7 was seriously compromised when each native 
cysteine was substituted to a serine (Dong et al., 2012b); the loss of the activity of 
C507S was rather related to trypsin sensitivity, though the authors do not discard the 
involvement of a disulphide bond between the pair C401-C507. Interestingly, C401 is the 
only cysteine residue predicted to be oxidized. The role of cysteines is commonly 
related to protein stabilization by covalent bonding between residue pairs, although 
the substitution of a half-cystine can be locally compensated by either the new 
residue or with other amino acid residues in their vicinity, with different type of 
interactions other than disulphide bonds (e.g. hydrogen bonding, hydrophobic 
interactions, aromatic and aliphatic π interactions) yet resulting in a functional 
protein (Christensen et al., 1997; Jagtap et al., 2007; Thangudu et al., 2008). These 
three cysteine residues are indeed highly conserved among all Vip3A sequences 
described so far. The main difference between Vip3A and Vip3B proteins is a short 
sequence insertion rich in cysteines, along with the deletion of the Cys507 (Palma et 
al., 2012; Rang et al., 2005). The presence of the Cys residues could be involved in 
rapid evolution and diversification of Vip3 insecticidal proteins as it has been 
extensively described for small multimeric toxins in snake venoms (Calvete et al., 
2005, 2003; Juárez et al., 2008; Yeates, 2007).  
Despite discovery of the first Vip3 proteins more than 20 years ago, only few surveys 
addressing structural features implied in their mode of action are available and there 
is not a clear insight into their adaptive evolutionary role. The large number of Vip3 
proteins and the variability of toxicity against certain closely related pest species 
suggests a tight relationship between structure and function. The critical positions 
described herein may contribute to improving the insecticidal potency and the 
stability of Vip3A proteins by more rational and directed molecular modifications.  
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5.1. Introduction 

Worldwide agriculture is continuously facing new challenges to adapt to global 
change and the human density. According to FAO reports, the rate of human 
population increase is predicted to reach 9 billions of people by 2050 (Alexandratos 
and Bruinsma, 2012). After the Green Revolution, the agriculture has been deeply 
transformed by means of intensification and technification in order to obtain higher 
yields and cope with the food market rules. With the consequent increase of the 
world arable surface accounting up to 1.6 billion ha (Alexandratos and Bruinsma, 
2012), the amount of chemicals released to the environments has increased 
accordingly, summing up more than 166 million tonnes of fertilizers (Alexandratos 
and Bruinsma, 2012) and up to 3.8 million tonnes of pesticides annually (De et al., 
2014; EPA, 2017; Tilman et al., 2001). From the total amount of pesticides used 
worldwide, the large part accounts for herbicides followed by insecticides and 
fungicides, though this distribution varies within different regions in the planet 
(Carvalho, 2006; De et al., 2014; EPA, 2017; EUROSTATS). The overuse of 
conventional pesticides during the last decades has led to serious environmental and 
food security concerns and as a consequence, the approval of many active substances 
has been drawn back. Pesticides such as DDT or HCH are still widely used in 
developing countries, whereas in Europe, of the existing 1355 actives substances, 
only 486 actives remain authorised, 76 out of which are candidates for substitution 
due to unacceptable hazard (Carvalho, 2006; De et al., 2014; ‘EU Pesticides 
database’). In this context, the development of green plant protection products as 
well as biotechnology-based improved crops (biotech crops) that permit to reduce 
the employment of chemical pesticides in combination with local agricultural 
practices is of upmost priority. Bacillus thuringiensis based crops (Bt-crops) are the 
most largely cultivated biotech crops, together with glyphosate tolerant crops (ISAA). 
Other type of genetically modified crops (GMO) crops conferring valuable properties 
such as drought resistance stress, or diverse viral disease resistance are already 
available. Furthermore, attempts to apply the utmost cutting edge technologies of 
gene silencing and genome editing such the breakthrough CRISPR/CAS technology to 
biotech-crops are lately being reported (Kupferschmidt, 2013; Lacey et al., 2015; Li 
et al., 2012; Shan et al., 2013; Wang et al., 2014). In fact, during 2016, the first non-
GMO gene-editing crop, a sulfonylurea herbicides tolerant canola, was marketed in 
the USA (James, 2015).  
Microbial control agents are used as sustainable, health safe and renewable 
biopesticides, often combined with other chemical pesticides to protect a crop in 
integrated pest management (IPM) programs. From all known insecticidal microbial 
control agents, B. thuringiensis (Bt) is by far the most used, either as Bt-based 
bioformulants or as Bt-crops (EPA, 2017; Jouzani et al., 2017; Lacey et al., 2015; Moar 
et al., 2017). Vip3 proteins from B. thuringiensis are insecticidal proteins secreted to 
the environment during the bacterial vegetative growth phase. The mode of action 
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of Vip3 and Cry proteins is similar, differing mainly in the binding to specific receptors. 
This difference has led to the development of stacked crops co-expressing Cry1 and 
Vip3A proteins as to prevent resistance development of susceptible insects. Likewise, 
other Cry-expressing crops are being pyramided with insect specific RNAi to 
counteract insect resistance to Cry-expressing crops (Bernardi et al., 2015, 2014; 
Carrière et al., 2015; Chakroun et al., 2016a, 2016c; Gayen et al., 2015; Graser et al., 
2017; ISAA; Kurtz et al., 2007; Ni et al., 2017; Sanchis, 2011). Furthermore, the genetic 
engineering of Vip3A proteins in other insecticidal microbial agents such as Beauveria 
bassiana is a promising tool to potentiate the pest management strategies in 
combination with more conventional approaches (Liu et al., 2013; Qin et al., 2010). 
Additionally, there is room yet to improve the more classic approach of Bt-based 
formulations either by toxin microencapsulation in inert cells or by means 
nanotechnology (De et al., 2014; Hernández-Rodríguez et al., 2013; Jouzani et al., 
2017; Mahadeva Swamy and Asokan, 2013; Panetta, 1993).  
Vip3 proteins are highly active and selective against caterpillar pests, though they do 
not cover a wide range of target pests. Broaden the target pest or the insecticidal 
potency of the already known proteins by molecular techniques is a shorter and 
cheaper approach to increase the available resources for the agricultural pest 
management. Unlike Cry toxins, only few studies exist aiming the structure and 
folding of Vip3 proteins or their performance improvement. In the previous chapter, 
the totality of the core active toxin of the Vip3Af was analysed by the alanine scanning 
technique. As a result, some positions in the primary sequence were identified as 
being crucial for the insecticidal activity, selectivity or protein stability. To achieve a 
deeper insight of the scope of the selected key residues, some of these positions 
were further investigated herein by site directed mutagenesis.  

5.2. Materials and Methods 

5.2.1. Protein source and site directed mutagenesis 

The vip3Af(wt) gene is a His-tagged modification of the vip3Af1 (GenBank accession 
No. AJ872070.1) as described in chapter IV of this thesis. The clone was kindly 
provided by Bayer CropScience NV (Ghent, Belgium).  
A total of 12 single and double mutants of the vip3Af(wt) were generated by site 
directed mutagenesis by the technique of the whole plasmid amplification. Primer 
design was based on the proposal by Zheng and co-workers (Zheng et al., 2004) and 
are detailed in Table 5. 1. Primer requirements according to Zheng and (Zheng et al., 
2004) are summarised in Table S-5.1 (Annex section). Besides the introduction of the 
desired codon substitution in both primers, a silent mutation was introduced at least 
in one of the primer pairs to insert a restriction site for quick screening purposes. The 
rationale in choosing each particular substitution was based on i) multiple sequence 
alignments of the Vip3A proteins and the information on the insecticidal activity of 
certain positions available in the literature (Chakroun et al., 2016a), ii) the critical 
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positions for the structure-function relationship of the Vip3Af1 identified in the 
previous chapter, iii) the in silico prediction of reactive-structural and exposed-buried 
residues prediction (Berezin et al., 2004), iv) the degree of favourable amino acid 
substitution based on exchange matrices and intrinsic amino acid properties (Betts 
and Russell, 2003; Bordo and Argos, 1991; NCBI; Russell et al., n.d.) and iv) the 
positive selected residues described in Wu et al., (Wu et al., 2007).  

Table 5. 1. Primers used for the site directed mutagenesis by the whole plasmid amplification.  
Primer sequence are grouped in triplets for ease the identification of the appropriate mutated codon 
(highlighted in bold). The nucleotide change with regards to the wild-type is denoted in lower –case. 
Underlined sequence indicates the introduction or removal of a restriction site for screening 
purposes 

 
†Position at 5’ (forward, “Fwd”) and at 3’ (reverse, “Rev”) primers for each polymerase chain reaction primer pair. 
Reference gene accession number AJ872070.1.  

The plasmid amplification reaction was performed out with a high fidelity DNA 
polymerase with strong 3’-5’ exonuclease activity and high processivity (KAPAHiFiTM 
PCR Kit, ref. KK2101, Kapa Biosystems, USA) using the 6 kb pMAAB 10 plasmid (Beard 
et al., 2008) containing the vip3Af(wt) gene as template. The PCR reaction was carried 
out with 25-50 ng template, 0.6 µM primer pair, 200 µM dNTPs, 0.5 U of polymerase, 
5 µL of KAPAHiFi buffer in a final volume of 25 µL. The reaction was initiated with a 
pre-heating step of 3 min at 95 ºC and 16 cycles of denaturation, annealing and 
extension phases of 98 ºC for 20 sec, 60 ºC for 30 sec and 72 ºC for 4 min, 
respectively. The reaction was finalised with 15 min of final extension at 72 ºC.  
The parental plasmids remaining in the final reaction were digested with FastDigest 
DpnI (Thermo Scientific, USA) at 37 ºC for 10 min. The enzymatic digestion of the 
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DpnI was stopped at 80 ºC for 5 min and the reaction then cooled down on ice. The 
plasmids carrying the mutant version of vip3Af were transformed into Escherichia coli 
DH10ß strain heat-shock cells. Plasmid purification was performed on 2-3 
transformed colonies and screened with the specific restriction enzyme to ensure 
that amplification reactions had not led to wrong plasmid constructions due to strand 
displacement during the elongation step. The restriction product was checked by 
agarose gel electrophoresis. Plasmids displaying the expected fragments size were 
further transformed into E. coli BL21 strain for the expression of the mutant Vip3Af 
protein. 
The mutations were further confirmed by DNA sequencing. The gene region 
containing the mutation of the selected clones was amplified in the same way as done 
for the site directed mutagenesis, using 5-10 ng template and 30 cycles PCR. The 
different primer pairs used (Table 5. 2) gave amplification fragments of up to 757 bp. 
The PCR product was checked by agarose gel electrophoresis and purified using 
NucleoSpin Gel and PCR clean-up kit (MN, Germany) and sequenced by the Sanger 
method.  
All primers were non-phosphorylated and synthesised by Sigma-Aldrich. 

Table 5. 2. Primers used for testing out the correct change in the mutated proteins and the results of 
the sequencing 
Underlined primers were used for the sequencing of the amplification products. 

 
†Position at 5’ end of the forward and reverse primers for each polymerase chain reaction primer pair. Reference gene 
accession number AJ872070.1. 
‡Using the reference gene as the template. 
1in Hernández-Rodríguez et al.(2009) 
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5.2.2. Protein Expression and Purification 

The Vip3Af1(WT) and the mutated variants harboured in E. coli BL21 strain were 
expressed as described by Ruiz de Escudero et al., (2014). Briefly, a single E. coli 
colony was grown in LB-ampicillin culture at 37 ºC with soft shaking. The Vip3Af 
expression was induced with 1 mM IPTG when the culture reached an OD600 between 
1.2 and 1.8. After overnight expression, bacterial cells were pelleted and further 
treated with 1% lysozyme in PBS (phosphate buffered saline, pH 7.4) followed by two 
sonication steps. The crude lysate was clarified by centrifugation and the resulting 
supernatant was filtered through a 0.2 µm diameter pore membrane before 
purification. 
Vip3Af proteins were purified from the clarified lysate extracts using pre-packed 
nickel columns (HisTrap FF columns, GE Healthcare). Purified proteins were eluted 
from the column in PBS with 150 mM imidazol and collected in tubes containing EDTA 
(5 mM final concentration). The eluted fractions were dialyzed overnight against 20 
mM Tris, 150 mM NaCl, pH 9, and stored at -20 ºC. Protein purity was checked by 
SDS-PAGE and the protein concentration was calculated densitometrically using the 
TotalLab 1D v 13.01 software. 

5.2.3. Proteolytic Pattern Assays 

Volumes equivalents to 3 µg of purified Vip3Af proteins were incubated with 5:100 
trypsin (trypsin:Vip, w:w) in a final volume of 55 µl at 37 ºC. After 1 h incubation, a 
final concentration of 250 µM PMSF was added to each reaction, immediately 
followed by the addition of SDS-PAGE loading buffer (0.2 M Tris-HCl pH 6.8, 1 M 
sucrose, 5 mM EDTA, 0.1% bromophenol blue, 2.5% SDS, and 5% β-mercaptoethanol) 
(2:1, sample:loading buffer) and 5 min heating at 99 ºC. Proteolytic fragments were 
separated in a 12% SDS-PAGE. The Vip3Af1(WT) was used as a control. Untreated 
samples were assayed in parallel to monitor the thermolability of the mutant proteins 
in the absence of trypsin. The assay was replicated twice.  

5.2.4. Intrinsic Fluorescence Emission Spectra 

The intrinsic fluorescence emission spectra were obtained by exciting 3-8 µg of 
purified-protein samples at 280 nm (excitation slit of 5 nm) and recording the 
emission spectra from 300 to 450 nm (emission slit of 20 nm) in a Varian Cary Eclipse 
fluorimeter (Agilent Technologies, Australia). Protein samples were placed in a quartz 
cuvette filled with 1.3 ml of 20 mM Tris, 300 mM NaCl, pH 9 buffer. Graphic curves 
represent the average of 3 scans. The curves were smoothed with the “moving 
average” algorithm. 

5.2.5. Insect Rearing and Insecticidal Activity 

The bioassays were performed with a laboratory population of 
Spodoptera frugiperda (Lepidoptera: Noctuidae). The population was maintained on 
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semi-synthetic diet (Greene et al., 1976) in a rearing chamber at 25 ± 2 ºC, 70 ± 5% 
RH and 16:8h L:D. 
The insecticide potency of the Vip3Af1(WT) and the modified Vip3Af proteins was 
estimated from the LC50 values obtained in quantitative surface contamination 
assays. A volume of 50 µl of purified protein was applied to the surface of 2 cm2 
diameter wells filled with semi-synthetic diet. A range of 7 serially diluted 
concentrations of Vip3Af samples was tested in each bioassay. Proteins were diluted 
with 20 mM Tris, 150 mM NaCl, pH 9. The same buffer served as a negative control. 
In each trial, 128 neonates of S. frugiperda were used, 16 neonates per dose, 
individually placed in each well. Trays were maintained in a climatic chamber at the 
same conditions as for colony rearing. All bioassays were scored at 10 days for 
mortality and functional mortality (dead larvae plus larvae arrested in L1). Bioassays 
were replicated three times. The insecticidal potency, regressions lines, and LC50 
were calculated with the Polo-PC Probit analysis program (LeOra-software, Berkeley, 
CA). LC50 values were considered significantly different when fiducial limits did not 
overlap. 

5.3. Results  

5.3.1. Protein Expression and Proteolytic Band Pattern 

The constructs carrying the mutations were able to expressed correctly the Vip3Af 
mutant proteins. Only mutants E483Q and the triple mutant T167S-E168D-P171G did 
not achieve the expression of enough protein to work with and were dismissed for 
further analysis. The remaining 10 mutants were successfully expressed and purified. 
Half of the mutants (E483D, M34L, K284Q, W552F and W552Y) rendered the 
expected main fragments of 62 kDa and 20 kDa after trypsin treatment (Fig. 5. 1). 
This proteolytic band pattern was described in Chapter IV as pattern “a”. The 
previously named pattern “e”, consisting on the main bands of 62 kDa, 53 kDa and 
20 kDa, was also represented in mutants N682K-G689S, G689S and G689E. The 
proteolytic band patterns “b” (40 kDa and 20 kDa) and “f” (a single band of 27 kDa) 
were also represented in mutants W552H and E483H, respectively. 
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Fig. 5. 1. Representative proteolytic band patterns of the site directed mutated proteins of Vip3Af1(WT) after SDS-
PAGE.  

Protein samples (5 g) were incubated with 5:100 trypsin (trypsin:Vip, w:w) (B) or without trypsin as control 
treatment (A). Incubations were performed at 37 ºC for 1 h. Lanes 1: M34L, 2: K284Q, 3: E483D, 4: E483H, 5: 
W552H, 6: W552F, 7: W552Y, 8: N682K-G689S, 9: G689S, 10: G689E. “WT”: Vip3Af1(WT). “M”: molecular 
weight marker (kDa). 

5.3.2. Emission Spectra and Overall Protein Conformation  

The emission curves of the the 10 expressing mutant protoxins were shown to be 
similar to that of the Vip3Af1(WT) (Fig. 5. 2). The emission peaks ranged from 335 nm 
to 340 nm, in all cases below the maximum of 348 nm expected for the emission of 
free Trp when excited at 280 nm in aqueous solutions (Bortolotti et al., 2016; Teale 
and Weber, 1957)), indicating that the 3 triptophan residues in the Vip3Af sequence 
face an hydrophobic environment in native conditions. 
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Fig. 5. 2. Emission spectra of the intrinsic fluorescence of the protoxin form of the Vip3Af1(WT) and the site directed 
mutated Vip3Af proteins.  
Proteins (3 -8 µg/mL) were excited at 280 nm and the emission was scanned from 300 to 450 nm. WT: 
Vip3Af1(WT), 1: M34L, 2: E483D, 3: K284Q, 4: G689E, 5: W552F, 6: E483H, 7: G689S, 8: W552Y, 9: W552H and 
10: N682K-G689S. The maximum emission peak ranged from 335 to 340 nm. 

5.3.3. Insecticidal activity of the site-directed mutants 

None of the site-directed mutants significantly altered the insecticidal activity against 
S. frugiperda compared to the reference Vip3Af1(WT) protein (Table 5. 3). 
Nevertheless, some differences between mutants might be pointed out. Mutants 
E483H and W552H markedly decrease their LC50 up to 4-fold in comparison to the 
wild type and showed a significant difference with that of the slightly more active 
mutant M34L (LC50 32 ng/cm2, F.L. (99%): 13-79). Following mutant M34L, mutants 
E483D and K284Q were the most active ones with relative potencies of 4 and 2.8 
respectively.  

5.4. Discussion 

Reverse genetics is one of the most used approach to deepen in the protein 
knowledge, especially when the protein structure is unknown (Bordo and Argos, 
1991). As a logical step forward after the systematic study of the Vip3Af core toxin’s 
sequence by alanine scanning, 12 mutations were build up based on theoretically 
favourable amino acid changes. Only 2 out of the 12 site-directed mutants, the triple 
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mutant T167S-E168D-P171G and the E483Q, prevented protein expression. Since the 
gene sequence and the plasmid were correct, the failure in expressing these mutants 
might account only for the nature in the mutation, perhaps by disrupting their 
structural integrity or by rendering such high unstable proteins that are quickly 
degraded after expression, as described in the previous chapter. The slight shifts in 
the emission peak obtained from the intrinsic fluorescence spectra (Fig. 5. 2) of the 
other 10 expressed mutants suggest that only minor conformational changes occur, 
which might be locally compensated. Accordingly, although some differences in the 
insecticidal potency among different variants were observed, none of them 
significantly differed from that on the Vip3Af1(WT) (Table 5. 3). However, unless 
these mutant proteins are tested against other insect species, we cannot discard that 
some of the mutations increase the insecticidal activity of Vip3Af.  

Table 5. 3. Quantitative parameters from concentration-mortality responses (at 10 days) of 
Vip3Af1(WT) and SDM-Vip3Af proteins purified by affinity chromatography on S. frugiperda. 

 
† Fiducial limits. 
a: intercept 

Mutantions M34L and K284Q were chosen from a protein sequence comparison 
among different Vip3A. The residue Lys284 is highly conserved among Vip3A proteins; 
only in some Vip3Aa sequences, such as the Vip3Aa1, the lysine is substituted to a 
non-homologous Gln284 (Fig. 5. 3). Both lysine and glutamine residues have 
amphipathic side chains and are frequently found forming part of binding or catalytic 
active sites. In agreement to that, the residue in site-284 is expected to be exposed 
to the protein environment (Fig. 5. 3), which in the lepidopteran larvae guts is of 
alkaline nature (pH> 8). Therefore, K284Q accounts for the removal of the positive 
net charge in the protein local surface in comparison to the wild type which does not 
have a critical effect on the integrity of the protein or its function, since no significant 
differences in the toxicity against S. frugiperda were found (Table 5. 3).  
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Fig. 5. 3. Multiple sequence alignment and consurf prediction of residues buried and exposed for the regions 
concerning the site-directed mutations of the Vip3Af1(WT).  
Conservation of these sites was evaluated by Clustal Omega msa (Sievers et al., 2011) of different Vip3A proteins 
from Bacillus thuringiensis: Vip3Aa1 (GenBank accession number AAC37036), Vip3Aa16 (GenBank accession 
number AAW65132), Vip3Aa45 (GenBank accession number JF710269), Vip3Ab1 (accession number AAR40284), 
Vip3Ac1 (named PS49C with Seq. ID 7 in U.S. patent application 20.040.128.716 (Narva and Merlo)), Vip3Ad2 
(accession number CAI43276), Vip3Ae1 (accession number CAI43277), Vip3Af1 (accession number CAI43275), 
Vip3Ag2 (accession number ACL97352), Vip3Ah1 (accession number ABH10614), Vip3Ai1 (accession number 
KC156693) and Vip3Aj1 (accession number KF826717). The msa (purple panel) is coloured according to 
BLOSUM62 colour scheme. Amino acid conservation, quality (BLOSUM62 score based on observed substitutions) 
as visualised by Jalview (Waterhouse et al., 2009). Asterisks (*) highlight the positions that were mutated. The 
Consurf prediction (Berezin et al., 2004) (yellow panel) represents the predicted functional (f) or structural (s), 
roles of the residues and the predicted location exposed (e) or buried (b). Residues in yellow indicates low 
confidence in the prediction due to insufficient data. The conservation-code scale of the consurf prediction is 
presented at the bottom. 

The functional and structural role of the N-terminus (upstream the processing site 
192-XXKVKX-199 (Rang et al., 2005)) of Vip3 proteins is not without controversy, 
though it is widely accepted that this fragment is cleaved, but not removed, after 
protease activation in the insect midguts (Bel et al., 2017; Chakroun et al., 2016a, 
2012; Chakroun and Ferré, 2014; Estruch and Yu, 2001; Gayen et al., 2015, 2012; 
Hernández-Martínez et al., 2013; Lee et al., 2006, 2003; Li et al., 2007; Liu et al., 2011; 
Palma et al., 2014). While Li and colleagues (Li et al., 2007b) argued that the 20 kDa 
band from the N-terminus was crucial for the correct folding of the functional Vip3A 
protein, Gayen et al., (2015, 2012) succeed in cloning a highly active 62 kDa of a Vip3A 
(without the first 200 amino acids from the N-terminus). It was recently shown that 
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the insecticidal activity of the whole protein is not compromised by point mutations 
in the N-terminus of a Vip3A protein (Liu et al., 2017). We found position Met34 the 
most attractive candidate to seek for a response driven from the N-terminus of the 
protein. On the one hand, this position falls at the end of the signal peptide (SP) 
according to some authors (Chen et al., 2003; Doss et al., 2002; Estruch et al., 1996; 
Rang et al., 2005), although other authors claim that the SP might be shorten up to 
the first 11 residues (Doss et al., 2002, chapter IV of this thesis). Deletion of the first 
27, 33 or 39 residues has led to unpredictable results, from the total loss of 
insecticidal activity to no changes in the toxicity depending on the species tested 
(Bhalla et al., 2005; Chen et al., 2003; Selvapandiyan et al., 2001). Additionally, Met34 
also falls in a predicted conserved Tar multidomain (COG0840, a chemotaxis protein 
motif) with transmembrane properties (Chakroun et al., 2016a). On the other hand, 
Met34 is a highly-conserved residue among most of the Vip3 proteins (Fig. 5. 3) and is 

expected to be buried in the protein hydrophobic environment, most likely in a -
helix structure. This is the only different residue between the Vip3Aa1 and the 
Vip3Aa45 (34MetIle), being both proteins biologically active and phylogenetically 
close-related to the Vip3Af1 (Palma et al., 2013b, 2012). There has been a slight 
increase in the insecticidal activity of M34L against S. frugiperda (Table 5. 3). The 
leucine amino acid has a higher helical preference than either methionine or 
isoleucine and thus, it is likely that this change contributes to the stabilization of the 

-helix and eases the insertion into the cell membrane during protein secretion. A 
more drastic mutation attempt in the N-terminus was intended by creating a triple 
mutant (T167S-E168D-P171G) based on the three consecutive key residues reported 
in the previous chapter. These three positions are predicted to be functional and 
exposed residues (Fig. 5. 3) and even when the single substitutions were chosen to 
be “safe-mutations”, three close and simultaneous mutations in a highly-conserved 
area appeared to be unbearable for the protein structure and stability.  
The proteolytic activation of M34L and K284Q gave two main bands of 62 kDa and of 
20 kDa, which is the expected proteolytic fragments reported in the Vip3Af1(WT). 
Therefore, it is assumed that these mutations do not affect the correct folding of the 
Vip3Af protein. This was also the case for the mutations E483D, W552F and W552Y. 
Positions Glu483, Trp552 and Gly689 in the Vip3Af1(WT) were identified in chapter IV as 
key residues for the insecticidal activity against S. frugiperda and Agrotis segetum 
(Lepidoptera: Noctuidae). The substitution of the native residue to an alanine 
resulted in unique proteolytic patterns that was not observed in any other 
substitution: E483A gave a single band of 27 kDa (pattern “f”), W552A displayed 
pattern”b” consisting in two main bands of 40 kDa and the 20 kDa, and G689A gave 
pattern “e” (62 kDa, 53 kDa and 20 kDa). Interestingly, the trypsin treatment of 
mutants E483H, W552H and the three mutants in position 689 (G689S, G689E and 
N682K-G689S) displayed the same proteolytic patterns described when the native 
residue in these positions were substituted to an alanine (Fig. 5. 1). Since alanine does 
not share any specific physicochemical characteristics with either histidine, serine or 
glutamate, non-synonymous changes in these sites might locally alter the 
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conformation, making trypsin accessible to different cleavage sites other than the 
native ones.  
The position Glu483 is a predicted functional and exposed key residue (Fig. 5. 3). The 
substitution of glutamate to aspartate (E483D), glutamine (E483Q) or histidine 
(E483H) are thought to be either favorable or neutral. The fact that E483Q impairs 
protein expression suggests that the side chain of the glutamic acid, negatively 
charged due to its low pKa, contributes to the protein conformation by establishing 
ionic interactions or salt bridges with other spatially-close residues, especially with 
those positively-charged. This is further supported by the non-deleterious effect of 
mutant E483D, in which the negative charge contribution is ensured by the side chain 
of the aspartic acid. Contrarily to the deleterious effect of the substitution to a Gln, 
the exchange to a histidine provides either a local positive or negative charge 
depending on the local pH, which might disrupt local contacts but yet is able to retain 
some insecticidal activity (Table 5. 3). The alike effect reported for the E483A might 
respond to different constraints. While histidine is highly versatile due to its pKa near 
to neutral pH, alanine might reduce the steric impairments between the residues in 
the vicinity, limiting the impact of the mutation. A similar result can also be found in 
the Trp552 when is changed to an A or to a H. However, unlike Glu483, Trp552 is probably 
buried in a hydrophobic core in the protein (Fig. 5. 3), and was predicted to form a 
ligand site in the putative CBM of the Vip3Af1(WT) (Fig 5. 4), together with the Pro551 
and the Lys553. Thus, the change to a histidine might modify the interactions with the 
surrounding residues, perhaps by removing the stacking interactions arising between 
tryptophan and proline, by increasing the local net charge, or by both, causing 
eventually a local misfolding that accounts for a non-functional activation of the 
protein by the insect gut proteases. The insecticidal performance still retained by 
both E483H and W552H is likely explained by the toxic fragment of 62 kDa before is 
completely processed to the main bands of 27 kDa and 40 kDa, as it was suggested 
for E483A and W552A. 
With only one exception known so far (Vip3Ba1), Vip3 proteins share a highly 
conserved domain identified as a Carbohydrate Binding Motif (CBM type 4, 9) which 
spans from Ser536 to Gln652 in the Vip3Af1(WT) sequence (Chakroun et al., 2016a). 
The alanine-scanning in the whole region revealed only one critical residue for the 
toxicity, the Trp552. Aromatic residues Phe, Tyr and Trp are known to be involved in 
the binding to carbohydrates in CBM by stacking interactions of the aromatic-shape 
side-chain with the pyranose ring of sugars and by hydrogen bonding (Asensio et al., 
2013; Boraston et al., 2004). No significant differences in the LC50 were found when 
tryptophan was exchanged with the other aromatic amino acid with a ring in their 
side chain (Table 5. 3), suggesting that the aromaticity may be an important trait in 
position W552 (strongly conserved among Vip3A sequences) playing a role in protein 
stability.  
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Fig. 5. 4. Structural view of the ligand binding site prediction for the Vip3Af1(WT) using 3DLigandSite (Wass et al., 
2010).  
Protein sequence used: (accession number CAI43275). Job Id: 5a14750999445eea: cluster IV. The Phyre2 
confidence score was 96.1, and MAMMOTH Score for Cluster IV was 11.7. Different images show different 
orientations of the fragment predicted in the C-terminal region of the protein (Asn537 – Ile667). 

Finally, position Gly689 was described as being potentially subjected to positive 
Darwinian selection, though the exchange of the glycine to an alanine was not 
favorable (Wu et al., 2007). This position is predicted to be functional (Fig. 5. 3) with 
the side chain facing the protein surface, in agreement to the model of the C-terminal 
end of Vip3 proteins in which this site was located in a loop of a structure 
predominantly formed by ß-sheets. The in silico model of the Vip3Af1 also supports 
this configuration. The C-terminal end of the Vip3 proteins is thought to determine 
the target specificity and thus, it exists a higher sequence divergence among Vip3 
proteins (Chakroun et al., 2016a; Palma et al., 2014, 2012; Rang et al., 2005; Ruiz de 
Escudero et al., 2014; Wu et al., 2007). Glycine is the smallest of the amino acids with 
a short and polar side chain. The substitution of Gly689 either to a serine or to a 
glutamic acid did not affect the insecticidal activity of the Vip3Af protein (Table 5. 3), 
contrary to what was observed when the glycine was substituted to an alanine. This 
is likely explained by the non-polar nature of the Ala, which might disrupt the 
functional reactivity of a putative functional site. The outcome of the site directed 
mutagenesis of Gly689 further supports the prediction of site-689 being subjected to 
a high mutation freedom as predicted by Wu (Wu et al., 2007) and placed in a 
exposed loop. Otherwise, the substitution to an alanine would had been favorable by 
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compacting the hydrophobic pocket whereas the polar and charged residues, with 
larger side chains, would likely disrupt the hydrophobic moiety.  
Site-directed mutagenesis is a useful tool to identify sites with critical implications to 
the function and structure of a protein with unknown spatial conformation. The 
substitutions performed in this study did not lead to statistical differences in the 
insecticidal activity of the Vip3Af against S. frugiperda. Nevertheless, the slight 
differences found help to shed light on the structural implications of Vip3 proteins. It 
is proposed that site-483, site-552 and site-689 play a key role for the folding of the 
protein, while site-689 may also constitute a functional residue placed in a loop. 
Despite the lack of an unequivocally relationship of the N-terminus with the 
insecticidal response, the presence of the N-terminal fragment might indirectly 
contribute to the Vip3A function, yet contributing to the final outcome.  
With the increasing demand of a more sustainable agriculture and the high time and 
economical costs of development of new active substances, synthetic diversification 
of the genetic bank of Vip3 proteins might be a shortcut strategy in agricultural 
biotechnology (Palma and Berry, 2016). Protein engineering is one of such strategies 
for target diversification; Unfortunately, the few changes introduced in the sequence 
of Vip3Af in this study did not allow to improve the insecticidal potency against 
S. frugiperda larvae for its application in biotech solutions. However, it is still to be 
proven whether the mutations studied here contribute to broaden the target 
specificity or the insecticidal potency against other insects and, therefore, further 
study is necessary. 
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Worldwide agriculture is a living scenario continuously adapting. With the increase 
of the global population, arable land surface has increased only 14%, whereas the 
overall yield reached almost 80% increase since the earlies 60’s (Alexandratos and 
Bruinsma, 2012). As a consequence of the agriculture intensification and the lack of 
extensive knowledge on agricultural chemistry, an unsustainable overuse of 
chemicals became a common practice, which have caused serious contamination 
problems to aquifers and soil and have threatened wild life and food and feed safety. 
In response to this situation, there is a global commitment of reducing the chemicals 
inputs to agriculture, either by optimising the pesticides application methods and the 
cropping systems management, or by the development of more sustainable plant 
protection products. Biostimulants, biotechnology-based solutions and biological and 
microbial control are promising tools that help to reduce the delivery of conventional 
pesticides to the environment. In this context, Bacillus thuringiensis (Bt) is by far the 
most widely used and well-known microbial control agent. Vip3A proteins are 
insecticidal resources present in bioformulations and in transgenic crops, although 
the mode of action is not completely understood and the crystallographic structure 
is still unknown. Different to chemical pesticides, natural compounds such as 
insecticidal proteins are huge and their biocidal response is complex, often multi-
factorial. Thus, in order to ensure the success on the use of Vip3A proteins for crop 
protection, characterise the mode of action, the protein structure and the insecticidal 
spectrum in detail becomes essential. 
 
Vip3A proteins are known to be active against lepidopteran, such as the Cry-tolerant 
Agrotis ipsilon (Lepidoptera: Noctuidae) or of many other species from the 
Spodoptera genus (Estruch and Yu, 2001; Gayen et al., 2012; Warren, 1997). 
Unfortunately, most of the literature available focuses on the insecticidal range of 
Vip3Aa subclass. In order to increase the pull of information available of the species 
targeted by different Vip3A proteins, in the first chapter of this thesis the toxicity of 
5 different Vip3A proteins (Vip3Aa, Vip3Ab, Vip3Ad, Vip3Ae and Vip3Af) were 
screened against 8 different caterpillar pest species (A. ipsilon, Helicoverpa armigera, 
Mamestra brassicae, S. exigua, S. frugiperda, S. littoralis, Ostrinia nubilalis and 
Lobesia botrana). Seven out of these 8 species were susceptible to Vip3Aa, Vip3Ae 
and Vip3Af. Vip3Ad was not toxic to any of the species tested. Likewise, the European 
corn borer O. nubilalis was tolerant to all Vip3 proteins tested, although it showed 
marginally susceptibility to Vip3Af. Some specificity in the pest-protein combination 
was observed: A. ipsilon, S. frugiperda and S. littoralis were susceptible to Vip3Aa, 
Vip3Ab, Vip3Ae and Vip3Af; S. exigua was susceptible to Vip3Aa and Vip3Ae, and 
moderately susceptible to Vip3Ab; M. brassicae and L. botrana were susceptible to 
Vip3Aa, Vip3Ae and Vip3Af; H. armigera was moderately susceptible to Vip3Aa, 
Vip3Ae and Vip3Af. No major differences were found when comparing protoxins vs. 
trypsin-activated toxins.  
 
Proteolytic processing is a key starting point on the insecticidal performance. Thus, 
the second and third chapter focused on the activation step of Vip3Aa16 and Vip3Af1 
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by commercial trypsin and midgut juice from the two susceptible insects A. ipsilon 
and S. frugiperda. The 89 kDa protoxin was firstly proposed to be cleaved into two 
fragments of 20 kDa (corresponding to the first 200 amino acids) and 65 kDa 
(considered as the “core” toxin, corresponding to the last ca. 600 amino acids). 
Secondary cleavage sites were also proposed to split the 65 kDa toxin into two 
overlapping fragments of 33 kDa and 42 kDa. The activation step and the complete 
degradation of the proteins by proteases have been often related to different 
insecticidal response (Abdelkefi-Mesrati et al., 2011b; Caccia et al., 2014; Chakroun 
et al., 2016c, 2012; Estruch and Yu, 2001; Hernández-Martínez et al., 2013; Li et al., 
2007). However, the apparent degradation of the 62-66 kDa active toxin after 
proteolytic activation observed by SDS-PAGE might not be related to instability of 
Vip3A proteins to insect midgut peptidases. In chapter II and III is shown that the 
misleading degradation of the “core” toxin obtained by SDS-PAGE analysis is an in 
vitro effect caused by the denaturing interaction of the SDS present in the loading 
buffer. This effect is based on a partial denaturation resistance of the trypsin and 
other peptidases present in the insect midgut juice, while Vip3Aa proteins are 
progressively unfolded by the SDS and the high temperature gradually achieved 
during the sample heating step. Thus, the peptidases still retaining enzymatic activity 
cut upon inaccessible cleavage sites under Vip3Aa-native conditions. The empirical 
evidences to that were based on i) the kinetics of the activation of the Vip3Aa and 
the Vip3Af to high concentrations of trypsin, in which after an apparent degradation 
of the “core” toxin at the first-time points, a conspicuous band of 62-66 kDa fragment 
appeared after 72 h treatment, directly related to the vanishing of the band 
corresponding to trypsin; ii) the gel filtration chromatography of a sample with a 
completely-degraded SDS-PAGE profile of both Vip3Aa (treated with either trypsin or 
A. ipsilon midgut juice) and Vip3Af (treated with S. frugiperda midgut juice). These 
samples were biologically active against A. ipsilon and S. frugiperda. Furthermore, 
when the eluted fraction containing the Vip3A proteins free of peptidases were 
subjected to gel electrophoresis, the 62-66 kDa fragment was no longer degraded; 
iii) the inhibition of the trypsin reaction by the specific irreversible inhibitors AEBSF 
and E64 or by urea prior to the addition of the loading buffer containing SDS; and iv) 
the trypsin treatment of the Vip3Aa in presence of SDS or β-mercaptoethanol during 
the incubation.  
Despite the influence of the SDS, the C-terminal end of the Vip3A proteins does not 
seem to be over-processed by peptidases, rendering a band of ca. 33 kDa in the 
Vip3Af and of 29 kDa corresponding to the sequence fragment from S-509 onwards 
in the Vip3Aa16. This suggests a more stable conformation of the C-terminal end of 
the Vip3A proteins predominantly formed by β-sheets as predicted in silico.  
Moreover, further addition of trypsin to the Vip3Af toxin activated during 72 h did 
not caused an apparent degradation of the 62 kDa-core, suggesting some differences 
in the activated-toxin conformation. Thus, it is likely that once the protoxin is first 
treated with trypsin, the excision of the 200 amino acids from the N-terminus triggers 
a compaction of the “core” into a globular form, in agreement to Kunthic et al., 
(2016). Furthermore, Lee et al., (2003) showed that the activation step was crucial 
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for the formation of pores in brush border vesicles membranes (BBMV) of susceptible 
insects, perhaps facilitated by the compacting of the C-terminus.  
Although the misleading degradation effect was observed in both Vip3Aa and Vip3Af, 
two minor differences were noticeable. Although in both proteins the 65 kDa 
fragment apparently accumulated over time as the trypsin self-digests, a complete 
digestion of the 65 kDa fragment at the first time-points of the kinetics was not 
observed in the Vip3Af, not even at the highest concentration of trypsin. With regards 
to the N-terminus, the fragment of 20 kDa almost completely disappeared in the 
Vip3Aa16, whereas in the Vip3Af1 this band was yet enough intense after 72 h 
incubation. Therefore, the differences found between Vip3Af1 and the Vip3Aa16 
reflect a different interaction of both proteins to SDS molecules, which might account 
to some differences in their native structure. 
 
Since the X-ray structure of Vip3 proteins is not yet disclosed, in order to further 
explore the molecular structure of Vip3A proteins an alanine scanning of a major part 
of the Vip3Af1 protein sequence was analysed in the 4th chapter. Alanine scanning is 
a successful technique for mapping crucial positions or epitopes in a protein and 
helps to infer on protein structure-function relationships. Only 10% of the residues 
analysed play a crucial role in either protein stability, protein folding, proteolytic 
processing or insecticidal activity of the Vip3Af1. Therefore, most of the substitutions 
to alanine, constituted neutral mutations even in the most conserved regions among 
the Vip3A subfamily, which stresses the high level of resilience and adaptability of 
Vip3A proteins to preserve protein function and homeostasis. In all, 54 positions were 
selected after a first screening of the alanine collection and the correct substitution 
was checked by DNA sequencing. From the initial 54, 19 positions were related to 
protein expression or protein lability. The remaining 35 substitutions caused a 
decrease in the insecticidal activity against S. frugiperda to different degrees. After a 
more accurate analysis, 19 substitutions were confirmed to cause a reduction in the 
insecticidal activity against S. frugiperda. The position of these 19 residues clustered 
mainly in two regions of the protein sequence (at the N-terminus between amino 
acids 167 and 272 and at the C-terminus between amino acids 689 and 741). For 
S. frugiperda, the top 11 positions driving the strongest activity inhibition (defined as 
mortality lower than 41% and functional mortality lower than 69%) were T167A, 
E168A, F229A, M238A, Y272A, E483A, W552A, G689A, I699A, Y719A, and G727A. 
Most of the substitutions that impaired the activity to S. frugiperda were also critical 
for the insecticidal activity against Agrotis segetum, with few differences. 
Substitutions T167A and E483A apparently were not as critical for A. segetum as for 
S. frugiperda, whereas mutations G689A, I699A, Y719A, and G727A in the C-terminus 
were more critical for the insecticidal activity against A. segetum than for 
S. frugiperda, supporting the role on target specificity of the C-terminus as proposed 
by Wu et al., 2007. 
The proteolytic activation of the 35 selected mutants revealed differences that could 
also be clustered in defined regions of the Vip3Af sequence. These differences were 
characterised in 6 different proteolytic band profiles as evaluated by SDS-PAGE: 
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patterns “a” (corresponding to the wild type) and “d” contained the 62 kDa band and 
were found in those mutants clustering in the first half of the protein, whereas 
patterns “c” and “e” (both being very similar except for the faint presence of the 62 
kDa band in “e”) were found in mutants clustering near the C-terminus, supporting 
the protein stabilisation role of the C-terminus. In this work is proposed that the 
stabilisation might be achieved by intra-chain interactions (e.g. hydrogen bonding, 
salt bridges) between the β-sheets of the C-terminus and the α-helices of the N-
terminus. The disruption of these interactions by the mutation to a residue with 
different physicochemical properties might lead to the exposure of a secondary 
cleavage site downstream of the main first processing (192-XXKVKX-199 (Rang et al., 
2005)), perhaps in sequence 259-KENVK-263 for the mutant in pattern “e” and 212-
KEK-216 for pattern “c”. Additionally, there is evidence that after proteolytic 
digestion, the 62 kDa and the 20 kDa fragments remain bounded after cleavage 
(Chakroun and Ferré, 2014). Thus, there must be a relatively stable contact zone 
between those regions in the full-protein sequence. It is hypothesised that the 
contact regions between this pair could be from residues 53-65 and from residues 
743-773, since these residual peptides always appeared in the mass fingerprinting of 
the main bands of the different proteolytic fragments, which in turns are closely 
placed to the two “hot spots” in the Vip3Af sequence described for the insecticidal 
activity. 
Patterns “b” and “f”, which did not contain the 62 kDa band either, were found only 
in W552A and E483A, respectively, placed at the central region of the “core” 
sequence. It was shown that these band patterns, were not an artefactual effect due 
to the interaction with the SDS. The 20 kDa band was not present in patterns “d” and 
“f”, which showed a major band of 27 kDa. The single 27 kDa band of the mutant 
E483A was identified to start at position I-528, closely related to the SDS-resistant 
29 kDa fragment in the Vip3Aa16. 
The characterisation of these pattern bands was consistent either with commercial 
trypsin treatment or with midgut juice from both S. frugiperda and A. segetum. Thus 
the lack of toxicity of the mutants not maintaining the 62 kDa fragments is related to 
the instability to proteases in vivo. Although some of the mutants not containing the 
62 kDa fragment were yet capable to exert some insecticidal activity to one or the 
other insect species, it is likely that the marginal toxicity is achieved by the 62 kDa 
fragment prior to further cleavage. 
Only slight shifts on the fluorescence emission peak were detected between the 
protoxin and the activated form of the wild type Vip3Af, indicating that only minor 
changes in the overall conformation takes place after activation, in agreement to the 
recently published study on the conformation of the Vip3Ag4 (Palma et al., 2017). 
Likewise, only minor changes on the fluorescence emission spectra among the 
protoxin of the wild type and the selected mutants were observed, indicating that 
the mutations do not disrupt the overall conformation of the protein and that the 
minor changes are locally compensated. An in silico modelled 3D structure of a single 
molecule of Vip3Af1 is proposed for the first time which helps to visualize the “hot 
spots” of the Vip3Af. In the Vip3A sequences known so far, there are only 3 cysteines 
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which are highly conserved. No disulphide bonds were predicted in the Vip3Af 
sequence, although Cys401 was predicted to be oxidized. In agreement to that, none 
of the cysteine substitutions in C292A, C401A or C507A affected the toxicity against 
S. frugiperda, suggesting the absence of disulphide bonds stabilizing the chain 
structure. Nevertheless, the substitution of a half-cystine could be locally 
compensated by either the surrogate residue or its vicinity with other type of 
interactions, yet resulting in a functional protein. The half-cystine predicted in 
position 401 could be involved in a dilusphide bridge between subunits pairs of the 
tetramer described by Palma et al., (2017).  
Oligomerization and disulphide bonding engineering are mechanisms for which 
proteins can improve their stability and functional diversity without increasing the 
genetic burden and complexity; this could be the functional role behind the insertion 
of a short sequence containing 8 cysteines along with the deletion of the Cys507 in the 
Vip3B sequences (Rang et al., 2005; Chakroun et al., 2016a). However, further 
experimental data is required to elucidate the role of the cysteines in Vip3 structure 
and evolution.  

 
In the 5th and final chapter, 12 different mutants were generated by site-directed 
mutagenesis all along the Vip3Af1 protein sequence. Reverse genetics is one of the 
most used approach to deepen in the protein knowledge, especially when the protein 
structure is unknown. Ten of these mutants were successfully expressed without 
major folding changes and were functionally active. It was not possible to significantly 
improve the insecticidal potency against S. frugiperda in any of the Vip3Af mutants.  
Mutations in position 689 (G689S, G689E and N682K-G689S), as well as mutations 
E483H and W552H gave proteolytic patterns different to the native profile of the wild 
type but equivalent to those obtained in the same positions mutated in chapter IV.  
Mutation M34L in the N-terminal was significantly more active against S. frugiperda 
than E483H and W552H, but no differences were found with the wild type Vip3Af. 
The position Glu483 is a predicted functional and exposed key residue whose 
negatively-charge side chain might be crucial for the structure, being that its 
substitution to a non-charged amino-acid or to a positively charged residue either 
limits the insecticidal function or impairs protein expression. 
Position Trp552 was found to be strongly conserved among Vip3A sequences and falls 
into the predicted Carbohydrate Binding Motif (CBM). No significant differences in 
the LC50 were found when Trp552 was exchanged with other aromatic amino acids 
with a ring in their side chain, suggesting that the aromaticity may be an important 
trait in position W552 playing a structural role rather than in the binding to 
carbohydrates. 
Finally, position Gly689 was predicted to be functional and placed in a loop. Although 
the exchange of the glycine to an alanine in chapter IV was not favorable, the 
substitution to a Ser or a Glu did not cause a significant effect on the insecticidal 
function of the Vip3Af, supporting the prediction that this position was subjected to 
positive Darwinian selection (Wu et al., 2007). 
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When the empirical evidence of the spatial conformation of a protein is unknown, a 
holistic approach is needed for the structure- function relationship inference. If taken 
together all the available literature and the results presented herein, we might 
venture to make a general role proposal of the main regions in the Vip3A proteins. 
Assuming that the cloning of the 62-66 kDa “core” renders a functional and properly 
folded toxin (Gayen et al., 2015, 2012) and that the removal of the first 200 residues 
from the N-terminus (20 kDa fragment) is necessary for the formation of pores (Lee 
et al., 2003), it is likely that the N-terminus do not play an essential role in the toxicity 
(Chakroun et al., 2016a; Rang et al., 2005; Wu et al., 2007). Nevertheless, such a big 
and extremely conserved sequence might be retained among homologues due to a 
positive fitness outcome (Fay and Wu, 2003). Jiang et al. (2016) suggested that the 
insecticidal activity of Vip3A proteins might be achieved by multiple mechanisms, 
which could have a cumulative effect on the insecticidal outcome. The protoxin form 
of Vip3Aa is able to exert cytotoxic activity on Sf9 and Sf21 cells (Estruch and Yu, 
2001; Jiang et al., 2016; Singh et al., 2010). Thus, it is likely that the N-terminus, which 
is predominantly formed by α-helices, is involved in an alternative but not exclusive 
mechanism, perhaps the apoptosis pathway. This mechanism would account for a 
delayed response compared to the formation of pores, and could be the underlying 
mechanism for the big difference found with the Vip3Aa16 protoxin and activated 
toxin against S. exigua described in Chakroun et al. (2012).  
The high divergence of the C-terminus amongst Vip3A sequences is related to 
functional diversification and target specificity (Fang et al., 2007; Selvapandiyan et 
al., 2001; Wu et al., 2007). The higher divergence is found from position 450 onwards, 
in which a second processing site (450-LNKKKVES-459) has been proposed and after 
which a short sequence of 20 residues (mostly Cys) is inserted in Vip3B (Estruch and 
Yu, 2001; Rang et al., 2005). Active and not-active toxins are able to bind to specific 
receptors in the BBMV of tolerant and resistant species (Chakroun et al., 2016c; 
Chakroun and Ferré, 2014; Lee et al., 2003), thus is likely that the binding to specific 
receptor occur in a highly conserved region. Therefore the central region of the 
protein, might be responsible to the specific binding. This regiod could span from 
residue 200 to residue 455, which corresponds to the 33 kDa band initially proposed 
as the minimum active fragment (Estruch and Yu, 2001). Finally, the end of the 
protein composed mostly by β-sheets, is predicted in two domain structures in the 
Vip3Af1, one of them consists in the CBM. Thus, the C-terminal end of the sequence 
could account for two different features: i) protein stability, by bonding interactions 
with the α-helices of the N-terminus, and ii) target specificity. Proteolytic activation 
might trigger a compaction of the β-sheets structure, facilitating the insertion into 
the cell membrane by disrupting the permeability or by forming pores (Lee et al., 
2003; Liu et al., 2011). 
 
Understanding the pest and protein interactions and their relation to the protein 
structure is necessary to design tailored measures for pest control. The results 
obtained in this Thesis give a better understanding of the protein structure and 
function of Vip3A proteins, which will be helpful for the decision making when and 
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how using B. thuringiensis or its insecticidal Vip3A proteins as a phytosanitary 
resource in pest management programs and resistance management strategies. 
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CONCLUSIONS (CAT) 

1. Caracterització l'espectre insecticida de diferents proteïnes Vip3A.  
1.1. Es va realitzar un cribratge de l'activitat insecticida de 5 proteïnes Vip3A 

contra 8 plagues d'erugues. Les proteïnes Vip3A difereixen entre elles en 
l’especificitat i en diferent nivells de dosi -resposta. Cap de les proteïnes 
investigades fou tòxica contra Ostrinia nubilalis, que només va mostrar una 
mortalitat marginal front la Vip3Af. La Vip3Ad no és activa contra cap de les 
8 espècies estudiades. No es van trobar diferències significatives entre les 
protoxines i les toxines activades amb tripsina.  

1.2. La combinació considerada òptima per desenvolupar l’estudi de la relació 
estructure-funció va ser Vip3Af front Spodoptera frugiperda. 

 
2. Anàlisi de l’estabilitat front l’acció de les proteases digestives en presència de 

detergent (SDS). Inferir en aspectes estructurals de la Vip3Aa i de la Vip3Af. 
2.1. La interacció de la SDS amb les proteïnes Vip3A abans de l’electroforesi i en 

presència de serín-proteases, produeix un fals perfil de degradació de la 
toxina. A altes concentracions de serín-proteases, els enzims són encara 
actius durant el pas d'escalfament, mentre que les proteïnes Vip3A es 
despleguen per l'acció del SDS i de la temperatura, exposant llocs de talls 
no accessibles en estat natiu. Les diferències en les cinètiques d’activació 
observades entre la Vip3Aa i la Vip3Af revelen possibles diferències en la 
seva estructura. 

2.2. L’efecte aparent de degradació desapareix després de l'addició d'inhibidors 
de proteases irreversibles o d’agents caotròpics forts- com ara urea, i també 
per la separació de les proteases i les proteïnes Vip3 per cromatografia 
d'exclusió molecular. 

2.3. El fragment de 62-66 kDa de les proteïnes Vip3A és altament estable i 
representa el principal fragment responsable de l’acció insecticida. El 
fragment de 19-22 kDa es correspon amb la part N-terminal de la proteïna. 
Els llocs d'escissió secundaris foren identificats en una regió d’estructures-
ß predites a l'extrem C-terminal. 

2.4. La major estabilitat front les proteases de la toxina activada podria indicar 
una lleu compactació de les estructures-ß de la regió central-final de la 
proteïna, fent-la més resistent a l’acció desnaturant del SDS i prevenint per 
tant l’exposició de llocs de talls no natius. 

 
3. Escaneig d’alanina de la Vip3Af 

3.1. Una proteïna Vip3A va ser analitzada sistemàticament per mitjà de 
l’escaneig d'alanina per primera vegada. Només un 10% dels residus de la 
Vip3Af analitzats resultaren ser crítics bé afectant l'estabilitat, el plegament, 
el processament proteolític o l’activitat insecticida, la qual cosa fa patent 
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l’alta resiliència i adaptabilitat de les proteïnes Vip3A a compensar els canvis 
mantenint l’homeostasi i la funcionalitat. De les 558 substitucions 
estudiades, 19 afectaren l’expressió de la proteïna. Les 11 mutacions que 
més negativament afectaren l'activitat contra S. frugiperda van ser T167A, 
E168A, F229A, M238A, Y272A, E483A, W552A, G689A, I699A, Y719A, i 
G727A. Estos resultats es varen confirmar en Agrotis segetum. Les 
mutacions situades a la C-terminal tingueren major repercussió en 
l’activitat insecticida contra A. segetum que contra S. frugiperda, fet que 
recolza el paper de l'extrem C-terminal en l’especificitat. 

3.2. Els mutants seleccionats van donar 6 perfils proteolítics diferents. El perfils 
proteolítics de les protoxines tractades amb tripsina o amb extracte de suc 
intestinals tant de S. frugiperda com de A. segetum no revelaren 
diferències. La pro-toxina Vip3Af es talla en la posició Asp199 després de 
l’activació, generant dos fragments principals de 62 kDa i de 20 kDa. 

3.3. S’ha identificat dues regions crítiques a la seqüència de la Vip3Af, on es 
concentren les mutacions considerades crítiques per l’acció insecticida: la 
regió N-terminal entre els residus 167 i 272, i l'extrem C-terminal entre els 
residus 689 i 741. Els patrons d’activació a les mutacions de la regió N-
terminal mantingueren el fragment de 62 kDa, mentre a la regió C-terminal 
no, recolzant el paper estabilitzador de la C-terminal. 

3.4. La reducció de l’activitat insecticida de les mutacions no es conseqüència 
de canvis importants en l’estructura terciària, en base a les dades de 
fluorescència intrínseca.  

3.5. La predicció ab initio de la conformació de la Vip3Af va revelar una 
estructura α - ß en 5 dominis, formada per regions desordenades, α-hèlixs 
a la N-terminal i fulles-ß a la regió C-terminal. 

 
4. Mutagènesi dirigida de la Vip3Af: 

4.1. Es varen generar 12 diferents mutants amb èxit. La triple mutació a la regió 
N-terminal i la mutació E483Q comprometeren la correcta expressió de la 
proteïna o la seva estabilitat. Les mutacions generades no comportaren 
diferències significatives en l'activitat insecticida contra S. frugiperda tot i 
que algunes de les mutacions revelaren diferències en l'estabilitat 
proteolítica. 
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CONCLUSIONS (EN) 

1. Characterization of the insecticidal spectra of different Vip3A proteins. 
1.1. A screening of the insecticidal activity of 5 Vip3A proteins against 8 

caterpillar pests was performed. Vip3A proteins revealed different target 
specificity and dose –response behavior. Ostrinia nubilalis was found to be 
tolerant to all Vip3A tested and only marginal mortality was caused by the 
Vip3Af. Vip3Ad protein was no toxic to any of the tested species. No major 
differences were found when comparing protoxins vs. trypsin-activated 
toxins. 

1.2. Vip3Af was selected for further structure and function relationship due to 
the overall high toxicity. S. frugiperda was shown to be susceptible to a 
broad range of Vip3A proteins. 

 
2. Analysis of the stability against digestive proteases in the presence of SDS and 

inference of structural aspects of the Vip3Aa and Vip3Af proteins. 
2.1. The interaction of the SDS with the Vip3A proteins during the heating step 

prior to SDS-PAGE in the presence of serine proteases leads to a misleading 
degradation profile of the toxin. High concentrations of serine proteases of 
the insect midgut juice are able to display enzymatic activity during the 
heating step whereas the Vip3A proteins become unfolded by the action of 
the SDS and the temperature, exposing non-native cleavage sites. Some 
differences are noticed between the Vip3Aa and the Vip3Af activation 
kinetics, suggesting differences in their structure. 

2.2. The misleading degradation disappears after the addition of irreversible 
protease inhibitors or strong chaotropic agents such as urea or by the 
separation of the proteases and the Vip3 molecules by size exclusion 
chromatography. 

2.3. The 62-66 kDa band of the Vip3A proteins is highly stable and represents 
the main active fragment for the insecticidal activity. The 19-22 kDa 
fragment correspond to the N-terminus of the protein. Secondary cleavage 
sites were identified in a region of predicted ß-structures at the C-terminus.  

2.4. During the time course of the activation process, a compaction of the ß-
structures from the mid-end of the sequence might take place, making the 
protein more resistant to unfolding denaturation by the SDS.  

 
3. Alanine-scanning of the Vip3Af. 

3.1. A Vip3A protein was systematically analysed by alanine-scanning for the 
first time. Only 10% of the residues analysed play a crucial role in either 
protein stability, protein folding, proteolytic processing or insecticidal 
activity of the Vip3Af1(WT), which stresses the high level of resilience and 
adaptability of Vip3A proteins to preserve protein function and 
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homeostasis. From the 558 residue substitutions analysed by alanine-
scanning, 19 impaired protein expression. The 11 positions driving the 
strongest activity inhibition against S. frugiperda were T167A, E168A, 
F229A, M238A, Y272A, E483A, W552A, G689A, I699A, Y719A, and G727A. 
These results were confirmed on Agrotis segetum. Critical positions in the 
C-terminal had a more markedly negative effect on the insecticidal function 
against A. segetum than against S. frugiperda, supporting the role of the C-
terminal end in target specificity.  

3.2. The selected mutants gave 6 different proteolytic profiles. These profiles 
were consistent regardless the use of commercial trypsin or midgut juice 
from S. frugiperda or A. segetum. The protoxin is splitted at position Asp199 
after proteolysis digestion in two main fragments of 62 kDa and 20 kDa.  

3.3. Two “hot spots” are identified in the primary sequence of the Vip3Af 
protein: one in the N-terminal region, clustering residues 167 to 272, and 
the other in the C-terminal end, between residues 689 and 741. The 
proteolytic profile of these mutants is also consistent with the above 
proposal: mutations in the N-terminal part gave a proteolytic pattern 
containing the core active fragment of 62 kDa whereas mutations in the C-
terminal region gave proteolytic fragment of smaller size, supporting the 
stability role of the C-terminal end. 

3.4. Only minor changes in the tertiary structure occurred in the ala-mutants 
selected as revealed by intrinsic fluorescence emission spectra. 

3.5. The ab initio prediction of the Vip3Af structure revealed a 5 domains α - ß 
protein dominated by α-helix structures at the N-terminal and ß-sheet 
structures in the C-terminal region with a considerable amount of 
disordered regions.  

 
4. Site-directed mutagenesis of the Vip3Af. 

4.1. 12 different site-directed mutants were successfully generated. The triple 
mutant in the N-terminal region and E483Q impaired the protein expression 
or the stability. The mutations did not significantly alter the insecticidal 
activity but some of the mutations revealed differences in the proteolytic 
stability against S. frugiperda. 
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Table S-4.1. Primers used for testing out the correct change in the Ala-mutated proteins and the results 
of the sequencing. 
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Table S-5.1. Characteristics of primer design for the site directed mutagenesis and comparison 
between Tm. 
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